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| Abstract

3D bioprinting allows for the production of living tissue in vitro through the printing of cells
and supporting materialsinto complex 3D structures. The applications for this are far reaching
including the production of microtissues and organs for transplant [1], as well as for drug
testing applications. Furthermore there is evidence to show that 3D cell culture models more
accurately replicate in vivo conditions than traditional 2D models by more accurately

replicating the in vivo microenvironment [2].

Newcastle University have developed a method of inkjet bioprinting known as the Reactive
Jet Impingement (Rell) method. This method allows for deposition of the desired high

viscosity, high cellular density gel at a high deposition rate on a drop on demand basis.

The aim of this project was to develop this method to increase the throughput capability, and
to evaluate the printhead for production of stratified hydrogel co-cultures incorporating

multiple cell types, and in printing cells as part of a cancer invasion model

Over the course of this work the ability to print high cellular density bioinks (of the order of
107 cells/ml) with a high cell viability was demonstrated and cell viability remained high in
both high and low cell density gels. Additionally, culture type did not affect viability as cell

viability remained high in printed stratified co-cultures as well as cultures with only one cell

type.

Cell density was demonstrated to have had a significant effect on maturation rate of 3D
printed tissue models, with higher cell densities producing tissue models with greater
extracellular matrix content. This was assessed quantitatively through imaging and

qualitatively through ELISA analysis and mechanical testing.

The Rell system was demonstrated to be capable of printing on delicate, uneven surfaces of
unknown stiffnesses through printing on sectioned liver tissue slices for use in a cancer

invasion model.
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Chapter 1. Introduction, Aim and Objectives

1.1 Introduction
Additive manufacture or 3D printing is a rapidly developing field of research. Its development

is instigating changes to manufacturing processes across a wide variety of sectors including
engineering, medicine, art and design[3]. One area at the forefront of these developments is

the printing of biocompatible and biological materials.

In this body of work the Reactive Jet Impingement (Rell) system [4,5], developed by Newcastle
University, is developed and novel capabilities demonstrated through applying the technique
to two applications; the production of 3D printed stratified osteochondral co-cultures, and the
deposition of cells within a cancer invasion model. Using a novel jet impingement process this
system is able to produce high viscosity, high cell density, cell filled hydrogels on an accurate
drop-on-demand basis. Using this system, high cell density gels are produced and assessed to
determine cell viability post print as well as the effect of cell density on the maturation of the
printed cultures. Moreover, the scalability and throughput of the process is demonstrated

along with the versatility of the system for use in numerous applications.

Osteoarthritis is a painful degenerative disease that affects people globally. Arthritis
treatments range from pain management to invasive joint replacement surgeries dependent
on the severity of the disease and the need for new and alternative treatment options,
especially in the time between the early and late stages of the disease where pain
management is difficult but invasive surgical treatments are not yet warranted, is evident
[6,7]. Producing a more accurate model of the osteochodral interface using a scalable high
throughput method would make studying the cellular behaviour in this area in greater depth
easier, and aid in undertaking repeatable, accurate lab trials for use in arthritis and tissue
research. In addition to drug testing for osteoarthritis, cell filled gel scaffolds could also be

printed in complex geometries for use as implants in the repair of damaged cartilage.

The second application demonstrated for the Rell system is the production of cancer invasion
models. Cancer is a condition where cells proliferate and grow in an uncontrolled way, these
cells can become invasive and destroy healthy tissues. Many of the current most popular
chemical drug treatments, such as chemotherapy, focus on the destruction of the rapidly
proliferating cells and overall reducing cell growth. However due to the difficulties of

representing suitable conditions in current in vitro tissue models, drugs that prevent the



spreading of cancerous cells throughout the body are more difficult to study and therefore
not commonly offered as treatment options, instead this leads to a focus skewed towards
more aggressive drug treatments that tend to be more effective on traditional 2D in vitro
models. Using the Rell system as a high throughput method of 3D printing cancer cell invasion
models could allow for easier study of cell motility whilst also demonstrating the versatility of
the system in printing different cell types and accurately depositing gels of smaller volumes

(in some cases single droplet) on to delicate, uneven, and soft tissue substrates.

Currently, a number of in vitro models are used for drug development in pre-clinical trials,
however many share the same common drawbacks, in the case of 2D models this is that they
oversimplify conditions found in vivo and can lead to misrepresentative results [8,9], or in the
case of aggregate based culture methods cell-ECM interaction is not represented fully[10].
Additionally, animal models are used for this purpose and are currently thought to be the most
representative models of human in vivo conditions, however, animal testing raises a host of
issues, including expense, low throughput, animal welfare concerns and there is no guarantee
that drugs that succeed in animal trials will also succeed in human trials due to immunogenic
properties of the drugs going undetected in animal trials [11]. There is significant expense
involved in the process of drug development, Schlander et al estimate the total average
capitalized pre-launch R&D costs for developing a new drug can vary significantly, ranging
from $161 million to $4.54 billion (2019 USS). With the highest estimates being for anticancer
drugs (between $944 million and $4.54 billion) [12]. The drug development process generally

adheres to the following main stages:

e Basic Research

e Drug Discovery

e Pre-Clinical trials

e Clinical Trials

e Regulatory Agency review

e Post approval Research and monitoring

With each of these phases being comprised of multiple sub phases. Total drug development

time can average between 10 — 15 years [13].

Whilst new lead compounds are continually being identified and explored it is preferable that

unsuccessful compounds are identified as early in the testing process as possible in order to
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save as much time and money in development as possible. To this end the development of
reliable in vitro models of tissue that can be created in large quantities as early in the testing
process as possible is very important as it would allow for earlier detection of adverse effects

[14].

For a number of years researchers have used hydrogels to act as tissue culture scaffold for the
production of more representative tissue with some relevant studies dating back to 1992 [15].
Using natural hydrogels such as collagen and fibrin, and by controlling mechanical properties
of the crosslinked gel it is possible to mimic the conditions found in native tissue [16].
However, methods of producing hydrogel cultures manually can be time consuming. Gels have
to be manually mixed and seeded with cells. Additionally, due to the high viscosity of hydrogels
the number of high throughput options for producing cultures through 3D bioprinting have
previously been limited. Suitable methods include microextrusion, which lacks accuracy and
can damage cells through excessive sheer stresses, and laser assisted bioprinting, to which
access is limited by the cost of the process. Due to the demand for high throughput as well as
the need to minimise costs, few suitable high throughput methods for the production of cell
filled hydrogels using drop-on-demand technology have been demonstrated. Furthermore,
the printed cell density within the gels is also limited due to viscosity as excessive viscosities
can induce shear stresses in the print nozzles which harm cells or are simply too viscous to

print successfully.

This thesis develops and demonstrates an accessible and effective method of high throughput
bioprinting of high cellular density hydrogel tissue models.

1.2 Project Aim

The aim of this project was to develop the Rel system from a concept system into a working,
commercially viable bioprinter and demonstrate it’s efficacy as a high throughput bioprinter
through the production of a stratified osteochondral co-culture model s well as demonstrate

the system’s efficacy for other applications such as cancer cell motility research.

1.3 Project Objectives
e Carry out printer development through the design, production and testing of a number

of different designs.
e Produce cell filled hydrogels of varying cell densities using the newly developed printer
demonstrating the printer’s ability to produce gels with a high cell density.

e Assess the effect of cell density on in vitro tissue maturation.
3



Produce a printed stratified co-culture model and assess the effect of cells in co-culture
on tissue maturation.

Demonstrate the effect of high cell density printed structures in other applications,
namely the production of tumour models.

Print on to uneven, biological substrates.



Chapter 2. Literature review

2.1 Introduction
This literature review aims to assess relevant literature in the field of 3D bioprinting, it’s

application to drug development models and the potential future uses. The different stages
of the bioprinting process will be outlined as well as different bioprinting processes, the

current limitations of the technology and areas of future development.
Following this, impingement based technologies including the Rell system are reviewed.

The current methods for producing in vitro tissue models for drug screening applications are
summarised and reviewed in the context of how 3D bioprinting can be applied to these

applications.

Finally, an overview of osteoarthritis, and cancer invasion models, their impact and current
drug development methods are outlined as these were the main applications of the Rell

system throughout the course of this work.

2.2 3D Bioprinting

2.2.1 Overview

3D bioprinting allows for the production of living tissue through the printing of cells and
supporting materials into complex 3D structures. Jirgen Groll et al 2016 define bioprinting to
be “a process that resultis in a defined product with a biological function”[17]. Materials used
for this application are often referred to as bioinks and generally comprise of cells suspended
in either liquid media or a gel. The applications for this are far reaching including the
production of microtissues and organs for transplant such as urethras [18], muscle [1], multi

layered skin and bone.

Furthermore, 3D bioprinting shows promise as a reliable method for the production of 3D
tissue models for research, toxicology and drug discovery. In order to gain the most accurate
understanding possible of the biological processes involved in the human body it is necessary
for in vitro assays to replicate in vivo conditions as closely as possible. However this is often
not the case as practically the use of 2D models is still widespread [19] and there is evidence
to show that 3D cell culture models more accurately replicate in vivo conditions by more
accurately replicating the microenvironment where cells reside in tissues [2]. Therefore, the
development of 3D bioprinting as a method for the production of 3D tissue models could not
only provide more effective replication of in vivo conditions but do so in a way that provides
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increased repeatability and reliability in terms of production process with a potential for an

overall increased manufacturing process speed.

In the majority of 3D bioprinting processes there are six common steps, these are as follows:

Imaging and CAD — An image is created of the tissue to be constructed.

Design — A design for the tissue to be made is produced.

Material Selection — Suitable material is selected for the application.

Bioprinting — The Bioprinting methodology is selected and the part if fabricated.

1
2
3
4. Cell Selection — Suitable cell types are chosen for the application.
5
6

Application — The completed part is used in its application.

Figure 2-1 below shows the process as a flowchart with a selection of potential options for

each step. The sections below consider each step in more detail.

Step 1
Imaging

Step 2
Design approach

Step 3
Material selection

Step 4
Cell selection

Step 5
Bioprinting

Step 6
Application

Biomimicry

NLALALA AR

MRI

Mini-tissues

Natural polymers

ECM

Differentiated cells

-

Plurpotent stem cells

Microextrusion

Multipotent stem cells

Laser-assisted

Maturation

Implantation

In vitro testing

Figure 2-1: Typical tissue printing process showing different options for each step. Described

in further detail in the below sections. From [3].

2.2.2

Imaging and CAD

In order to produce an accurate replication of any kind of biological tissue, it is first necessary

to understand its composition and cellular structure. Computed tomography (CT) and

magnetic resonance imaging (MRI) are both common and non-invasive medical scanning

techniques used to compile 3D images of tissue structure and function down to the cellular

level.




CT Scanning works through rotating an x-ray source around the object desired to be scanned.
As the absorption of the x-rays will vary across different tissues, by measuring the beam
intensity and angle it is possible to build a tomographic or sliced image of the 3D object
converting the measured data to an array of pixels. Once these tomographic images have been
produced a 3D image of the full volume of tissue can then be assembled through editing

techniques such as surface rendering.

MRI scanning makes use of nuclear magnetic resonance, this produces a strong magnetic field
that causes a number of nuclei in the scanned tissue to align with the magnetic field. This
induces changes in energy states of the nuclei which produces radiofrequency signals, this can
then be picked up by the receiver coils in the MRI machine. MRI offers the advantage of not
introducing ionising radiation to the tissue while still offering high contrast resolution in soft

tissues within close proximity to each other.

Post processing of the raw data that these two scanning techniques provide is the next step
and this involves volumetric rendering of the 2D images produced to create one solid 3D image
created using computer aided design (CAD). By creating a 3D image using CAD not only can a
greater understanding of the scanned tissue be gained, but the digital construction of the
scanned tissue may even be modified before printing. Modification may occur if the patient’s
scanned tissue was damaged or if the 3D model to be printed included geometry which would
be unsuitable for large scale in vitro testing. Furthermore once a 3D model has been created
it is then possible to undertake computational and structural analysis and simulation of the
tissue. Once analysis has been carried out it may even be necessary to undertake modification
to change structural properties or to make the structure more suitable for the chosen printing
techniques as some methods of printing may have difficulty in printing certain shape profiles
or patterns. One reason for this is that before any tissue can be printed, the 3D CAD image is
then again sliced into a 2D image which allows the bioprinter to build the part effectively by
depositing bioink layer by layer. It is important to note that the printing method and also the

materials chosen will have a large input on the final desired ‘tissue design’ to be printed [20].

2.2.3 The Design Phase

There are currently three overarching approaches to the design phase in bioprinting, these
are tissue engineering by self-assembly, biomimicry and the use of mini-tissue building blocks
[3]. In order to provide suitable context for the background of this project these will be briefly

summarised.



2.2.3.1 Biomimicry

Biomimetics involves solving technological problems with solutions derived from nature. Its
application can be found in many fields including robotics [21], cell culture and bioengineering
methods [22], and materials science [23]. Biomimicry is used in 3D bioprinting to attempt to
directly replicate the cellular or extracellular components of a tissue. For example in the
production of functional bioprinted organs it is crucial to create complex tissues with full
vascularisation. Biomimicry can be used in conjunction with bioprinting techniques to
replicate aspects of biological tissues such as the patterns of the vascular tree on a microscale
[24]. For this technique to be successful it is necessary to have a detailed understanding of the
microstructure of the biological tissues that are being replicated including the arrangement of
the cells, the composition of the extracellular matrix (ECM) and the biological forces involved.
One such application of biomimicry in 3D bioprinting is the production of porous scaffolds
designed to mimic the structure of ECMs at the nanoscale in order to provide the base for
growth and regeneration of cellular tissue. In this application not only does the scaffold need
to mimic the ECM in terms of structure, mechanical strength and biological activity, but also

the materials used must be biologically compatible[25].

2.2.3.2 Self-assembly

As the name would suggest, self-assembly is the autonomous organisation of cellular
structures without any intervention from external sources. Living organisms, in particular
developing embryo are extremely efficient as self-organising systems. Through cell-cell and
cell-ECM reactions histogenesis and organogenesis are examples of processes through which
organisms autonomously self-assemble to reach their final form [26]. This is also possible
without scaffold through the use of self-assembling spheroids, these spheroids fuse together
mimicking tissue development. This method relies on the cell to be the primary driver of

histogenesis and requires precise control of the environment to aid development.

2.2.3.3 Micro-Tissues

Micro-tissues can be described as the smallest functioning structural component of a tissue.
These are effectively the building blocks that organs are comprised of. Examples of micro-
tissues include kidney nephrons, lung alveoli and liver lobuli [27]. In the context of
bioengineering mini-tissues can be fabricated in two ways. The first method is through
planned rational biomimetic design process, self-assembling cell spheres can be arranged to

form larger tissue constructs [28]. The second involves producing a high resolution design of
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a tissue construct and then allowing self-assembly of micro-tissues into a larger tissue

construct [26].

2.2.4 Material Selection

Conventional 3D printing methods were not designed for the application of bioprinting.
Processes were instead developed with a view to printing materials such as polymers, metals
and ceramics. As a result, these processes often involve steps that would be considered too
invasive for printing biocompatible materials as they are likely to have an effect on the health
of the cells. For example, prolonged exposure to a high temperature heat source or high
extrusion pressures are likely to adversely affect the health of cells. Therefore, in material
selection for bioprinting the problem is twofold, firstly it is necessary for the material to be
compatible with, and resilient to the printing process, and secondly the final printed tissue

must have the desired mechanical and operational requirements.

Currently the most common materials used in biofabrication are naturally derived polymers
such as collagen, alginate and fibrinogen, or synthetic polymers such polyethylene glycol,
polylactic acid (PLA), polyglycolic acid (PGA), polylactic-co-glycolic acid (PLGA). It is clear that
the use of natural polymers is advantageous due to their bioactivity and similarity to the
human ECM, conversely synthetic polymers can have biocompatibility issues as well as a toxic
degradation which results in a loss of the desired mechanical properties. Even so, some
synthetic polymers and hydrogels are attractive for use in bioprinting for the ability to control
their physical properties to meet the requirements of individual applications. Due to the use
of biocompatible materials in medical applications the desired requirements can be extensive

and difficult to achieve. Some key requirements are as follows.

2.2.4.1 Mechanical Properties
Materials must have good short term mechanical properties and stability. In the case of

something like a scaffold this is to ensure that they do not fail causing channels and porosities
to be crushed. Biocompatibility is also necessary to ensure that the material is not rejected by
the host and will degrade properly over time. Furthermore during in vivo development they
should effectively facilitate cell growth, and be capable of structural change and degradation
in order for this growth to proliferate. Additionally the aim of biocompatibility in materials is
now not only for the material to be able to exist within the host without rejection, but instead
for the material to positively affect the host tissue through providing useful mechanical
properties, encouraging cell growth or through some other means [29].
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2.2.4.2  Printability
Another significant factor involved with materials selection is printability. For example, inkjet

printing, while providing the accuracy of ‘drop on demand’, requires the bioinks to be of a
suitably low viscosity to pass through the jet orifice. As the jet orifice diameter also contributes
to the droplet size, with small sizes required for single cell deposition, this has a large effect
on the choice of material especially when attempting to print cell media and materials such
as CAF (Collagen Alginate Fibrinogen) hydrogels [30]. Conversely due to the nature of the

microextrusion process this can often use materials of a much higher viscosity.

2.2.4.3 Working Temperature
Another complication in considering material printability are temperature constraints,

thermal inkjetting and laser assisted bioprinting both involve subjecting the material to a high
temperature heat source and therefore it is advantageous in these instances for the bioink to
offer some protection to the cells. One method for this may be to have a cell media with a low

thermal conductivity [31].

2.2.4.4 Degradation
Degradation properties are also an important factor of consideration in bioprinting. Ultimately

the aim for most tissue scaffold is to eventually degrade and be replaced with new healthy
tissue grown from the embedded cells [32]. Due to this, the rate of degradation of the scaffold
must synchronise with the rate of new tissue growth. If the scaffold degrades too quickly the
loss of structure is likely to affect cell growth as there are no channels and porosities for the
cells to adhere to, but also if the rate of degradation is much greater than the rate of new
tissue growth then there is likely to be a significant loss of structural mechanical properties.
Furthermore as has been mentioned previously, degrading materials must not release any
toxins into the host or cause any unwanted side effects that may affect cell health such as

swelling, inflammation or temperature changes.

2.2.5 Cell selection

The next stage in the bioprinting process is the selection of cells. It is clear that living tissue is
made of multiple cells that all provide a particular biological purpose. It is important for any
fabricated or transplanted tissue construct to match this as closely as possible in order for
growth and renewal to be possible. However this makes the task of cell selection for printing
difficult as not only is it necessary to include in the printed object the desired functional

primary cells, but also the cells that perform a supporting role such as providing structural
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stability or aiding in vascularisation. The current approach for replication of cell types in a
printed structure is either printing multiple primary cell types in a stratified co-culture that
best represents the tissue that the print is trying to replicate, or printing stem cells such as
MSCs or hPSCs that can then differentiate into the desired cell types. Using the latter method
has been found to improve certain functions of the primary cells that they are in co-culture
with, for example increases chondrogenesis when in co-culture with chondrocytes [33].
However controlling the differention of the MSCs can be complex and dependent on multiple

features of the co-culture environment.

What is more, it is important that the cell types chosen are able to maintain desired
functionality and stability in vivo. Cell proliferation is a very important function of this. If cell
growth is not sufficient then the tissue is likely to lose functionality whereas if cell growth is

too great there is risk of hyperplasia.

Ultimately cells chosen for bioprinting applications must firstly be suitable for achieving the
desired growth and proliferation rates but they must also be amenable to the printing process.
Cells can be subject to numerous damaging factors, for example high temperatures, as has
been previously mentioned. Mechanical stresses can also have an adverse effect on cells,
processes such as microextrusion involve compressing the cell media in order to extrude it
through an orifice, as well as this, cells are subject to wall shear stress in both inkjet and
microextrusion. Additionally there are potential biological risks such as the presence of toxins

or enzymes that the cells must be robust enough to overcome.

2.2.6 Bioprinting Methodologies

Bioprinting methodologies have been mentioned briefly in previous sections but will be
covered in greater detail in this section. Essentially there are currently 3 prime methods of
producing 3D tissue by bioprinting. These are inkjet bioprinting, which can be further divided
into continuous jetting and drop on demand (DOD) printing [34,35], microextrusion [36,37],
and laser-assisted bioprinting (LAB) [38]. Figure 2-2 below shows the 3 main methods

described in this section in more detail.
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Figure 2-2: The three most popular methods of 3D bioprinting. (a) Inkjet Bioprinting. (b)

Microextrusion bioprinting. (c) Laser-assisted bioprinting. From [3].

Additionally the below table taken from Murphy and Atala [3] summarises some of the main

features of each methodology.

Bioprinter type
Inkjet Microextrusion Laser assisted
Material viscosities = 3.5-12 mPa/s 30 mPa/s to >6 1-300 mPa/s
107 mPa/s
. Chemical, photo- Chem}ca!, photo- Chemical,
Gelation methods o crosslinking, sheer photo-
crosslinking .. o
thinning, temperature crosslinking
Preparation time Low Low to medium E/ilgslum to
Medium-fast
Print speed Fast (1-10,000 droplets ¢\ 1050 umys) (200-1,600
per second)
mm/s)
Resolution or <1 pl to >300 pl droplets, 5 pm to millimeters Microscale
droplet size 50 um wide wide resolution
Cell viability >85% 40-80% >95%
Medium
oy 6 . . I
Cell densities Low, <10° cells/ml High, cell spheroids 10° cells/ml
Printer cost Low Medium High

Table 2-1: Table showing comparison of features of each of the three most popular

bioprinting methodologies taken from Murphy & Atala [3]

2.2.6.1 Inkjet bioprinting
Inkjet bioprinting was initially developed by modifying conventional inkjet printers. By
replacing the conventional inks with bioinks and the paper with an adjustable build platform

or ‘z-axis’ it was possible to develop a system that is able to deliver precisely controlled
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volumes of bioinks, repeatedly, to a defined area [39]. The design of inkjet bioprinters has now
evolved such that they are now designed to achieve specific build rates, function correctly
with a range of bioinks and achieve a high level of precision. There are three main methods of

inkjet bioprinting, these are thermal, pressure and acoustic.

Thermal inkjet bioprinting functions by applying heat to the inkjet valve electrically, this
induces the formation of heat bubbles in the valve chamber to induce pressure pulses in the
bioink. This causes a droplet to be released from the nozzle orifice. This method offers multiple
advantages in the form of high speed, high resolution, low cost and widespread availability.
However due to the introduction of a heat source there is the risk of exposing cells to
unnecessary levels of thermal stress, furthermore other issues such as nozzle clogging and
non-uniform droplet size are present [34]. Common nozzle diameter for a thermal inkjet valve
is approximately 50 um which leads to a droplet diameter range of 30-80 um [40—42].
Although the heat source can be in the range of 200-300 °C it has been shown that the short
duration of this temperature does not necessarily have an effect on the functionality of
printed cells [25] and that the total maximum temperature rise of the bioink in the printhead
due to this method is only 10°C [41,42]. Thermal microvalves often have slower response
times (greater than 100ms to complete a cycle). Slower valve actuation time results in longer
thruster on-times and consequently larger impulse bits. With thermally actuated valves there
is also the risk of the valve opening at random if ambient heating or cooling occurs, resulting

in uncontrolled initiation of the actuation mechanism[43].

Piezoelectric inkjet printers introduce pressure into the print nozzle through either an
ultrasound pulse or through the actuation of a piezoelectric crystal. Piezoelectric systems will
often have a nozzle seated within a piezoelectric ring or some other form of piezo actuator, a
voltage can be applied to this causing it to deform and apply pressure to the bioink.
Alternatively ultrasound systems induce a wave in the bioink which causes a droplet to
separate itself from the air liquid interface in the nozzle [44]. The advantages of this method
are that parameters such as the duration, pulse and amplitude can be controlled. This not only
means that cells are not exposed to stresses such as high temperature, but droplet size and
directionality can be controlled with a greater degree of accuracy. This method is also less
susceptible to nozzle clogging. Piezoelectrically actuated microvalves are usually available
with nozzle diameters ranging from 18-120 um [45,46] with droplet diameters varying

commonly between 50-100 um.
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Although inkjet bioprinters offer many advantages there are still some drawbacks of this
method. Firstly printable materials must be in liquid form with a relatively low viscosity to
allow for droplets to form correctly [47]. This drawback has a large effect on the material
choice when selecting bioinks compatible with this method. It has also lead to the
development of methods that will independently print or extrude a gel precursor and a cross-
linker, allowing these to mix and cross-link either one printed atop the other, or in a common,
larger diameter mixing chamber before being extruded. Companies such as Aspect Biosystems
have attempted to develop commercial answers to this issue but it still continues to be a

significant limiting factor of microextrusion as a 3D bioprinting methodology.

The most common method of inkjet bioprinting is DOD printing, however there is also
continuous inkjet bioprinting. Continuous inkjet bioprinting results in a continuous flow of
droplets through a nozzle rather than individual drop on demand. This is achieved by applying
a pressure to a bioink to force a continuous flow through a nozzle. Simultaneously a
piezoelectric frequency is applied to the nozzle causing the continuous flow to break up into

a continuous flow of droplets. This is similar to the concept of conventional inkjet printing.

2.2.6.2 Microextrusion

Microextrusion bioprinters work in a similar manner to conventional fused deposition
modelling 3D printers, in that the print material, in this instance the bioink, is extruded
through a nozzle as one continuous filament and the 3D construct is built up in layers of
filament. The material is extruded through the nozzle through one of three methods, these
are; pneumatic actuation whereby a pneumatic pressure is applied to the material in the
printhead, mechanical actuation by means of a piston physically applying pressure to the

bioink, and mechanical extrusion by use of a screw to extrude the material through the nozzle.

Pneumatic actuation offers the advantage of having fewer mechanical components and thus
is a simpler and easier to maintain system however it is thought that the delay in bioink
reaction due to changes in the pneumatic pressure may result in less reliable spatial control
than that offered by one of the purely mechanical methods. Conversely both purely
mechanical methods are more complex systems than the pneumatic extrusion method, using
a greater amount of small, complex mechanical components, this is especially true of the
screw driven method. Due to the small component size extrusion force and consequently

material viscosity is often limited.
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The main advantage of microextrusion is the ability to deposit high cell densities due to the
ability to extrude higher viscosity materials. It has been demonstrated that it is possible to
deposit bioinks comprised of only cells to create 3D tissue [48]. However, although high cell
densities are achievable, this often comes with an increase in bioink viscosity, meaning print
resolution may have to be sacrificed due to the necessary increase in nozzle size, so as to not
have an adverse effect on cell survival rates due to increased shear stresses. Furthermore print

speed is much slower than that of inkjet or even LAB at approximately 10-50 um/s [3].

2.2.6.3 Laser-Assisted Bioprinting

Despite being less common that inkjet or microextrusion bioprinting LAB has proven a
successful method for the deposition of bioinks including both cells and DNA [48,49] and is
increasing in use for bioprinting applications. It is based on the concept of laser induced
forward transfer that was initially developed for use with metals. A typical LAB setup includes
a pulsed laser beam with a focusing system, an energy absorbing film followed by a glass
ribbon coated in the print material and a receiving substrate. The received laser pulses cause
a pressure bubble to form, resulting in the print material being ejected in droplets towards

the receiving substrate.

The resolution of LAB can be affected by many factors including the laser energy delivered per
unit area, surface tension of the build material and the viscosity of the bioink. Despite this,
due to there being no nozzle involved in the LAB process, not only is nozzle clogging not an
issue but the system can handle materials with high viscosities and cell densities with little

effect on cell survival rate [50].

Despite these positives there are a number of negatives involved in the lab process, for
example bioinks are difficult to prepare for this process and different bioinks need to be
prepared separately and changed over during print. This can be time consuming and difficult.
Additionally achieving single cell deposition is more complex than using the inkjet method.
LAB systems are often more expensive than the other described methods of bioprinting and

although this price is likely to decrease, they are still less accessible at present [50].

2.2.6.4 Light assisted Bioprinting
Another method for the production of 3D tissue constructs is through photo-curing bioinks.

This method is similar in process to how a typical stereolithography 3D printer works in that
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the working material is cured in layers usually by a UV laser or light, but this is dependent on

the curing properties of the photo-curing material used.

This method offers some advantages in the field of 3D bioprinting in that it is possible to
produce high cellular density components due to there being no requirement for cells or high
viscosity bioinks to be extruded or ejected through small orifices which usually lead to a high
cell mortality rate. Instead, cells can be suspended in the working material which is held within

a build tray, and gradually photo-cured in layers.

There are however, some issues with this method currently, the most detrimental of which at
this point in time being the biocompatibility of the majority of materials used for this process
not being suitable [51]. Furthermore, the working material would need to be continually
agitated to prevent cells from agglomerating and forming sediment at the bottom of the build

tray, this would be especially true of high cellular density bioinks.

2.2.7 Alternative Fabrication Techniques

A reliable and effective high throughput method for the production of high cellular density 3D
tissue scaffold has the potential to have a great deal of impact across a range of sectors such
as in biomedical science, drug testing, as well as the development of tissue implants. As a
result of this, there has been a number of studies related to Rell into developing a successful

method for this.

The Kenzan method [52] is a method of producing a high cell density 3D tissue construct
without the use of a bioink or a material developed as an adaptation from a more standard
3D printing methodology for bioprinting. Unlike the Rejl system that prints cells encapsulated
within a gel matrix, the Kenzan method is one of a number of methods that relies on the
assembly of aggregates however the main novelty of the process is that it is entirely
automated, meaning that it could be well suited for high throughput production. The Kenzan
method utilises a method of closely arranging compacted cell spheroids into a physical tissue
geometry. In its simplest form this is a three step process, the first step being the production
of adequately sized cell spheroids from either single or mixed cell types. The cell spheroids are
then arranged into a 3D shape by individually placing them onto an array of small stainless-
steel needles. The 3D shape is governed by the desired 3D design data being used but shapes

such as flat films, plugs and hollow tubes are achievable. The structure is then cultured in a
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bioreactor to allow for self-organisation of the cell spheroids until a desired form and

functional properties, such as strength are reached. Figure 2-3 illustrates this process.

Culture 30-printed tissue in a bioreactor o
promaote sel-organization of cells untll the tissue
presents the desired function and strength.

Assemble cellular spheroids into a three-dimensional shape
on according to the pre-designed 3D data.

Form cellular aggregates with single or
mixed cel types

Figure 2-3: lllustration of the Kenzan method taken from [53]

This method appears to be an effective method for the effective production of high cellular
density scaffold and tissue constructs. This is especially true as it does not have the drawbacks
that some other methods of cell deposition that were developed from existing 3D printing
methods, such as microextrusion, have in not being ideally suited to cell deposition. In
microextrusion the drawback being cell mortality rates being high due to high shear stresses
in the nozzle. As well as this, cells are not supported in a bioink but instead the structure is
entirely made of cell spheroids, there may however, be both positive and negative effects
from this. The absence of a surrounding bioink matrix clearly means that the cell density
achieved from this method is very high, cells are in direct contact with each other and this
encourages communication within the cells and allows for cells to more easily self-organise.
However this tightly compacted structure of cells may lead to a deficiency in nutrients in cells
in the centre of the construct as nutrients in the growth medium are unable to diffuse through
the tightly compacted organoid structure. Due to this, the assembled spheroid construct must

be submerged in a media immediately following the print.

Another feature of this method is that cell spheroid size is dependent on needle size which

can be as small as 0.17 mm in diameter with a 0.4 mm spacing between needles [54]. To
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ensure the construct can be arranged correctly and effectively allowing for optimal cell
mobility between spheroids without causing cell compaction it is necessary to optimise
spheroid size before printing, which can be time consuming and difficult, what is more,
changes in cell types, incubation times or other tissue culture factors can result in suboptimal
spheroid sizes. Further to this an added complexity in the formation of spheroids comes
through the essential deposition of a robust extracellular matrix and the requirement for
effective intercellular interactions [54]. In order to effectively deposit cell spheroids there
needs to be an adequate level of cell adhesiveness. However, this has an inversely
proportional relationship with the deposition of the extracellular matrix. To add an additional
complexity to this cell survival rate at the core of the spheroid also decreases with the amount

of time in the culture.

As well as this when the needles are removed from the structure it is left with a number of
holes that are usually replaced and infilled as the cells have a tendency to repair and bridge
gaps, however this may make this method unsuitable for the production of microvascularised
structures as this same tendency to infill holes will cause the microvascularisation to be closed
in on. Finally the process is not particularly fast, with each structure requiring approximately
4 days in culture before needles can even be removed to prevent damage to the structure

[54].

2.2.8 Application

The final phase of the 3D bioprinting process is application. Common bioprinting applications
include but are not limited to, creating implants for regenerative medicine and creating in
vitro test samples for the testing of new drugs. When considering applications such as these
inkjet bioprinting is one of the most cost effective printing methods whilst also being able to

to accurately print high cell density constructs on a drop on demand basis.

2.2.9 Limitations and Future Development

3D bioprinting is approaching a point where bioprinters are no longer modified conventional
printers but are instead bespoke designed machines. As with all machine design, refinement
of machine performance will always be a factor in future development, this may involve
increasing build speed, resolution, the ability to print higher cell densities or the ability to print
a wide range of bioinks. Currently printability is still a large factor involved in bioink selection
and aspirationally it would be better if bioinks could be chosen purely on their suitability for

use in the construction of the 3D tissue, with a manufacturing method that is robust enough
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to cope with this. Additionally, for almost any drug testing application the ability to produce

samples at a high throughput is a must have.

A long-term aspiration of bioprinting would likely be to remove the need for transplantation
by printing directly into open tissue in vivo. Having been proposed as early as 2007 [55] The
ability to print synthetic tissue directly in to the site of a defect has numerous advantages. For
example, printing tissue models in vitro has advanced a great deal however there is still a need
for a more robust understanding of bioreactor technology specific to the growth of each
specific cell type in order to ensure cells grow effectively, if printed directly in vivo cells are
able to grow in the conditions of their native tissue [56,57]. Additionally, surgical procedures
through which prior printed scaffold are implanted pose a great deal of risk to the printed
constructs for a number of reasons, such as damage occurring to the scaffold due to its
inherent fragility, damage to the fragile native tissue, risk of contamination during
transportation and implementation, the cost and time required to culture the scaffold before
implementation, and finally the shape or morphology of the printed scaffold not matching the
defect morphology due to unreliable imaging techniques. Printing the scaffold directly in situ
overcomes a great deal of these hurdles, however it does pose new difficulties, such as the
need to print on to surfaces that are complex shapes with varying mechanical properties such
as stiffness and surface roughness as opposed to the traditional smooth flat substrates of lab
based printers [58,59] as well as the aseptic nature of any in situ process needing to be
extensively screened before undertaken in a surgical environment [60]. Despite this, there
have been rapid developments in the field in recent years in skin, bone and cartilage repair

[61-65].

2.3 Impingement Bioprinting

There have been a small number of impingement-based studies used in the field of 3D
bioprinting. Impingement-based technologies all work on the principle of having a system with
two opposing deposition nozzles, these nozzles deposit either individual droplets or a
continuous stream that impinge either in the air or on the print substrate. This means that
bioinks with high viscosities such as gels that cannot normally be extruded through a single
nozzle can be printed. This can be achieved by having a gel pre-cursor extruded from one
nozzle and a crosslinking agent extruded from another nozzle meaning when the two inks
impinge, a crosslinking reaction takes place. Additionally this can allow for printing inks with

higher cell densities. There is a wide range of potential materials that can be used in
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impingement based bioinks, the main requirement being that the ink components are
biocompatible and able to crosslink instantly. One common combination of gel precursor and
crosslinking agent are alginate and calcium carbonate respectively. Alginate and calcium
carbonate solutions are popular as they crosslink easily and quickly at room temperature, they
are relatively cheap and they form a biocompatible hydrogel. During impingement based
printing the calcium carbonate solution often has a much lower viscosity than the alginate
solution and as such this is usually the preferred solution to add cells to during the print
process. Care must be taken if this approach is taken as if the calcium carbonate concentration
is too high the solution can be cytotoxic. Additionally fibrin and throbin act as effective gel
precursor and cross linking agents respectively. These have the advantage of not being
cytotoxic prior to crosslinking however these are more expensive and following crosslinking
fibrin based hydrogels are subject to gradual breakdown over time due to natural fibrinolysis

in the gel.

2.3.1 Valve Based Techniques
Visser et al [66] have developed a method that they refer to as the IAMF (in air micro-fluidic)
method which comprises of two nozzles, one actuated on a drop on demand bases with a

second continually jetting, see Figure 2-4 below.
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Figure 2-4: A — Chip based microfluidic gel printing method B — In Air Micro-fluidic method
taken from [66]
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This appears to be an effective method of producing on the fly 3D printed tissue structures
however it may lack the control that the Newcastle University Rell system has, as with the
Rell system it is possible to independently actuate and provide a drop on demand from each
valve. Further to this, because of this feature of the Rell system it is also possible to adjust the

deposition settings for each nozzle to account for factors such as material viscosity.

The German company GeSiM have a device called the TwinTip Nano-Plotter. This is a
deposition head comprised of two piezo-actuated microvalves than can provide drop on
demand bioprinting, Figure 2-5 below shows this arrangement. This appears to be an effective
system however this differs from the Rell system in two distinct ways. Firstly in this system
the two droplets do not truly impinge in the air but rather the two droplets mix on the
substrate. This means that in order to ensure that both droplets mix perfectly on the substrate
the deposition height would need to be carefully calibrated to the substrate printed on, which
in itself would be time consuming during the print process. This would also add difficulty when
needing to print into a deep container with a small area for access such as a well plate and it
may not even be possible to print into something as deep and a well plate where there is not

a great deal of room for the pipets to get close to the bottom of the well.

Figure 2-5: GeSiM TwinTip Piezo Pipette Nano-Plotter [67]

2.3.2 Inkjet Based Techniques

Albanna et al. demonstrated the ability of their impingement based method for in situ printing
of autologous skin cells directly into extensive skin wounds to accelerate healing. The in-situ
printing methodology demonstrated that they were able to directly print with some accuracy
on to the wound site. Additionally they demonstrated the use of a collagen and fibrin based
gel crosslinked by thrombin [68]. However the process did not seem to be able to achieve
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significantly high cell densities (approx. 2x10°) and as a result the improvement observed did
not appear to be significant. Additionally, in their printing process a layer of collagen-fibrin
precursor containing cells was printed, followed by a layer of thrombin to crosslink this layer,
then after 15 mins the process was repeated. This is unlike the Rell system by which the gel
precursor is printed at the same time as the crosslinking solution resulting in instant

crosslinking, and as such 15 minute wait times between layers can be avoided.

Sakurada et al. have also developed a similar impingement based system [69]. This is a
microvalve based system that demonstrates the printing of impressive detailed structures,
with the paper demonstrating that using a fibrous substrate that can absorb additional
moisture whilst printing improves the print quality of gels that use calcium chloride/alginate
based inks. Additionally, they demonstrate that their system is able to print cells with a

viability of 80% however, again, cell density is still low at 5x10° cells/ml.

Additionally the need to print onto a substrate to remove excess uncrosslinked material
demonstrates that calibration of the system in order to achieve efficient crosslinking may be

difficult.

2.3.3 Reactive Jet Impingement (Rell)

Newcastle University have developed a new, high-throughput method of inkjet bioprinting
known as the Reactive Jet Impingement (RelJl) method of bioprinting. This is a high throughput
method of depositing high cellular density gel on a drop on demand basis. The setup comprises
of two piezo-actuated microvalves which are both independently connected to a reservoir
containing print material. Both microvalves are then actuated simultaneously to eject two
droplets. One droplet of a gel precursor, and one droplet of a cross-linker containing the
desired cells. These droplets interact with each other in the air, simultaneously cross-linking
to form a gel before landing on the target media. Individually depositing the gel precursor and
cross-linker is how it is possible to deposit the desired high viscosity, high cellular density gel

at a high rate.

In this body of work, the Rell system is demonstrated to be capable of high throughput, high
accuracy and high cell density (approx. 40x10° cells/ml) bioprinting. This is supported through
using the system for applications such as the production of an effective stratified
osteochondral co-culture, and the printing of a high cell density tumour invasion model on to

a tissue substrate. This not only demonstrates the effectiveness and versatility of the system,
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but also how it could be applied to high throughput applications such as the development of
representative 3D in vitro cell culture models for drug screening. Furthermore, through
printing on a tissue substrate that is not smooth or flat, with unknown mechanical properties

this demonstrates the systems potential for adaptation for use as an in situ printing solution.

Finally, due to the Rell system’s design it can easily be scaled in size, meaning it can be used
for intricate drop on demand applications where only very small volumes of ink are required,
or it can be scaled up to increase throughput or to simultaneously print different inks, or cell

types for use in stratified, complex co-culture studies.

2.3.4 Rell Materials

The Rell system is able to print 3D hydrogel scaffolds containing cells by depositing an
uncrosslinked gel precursor through one microvalve and a crosslinking agent through the
other. As the crosslinking agent is often lower viscosity than the gel precursor this usually
contains the cells that are printed. All of the cellular gels demonstrated in this thesis are
comprised of collagen, alginate and fibrin (CAF), this is crosslinked with a thrombin and
calcium chloride solution as described in Montalbano et al. [70]. The acellular gels used for
calibration experiments are all alginate based and crosslinked with calcium chloride. The main

component materials of bioinks used with the Rell system currently are detailed below:

e Collagen — Chosen for its biocompatibility, significance as a major component of ECM
and ease of crosslinking

e Alginate — Chosen for it’s biocompatibility and instant crosslinking with calcium
chloride

e Fibrin — Chosen for it’s biocompatibility and quick crosslinking

e Thrombin — Crosslinker for the fibrin

e (Calcium Chloride — crosslinker for the thrombin

More detail on the use of collagen, alginate and fibrin as hydrogel scaffolds for in vitro cell
culture models can be found in 2.4.3. Figure 2-6 shows how hydrogel components are added

to the Rell system.
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2.4 Drug development and cell culture for drug testing

2.4.1 Current In Vitro Drug Development models

A number of methods have been developed in order to replicate the complex conditions for
cell growth in human tissue in vitro. This ranges from basic 2D monolayer cell culture methods
using a single cell type through to insert based 3D culture methods and the more complex
aggregate based methods for the production of organoids and 3D tissue models (see Figure

2-7).

Figure 2-7: Methods for culturing cells for use in drug screening research, from left to right:
Basic 2D molo-layer culture, layered co-culture in a trans-well insert, aggregate. Orange colour

represents culture media, blue and green represent cells.

The simplest method of cell culture is 2D monoculture. This is widely used for the relatively
low cost and complexity, as well as scalability for larger experiments. The method involves
seeding a single cell type in a single monolayer on to a tissue culture substrate and assessing
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the cell reaction to chemical or environmental stimuli. Whilst 2D cell culture can be a good
indicator for cell response in more simplistic studies, due to the lack of 3D structure, the
complex cellular structure that is observed in cell growth in vivo is not represented accurately.
Additionally extracellular matrix (ECM) is not formed in the same way and at the same rate
when compared to 3D culture [71,72]. 2D monolayer culture is widely regarded as over
simplistic of modelling complex multi-cellular structures such as a joint, where there are a
number of cell types present that continuously interact to maintain normal tissue function
[8,9]. This can lead to deceptive research conclusions which are not an accurate
representation of how a treatment will perform in vivo [73]. Therefore the development of in
vitro 3D modelling techniques that are more representative of cell behaviour in vivo is
imperative for more accurate study of factors that lead to the onset of diseases such as OA or
cancer [74-76]. 3D cell culture techniques allows for closer replication of the 3D spacial

organisation found in vivo [77].

Aggregate culture methods are one way of producing 3D cell culture environments that enable
the construction of larger scale micro-tissues. In aggregate based culture techniques, cells are
in direct cell to cell contact and are less dependent on tissue culture substrates for adherence
and as such have a more representative nutrient diffusion gradient within the 3D culture
[76,78,79]. Some common methods for the production of aggregates include in-well, hanging
droplet culture and spinner flasks. However matrix based methods as well as microfluidic
methods have also been developed [80—-82]. Aggregate based cultures allow for a greater
degree of spatial organisation and as a result, cellular interaction as well as ECM formation
[83], and as such, are used as a more representative method of replication in vivo conditions
than traditional 2D culture. Additionally, as mentioned previously aggregates can be arranged

through various biofabrication methods [84,85] in order to produce larger 3D micro-tissues.

However, there are a number of drawbacks to the production of aggregates. For example,
aggregate production Is a complex and time consuming process. It involves the use of a large
amount of cell culture resources in order to produce a large number of cells in 2D prior to the
aggregate construction. Some methods, such as hanging drop are very sensitive to
disturbances from vibrations which can make simple things like culture and media change very
difficult. Additionally due to the densely packed nature of the organoids produced, nutrients
are not always able to fully diffuse through the culture, this can result in a ‘necrotic core’ [10]

of dead cells within the organoid. Due to this inhibited nutrient diffusion assays that are
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developed for cells in traditional 2D monolayer culture are often ineffective or
unrepresentative when performed on 3D aggregate culture, and there is difficulty with many
common imaging techniques in imaging the core of the aggregate, making cell behaviour

difficult to analyse.

One more common method for replicating co-culture environments such as those found
within an osteochondral interface is the use of well inserts. Well inserts increase the surface
area of the culture allowing increased access to growth medium. This means that cells can be
grown in inserts in layered co-culture. Co-culture models help to further replicate in vivo
conditions by allowing for the observation of intercellular interaction in response to stimuli

[86] which in turn helps to increase the accuracy of the culture model [87].

Indeed, it has been found in studies that certain cells, for example cultured MSCs produce a
number of cytokines and growth factors [88], including chondrogenic inducers such as TGF-R8
[89], BMP-2 [90] and IGF-1 [91], this, combined with the increased direct cell-cell contact in
3D co-culture can lead to improved chondrogenesis in chondrocyte-MSC co-cultures [33].
Additionally studies have shown that chondrocytes can induce chondrogenesis in MSCs and
those MSCs may directly contribute to cartilage formation [92—94]. This can be observed in
several different culture models, species and culture conditions [95]. Meretoja et al. for
example, observed more robust chondrogenesis in their chondrocyte-MSC co-cultures than in
any other observed culture type, leading to the conclusion that the most promising cell source

for cartilage engineering was from their co-cultures rather than mono-cultures [86].

By increasing the surface area of the cells exposed to culture medium this method can avoid
a number of the previously mentioned drawbacks of aggregate culture whereby nutrients
cannot be reached by all of the cells in culture. These methods generally employ a porous
membrane that is suspended within the wells of standard size multiwell plates. Polycarbonate
and polyethylene terephthalate are materials commonly used in the membranes and features
such as pore size and height within the well can be controlled. This allows for studies of cell
growth and migration across the membrane as well as molecular transport studies.
Additionally some studies incorporate interlinked wells within the multiwell plate [96] to allow
for media to be circulated between multiple wells and across multiple samples. This can be
aided by incubating the samples on a rocker plate. Insert based culture techniques have been
adopted for the development of models to assess cell migration and drug absorption and are

also able to be adapted for larger plates sizes for use in high throughput applications [97]. One
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additional benefit of this method is, because the membrane is suspended within the well,
interactions between cells in co-culture without the cells being in contact with each other can

be monitored.

2.4.2 Growth Media for Co-culture Models
The formulation of bespoke cell culture media for co-cultures can be a complex process as
there are many variables in the media selection process that can influence the growth of the

constituent component cells [98].

Each individual cell type has its own individual function and has specific requirements from
the culture medium used in order to help it fulfil that function. When multiple cell types are

in culture together media selection becomes complex and demanding requirement [93].

There are multiple approaches to media selection for co-culture including mixed medium,
supplemented medium and partitioned culture. In a mixed medium study, the specific
medium used for the culture of each cell type is combined, sometimes with varied ratios. This
is the simplest method of co-culture media formulation however care must be taken when
blending media types so that supplements included in each medium do not interfere with the
growth of the other cell type [99,100]. There are, however, studies where this has been
implemented effectively and this is often when both media used are general cell growth media
which are unlikely to have a negative effect on other cell types [101-103]. Additionally, the
blending of two general cell growth media types may be the preferred method of media
selection if the desire of the study is to assess the effect of one cell type on the growth of
another. In this case, if soluble factors were added to one just one general media type to
supplement the growth of each cell type, it would be difficult to discern the effect of the added
soluble growth factors from those naturally secreted from each cell type and thus it would be
difficult to assess the effect that the two cell types have on each other’s growth in co-culture
[104]. Nakaoka et al for example, used a mix of F12/DMEM and a-MEM - medium types very
similar to those used in this study - in their ostecochondral co-culture study where they found
that proliferation of the co-cultured chondrocytes was enhanced using soluble factors
produced from the osteoblasts, and the level of differentiation of the osteoblasts influenced

that of the chondrocytes [103].

Another common approach is to use a general base medium such as a-MEM, DMEM, or

DMEM/F12 for the co-culture, sometimes this can be additionally be supplemented with
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soluble factors providing each cell type with the required nutrients without harming either of
them [105-107]. This means that each individual cell type will receive the nutrients they need
without risking harm to either of them. However, it is complex and time consuming to find
suitable supplements for each cell type, additionally, if soluble factors are added to aid cell
growth it may be difficult to differentiate between the effect of soluble factors that are
produced by the cells in co-culture and the soluble factors that have been added to the
medium. Moreover, if additional soluble factors are not added to the general base medium
there is the risk that not all cell types will have the required supplements for their growth

[98,104].

Finally, a culture method that allows two mediums to be used independently can also be used.
This often involves a process of physically partitioning a flowing medium through culture in a
bioreactor . This can be a very complex method that requires a high level of precision to ensure
that media types are correctly partitioned and that each cell types are able to receive enough
of the media that they require whilst ensuring they are effectively partitioned from the other
media types used. For example Xue at al developed a bespoke system in which the
osteochondral co-culture scaffold is placed and the chondrogenic medium is perfused through
the top of the scaffold and osteogenic through the bottom layer with no mixing of mediums

[108].

2.4.3 Hydrogels for 3D culture models

Matrix and hydrogel-based techniques have also been employed for the production of 3D cell
culture models. Gel based methods offer the benefit of providing a 3D culture environment
with the cells encapsulated within the gels. This allows for 3D cell to cell interactions such as
those observed in aggregate based methods. However unlike in aggregate based methods,
gels are not so densely packed in close contact so as to restrict media and other nutrients from
diffusing through the scaffold, meaning gel-based culture methods are less likely to develop a
‘necrotic core’. Whilst matrix-based methods may be less well suited for the observation of
cell to cell interactions of cells in contact, they are well suited for the observation of cell to
ECM interactions which is in turn likely more representative of the native tissue [16].
Additionally in many matrix based methods cells are able to move throughout the matrix and
in some cases even locally degrade areas of the matrix to allow for cell growth and

proliferation [109] however this is dependent on the matrix material.
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Anseth et al. have investigated the process of the dynamic modification of local cell
environment in hydrogels through the study of cells suspended in PEG gels and have found
that cells begin with a spherical morphology and gradually degrade their local matrix. This
allows for greater movement and the ability to change their morphology and proliferate [109—
111]. Although this provides some information on cell behaviour within the gels they explain
that understanding the mechanisms by which cells receive information from their local
environment combined with how the matrix responds to changes caused by the cells becomes
increasingly difficult. Researchers have carried out techniques such as real-time cell tracking
to monitor the rate at which cells migrate through their local environment [112,113]. This is
particularly important to monitor in 3D culture as opposed to 2D as the process is substantially
different for cells moving on a surface vs those moving through a 3D matrix. One such method
for this is in reported based systems where gene and protein expression are linked with the
production of reporter proteins, such as green fluorescence protein. This allows for non-

destructive monitoring of cell behaviour via fluorescence imaging [114,115].

It is worth note that the matrix composition has a significant effect on the health and growth
of the cells. 3D cellular scaffolds cannot be considered to be simply another method of
analysing cell function in the same way that 2D cell culture methods are. It has long been
established that the cellular microenvironment plays a large part in the complex special and
temporal signalling domain that directs cell phenotype. Petersen et al have in fact shown that
phenotype can supersede genotype due to interactions in the ECM through their
demonstration that human breast epithelial cells develop like tumour cells in 2D but exhibit
normal growth behaviour when cultured in a 3D environment similar to their native tissue

[15].

Furthermore, microscopic mechanical changes may be monitored micromechanically, such as
with micro-rheology and atomic force microscopy (AFM) [116]. Baker et al . have used micro-
rheology to demonstrate prostate cancer cells show increased intracellular creep compliance,
which is a measure of cytoplasmic modulus, as the matrix modulus is increased, whereas no
relationship was found in 2D, this may account for phenotypical differences observed in
cancer cells when cultured in 2D versus 3D [117]. Forces on the matrix by the cells can be
measured with traction force microscopy (TFM), using this method it has been demonstrated

that fibroblasts migrating on polyacrylamide surfaces exert forces in 3D [118]. Cell to cell
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mechanical communication was also observed with TFM, where the modulus of the matrix

was found to have an influence on transmitted traction stresses between cells [119].

Banerjee et al found that in analysing the effect of gel modulus on the growth of neural stem
cells, that the rate of proliferation decreased as the gel modulus increased [120]. In this study
gel stiffness was varied over two orders of magnitude but notably, the least stiff hydrogels
also expressed the greatest amount the neuronal marker B-tubulin Ill. It is also worth noting
that the lowest stiffness hydrogels had a stiffness comparable to that of brain tissue inferring
that it is not just that cells grow better in gels with a lower modulus but that cells grow best
in gels with a modulus that closely matches the relevant tissue type. This infers that cartilage
cells such as chondrocytes or osteoblasts may grow better in stiffer hydrogels or even gels

that are held in compression as it is a closer replication of the in vivo conditions.

These works highlight the importance of not only replicating the native growth environment
but also the influence that the ECM has on cell growth and the importance of Cell to ECM
interaction. In 2D culture only a very small portion of the cell can interact with the ECM and
other cells, with a large portion of the cell being exposed to growth medium. This leads to
reactions with soluble factors in the growth medium that would not naturally occur in 3D
culture. Whereas in 3D culture soluble factors that influence cell migration, cell-cell

interaction and differentiation have been proven to exhibit special gradients in vivo [121].

2D growth environments also have an effect on cell morphology as well as cell migration.
Morphology has been shown to influence proliferation, apoptosis [122], differentiation and
gene expression [8] and in 3D cultures cells exhibit more complex morphologies that when
they are constricted to a 2D growth environment. In 2D there is little resistance to migration
either from other cells or from surrounding ECM. This is significant when observing changes
that occur over longer time periods such as the metastasis of cancer cells or tissue
organisation where interactions with the surrounding microenvironment influence cell
behaviour. All of the above demonstrates that if factors such as cell physiology, migration, and
tissue construction are to be studied in vitro, cells must be cultured in a 3D model that best
replicates the important mechanical and biometric factors present in their native tissue in

order to best facilitate this [74].

The fabrication of hydrogel-based 3D cultures usually fundamentally involves one of two

methods, either viable cells are encapsulated within the gel or substrates are fabricated and

30



cells are later seeded on top. In all cases gels are formed by the gelation of a liquid gel
precursor either through physical (noncovalent), or chemical (covalent) crosslinking. Peptide
or protein-based gels are often formed through physical crosslinking, for example in collagen
hydrogels, interactions between solubilized fibrils lead to fibre and network assembly over
time. Chemical crosslinking polymers are also commonly used for the production of hydrogels
and are advantageous when seeking rapid gelation of pre-cursor materials. However,
considerations must be made in order to keep polymerization times short and to use non-
toxic components in order to maintain a high cell viability as, for example in
photopolymerization, free radicals generated through this process have been shown to

damage cells [123].

Generally hydrogels can be divided in to two types, either natural or synthetic with each type
having its own advantages and disadvantages. There are a number of factors to consider in
choosing a hydrogel material for cell culture, some of the more relevant factors include, cell
adhesion, stability in culture and physical properties such as mechanical stiffness. Some of the

more common and commercially available materials will be discussed below.

Collagen is the most ubiquitous protein in the human body and is present in bone, cartilage,
skin, tendons and muscle. The most common type of collagen is type |, which is a major
structural component of many tissues [124]. The most popular types of collagen for use in
hydrogel culture are types |, Il and IlI, this is commonly derived from solution of acid, or pepsin
soluble type | collagen is often derived from rat tail and is readily commercially available.
Crosslinking commonly takes approximately 20 mins and is often initiated by raising the
temperature of the collage. The gelation temperature does affect the collagen fibre length
which in turn can influence cell growth and behaviour. Fibroblasts have been found to grow
better in collagen gels with larger fibrils [125]. Collagen provides a natural viscoelastic 3D
scaffold and the main advantage of collagen is its cytocompatibility. Collagen hydrogels have
been used in a number of in vitro and in vivo cell culture studies with great success [125,126].
Some potential drawbacks for collagen as a 3D scaffold include stability over long culture
periods, variation between batches, and also relatively low stiffness, although this is not
always a drawback. Collagen is one of the main constituent components of the commonly
used commercially available Matrigel® (Corning). Matrigel is a widely used commericallialy

available gel matrix and is composed of 60% laminin, 30% collagen IV, and 8% entactin.
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Entactin is a bridging molecule that interacts with laminin and collagen IV this aids in the

structural organization of these extracellular matrix molecules [127].

Alginate is a natural polymer ink derived from brown algae that is biocompatible, low cost
and low toxicity. It is particularly valued for its fast ionic crosslinking method using divalent
cations such as calcium or magnesium, meaning that in some cases alginate bioinks can be
crosslinked simply by adding these cations to the culture media. This makes cell encapsulation
and gel digestion very simple. Unlike collagen and Fibrin an adhesive ligand such as RGD to

allow cells to adhere.

Fibrin is a naturally occurring polymer found in blood clots that is formed through the
coagulation process. Fibrin crosslinking is fast and can be activated by thrombin, both of which
are readily available from commercial suppliers and fibrin sealants are widely used for medical
applications. The ration of thrombin to fibrin can also be controlled in order to alter the
hydrogel properties, for example a greater amount of thrombin results in a gel with smaller
fibrils and pores [128]. The main drawback with fibrin based hydrogels is that they are unstable
over longer culture periods, his is because, similarly to blood clots, the thrombin initiate the
process of fibrinolysis which gradually breaks down the gel. For this reason fibrin can be
combined with other, more stable natural hydrogels, such as alginate or collagen to provide a

temporary scaffold as the encapsulated cells begin to produce ECM and form tissue [129,130].

Polyethylene Glycol (PEG) is a hydrophilic and relatively inert synthetic polymer. PEG can be
modified with a number of functional groups and hydrogels formed using multiple
polymerization techniques [131]. Through the photopolymerization of PEG precursors
modified with either acrylate or methacrylate moieties in the presence of photoinitiators PEG
hydrogels can be fabricated[132,133]. When exposed to UV light, photoinitiators are
fragmented to yield free radicals. These radicals attack carbon—carbon double bonds present
in the acrylate groups, initiating polymerization which forms a hydrogel network. This network
can then be exposed to aqueous solvents, which causes swelling of the crosslinked network
until the swelling forces of the hydrogel are balanced by the elastic forces of the polymer [ref].
A hydrogel with a more tightly crosslinked structure will result in a lower amount of contained
water. Nguyen et al have demonstrated that by altering PEG molecular weight and
concentration, a number of the hydrogel properties such as, swelling property, equilibrium
confined compressive modulus, compressive dynamic stiffness, hydraulic permeability of PEG

hydrogels in static/dynamic confined compression tests, and equilibrium tensile modulus can
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be influenced [134]. PEG hydrogels have a large amount of design flexibility, including the
modification of stiffness and how ligands are presented to cells, due to this and have been
used in numerous cell culture applications, including stem cell differentiation and
mechanobiology studies [135-137]. PEG has particularly been used effectively in

photoencapsulation experiments [138].

It isimportant that for use in gel-based drug discovery models that a process with a sufficiently
high throughput and level of repeatability be selected. This would be a perfect application for

a high throughput method of reliably 3D printing gel-based culture models.

2.4.3.1 Dynamic In Vitro Evaluation Systems

As mentioned previously one of the most common methods for cell culture is to seed cells
into a tissue culture flask for 2D growth and to add growth medium on top of the cell
monolayer. However, the 2D nature of this method discussed previously is not the only aspect
that is unrepresentative of conditions found in vivo. There are other factors that influence cell
growth in vivo that are not represented adequately by traditional static culture methods. For
example, studies have shown that by circulating growth medium in a rotating-wall-vessel
(RWV) type bioreactor there is a significant enhancement in GAGS (glycosaminoglycans) and
hydroxyproline synthesis in both human and bovine chondrocytes [139]. RWVs that provide
steady laminar flow of medium have also been proven to be more effective than more
simplistic stirrer or mixer flask culture methods that often have a more turbulent flow
resulting in higher shear stresses applied to the cells. Another common type of bioreactor is
the stirrer or spinner flask. Stirrer flask bioreactors are used both for seeding cells onto 3D
scaffolds and for the culture of these scaffold. Cells are seeded onto and through the scaffolds
by convection. Stirring of the media increases external mass-transfer however this also
generates turbulent eddies, which may have an adverse effect on tissue developement[140].
Figure 2-8 shows a schematic illustration of two of the most common bioreactor types; (a)

stirrer flask and (b) RWV.
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Figure 2-8: Two common types of bioreactor (a) spinner flask in which scaffold are suspended
and the liquid medium is agitated by an agitator within the flask (b) Rotating wall vessel in
which scaffold are placed and the entire vessel is rotated to ensure the medium is flows

continually

There are some cell types that grow more effectively when subject to mechanical stimulus
such as shear stresses, compression or tension. For example, in vivo, cartilage in joints is
subject to a number of mechanical stimuli with compression and shear being the most
prevalent. Cochis et al. have demonstrated with MSCs seeded in to a porous polyurethan
matrix that after 21 days in culture when subject to a combination of compressive and shear
loading there is a significant increase in chondrogenic gene expression, with histological
analysis detecting sulphated GAGs and collagen Il only in specimens subjected to loading

[141].

Aside from loading there are other factors of 3D culture that can be difficult to replicate in
vivo. For example the reproduction of vascularised tissue has in recent years given rise to a
great deal of research in the area of ‘organs on chips’. This involves the production of
microfluidic chips through either newer manufacture methods such as stereo or
photolithography or more traditional methods such as machining to create a series of small
channels in a chip through which culture medium can be circulated and on which the tissue

sample can be grown.

One notable ‘organ on a chip’ study was carried out by Huh, D .et al. whereby human alveolar
epithelial cells were cultured in close contact with human pulmonary microvascular

endothelial cells separated by a porous membrane to form a tissue interface that replicates
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the in vivo alveolar-capillary interface. In this model that interface membrane could also be
mechanically stretched cyclically to replicate breathing [142]. This model has allowed for the
observation of previously unobserved phenomena such as the reaction of blood-borne
immune cells in response to bacteria, inflammatory cytokines and environmental

nanoparticulates.

Bioreactors and alternative culture methods are produced for numerous purposes, some of
the most popular including, proliferation of cells on both large and small scales, generation of
3D tissue constructs in vitro and direct organ support devices. The ability to control
environmental factors such as oxygen concentration, pH, temperature and stresses, as well as
being simple to use aseptically (for example in exchanging media or cleaning) are all of high
importance. Additionally bioreactors should be designed with automation in mind for both
accurate, repeatable and robust small scall and high throughput studies [143]. These are all
factors that will be common in all bioreactor design however specific requirements for
different culture types, for example compressive and shear loading, will also need to be

considered for individual applications.

2.4.3.2 Hydrogel characterisation

Some of the most important properties to consider in hydrogel characterisation include,
mechanical properties, mesh size, swelling and degradation. The properties of hydrogels are
important as they are likely to affect the cells suspended in culture and can influence

behaviours such as spreading, differentiation and migration [16].

Mechanical properties are often described in terms of stiffness and can be quantified through
the calculation of the shear modulus or Young’s modulus. There are a number of methods
used for evaluating gel stiffness including indentation, atomic force microscopy as well as
compression and tensile testing. Indentation is well suited to the analysis of viscoelastic gel
cultures due to the minimal sample preparation requirements as well as it only impacting a
small are and thus being non-destructive, meaning the same gel can be analysed over multiple
timepoints in a study. However, this method only gives a measure of a small, localised area of
the culture, so if the stiffness is suspected to vary throughout the structure this may not be
the most suited method. Atomic force microscopy is useful for measuring mechanical
properties on a cellular level. Compression and tensile testing methods act upon the entire

hydrogel and so give an idea of average stiffness throughout the entire structure through the
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measurement of applied load and corresponding deformation. The shear modulus of the

material can be evaluated through rheometry.

Hydrogel mesh size or porosity can influence the diffusion of nutrients through the gel.
Scanning electron microscopy is often used for the imaging of gel porosity. However, the
process of preparing the gels for imaging often includes a dehydration step, which can affect
the structure of the gel so this method may not be best suited for all cases. Additional methods
for measuring pore size include fluorescence recovery after photobleaching (FRAP) [144] and

DNA electrophoresis [145].

Swelling is a measure of the water uptake and is an indicator of hydrophilicity and crosslinking
density with stiffer gels often exhibiting lower swelling. Swelling is useful for measuring

variations between batches of hydrogels when consistency is important.

Hydrogel degradation can lead to changes in the gel mechanical properties which ultimately
can affect cell behaviour over time. The desired rate of degradation may vary dependent on
the nature of the study. For example, it may be desirable for the hydrogel scaffold to gradually
degrade whist being replaced by ECM and natural tissue formed by the cells. Gel degradation
is usually hydrolytic or enzymatic. Hydrolytic degradation occurs at the same rate throughout
the entire gel and is due to hydrolytically unstable chemical bonds. The rate of hydrolysis can
in some cases be controlled by altering factors such as crosslinking density. Natural hydrogels
such as fibrin and collagen degrade through cell mediated proteases. Degradation can be
monitored by analysing the culture supernatant for quantities of degradation by-products for
example soluble collagen. Other methods such as simply monitoring the mass of the hydrogel

over a given time can also be used.

2.4.3.3 Characterising cells in hydrogel cultures

Analysis of properties such as cell viability or metabolic activity can be difficult in gel based 3D
cultures. Due to the varying rates of diffusion of the assays throughout the culture when
compared to the immediate exposure of all cells in 2D culture, it can be difficult to compare
3D cultures to established standards and protocols. Furthermore, when working with hydrogel
cultures with a very high concentration of encapsulated cells it can be difficult to achieve an
assay dilution that that will not be immediately saturated when the fluorescence is read. For
these reasons and also for applications such as flow cytometry it may be necessary to digest

or dissolve the gel scaffold to recover cells. One of the most popular methods of doing this in
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natural hydrogels is to use enzyme based degradation methods such as collagenase,
nattokinase [146] or dispase. However, when using these enzymes exposure time must be

minimised in order to ensure the cells are not harmed by the process.

For applications where it is necessary to image cells in the surrounding matrix there are a
number of imaging methods that can be employed. Many natural hydrogels are optically
transparent, meaning confocal microscopy can be a suitable method for visualising cells in
situ. Cells, proteins or other markers of cell growth can be stained with fluorofours which can
the be imaged in three dimensions. However depending on the microscope power, and gel
opacity, it is not always possible to image through the entire depth of the gel. Multiphoton
imaging can also be used to image deeper, more opaque sections of tissue approximately up
to 1 mm. Gels are processed for histology in the same manner as soft tissue, however, the
paraffin embedding process may not be best suited for sample preparation as it can result in
a significant amount of deformation and leave the remaining gel too brittle to section [147].
Optimum Cutting Temperature (OCT) is a suitable alternative for embedding samples for
cryosectioning which circumvents the dehydration step and makes sectioning easier. Standard
immunostaining and immunohistochemical staining protocols can be used on gels, and cells
contained within, again to observe factors such as cell growth, morphology or the presence of
of growth indicators, for example the presence of aggrecan in cartilage tissue. However it may
be necessary to extend the exposure time when compared to a 2D assay to allow enough time

for the staining to diffuse through the gel.

2.5 Osteoarthritis and models of osteoarthritis

2.5.1 Significance

Osteoarthritis (OA) is the most prevalent joint disease worldwide, it affects approximately 10%
of men and 18% of women over the age of 60 [148]. The effects of OA can be debilitating due
to both loss of joint function and the associated pain, as a result, in developed countries, the
socioeconomic cost is significant at approximately 1-2.5% of gross domestic product [149].
Additionally, 80% of those with arthritis suffer from a limited range of movement and 25%
cannot adequately perform their major daily activities of life. It is most commonly found in
load bearing joints such as knees, hips, spine and hands. Additionally age related changes to
the articular cartilage have shown to be contributing factors to pathophysiology [150]. Some
risk factors include age, sex, body-mass index (specifically obesity), genetics, occupation and
socioeconomic standing.
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2.5.2 Pathology

Originally thought to be solely based around the mechanical degradation of cartilage,
osteoarthritis is in fact a complex disease that effects the entirety of the joint [7]. For a long
time, osteoarthritis has been characterised as the failure of joint repair due to the mechanical
and biochemical changes in the joint. Due to the fact that cartilage is not vascularised, the
supply of oxygen and nutrients to the chondrocytes — which are the cell type present in the
cartilage and and are also responsible for the maintenance of the extracellular matrix (ECM)
— is difficult and as such articular cartilage has a limited capacity for repair. In the early stages
of osteoarthritis, clusters of chondrocytes form in the affected areas, in an attempt to repair
the damage, this causes the concentration of growth factors in the ECM to rise [94,151]. This
attempt often fails and leads to an imbalance in the degradation-repair cycle favouring
degradation. This leads to greater production of proteases that degrade the local tissue such
as matrix metalloproteinases (MMPs) and aggricanases, increases apoptosis and a lack of
production of matrix components, ultimately this results in the matrix being unable to
adequately withstand mechanical stresses [152,153]. This cycle of breakdown continues,
often unnoticed by the patient, due to cartilage being aneural, until additional tissues become
involved, often by this point the damage is significant, this is one explanation for the often

late diagnosis of OA. Figure 2-8 shows the changes that take place within the joint due to OA.
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Figure 2-9: The effect of osteoarthritis on an articular joint (taken from Glyn-Jones et al.) [7]

Evidence also shows that the behaviour of bone and synovial tissue also play a role in disease
progression, with cartilage, bone and synovium releasing mediators such as cytokines and
prostaglandins, resulting in local tissue changes and synovitis which is one of the most
common symptoms of OA [6]. Synovial inflammation corresponds to clinical symptoms such
as joint swelling and inflammatory pain, and it is thought to be secondary to cartilage debris
and catabolic mediators entering the synovial cavity [154]. Synovial inflammation occurs both
in the early and late stages of OA however it is often not as severe as in rheumatoid arthritis,

although it may add to the cycle of progressive joint degeneration.

One of the most characteristic features of OA are the changes it makes to the subchondral
bone. The formation of osteophytes, sclerosis and the changes in the subchondral bone are
all important factors for diagnosis with radiology. Due to the often late diagnosis of OA often
these are not found until the late stages of the diseases however many of these changes to
the bone may actually occur before cartilage damage [155,156]. This infers that the changes

to the bone may influence or even initiate cartilage damage.
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2.5.3 Cartilage

The main component of cartilage of ECM which comprises approximately 95-99% of its total
tissue volume with the other 1-5% comprising of chondrocytes [157]. The most common
component of ECM within the cartilage is collagen type Il which comprises approximately 50%
of the total amount of protein. Collagen type Il produces a mesh within the cartilage which is
reinforced by other collagen types as well as other proteins which results in increased tensile
strength of the cartilage. Proteoglycans such as aggrecan are also included within this
framework and these draw up water into the cartilage resulting in resistance to compression.
The mechanical and biochemical structure of this cartilage is regulated by the chondrocytes
[158]. The orientation, shape and density of the chondrocytes and ECM fibres vary significantly
throughout cartilage tissue creating stratified layers throughout the tissue. Figure 2-9 shows

the osteochondral interface in more detail, highlighting the stratification of the tissue.
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The ECM can be damaged by the biochemical processes within the joint leading to

development of OA [158].

2.5.4 Subchondral Bone

The subchondral bone is found between the calcified cartilage layer and the trabecular bone.
In osteoarthritis significant changes occur to both the subchondral and trabecular bone
[160,161] with osteophytes and subchondral cysts being formed and the subchondral bone

thickening and reducing porosity. Advances in imaging now allow bone-marrow lesions to be
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identified on MRI that are related to several histological changes, including microfractures at
different stages of healing. For some time there have been a number of studies that indicate
that the formation of osteophytes and changes in the subchondral bone actually occur before
cartilage degradation [162,163]. However these studies are limited by the sensitivity of the
imaging technique. Sanchez et al. demonstrated that in response to mechanical stimulation
osteoblasts produce inflammatory cytokines and degradative enzymes, similarly to
chondrocytes [164]. These enzymes could act directly upon the cartilage or changes in the
adjacent subchondral bone could have an adverse effect on the cartilage. Alternatively, the
degradation of cartilage could lead to a greater load applied to the subchondral bone which
results in it’s remodelling. Unlike cartilage, subchondral bone is innervated meaning this is

likely one of the main causes of pain in patients.

2.5.5 Synovium

One of the common elements of OA is an enflamed synovium and this can occur even early in
the disease. As the disease advances there is an increase of synoviocyte proliferation, as well
as an increase in size and vascularity of the synovium [164]. In a healthy joint the role of
synoviocytes is to produce lubricants such as hyaluronic acid [165] and lubricin [166] help to
keep the joint lubricated and ease movement. However in patients with OA synovial fluid
viscosity is reduced and lubrication functionality is poor [165—-167]. Similar to chondrocytes

and osteoblasts, synoviocytes also release inflammatory cytokines and degradative enzymes.

2.5.6 Treatment

Treatments offered for OA depend on the severity of the disease. Figure 2-10 adapted from
Dieppe and Lohmander [168] shows the treatment response as the disease progresses. Initial
treatment for early stages of the disease often involve patient education, advising possible
lifestyle changes such as reducing strenuous activity or losing weight if the patient is obese as
these are both risk factors due to them contributing to overloading of the joints. This
progresses to analgesics and topical non-steroidal anti-inflammatory or pian killer medication

to manage pain.
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Figure 2-11: Treatment options available as the severity of OA increases, adapted from Dieppe and

Lohmander [168]

The next stage of non-surgical interventions includes physical therapy and occupational
therapy. Additionally patients may be offered localised injections of opioids, or cortico-
steroids to assist in pain management and reduce inflammation in addition to the above
treatments. Finally, if symptoms progress and pain cannot be managed patients may be

offered aids such as orthoses or surgical intervention.

Traditional surgical methods include arthroplasty or osteotomy, practically this includes either
fusing, realigning, resurfacing or even replacing the joint entirely. Clearly this level of surgery
is a significant undertaking and always comes with some level of inherent risk. Additionally,
although surgeries such as hip osteotomy are on average very successful and cost effective
[169], due to the average lifespan of an artificial hip joint being approximately 15 years [170]
and revision hip-surgeries being significantly more invasive, expensive and with greater
potential morbidity [171], surgeons may want to delay surgical options in favour of
pharmacological and non-pharmacological treatments for as long as possible, especially in
younger patients where the probability of having to undertake a future revision due to a worn

joint is higher.
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More recently newer surgical methods been employed. One such method is osteochondral
transplantation also called (osteochondral autograft or mosaicplasty), whereby a number of
small cylindrical plugs are taken from healthier and less weightbearing areas of the cartilage,
holes are then drilled in the damaged cartilage and these healthy cartilage plugs are inserted
in order to stimulate new cartilage growth. Additionally microfracture surgery involves
inducing a number of small fractures in the subchondral bone, in an effort to repair these

there is an increase of cells that form a clot which in turn triggers the repair of cartilage [172].

Tissue engineering options have also been explored. Autologous matrix-induced
chondrogenesis is a method that combines microfracture with implantation of a in order to
restore large areas of damage that would not be suitable for repair by microfracture alone.
This improves the filling of the cartilage defect and increases the stability of the clot formed

at the location of the defect.

Additionally, autologous chondrocyte implantation (ACl) is a method that is also employed in
combination with microfracture surgery. Using this technique healthy cells are removed from
a healthier less load bearing area of the cartilage and grown ex-vivo for 4-6 weeks in order to
generate a large enough number to repair the damaged area of cartilage. A second surgery is
then caried out whereby microcracking is carried out and the grown chondrocyte cells are
applied to the damaged tissue. A tissue scaffold can also be used to supply support to the area
or a collagen membrane or periosteal flap can be applied. Clearly this procedure is limited in
that it requires multiple surgeries, the first to harvest the cells and the second to re-apply
them, and with any surgery there is an inherent risk and cost involved. Additionally, rigorous
and involved laboratory practices must be employed to select, screen and grown healthy cells
that will produce healthy hyaline cartilage, minimising the amount of fibrocartilage formation.
Indeed, this is one of the know issues with microfracture treatment in that the method tends
to produce fibrocartilage which is not ideal in joint repair [7]. Harris et al. believe that from
initial findings ACI shows an improvement in outcomes over just microfracture surgery,
however long-term data is lacking and so it is difficult to conclusively state that there is an
improvement, additionally ACI has a higher expense for reasons such as the requirement of
additional surgery and the necessary cell culture. That said both methods do show an
improvement to short and medium term patient outcomes and ACI appears to induce the

production of greater amounts of hyaline cartilage [173]. With additional long-term data,
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presumably it would be possible to compare these methods with established methods such

as osteotomy by means of a cost/benefit analysis.

In a comprehensive review of cartilage repair techniques and the use of ACI Neimeyer et al.
found that ACl is best suiter for repair of damaged tissue in sizes between 3-4 cm? however a
smaller area of 2.5cm? is considered for younger patients and those with active sporting
lifestyles. One key conclusion is that the author suggests not to view microfracture and ACI as
opposing treatments but rather as complementary treatments that a cartilage surgeon should
be able to use adaptively and flexibly dependent on the patient requirement. Additionally the
author does also find that the quality of repaired cartilage does appear to be better following
ACl when compared to microfracture, but that there is not enough evidence to conclude that

ACI performs more effectively than mosaicplasty [174].

2.5.7 Novel future treatment methods

In 2016 Di Bella et al. presented a study of the application of their new novel in situ bioprinting
method for use in repairing cartilage defects in large animals. In this study they demonstrated
their handheld biopen 3D printing device. This works by extruding stem cells, in this case MSCs
recovered from the infra-patellar fat pad of a sheep, coaxially through a nozzle into a cartilage
defect, whereby the inner layer of the extruded bioink is culture media containing cells and
the outer layer is a gelatine methacrylamide and hyaluronic acid hydrogel, a gel know to
perform well in cartilage repair [175,176], which acts as a scaffold. 6 sheep were studied and
in each sheep 4 cartilage defects were created by means of making an 8 mm hole in the distal
femoral condyles. The treatment groups were: in situ bioprinted scaffold using the biopen,
preconstructed bench based scaffolds, microfracture, and no treatment. The defects treated
with the biopen showed better macroscopic and microscopic characteristics than any other
treatment group [177], showing a great deal of promise for this method and for the future
application of in situ bioprinting as a treatment process as a whole. However, there is a clear
lack of long term data presented in this study and so it is difficult to say how this process
compares to established methods over a long time frame and if the additional cost associated
with the bioprinting and cell culture is reflected in the benefits of the process. Additionally, it
may have been fairer to compare this methodology to ACI rather than microfracture as a
control, as microfracture does not have the additional advantage of being able to add cells

that stimulate cartilage regrowth to the defect.
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Targeted pharmacotherapy or gene therapy may be used as a future treatment for OA. As a
number of factors of OA can be hereditary, this indicates there may be genetic risk factors.
Both viral, and non viral vectors have been developed in order to transfer therapeutic genes
into the target cells (autologous chondrocytes) by direct intra-articular injection. Proof of
concept has been achieved in animal models for both in vivo and ex vivo gene delivery using
a variety of vectors, genes, and cells [178,179]. These treatments have the potential to
improve the quality of life, reduce the symptoms or potentially completely eliminate the
disease in patients. Additionally, they provide an alternative to invasive surgeries with a lower
associated risk. However there are still some hurdles to overcome before these can be
accepted as treatments such as the safety of the procedures, cost effectiveness and the

general lack of understanding of the pathophysiology of OA [180-182].

Another method of addressing OA is through drugs that affect the subchondral bone.
Strontium ranelate is a drug previously used for osteoporosis that prevents bone resorption

and increases bone formation making it a potentially viable bone treatment for OA [183].

In addition to ACI numerous other cell-based treatments are also being explored for the
treatment of OA. One such method is the injection of MSCs to the damaged area that have
previously been recovered from either adipose tissue or bone marrow concentrate. Numerous
studies have assessed a range of cell sources, culture conditions and application methods
however there currently there is a great deal of conflict between research outcomes as to
weather this method provides any significant benefit. As a result these methods are currently
not recommended in the UK [184,185].

Other methods seek to develop on the ACI procedure, one such method, Chondrosphere®,
uses a sample of cartilage harvested from the patient that cells are removed from and cultured
for 4-8 weeks. Rather than directly re-apply cells to the damaged tissue they are then placed
into 96-well plates that are coated in a hydrogel in order to allow aggregates to form.
Aggregates are then combined to make larger tissue constructs which are in turn applied to
the damaged cartilage. This treatment is currently recommended as a treatment option by
the National Institute for Health Care and Excellence with similar requirements as ACl and has
an estimated cost effectiveness per quality-adjusted life year of £18,000. To give context to
this figure The U.K. National Institute for Health and Care Excellence (NICE) have a threshold
in the range of £20,000 to £30,000 per quality-adjusted life year for the reimbursement of
new drugs in the NHS [186,187].
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It is worth noting that despite the development of new and novel therapies, new treatments
options are still limited by the general lack of understanding of OA, its complex
pathophysiology and the multiple contributing factors [6,7]. Therefore, there is a need for
further research in order to fully understand the disease progression. Additionally, there are
limited options for patients between early and late stages of the disease. This leads to some
patients not meeting the requirements for costly risk adverse surgical procedures being left
to manage their own pain until the disease worsens enough to warrant surgical intervention.
This is not helped by the difficulty of diagnosing early-stage OA. Future treatments options
should address the disease before the need for surgical intervention.

The development of new drugs and treatment therapies requires a significant amount of
testing, screening, optimisation and calibration in order to identify potential lead compounds,
which then need to be studied further. Once identified, extensive in vitro tests are carried out
to firstly assess biocompatibility and also to assess their effectiveness in the treatment of OA.
Additionally there are a number of stages before a new treatment is accepted for clinical use
including, preliminary testing, pre-clinical testing and clinical trials [188]. The increasing cost
of the drug development process in combination with less lead compounds progressing to
clinical trials means the productivity of research and development has reduced, meaning total
costs have increased [188]. In order to increase productivity one of the main requirements is
the need for more efficient and productive early phase testing. This requires greater
automation and speed to improve efficiency in candidate screening as well as the
development of more robust testing methodologies [189].

Due to this there is an increasing interest in the development of in vitro models of OA that are
more representative of in vivo conditions to speed up the transition between lead compound

discovery and preclinical trial.

2.5.8 Osteochondral models

It is clear that the best method of testing the efficacy of an OA treatment is through human
clinical trial however given the significant steps that need to be taken to advance to the point
of clinical trial there are a number of models currently utilised as an alternative. Each of these
models has advantages and drawbacks which must be considered.

Often seen as the most representative of human in vivo conditions, in vivo mammalian models
are used for studies that have progressed to the more advanced stages of development or in

larger studies where the influence of the full body physiological functions need to be studied.
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In the study of OA, mammalian models can be divided into broadly three types which are
defined by the method through which OA is induced in the animal. Surgical models physically
modify the joint to create a cartilage defect, for example Di Bella et al. replicated arthritis in
sheep in their 2016 study by creating an 8 mm hole in the cartilage [177]. Chemical models
involve locally injecting the animal to induce joint degradation [190,191]. Thought to be the
most effective method for drugs testing, spontaneously induced models [192] rely on the
development of OA over a longer time period [193]. This method can also include the use of
genetic modifications to prematurely induce the degradation of cartilage. Animals that have
fully developed musculoskeletal systems that are also of a larger size (similar mass to humans)
provide a better model for drug testing. They also allow for better comparison between data
such as gait, histological and wear analysis. One area of research that heavily relies on animal
models are pain based studies as there is not enough knowledge of the markers of pain to
assess this effectively in vitro [194,195].

Although in vivo animal studies are often more representative there are other factors to
consider that limit their use, for example the cost, the relatively low throughput as well as the
welfare of the animals studied [181].

As a result, there is a constant demand to reduce the use of animal models where possible
and only to use animal models where there are no viable alternative models and the outcomes
should contribute significantly to research in the area studied [196]. To meet the demand for
research models but reduce the use of animal studies there is an increased demand for the
development of more accurate, high throughput, in vitro models of OA.

There has been some research into the development of an in vitro osteochondral interface
model. With many of these studies involving researchers manually seeding cells on to a porous
scaffold [108,197]. He et al [198] were not only able to observe increased chondrogenesis and
ECM production in their in vitro cultured implants over an 8 week period but they were also
able to ascertain that cartilage constructs cultured in vitro over longer periods such as 4 and
8 weeks, when implanted into cartilage defects in porcine test subjects, demonstrated a
greater amount of cartilage repair than scaffolds only cultured for 2 weeks in vitro, thus
demonstrating the clear merit of extending in vitro culture time.

More recently there have been attempts to produce layered osteochondral scaffolds with cells
encapsulated within the inks in order to forgo the additional step of cell seeding. Kilian et al
have demonstrated the production of multi-layered osteochondral tissue models using an

extrusion based printing method and calcium phosphate cement (CPC) and a bioink based on
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alginate-methylcellulose (algMC) based bioinks. These were found to successfully produce
ECM however the cell viability was on average low (60% or less). This can likely attributed to
the higher viscosity of the cellular bioink causing high shear stresses to be exerted on the cells
during extrusion [199]. Other studies have produced chondrocyte laden constructs for
cartilage tissue engineering application using inks of lower viscosities such as Nanocellululose-
alginate inks [200] with a viability of approximately 70% and Gelatin-Methacrylamide inks with
a viability of 80% however the latter did not allow for the production of volumetric constructs
without support [201]. Further to this, Castilho et al have demonstrated the influence of
varying the stiffness in multi-layered scaffolds using 3D printed meshes as a basis for
representing different zones of cartilage with more dense zones being represented by a
denser print and less dense zones represented by prints with higher porosity. The least dense
zones were represented by hydrogels with encapsulated chondrocytes. Whilst it was not
possible to possible to directly replicate the moduli found in native cartilage the peak stress
to equilibrium stress, as well as in the relaxation rates, were very similar [202]. The density of
printed meshes is one of the most important factors as not only is replicating the stiffness of
native tissue important, but also the porosity of the scaffold, which in turn has an effect on

the density, also plays a large role in the ability of nutrients to diffuse through the structure.

Whilst the production of volumetric constructs is important, specifically for defect repair
where it may be necessary to produce a construct that will fit exactly in to the defect site,
ultimately it is necessary that the ECM produced by the cells also begins to provide sufficient
support for the construct in order to best replicate in vivo conditions. In addition to this, when

attempting to produce optimised constructs.

Finally, the process of culturing osteochondral models must be considered. In less complex
single cell cultures selecting suitable culture media and growth factors is relatively simple
however as soon as co-cultures are considered, selecting an optimised media blend to ensure
suitable growth rates for both cell types becomes significantly more complex. Additionally
simply placing co-culture constructs in to well plates and covering with media is unlikely to be
the most effective method for cell culture and as such there have been a number of
developments in the field of bioreactor design in order to effectively simulate in vitro

conditions [140,143,203].

48



2.6 Cancer Invasion models

The second application explored in this work is the high throughput production of tumour
invasion models. Like in OA research and most other pharmacological research, there is also
a need for the development of a high throughput 3D in vitro model for drug screening for use
in cancer research. As in OA research, traditional 2D cell culture methods for use in cancer
research are highly reductive and may even negatively influence research by providing
misleading outcomes. For example, when grown on artificial plastic surfaces, due to a loss of
a physical 3D ECM and also due to high concentrations of additives such as serum in growth
media, properties such as differentiation, polarization, cell-cell and cell-ECM communication
are lost whereas properties such as wound healing and hyper-proliferation are emphasised
[204]. As a result, the most effective treatments for cells grown in 2D culture tend to be
chemotherapeutic drugs as these target mitosis and proliferation. 3D culture architecture as
well as ECM have a strong effect on the effectiveness of a drug and as a result, properties not
promoted in 2D growth such as cell-cell interaction, maturation, epithelial to mesenchymal
transition, and cancer stem cells are difficult to detect [205]. Additionally, in cases where drug
resistance or the lack of response to chemotherapeutic drugs is to be studied better models
are also needed. It is believed that mitotic inhibitors do not actually have a significant effect
on the slow proliferating, cells that act to regenerate and re-constitute tumour mass

[206,207].

Cancer metastasis is a complex process comprised of multiple stages, however the first and
most important stage of this process is migration of cancer cells from the primary tumour
through the ECM, this is called tumour invasion [208—210]. Therefore, for a cancer treatment
to be considered successful it should not only involve the slowing or stopping of cancer cell
proliferation but should also prevent cancer cell invasion. Despite this process being key in the
metastasis of cancer, current knowledge of this process leaves something to be desired
[75,211]. Thisis in part due to a key aspect of studying this process being understanding the
process through which cells migrate through the ECM and current cancer invasion models
being unable to accurately replicate this behaviour. To this end, single and multi-cellular
spheroid models have become more common as a 3D culture model more accurately

representing the microenvironment of a solid tumour [76,212].

The most common use for these spheroid models is the testing of new drugs [213,214]

however they also provide effective models of tumour development and initiation [215,216].
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Spheroids can both be cultured in ECM or in the absence of ECM. Most commonly spheroids
and organoids are cultured in aqueous cell culture media, which limits their suitability for
studying cancer invasion due to the lack of a surrounding ECM. Therefore the next logical step
is the use of biomaterials in order to synthesis a microtissue for culture that replicates the cell
ECM. Cells or spheroids can then be encapsulated in this matrix and properties such as
stiffness can be adjusted to replicate the native tissue as closely as possible in order to study

cell invasion [217].

For the applications of tissue engineering or regenerative medicine, scaffold based methods
are generally favoured, however scaffold-free methods are regularly used in a number of
studies as they are cheap, relatively simple and can generate spheroids rapidly. Tumour
spheroids are some of the simplest 3D cell culture models in use but remain very popular as
they replicate many properties of solid tumours effectively. Crucially they demonstrate cell-
cell and cell-ECM interaction that is not found in simple 2D culture. Additionally, due to the
close adhesion between cells, tumour spheroids act as an effective model for poorly
vascularised tumours and in diameters of larger than 500 um even exhibit metabolic
gradients. The structures tend to exhibit three distinct layers, an outer layer of proliferating
cells, a middle layer of quiescent cells and a necrotic core[218]. As a result of this tumour
spheroids exhibit a similar anti-cancer drug resistance and resistance to radiation, found in
human cancers. Therefore, tumour spheroids are widely used in drug screening. Furthermore,
tumour spheroids can be used in combination with other cell types in studies of cancer cell

migration and [76].

Multiple methods exist to determine the invasive potential of cells in a spheroid. The current
standard methods of assessing tumour cell invasion invitro include, transwell-based or Boyden
chamber assays [219,220]. Using these methods single cell suspensions are seeded on top of
a filter coated with proteins derived from the ECM. Responding to a chemo-attractant placed
in the lower chamber of the well plate, cells then migrate from the upper to the lower
chamber. The most frequently used ECM proteins include type | collagen, or a matrix such as

Matrigel that simulates the natural construction of basement membranes.

Lehman et al. demonstrate a modified Boyden chamber-based invasion assay, in which a
mixture of spheroid and liquid matrix is applied in a thin layer to the underside of an insert
which covers the entire surface of a porous membrane. When the liquid matrix material

gelates at room temperature the spheroids become embedded within it.
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Added to the bottom of the well chamber that the insert is placed in is a serum free media
and a media supplemented with growth factors which act as the chemoattractant is added to
the top chamber. Cells begin to migrate from the spheroid within a few hours, they break

down the matrix proteolytically and migrate to the upper chamber [221].

The invasiveness of cells moving through the cellular barrier can be further assessed by
modifying the assay through placing endothelial cells on top of the porous membrane. Media
is removed from the insert after 24 hours, the layer containing the spheroids and matrix is
removed, and then stained with crystal violet to visualize the invasive cells that have migrated
to the upper side of the membrane. Further to this, if the cells have been genetically modified
to express fluorescent protein they can be imaged and counted using fluorescence
microscopy. One of the main drawbacks of the Boyden chamber-based assay is that it does
not allow real-time monitoring of cell invasion and there is a limited time period in which the
assay needs to be terminated. An alternative technique to this is Real Time Cell Analyzer
(RTCA) allowing for continuous monitoring of invasion throughout the assay. The RTCA assay
uses bespoke designed culture plates know as CIM plates, these have gold-coated
microelectrodes which are placed below a porous membrane coated with ECM. The
membrane sits between the upper and lower chambers of a two chamber well. One top of the
matrix a monolayer of mesothelial or endothelial cells seeded to further assess the
invasiveness through the cellular barrier. Invasive cells migrate through this barrier and when
they move through the membrane case an electrical impedance which can in turn be
measured and quantified [222]. Additionally the Celigo cytometer allows for real-time
monitoring of invasiveness, it is able to capture images and use them to calculate the area
that is occupied by the first leading influx of invasive cells [223]. From these an ‘Invasive index’
of cells is given as the number of cells with invasive extensions divided by the total number of
cells [224]. There are additional methodologies available to study migration of spheroids

guided by electric field or oxygen gradients [225,226].

A complication that arises as a direct result of allowing cells within the spheroids to naturally
rearrange themselves is that cells will not remain randomly distributed but will instead
rearrange themselves into an ordered structure. Often this may be beneficial for example
when a layered construct is needed, however a direct impact that this behaviour has on cell
spheroid arrangements is that the stronger interacting cells will tend to arrange themselves

into the core of the spheroid, with the weaker interacting cells forming graduated concentric
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layers [46]. This may lead to the cell type that is always arranged at the core of the spheroid

becoming nutrient deficient, hindering growth and proliferation.

There are a number of drawbacks to the production of aggregates. For example, aggregate
production Is a complex and time consuming process. It involves the use of a large amount of
cell culture resources in order to produce a large number of cells in 2D prior to the aggregate
construction. Some methods, such as hanging drop are very sensitive to disturbances from
vibrations which can make simple things like culture and media change very difficult.
Additionally due to the densely packed nature of the organoids produced, nutrients are not
always able to fully diffuse through the culture, this can result in a ‘necrotic core’ [10] of dead
cells within the organoid. Due to this inhibited nutrient diffusion assays that are developed for
cells in traditional 2D monolayer culture are often ineffective or unrepresentative when
performed on 3D aggregate culture, and there is difficulty with many common imaging

techniques in imaging the core of the aggregate, making cell behaviour difficult to analyse.
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Chapter 3. Rell Print Head and Machine Development

3.1 Introduction

The purpose of this chapter is to provide a technical description of the Rell (Reactive Jet
Impingement) bioprinter head and the design changes made to the Rell system during the
course of this project. This will include an overview of the version 1 proof of concept system,
the main design requirements for the production of the version 2 system and their
implementation, as well as an overview of the design changes implemented in the version 3
system which was adapted for a commercial bioprinter. This will include a summary of
mechanical components, electronic components and control, current software requirements

and the next steps for further design refinement.

3.2 Printhead version 1 Overview and Background

3.2.1 Machine operation

Figure 3-1 and Figure 3-2 below provide an overview of the operation of the Rell system and
the components involved respectively. The basic method of operation is that two bio-inks, one
a crosslinking solution Figure 3-1(A) and one a gel precursor Figure 3-1(B) are processed
through micro-valves to create droplet streams. One of the bioinks, usually the ink with the
lowest viscosity can also contain a number of cells in suspension. The valves are arranged such
that the droplet streams impinge in air. When this happens the gel precursor and crosslinking
solutions react to produce a stream of gel droplets at C. If one of the inks contains cells in

solution then the gel will be a cell filled gel.
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Figure 3-1: Rell Basic principle of operation showing a crosslinking solution (A) and a gel
precursor (B) impinging in the air to create a crosslinked hydrogel. The crosslinking solution (A)

contains cells that are encapsulated in the gel

Figure 3-2 shows a general assembly, with reservoirs for the bio-inks, print head which holds

the micro-valves as well as the microvalve controllers.
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Figure 3-2: Rell system set up and component overview

The Rell system is comprised of a printhead that is mounted on to a JetLab® 4 XL (MicroFab,

USA) printing work station combined with the JetDrive® printer drive electronics unit (Figure
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3-3). Pneumatic back pressure is supplied through the use of an 25| benchtop air compressor
(Orasio 241184) and is controlled by the MicroFab CT-PT4 Pneumatic controller using an
analogue control dial with digital pressure readout in mmHg. This was used as the on board
Jetlab pneumatic controller is unable to provide sufficient back pressure, being designed for
inkjet printing rather than microvalve printing use. Figure 3-4 details the main pneumatic

components.

Figure 3-3: JetLab® 4 XL (MicroFab, USA) printing work station combined with the JetDrive®

printer drive electronics unit

Pneumatic 0 .
tubing and 0 . . Pneumatic

regulator tubing

rm

Air compressor Analogue Pneumatic Rell head
controller

Figure 3-4: ReJl main pneumatic components for accurate control of system back pressure
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3.3 Printhead version one

At the start of this project a proof of concept version 1 system had been manufactured and

trialled with success [4].The initial studies showed the system was effective in producing high

cellular density, cell filled gel scaffolds. However, the machine was a prototype produced for

proof-of-concept studies and as such had a number of design issues to be addressed before

any significant further printing would could be carried out. Figure 3-5 below shows the version

1 RelJl system.

For practical printing and research applications there are a number of features that needed to

be addressed. These included:

1.

2.

3.

The lack of fixing points for the Rell system on the Jetlab machine, meaning that the
reservoirs and the printhead needed to be clamped on using temporary clamps for
printing. This meant that reliably repeating the setup process was very difficult and
time consuming as the print head was not always at a set height and could not be
guaranteed to be level, sometimes this would even lead to the need to rewrite scripts.
As this was not the only printhead used on the Jetlab machine a printhead that could
be simply and quickly mounted and dismounted from the system was necessary, this
also meant that features to mount the print head on that could be attached to the
machine needed to be developed, such as a mounting plate.
The lack of a method of adjusting the valves by a known quantity. An adjustable valve
holding collet had been manufactured and trialled, however this was found to be
ineffective and unreliable, and for most print sessions, researchers would remove the
collet and instead use temporary fixes to secure the valves. Clearly this was not an
accurate positioning method and droplet impingement with this method was very hard
and time consuming to calibrate. Additionally, this made cleaning the valves or the
printhead very difficult.
Other design issues to be addressed include:

a. Cable management

b. Positioning of the spike and hold controllers

c. Bioink agitation - the prototype system required the user to manually agitate

the bioinks to prevent cell sedimentation, due to this, valve blocking was more

frequent.
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Figure 3-5: Rell version 1, proof of concept print head used in initial studies

3.4 Hardware and Components
The main mechanical and electronic components and their operation are described in greater

detail below.

3.4.1 ‘V Block’ Printhead
The microvalves sit in an aluminium V block on opposing sides at a 120 degree angle. The
simplest system has one set of valves, but V blocks can currently be configured for up to 4

different sets of valves. This allows for the independent printing of 4 different types of inks.

As shown below in Figure 3-6, in the V block there is one side on which valves are fixed in place
by a set screw, allowing the valve to be fixed securely but also easily adjusted in height and
replaced. On the opposing side of the block the valves are fixed into an eccentric collet (Figure

3-7) rather than directly into the block. The eccentric collet has a thread which meshes with
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an adjuster screw. As the valve is set into the collet off-centre, turning the adjuster screw

allows adjustment in order to make sure that the valves are aligned.

Figure 3-6: 3D section view of the printhead with section taken through the first valves set

showing Microvalves in the V block

Path of valve
adjustment arc

the collet

Figure 3-7: CAD image (left) and 2D drawing (right) of the adjustable collet showing the off

centre or eccentric through hole that the valve is set in for adjustment

It is important that one of the valve holding collets be adjustable and one remain stationary
as this allows for fine adjustment of the valves ensuring that they are impringing effectively
whilst also minimising error during the adjustment process. As the valve is set in the collet off
centre this allows for adjustment in both the X and Y directions with just one action rather

than two, in ture this minimises error.
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The V block currently mounts on to a separate plate which in turn is mounted on to the
bioprinter, as shown inFigure 3-8. There is one large fastening screw to hold the block in place

and two dowel pins to ensure he block is always located in the same position. This allows for

fast and accurate assembly and disassembly of the V block.

'

-
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Figure 3-8: The version 2 Rell system set up used for the experiments presented in this thesis.

3.4.2 Manifolds and reservoirs

The system is supplied by adding the bio-ink to a small 1.5 ml reservoir. This then screws into
a reservoir manifold (Horizon instruments, C-05a-SM). The reservoir manifold has a pneumatic
push fit connector through which the pneumatic back pressure can be supplied. It also has a
0.62 MINSTAC® threaded hole allowing for the use 0.62 MINSTAC® tubing to connect to the

INKX0514950A VHS Solenoid valves. The manifolds and reservoirs can be seen in Figure 5.
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3.4.3 Agitation

It is important when printing cellular inks that the ink is agitated in order to keep the cells
evenly dispersed and to avoid the cells sedimenting in the reservoir. Currently this is achieved
by adding a 2 mm gold plated stirring magnet to the reservoir, this is then agitated by magnets
fixed to an external rotating shaft driven by a 12 V DC motor, the speed of which can be varied
using a 10K potentiometer. The addition of a motor agitator was made during the course of

this project.

3.4.4 Valves and controllers

The valves used in the Rell system are INKX0514950A VHS Solenoid valves supplied by Lee
Valves. The valves are controlled through the use of an adjustable spike and hold driver
(IECX0501350A - The Lee Company, USA). This driver applies a two stage signal, first an initial
spike voltage which acts to initially energize the solenoid, this is only applied for a short time,
usually only slightly longer than the response time of the solenoid. In the VHS solenoid valves
this is 62 us. The solenoid is then held in the energized position by the lower hold voltage. The
recommended spike and hold voltages are spike: 24 V, hold: 3.2 V, these must be supplied

continually to the driver. This was provided by an external power supply unit (ISO-Tech, UK).

In addition a simple 5V unipolar trapezoidal control waveform is supplied via the JetDrive®
software to control the duration of the spike and hold wave, the control wave duration, used
for printing during this project is 800 us, however this may be adjusted for larger or smaller

droplet volumes. The resting signal was 0 V and the frequency was 400Hz.

The spike and hold driver will control the duration of the spike time and can be tuned and
adjusted manually by turning the brass potentiometer screw on the driver, the default spike
time is 62 ps, which is recommended. Sending a 5 V, 800 us, signal wave to the driver will
result in the driver supplying a 62 us spike time and a 738 us hold time to the valve. Figure

3-9below shows the control and spike and hold waveform.

60



oV CONTROL
SIGNAL
(INPUT)
0 T
iy
{5
SPIKE V — . SOLENOID
OPERATING
VOLTAGE
(QUTPUT)
HOLD V — —\
0 -T
t V
ZENER V —|

Figure 3-9: Control signal waveform. Bottom — Spike and hold waveform. Taken from [227]

3.4.5 Pneumatic Pressure

In order to ensure droplet volume was consistent throughout, a range of pneumatic back
pressures were tested for the gel precursor and the crosslinking solution at different cell
densities. The lowest back pressure that could effectively jet a droplet was chosen. This was
assessed by jetting multiple droplets onto a substrate with backpressures varying between
290-550 mmHg and assessing the droplets and the nozzle for droplet size, ink build up or

retention at the nozzle or splashing on the substrate.

For printing low density gels the pneumatic back pressure for the crosslinking solution
containing the cells was set to 450 mmHg and for the higher cell density crosslinking solution
the back pressure was set to 500 mmHg. The back pressure applied to the CAF precursor

remained constant at 550 mmHg.

3.5 Design lterations
In order to develop the Rell system design from that of a tested prototype to a commercially
viable printhead the system has gone through two main design iterations. These are described

in greater detail below.

3.5.1 Printhead version 2 design
3.5.1.1 Design requirements
The main design requirements for the development of Version 2 were as follows:
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e Simple to assemble and disassemble before and after print sessions.

e A working method of accurately adjusting valves to ensure that the head can be easily
calibrated for droplet impingement.

e Include a reservoir agitation method.

e Improve cable management and system assembly.

e Ensure all components can be easily removed for cleaning and sterilisation when

needed.

3.5.1.2 Print Head Mounting

The proposed solution was to create a frame comprising of two new mounting plates, the
physical assembly can be seen in Figure 3-8and the CAD design image below inFigure 3-10.
Each of these mounting plates would include both clearance and threaded holes of standard
sizes and spacings. This not only allowed for easy mounting to, and removal from the current
Jetlab® machine, but also compatibility with other printing setups making installation and
removal very easy. Furthermore standardising all of the holes in order to accommodate a
commonly used fitting size, such as an M6 bolt, allows for easier interchanging of parts, fewer
problems in locating spares and a reduced level of required inventory, as well as making it
quicker and easier to design, manufacture and fit new components when they are needed as

key features such as fitting holes sizes and spacing are already known.

As well as this, 4 mm dowel holes were added to the valve mounting plate. These were
specified to be a close sliding fit and as the dowel pins to be used were toleranced to g6 and
the holes were specified to H7. The dowel pins were then specified to be an interference fit in
the valve block so they could not be removed. This would allow for quick and accurate
location, installation, and removal of the valve block from the mounting plate without
compromising on accuracy. The valve block also had one threaded hole for an M6 screw so it

could be held in place when assembled.

When compared to the previous arrangement of ‘G’ clamping the valve block in place this
solution would offer a great deal more reliability. The final feature of the new mounting plates
is that they were designed to offer a great deal more space for mounting new parts, electronic
components and wiring than is currently available on the machine. This makes it a great deal
simpler to design and install upgrades to the Rell system in the future and to ensure proper

cable management is maintained to ensure electronic circuits are always safe and reduce the
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need for manually troubleshooting electronic failures that often arise due to incorrect

installation.

Figure 3-10: Rell deposition head assembly, design iteration 1 CAD image

3.5.2 Eccentric collet

On the existing prototype Rell head an eccentric collet had been trialled as a solution to
accurately adjust the valve position. Due to the design being similar to that of a worm wheel
gear arrangement, the collet being the wheel and the screw acting as the work gear, this
solution is very effective in that the ‘worm wheel’ arrangement provides gearing, meaning not
only is a very fine manual adjustment possible, but it is also very difficult to back drive making
it difficult to disturb the position of the valves if they are touched or upset accidentally. As the
hole the valve is set in is off centre from the centre of the collet, as the collet is rotated, rather

than the valve rotate on its axis it moves around a circle with a radius of 0.1 mm, allowing for
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adjustment in both the x and y directions whilst minimising the input from the opterator to
only one action, thus reducting human error. Additionally, by only having an adjustable collet

on one of the two impinging valves, this also minimises potential for setup error.

With the initial proof of concept worm wheel collet, the valve had to be fixed in place using
an adhesive, making it difficult and time consuming to remove or adjust. This lead to
researchers circumventing the collet arrangement and instead setting the valves in place using
temporary fixes that allowed valves to be changed quickly if damaged, making it difficult to

ensure proper alignment and impingement was taking place.

Figure 3-11 below shows the now implemented collet design (left) and the original collet
design (right), note that the thread cannot be seen on the CAD models but this is represented
by the channel around the circumference of the part. The new design not only incorporates a
raised collar with the addition of a threaded hole for a grub screw to lock the valve in place,
but also a new threaded hole has been added to the valve block in which another grub screw
can be used to set the position of the entire collet and valve assembly. This is complex to
manufacture and has required the production of a bespoke manufacturing jig for cutting the
thread around the edge of the collet. The jig works by positioning the collet in place on a lathe

bed through a hole through its centre, whist a thread tap held in the lathe chuck is introduced

perpendicularly to the collet. Figure 3-12 shows the jig mounted in position cutting a thread.

Figure 3-11: CAD images of the (Left) New eccentric collet design. (Right) Old collet design
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Figure 3-12: Collet thread cutting jig in the process of cutting a thread on a collet

The rotation of the thread tap causes the collet to rotate as the thread it cut into its edge. As
this component requires a bespoke manufacturing process this means that it can currently

only be manufactured in the Newcastle University Stephenson Building workshop.

3.5.3 Agitation
In order to address the agglomeration and sedimentation of the cells when printing without
manually agitating the ink, an agitation system was added. This was a simple system
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comprising of a shaft with four balanced magnets set into it, rotated by a small 12V dc motor.
The shaft is suspended in a housing that is situated between two rows of ink reservoirs. If
agitation is needed in any given reservoir then a small magnet can then be placed in that
reservoir, which when the shaft rotates will agitate the bioink causing the cells to be
resuspended. Figure 3-14 is an illustration demonstrating the effect of the magnetic agitation

system.

Un-agitated cellular Agitated cellular bioink
bioink in reservoir in reservoir

Magnet Suspended cells

attached to
external
rotating shaft

\

(4

Magnet
rotating in
bioink

Sedimented cells
at base of
reservoir

Figure 3-13: Illlustration demonstrating the effect of the magnetic agitation system

As can be seen in Figure 3-8 and Figure 3-10 the bracket that holds the reservoirs has space
for up to eight individual reservoirs, one for each space on the valve block, this should allow
for the Rell system to fully utilise it’s eight valve print head, which was not possible on the

previous configuration that could only hold 2 reservoirs at once.

3.6 Printhead version 3

The purpose of printhead version 3 was to produce a demonstrator printhead that could be
fitted to a commercial 3D bioprinter. For this reason, simplicity of use for the user and also
achieving a minimal size envelope to reduce inertia on machines with moving printheads

rather than moving machine beds were prioritised.
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3.6.1 Reservoirs, Manifolds and Connector tubes

3.6.1.1 Design requirements

The main design requirements for the development of Version 2 were as follows:

e Reduce the ‘size envelope’ of the printhead in order to minimise inertia on systems
where the printhead is the moving component

e Reduce the size of the MINSTAC reservoir tubes in order to reduce clogging

e Remove the complex manifolds and replace with a simpler reservoir design that is
easier to use/fill

e Introduce modular design and different size ‘v-blocks’

3.6.1.2 Design changes

New designs were produced for the ink reservoirs and pneumatic manifolds. With the new
designs, rather than having to unscrew the reservoir which can be quite intricate, reservoirs
are now all push fit for quicker removal and replacement. A pressure seal is maintained
between the manifolds and the reservoirs by means of an o-ring on the manifold, and the
manifold being held in place by a coil spring. This new design also allows for reservoirs to be
mounted closer together, creating an almost modular design with the smallest print head set
up, the ‘V2 head’ comprising of only 1 pair of reservoirs and 1 pair of valves, to the largest set

up, the ‘V8 head’ comprising of 4 pairs of valves and 4 reservoirs.

The reservoirs mount directly above the valves minimising the required length of the 0.62
MINSTAC threaded tube required to connect the reservoirs to the microvalves. This minimises
the risk of tubes clogging from agglomerated cells or fibrous proteins present in the bioinks
which was an issue with the previous design iterations. The ‘v block’ design and the method
of agitation remain the same as in previous iterations. Figure 3-15 shows the CAD model for
the second iteration print head ‘V2’ and ‘V4’ print head configurations. Figure 3-16 depicts a
‘V4’ print head and reservoir mounter to a Regemat 3D bioprinter. Overall, the new design is

simpler, easier to maintain, clean and use.
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Figure 3-15: V4 Rell print head in situ on a Regemat 3D bioprinter
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Chapter 4. Material preparation and characterisation methods

This chapter describes methods which have been used across the range of experiments
presented in this thesis. Methods that relate only to a particular experiment are reported in

the relevant chapter.

4.1 Cell Culture

The TC28a2 chondrocyte cell line was cultured in Dulbecco's Modified Eagle Medium/Nutrient
Mixture F-12 (Gibco™ DMEM/F-12, high glucose, Fisher scientific) adding 10% FBS (Fetal
Bovine Serum, Gibco, Fisher scientific) and 5000 Uml-1 penicillin/streptomycin (Sigma

Aldrich).

The Saos-2 osteosarcoma cell line was cultured in McCoy's 5A (Modified) Medium (Fisher
scientific) adding 20% FBS (Fetal Bovine Serum, Gibco, Fisher scientific) and 5000 Uml-1
penicillin/streptomycin (Sigma Aldrich). 20% FBS was used as it was found that this helped the

cells to proliferate faster.

For TC28a2/Saos-2 co cultures in this study the medium mixing method was used, mainly for
ease and simplicity, but also because this ensure that if any measurable improvement is found
in the cell growth in co-culture that this is not due to the medium being supplemented with
additional soluble growth factors. The two media types used in this work are for the TC28a2
and Saos-2 cells are F12/DMEM and MCCoys 5a medium respectively. These are both general
cell growth media and is has been shown that these can be used interchangeably between
each of these cell types with no adverse effects [228,229]. As the cell mix ratio in printed co-

cultures was 1:1 this was the same ratio used for the media combination.

Cells were cultured in a Thermoforma incubator at 37°C, 21% 0O and 5% CO> in 175cm? (T175)
corning tissue culture flasks. When cells reached 75-85% confluence they were passaged and
split into separate T175 flasks with a seed density of 750,000 — 1x10° cells per flask. In doing
this firstly media containing dead cells was aspirated off and then the adherent cells were
washed with 10 ml Dulbecco’s Phosphate Buffered Saline (DPBS; Sigma Aldrich). The cells were
then incubated at 37°C with 2 ml Trypsin/EDTA (0.25%, gibco) for 3 minutes in order to detach
the cells. 8 ml of medium was added per flask to neutralise the medium and remove the
suspended cells. At this point two 10 ul aliquots were taken and cells were counted using a
haemocytometer. The 10 ml cell solution was then centrifuged in a 15 ml falcon at 1200 RPM

for 5 minutes. Following centrifugation the supernatant was removed and the cells were
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suspended in supplemented medium and seeded into flasks. Cells were passaged

approximately every 3-4 days.

The above process was also used in order to detach cells from culture flasks prior to printing.
However prior to printing, after the supernatant was removed the cells were re-suspended in
the gel crosslinking solution and agitated with a magnetic stirrer during the print to ensure
the cell density throughout the print remained constant by preventing cells from sedimenting

and forming clumps in the bioink reservoir.

The passage number for the TC28a2 cells at the time of printing was 26, for the Saos-2 cells

the passage number was 8 at the time of printing.

4.1.1 Cryopreservation

Following trypsanisation at 75-85% confluency and centrifuging to remove the supernatant
cells were resuspended in freezing medium comprised of 10% v/v dimethyl sulphoxide (Sigma
Aldrich) in FBS. The final concentration of cells in freezing medium for preservation was 1x10°

cells/ml.

Cells suspended in freezing medium were then aliquoted into 1 ml cryopreservation tubes
(Corning, USA) and placed in a Mr. Frosty™ Freezing Container (Fisher Scientific). The Freezing
container was placed in a -80 freezer for 2-3 days to ensure a gradual rate of freezing before
the cryopreservation tubes were transferred in to liquid nitrogen for long term storage at -

196°C.

When thawing, cryopreservation tubes were removed from the liquid nitrogen and placed in
a 37°C water bath until partially thawed. The sample was the transferred to a minimum of 10
mL of cold cell culture medium and centrifuged at 1200RPM for 5 minutes. After removing the
supernatant the pellet was then resuspended in cell culture media at the desired

concentration for seeding in to a cell culture flask.

4.1.2 Cell counting

Cell were counted using an Invitrogen EVOS M5000 and a Neubauer Improved
Haemocytometer Counting Chamber (Hawksley, UK). After cells are detached from the culture
flask and are suspended in media, but before they are centrifuged, a 20 uL aliquot was taken
and 10 pL added to each side of the haemocytometer. The number of cells were then counted
in each of the outside diagonal grid boxes and this was averaged. This was then repeated on

the camber on the other side of the haemocytometer and compared with the first average.
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4.2 Bio-ink preparation for 3D gel cultures

All of the printed gel cultures in this report were CAF (collagen, alginate and fibrinogen) gels.
These were produced using the RelJl method, mixing a crosslinking solution with a gel
precursor at a 1:1 ratio. CAF was chosen as it was already established that it could be printed

effectively using the Rell system and because it made a successful culture environment [4]

4.2.1 Gel Precursor Preparation

The gel precursor used is comprised of collagen (6 mg/mL Pepsin Soluble Collagen in 0.01M
HCI, Collagen solutions), alginate (Alginic acid sodium salt from brown algae, Sigma - 180947)
and fibrinogen (Fibrinogen from bovine plasma, Sigma - F8630) solutions mixed with a 1:2:8

ratio respectively. The components (Table 4-1) and process used were as follows:

Stock Concentration | Quantity | Storage | Shelf life | Working | Notes

solution (stock Solution
solution)

Fibrinogen 10% w/v lg Fridge 5 Days 37 30 mins to
Fibrinogen mg/ml make stock.
per 10 ml Add 1.7 | Add
PBS ml PBS fibrinogen to

to1ml PBS then
stock leave on

solution | agitator at
approx. 35°C

Alginate 2.5% w/v 25¢g Fridge 2-3 - Use PBS
Sodium months without
alginate calcium and
per 100 ml magnesium.
of PBS Mix on

Agitator plate
at approx.
35°C for
approx. 1
hour

Collagen 0.6% w/v Ready to Fridge - - 6 mg/mL
use from Pepsin
bottle Soluble

Collagen

Table 4-1: CAF gel components, storage and notes
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4.2.1.1 Alginate — Mix time approx. 2 hrs
1. Place a heated agitator plate under hood set to 35°C.
2. Add PBS to the beaker that the stock solution will be prepared with, along with a
suitably sized magnetic stirrer.
3. Gradually add sodium alginate over 30 mins to 1.5 hrs dependent on the amount
of alginate added and stock solution batch size.
4, Leave the beaker on the heated agitator plate until sodium alginate is completely

dissolved.

4.2.1.2 Fibrinogen - Mix time approx. 30 mins
1. Add PBS to a falcon under hood
Add fibrin to PBS, this can be added all at once.
Leave on agitator plate at approx. 35 degC for 20-30 mins.

2
3
4, Add 1.7 ml of PBS per 1 ml of stock solution to make working solution
5 Aspirate up and down with micro-pipette

6

Filter working solution through a yellow Corning Falcon™ cell strainer - mesh size

100pm

4.2.1.3 CAF Gel precursor

1. Add alginate to filtered fibrinogen working solution
2 Aspirate up and down with micro-pipette

3 Add collagen to alginate and fibrinogen

4, Aspirate up and down with micro-pipette

5 Filter CAF gel precursor through cell strainer

4.2.2 Crosslinking solution

The crosslinking solution used was Thrombin (T4648-10KU, Sigma). 20 ml of high glucose
media is added to a 10,000 unit bottle and this is then separated in to 20, 1 ml Eppendorfs and
stored at -20°C. When thawing each 1 ml of thrombin before printing 16 pl of 6% CacCl; is
added.

When used in cellular bioprinting the cells are first centrifuged and the supernatant removed.
The cells are then re-suspended in the thrombin solution and at this point are ready for
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printing. Cells have been kept suspended in the thrombin solution for up to an hour for longer

prints with no noticeable effect on the health of the cells.

4.3 Printer set-up and scripting

4.3.1 Print Settings
The alginate and CAF precursors were printed at a pressure of 0.6 bar, the CaCl, and Thrombin
solutions were both printed at a pressure of 0.5 bar. The waveform was the same as described

in 3.4.4. The stage velocity was set to 35 mm/s for all prints.

A number of test gels were printed to assess the efficacy of each bioink prior to each

experiment.

4.3.2 Droplet volume

When using the Rell, printing materials with an equal droplet volume from each valve is
recommended. Average droplet volume is assessed by printing droplets on to a substrate and
measure the total mass of the droplets dispensed by each valve independently, then by
dividing this mass by the number of droplets dispensed and multiplying by the density of the
printed bioink it is possible to get an average droplet mass. The equation for average droplet

volume is as follows:

Mass of droplets printed (g)

Density of ink (%) X Number of droplets

Average droplet volume (ml) =

Equation 4-1: Average droplet volume using mass of droplets printed, density of printed ink

and number of droplets printed

All printing was performed using the in house designed Rell bioprinter head mounted to a
JetLab® 4 XL (MicroFab, USA) printing work station combined with the JetDrive® printer drive
electronics unit. The valves used were INKX0514950A VHS Solenoid valves (Lee Valves, USA).

Droplet volume could also be approximated from images taken with the stroboscopic camera
however this was less reliable. It is important that droplet volume is calculated as accurately
as possible as this is one of the main influencing factors for setting the valve back pressure i.e.
if one valve is dispensing significantly smaller droplets than it’s counterpart then backpressure
can be raised to ensure an even mix is achieved. Droplet volume may be influenced by factors

such as viscosity.
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4.3.3 Maintenance and cleaning
Prior to and following printing, valves, reservoirs, manifolds and any other components used
in the bioprinter head that come in to contact with bioink were flushed to ensure they were

cleaned, sterilised and without blockages. The pre-print flushing process was as follows:

1. De-ionised water
2. Ethanol

3. De-ionised water

The post printing flushing process was as follows:
De-ionised water
DPBS
Trypsin — This is left to sit in the system for 5-10 mins

1

2

3

4. De-ionised water
5. Ethanol

6

De-ionised water

Rigidly following this flushing process vastly decreased the number of blockages in the
microvalves between printing sessions. When valve blockages occurred that could not be
cleared by simply flushing, valves were left to soak for at least 24 hours at room temperature
in either trypsin (if they had been used for thrombin and cells) or 1 U/ml dispase solution in
DMEM/F12 (Stemcell Technologies, UK) (if they had been used for CAF precursor). This
removed the majority of blockages encountered. This process was followed for all print

sessions including when printing cellular gels.

4.3.4 Software and print patterns

Print patterns may be defined in a number of ways but a html script must be written for each
print pattern to be read by the Jetlab® software. One method commonly used is to define the
print pattern with a bitmap image which is then referenced in the html script. When read by
the script each white pixel within the drawn bitmap image will be read as a droplet signal,

settings such as the distance between each droplet can also then be defined in the script.

The method used for the production of the gel cultures tested in this report was a html script
that deposits one gel droplet per well in a 96 well plate one each print pass before returning
on the second pass to produce a second droplet and continuing to do so until the gels are fully

printed. This ensures a consistent cell density throughout the print process across all of the
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gels. The script was set to print ‘on the fly’ with a bed speed of 35 mm/s. This means that
droplets are deposited whilst the printer bed is moving, rather than the printer stopping at

each point a droplet is deposited.

4.4 Gel printing and culture
Gels were printed into CELLSTAR® flat bottom 96-multiwell plates. Printing gels in this method
resulted in a cylindrical shape construct, 7 mm in diameter and 3mm in height. Figure 4-1

shows an example of one of these printed gels.
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Figure 4-1: CAF hydrogel 3D printed using the ReJl method printed directly into a 96 well plate

For cell-encapsulated gels, cells were added to the crosslinking solution at the required cell
density. For the printing of stratified co-cultures, first layer of gel containing a single cell type
was printed at half the height of the gels printed for single cell culture, i.e. 1.5 mm; then the
second layer containing the different cell type was printed on top to make a total gel thickness
of 3 mm, Figure 4-2 demonstrates this. Figure 4-3 is an image of a co-culture cross section where
cells have been stained with a cell tracker dye prior to printing, TC28a2 cells have been stained
red and Saos-2 cells have been stained green. In this sample the layers are slightly uneven in
height as the gel was damaged during the imaging process but the image shows the separated

layers of cells.

Once printed, gels were manually transferred to 24-multiwell plates for culturing and 2 ml of

the relevant cell culture media to each cell type was added to each well. For the co-culture
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gels a 1:1 blend of the relevant media for the cell types used was added instead. Gels were
cultured in a Thermoforma incubator at 37°C, 20% Oz and 5% CO; in 24 well plates. Every 48

hours the supernatant was removed and replaced with fresh culture media.
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Figure 4-2: Diagram showing the structure of the printed mono-culture gel (left) and
co-culture gel (right) and the dimensions of layer heights

Figure 4-3: Sectioned gel co-culture with chondrocytes stained with a red cell tracker dye and

osteoblasts stained with a green cell tracker dye
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4.5 Characterisation of printed gels
4.5.1 Cell Viability

4.5.1.1 Live/Dead 3D fluorescence Imaging

For each gel the culture media was removed, and gels were washed with DPBS twice. Gels
were stained using LIVE/DEAD ® Viability/Cytotoxicity Kit for mammalian cells (Thermofisher).
From the kit calcein and ethidium homodimer-1 were added to DPBS at ratios of 1:500 and
1:2000 respectively. Each gel was fully coated in in 200 pl of the solution and incubated at
37°C for 15 minutes.

Gels were then imaged on a Zeiss LSM800 in confocal mode on the 20x 0.8 Plan Apochromat
lens using settings specific for Calcein and Ethidium Homodimer (488nm excitation for both
and 410-532nm emission (Calcein) and 611-700 (EthD) respectively). They were imaged using
the GaAsP-Pmtl and GaAsP-Pmt2 detectors of the Zeiss LSM800 in confocal mode, with a
pinhole of 53um diameter (1.68AU) giving an optical section of 0.940um. The x/y sampling
was set at 512x512 at a scan zoom of 0.5x (giving a scaling of 1.248um per pixel) and 251 z
slices were taken over 235um to create the Z stack. Images were post-processed using the
Imaris post processing software which could be used to locate the stained cell nuclei in order
to accurately perform a cell count. Cell percentage viability presented was calculated by
dividing the number of live cells by the total number of live and dead cells counted in the
image. Imaging was performed on day 0 immediately after print, day 1 and day 3. These time
points were chosen in order to give a representation of the effect that the printing process
has on the cells. If there was a significant drop in cell viability after day 3 this is unlikely to be

related to the printing process.

Three gels were imaged at each time point, gels were sliced in two and two images were taken
of each gel in different areas in order to ensure that anomalous areas of particularly low, or
high, cell densities were accounted for and that the images gave an accurate representation
of the cell density throughout the gel. This also ensured that the live/dead assay had fully
permeated the centre of the gel and was able to show if there were any areas that the culture

media couldn’t reach causing a necrotic core.

The Imaris image analysis software was used to perform the cell count. The process for doing
this involves first manually analysing a number of randomly selected slices in the confocal Z

stack in order to measure the diameter of the cell nuclei. Three live and three dead cells were
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measured per gel and an average taken. It is important this is carried out for both live and
dead cells as often these can vary in size. Once an average nucleus diameter is found the
analysis software can then search for all cells with a nucleus of this diameter with either a red
or green staining in the gel. This can then be converted to a ‘spots’ image which replaces the
entire geometry of the cell with a sphere and these spheres can be counted. When cell density
is so high that individual cell nuclei cannot be identified then the software can be used to
create a surface map of the cells and the percentage live/dead can be compared by volume of
green cells to red. However this volume method is much less accurate due to the size disparity

between live and dead cells so this method was avoided.

4.5.1.2 Hydrogel digestion and Live/Dead

Additionally gels were digested and cells removed so a Live/Dead cell count could be
performed more accurately using a cell counter. In order to digest gels, first the supernatant
was removed from the gels in the well plates and the gels were washed three times with PBS.
Gels were then removed from 24 well culture plates and placed in 48 well plates. 0.5 ml of
room temperature 1 U/ml dispase solution in DMEM/F12 (Stemcell Technologies, UK) was
added to each well and the well was placed on a Stuart SSM1 orbital plate shaker at 100rpm
for 5 mins. Gels were then incubated at 37°C for one hour. After one hour gels were removed
from the incubator and pipetted up and down using a 1 ml pipette tip. Gels were then
incubated for a further hour at 37°C. Following this, gels were pipetted up and down again
and finally centrifuged and the dispase solution removed from the pellet. For the live dead

assay the pellet was then re-suspended in the DPBS Live/Dead solution described above.

Cells were imaged using a Tali cell counter with red and green filters compatible with the
live/dead assay stainings. 3 samples of each cell density and culture type were imaged at each

time point. Imaging was performed on day 1, day 3 and day 7 following printing.

4.5.2 ECM production

4.5.2.1 Sample fixation for cartilage/bone marker stainings

At each relevant timepoint, the gels were removed and placed in a 48-multiwell plate and
washed twice with DPBS (Dulbeccos Phosphate Buffered Saline, Sigma - D8537); then approx..
500 ul of 4% PFA (Paraformaldehyde Solution, 4% in PBS, Thermo Scientific™ - AAJ19943K2)
or enough to fully cover the sample, was added to and left each well containing a sample and
left overnight at 4°C. The PFA was then aspirated from the well plates and samples were again

washed with DPBS twice before being covered with DPBS.
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4.5.2.2 Sample preparation for Inmunohistochemical Staining

After following the above process, the DPBS was removed and all of the gels were blocked

with 0.1% Triton X-100 for 20 minutes and then blocked with 3% goat serum at room

temperature for 1 hour and 15 minutes. Following this:

For staining for ECM markers:

The gels were incubated overnight with primary antibodies at 4°C against collagen Il
1:200 (Collagen Il Rabbit anti-Bovine, Human, Mouse, Ovine, Rat, Polyclonal,
Invitrogen™, Fisher Scientific - PA126206), and aggrecan 1:200 (Aggrecan Mouse anti-
Bovine, Canine, Equine, Feline, Guinea Pig, Human, Ovine, Porcine, Rabbit, Rat, Clone:
BC-3, Invitrogen™, Fisher Scientific - 11555772).

The gels were then incubated at room temperature with Goat anti-Mouse 1gG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 647 (Thermofisher -
A32728) and Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 488(Thermofisher - A32731) at a concentration of 1:200 diluted in
DPBS for 45 minutes.

Finally ,1 pl of 0.1% Hoechst 33342 solution (Thermofisher — 62249) was added to each
sample and incubated at room temperature for 15 minutes.

Between each stage the gels were washed three times with DPBS.

For staining for bone markers:

After

The samples were then incubated overnight with primary antibodies at 4°C against
Osteocalcin Antibody 1:100 (PA5-96529 — Thermofisher), and 1:100 Osteopontin
Monoclonal Antibody ((2F10), eBioscience™).

The samples were then incubated at 37°C with Goat anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor Plus 647 and Goat anti-Rabbit 1gG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488 at a concentration of
1:200 diluted in DPBS for 45 minutes.

Finally, 1 pl of 0.1% Hoechst 33342 solution was added to each sample and incubated
at room temperature for 15 minutes.

Between each stage the samples were washed three times with DPBS.

removing the DPBS, samples were taken to the Leica CM1590 cryostat for

cryosectioning. A small amount of OCT (optimal cutting temperature) compound was placed
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on the sample dies, which were pre-chilled to -20°C. Once the OCT had begun to set slightly
at the edges, the gel samples were placed in the middle and covered entirely in OCT. The dies
were then returned to the -20°C machine bed to fully freeze. Once fully frozen the die with
the sample was placed on the cryotome head, which was also set at -20°C and 20 um slices

were made which were collected on pre-coated slides.

All samples were imaged using the EVOS M5000 fluorescence microscope with an Olympus
10X Aprochromat objective, using settings specific for Hoechst 33342, Alexa Fluor Plus 488

and Alexa Fluor Plus 647 using the following excitation and emission setings:

e Hoechst 33342 - 357-444 nm exitation and 447-460 nm emission
e Alexa Fluor Plus 488 - 470-522 nm exitation and 525-550 nm emission

e Alexa Fluor Plus 647 — 628-640 nm exitation and 685-740 nm emission

4.5.3 Alizarin Red Mineralisation Staining Protocol

Two grams of Alizarin Red S (Sigma - A5533) were added to 100 ml of distilled water, then
vortexed and buffered using 0.1% NH4OH until the pH was between 4.1-4.3 read using the pH
meter (Mettler-Toledo FiveEasy Benchtop F20 pH/mV Meter). The alizarin red staining

solution was then filtered using a 0.22 um syringe filter.

Media was removed from the gels and these were washed twice with DPBS and approx. 500
ul of 10% neutral buffered formalin was added to each well to cover the gels. These were then
left for 45mins before removing the formalin and washing the gels twice with PBS. Gels were
then covered with the alizarin red staining solution and incubated at room temperature for

45min in the dark.

The Alizarin red staining solution was then aspirated, and the gels were washed with DPBS
three times. Gels were then covered with DPBS and left on a Stuart SSM1 orbital plate shaker

overnight at 80 rpm. Gels were then imaged using a Leica DFC310 FX microscope.

4.5.4 ELISA analysis
Additionally to the qualitative stainings, cultures were measured quantitatively by analysing
the media supernatant using kit ELISAs. The two ELISAs chosen were human collagen | (HCol1)

and Aggrecan (PG).
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4.5.4.1 Human Collagen 1 ELISA
The HCol1 ELISA (Human Pro-Collagen | alpha 1 DuoSet ELISA - DY6220-05) was carried out

using the following process. Fist the following solutions were prepared:

e Wash solution — 5 PBS tablets (Thermofisher — 18912014) and 0.5 ml of tween were
added to 1000 ml of deionised H.0O

e Stop Solution — 26.7 ml of H2SO4 (Fisher Scientific - 10294300) were added to 47.3 ml
of ultrapure H,0O

e Reagent Diluent (RD) — 1% BSA (Sigma - A9418-5G) in DPBS

On day 1, 25 pl of the capture antibody was added to 2475 ul of capture antibody for a 96-
multiwell plate. 25 ul of capture antibody is added to each well. The plate was then sealed and

incubated overnight on a plate rocker at room temperature.

On day 2 the ELISA plate was washed three times using the wash solution on a plate washer
using a 150 pl wash volume. 150 pl of RD was added then added to all wells to block the plate.

Standards were then prepared in the following dilutions (Table 4-2).

pg/ml | Quantity for one plate

Tube 1 2000 2 ul+198 pl

Tube 2 1000 100 ul from 1+100RD
Tube 3 500 100 pl from 2+100RD
Tube 4 250 100 ul from 3+100RD
Tube 5 125 100 pl from 4+100RD
Tube 6 62.5 100 ul from 5+100RD
Tube 7 31.25 | 100 pl from 6+100RD
Blank 0 100 pl RD

Table 4-2: HCol1 ELISA standards dilutions

In a round bottom 96-multiwell multiwell dilution plate dilute samples using RD to the desired
dilutions. The plate was then washed and 25 pl of the samples from the dilution plate are
added to the ELISA plate. The plate was then sealed and incubated for 2 hours on a Stuart
SSM1 orbital shaker at 700 rpm at room temperature. The plate was then washed again and
the detection antibody is then diluted 1:100 in RD and 25 ul is added to each well, the plate
was then re-sealed and incubated on the plate rocker at room temperature for another 2

hours.
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Streptavidin-HRP (thermofisher - N100) was then diluted in RD in a 1:40 ratio. Following
additional plate wash 25 ul of the of the diluted strep solution was added to each well of the

ELISA plate which is sealed and incubated for 20 mins at room temperature away from light.

The substrate solution was prepared mixing A and B (from kit) in a 1:1 mix. Following a final
plate wash 25 pl of A+B solution was added to each well. This is then incubated away from
light until a blue colour begins to develop. 25 ul of stop solution was then added to each well,
turning the solution yellow this is then read on a microplate reader at excitation/emission

maxima of 450/570 nm.

Results were then analysed by correcting for background, and adjusting for the gradient of the
standard curve as well as the dilution factor of the ELISA, which in this case was 2000 for media
taken from high density samples and 500 for media taken from low density samples. Different

dilution factors were tested independently ahead of carrying out the actual ELISA.

A two way ANOVA was carried out on each separate set of results for each culture type and
Tukey’s multiple comparisons test was used for directly comparing variance between
timepoints between each culture type with an alpha value of 0.05. For the purpose of the
ELISAs the supernatant was used from both high and low cell density gels for each culture
type. Additionally, a media sample was taken from an acellular control gel at each timepoint

as well as media from a blank control well with no cells seeded in it.

For the purpose of this ELISA samples were taken from 3 different gels at each timepoint and

ran in technical duplicate.

4.5.4.2 Aggrecan Proteoglycan ELISA
The standard protocol of the Aggrecan Proteoglycan (PG) kit ELISA (Thermofisher - KAP1461)

was followed. This was as follows:

50 ul of the standard, control and diluted sample was added to each well followed by 100 pl
of incubation buffer. This was then incubated for 2 hours at room temperature on a horizontal

plate shaker at 700 rpm.

The liquid is then aspirated from each well and the plate is washed 3 times using the supplied

BioSource wash solution.

200 pl of anti-PG conjugate is then added to each well and the plate is incubated for a further

hour at room temperature on a horizontal plate shaker set at 700 rpm. The liquid is then
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aspirated from the well and the plate is washed three times. Immediately following the was
100 ul of Chromogenic solution is added to each well and this is incubated for a further 15
minutes at room temperature on a horizontal plate shaker set to 700 rpm. After adding the

chromogenic solution the plate is kept covered from light.

200 pl of stop solution is added to each well and absorbances are read at 450 nm and 490 nm

(reference filter 630 nm)

4.5.5 Young's modulus
The Young’s modulus was calculated for TC28a2, Saos-2 and TC28a2/Saos-2 co-cultures for
both high and low cell density gel cultures. An acellular gel was also analysed at each time

point as a control measure.

The process for calculating the Young’s modulus involved fist measuring the gel dimensions in
order to ascertain height and cross sectional area. Gels were then placed in a Shimadzu
Autograph AGS-X with a 1kN load cell and the compression foot was lowered until it had just
began touching the gel, this was ascertained by the force feedback measured on the machine.
This was then zeroed and the gel was pre-loaded to 0.05N. The displacement in mm was also
recorded during pre-loading. The gels were then loaded to 0.1N, the displacement was
recorded throughout. Displacement and loads, as well as gel measurements could then be

used to calculate Young’s modulus. Three samples were measured at each time point.

4.5.6 Mass retention

Gels were weighed at immediately after print, and at days 3, 7 and 14 to assess the mass
retention over this period. This was done by removing the gels from the culture media and
placing them on a pre-weighed petri dish, the mass of the dish could then be subtracted from
the overall mass of the dish and the gels. Three gels were weighed at each time point and an
average was taken of these. Excess moisture was removed from each gell by placing it on a

paper towel before weighing.

4.6 Statistical analysis

In all cases where a summary chart is presented a two way ANOVA with Tukey’s multiple
comparisons test has been carried out on the data. Number of asterisks indicate the level of
significance with alpha equal to 0.05, i.e. P <0.05 is represented by *, P <0.01 is **, P <0.001

is *** and P >0.05 is not significant and not represented on the graph.
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Chapter 5. Rell Acellular Print Performance Benchmarking

The aim of the research presented in this chapter was to assess the ability of the Rell process
to accurately deposit gel droplets at a range of stand-off heights from the substrate and also
to assess the effect of the two main calibration methods used when printing at different

heights.

For the prints reported in this chapter an acellular alginate gel was used, with the solutions

prepared as described in the methods chapter, section 4.2.

5.1 Materials and Methods

5.1.1 Bio-ink preparation for printer calibration

For the purpose of the calibration prints, an alginate gel precursor was used. This was chosen
as it is simple and quick to make, constituent components are inexpensive, it was already
established that this material could be easily printed by the Rell system and the alginate gel
crosslinks quickly and effectively. The gel precursor was prepared using 100 ml of DPBS
(Dulbeccos Phosphate Buffered Saline, Sigma - D8537) placed on a heated magnetic stirrer
and warmed to approximately 35 degrees. 1.25g of Alginic acid sodium salt (Sigma — 180947)
was then gradually added whilst stirring using a stirrer magnet until fully dissolved to make a

1.25% w/v alginate working solution.

The corresponding cross linking solution was Calcium chloride based. To prepare, 1.5 g of
granular Calcium Chloride (Sigma C1016-100G) was added to 1 ml of DPBS. This was then
vortexed until fully dissolved. This concentration was chosen as it was the highest CaCl,

concentration that could be effectively printed without clogging the microvalves.

5.1.2 Printer calibration

The first operational feature that must be calibrated is the valve alignment. Valves must be
aligned correctly so that the droplets will collide in the air correctly. This can be done by eye
(calibration method 1) or by using a stroboscopic camera operating at a frequency that is the
same or higher than that of the valves to image the droplets as they are dispensed (calibration

method 2).

Calibration method 1 involves printing a straight line of 20 droplets on to a substrate. Valves
are adjusted whilst printing until the two droplets are seen to impinge and only one droplet is

deposited onto the substrate at a time, rather than two separate un-impinged droplets.
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For calibration method 2 the printer stroboscopic camera was used alongside the Aphelion
image processing software (ADCIS, France) incorporated within the Jetdrive printer control

program.

As droplets were deposited from the microvalve nozzles, a strobe pulse was generated
synchronously with the valve actuation. The strobe delay could then be adjusted to view the
ejected droplets at a number of points in their trajectory ensuring that they were able to
impinge correctly (Figure 5-1). If they did not impinge then they could be adjusted using the
adjustable collet until impinging was observed. Each of the major grid lines in Figure 5-1
represents 1 mm, meaning the stroboscopic images can be used to simply estimate droplet
volume mathematically by measuring the approximate length and diameter of the droplets.
This could then be compared with the method of average droplet volume measurement

described in 4.3.2 to ensure consistency.

Figure 5-1: Images showing droplets ejected from the microvalves in the Rell head at different
stages in the impingement process for the purpose of printer calibration. Major gridlines in

images represent 1 mm.

5.1.3 Print Parameters

The alginate precursor used for calibration was printed at a pressure of 0.6 bar, the CaCl;
solution was printed at a pressure of 0.5 bar, this was experimentally calibrated by using the
average droplet volume calculation as described in 4.3.2. The waveform was the same as
described in 3.4.4. The stage velocity was set to 35 mm/s. During setup the distance between
the two nozzle tips is set to nominally 1.5 mm however this can vary slightly dusing calibration

due to the rotation of the adjustable valve.
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Reagent | Total Drops/s Resolution Back

Print approx. pressure
Speed (s) () (bar)
Calcium 12.34 35 0.5 0.5
Chloride
Alginate 12.34 35 0.5 0.6
precursor

Table 5-1: Summary of print parameters for Calcium chloride and Alginate calibration prints
5.2 Study Design

5.2.1 Droplet array and 3D gel

Following calibration a 4 x 4 single layer droplet array was printed with the gap between each
droplet set to 3 mm. This lead to a grid size of approximately 10 mm x10 mm when printed.
The height of the print head from the substrate was gradually increased and the print quality
assessed at each height. Additionally, a small number of 4 x 4 gels 16 layers in height with a
gap between droplets of 1 mm were printed resulting in a gel approximately 5 mm x 5 mm x

3 mm, to demonstrate the effect printing multiples layers has on crosslinking efficiency.

5.2.2 Assessment techniques

Assessment of print efficacy was qualitative and mainly based on a visual assessment of the
patterns printed. In a successful print pattern, the grid would remain square throughout with
no deviation, have no additional droplet splatter or splashing, there would be no droplet
overlap where droplets have not successfully impinged, and all droplets would be mostly
spherical and uniform in size. These factors are important as they demonstrate how accurately
the Rell can deposit small volumes of ink, additionally, splashing, droplet volume and droplet
overlap are all indicators of successful droplet impingement. Ineffective prints would deviate

from this.

5.3 Results

Figure 5-2 below shows a number of 4x4 grids printed at standoff distances (the distance
between the tip of the print nozzles to the substrate) ranging from 3 mm to 11 mm from the
print substrate. The printed grids in the images were calibrated using the first method
described in section 6.2.1 whereby a line of 20 droplets was printed at a 3 mm standoff height

and the valves adjusted until they were seen to have impinged on the substrate.
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As can be seen in the image the initial printed grid at a 3mm standoff (Figure 5-2 (a)) appears
to be a successful print. Importantly there are 4 distinct rows of droplets with no additional
splashes or sprays of gel precursor or crosslinking agent and the grid is uniform and square in

shape. Additionally all droplets are spherical in shape.

Looking at Figure 5-2 (b-e) it can be seen that as the stand off increases from 3 mm to 5 mm
and greater, the instances of droplets falling outside of the 4x4 grid boundary, droplets
splashing, or droplets not impinging increase, in Figure 5-2 (e) it would appear that only a small
number of droplets in the centre of the spread of printed droplets have successfully impinged.
Additionally, From heights of 5 mm and greater, droplets begin to look more elongated and
less spherical, this may be because using this calibration method results in droplets impinging
on the substrate rather than in the air, and as the distance increases the distance between
where the two opposing droplets land on the substrate resulting in an elongated droplet and
as the height increases, eventually droplets not impinging at all (see Figure 5-3 a.i). Another
phenomenon that can be observed in Figure 5-2 (e) is droplet overlap, this is where the two
nozzles miss each other completely, do not impinge and the end result is a printed grid of gel

precursor and a printed grid of crosslinking agent very close together but unimpinged.
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Droplet overlap
i

Figure 5-2: 4x4 grids of alginate gel droplets calibrated using calibration method 1 at a 3 mm
standoff distance printed at standoff distances of (a) 3 mm (b) 5 mm (c) 7 mm (d) 9 mm and
(e) 11 mm
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b.i

Figure 5-3: a.i: Droplet impingement in air and how this effects crosslinking by increasing
surface area contact between the gel precursor and substrate, a.ii: Accurately printed spherical
droplets resulting from this method, b.i: Ineffective droplet impingement resulting in inefficient
crosslinking and wastage of reagents, b.ii: Elongated, not fully crosslinked droplets resulting

from this

Figure 5-4shows 4x4 grids printed at standoffs of 3 mm, 5 mm, 7 mm, 9 mm and 11mm from
the print substrate having calibrated the Rell head prior to printing using the stroboscopic
camera. Using calibration method 2 all of the droplets seem to have impinged and printed
successfully. The only real significant change in increasing the standoff difference when the
print head has been calibrated in this method appears to be the droplets are slightly less
spherical, rather than this being due to ineffective impingement, this is likely due to them

striking the print substrate at a higher velocity having fallen a greater distance.
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Figure 5-4: 4x4 grids of alginate gel droplets calibrated using Calibration method 2 printed at standoff
distances of (a) 3mm (b) 5mm (c) 7mm (d) 9mm and (e) 11mm

An additional observation in printing using the RelJl method is that as the layers of droplets
continue to build the efficacy of the print increases as gel droplets are able to combine with
layers above and below and as a result there is less wasted un-crosslinked material. Figure 5-5
shows a printed 12 layer hydrogel with the individual gel droplets visible, demonstrating the

quality of the printed gels.

Figure 5-5: A printed 12 layer hydrogel 5 mm x 5 mm x 3 mm in size with the individual printed

gel droplets visible
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5.4 Discussion
The results of the printer calibration experiments show that the Rell system is capable of

repeatably depositing an accurate grid of uniform droplets.

When comparing calibration methods, it is apparent that although the method of printing a
droplet line and adjusting the valves during the print is faster than calibrating using the
stroboscopic camera, as the print height increases this calibration method reveals itself to be
significantly less effective. Splashing is more common and droplets become less spherical and
more elongated suggesting that the droplets are impinging on the substrate rather than in the
air. This is important as when the droplets impinge in the air and the droplets come into
contact they spread, increasing their surface area and allowing them to mix more thoroughly.
When the droplets impinge on the substrate full mixing does not occur leaving some uncross
linked ink and only a small amount of crosslinked gel in the centre, making the process
significantly less effective and efficient, Figure 5-2 demonstrates this and Figure 5-1 (d-e) show
correct impingement with images taken with stroboscopic camera. Using the stroboscopic
camera, the printer only started to demonstrate very minor deviations in sphericity at a height
of 11 mm and some very minor splashing at 15 mm. The ability to print accurately at different
print heights, specifically the height of 1 1mm is key in demonstrating the Rell system can act
as an effective high throughput bioprinter capable of making large batches of gel cultures for
applications such as drug testing research. Printing accurately at a standoff height of 11 mm
would allow for the Rell system to print directly in to 96 and 384 well plates which are used
for these applications. Furthermore, the Rell system can be further adapted for even higher
throughput through the addition of more valve pairs meaning the process is scalable. Finally,
the ability to accurately print small droplets of very high cell density gel is very significant. In
other processes capable of printing similar cell densities, for example microextrusion, there is
a lack of this level of accuracy. One application where very small droplets of high cellular
density gels may be needed is in tumour invasion models where a droplet of cell laden gel
needs to be applied accurately to a specified area on a small section of tissue so the cell
invasion from the gel can be observed. In this application if gels are too large or applied to the
wrong area of the tissue then the tissue can sometimes be effectively blocked of oxygen or
nutrients found in the culture medium resulting in the tissue dying. Again, this demonstrates

another potential application for the Rell system.
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Chapter 6. Benchmarking of Post-Rell-print Cell Behaviour within an
Osteochondral Co-culture

6.1 Introduction

The aim of this chapter is to assess the efficacy of the Rell system as a 3D bioprinter for printing
cell filled hydrogel scaffolds by assessing how accurately the printing process can print
specified cell densities and the effect of printing different cell densities on cell viability, both

in mono-culture and stratified co-cultures.

6.2 Study Design

Cell filled CAF hydrogel cultures were printed at densities of 4x10° cells/ml and 40x10° cells/ml
containing Saos-2 osteosarcoma cells and TC28a2 chondrocyte cells. The printed co-cultures
were comprised of separate layers of CAF gel containing each cell type (see Figure 4-2 and
Figure 4-3) equating to the same overall volume of the single cell culture gels. These cell types
were chosen as they are the main component cell types of the osteochondral interface found
in cartilage tissue. This is also why the co-culture models were printed as a stratified co-culture
rather than with all of the cells mixed in to on gel, in order to act as a more representative

model of an osteochondral interface.

The gels were cultured over a 72-hour period and assessed through live/dead analysis both by
staining the cells in situ and imaging using confocal microscopy, and by digesting the cells using

dispase and analysing using fluorescence based cell counting methods.

6.3 Results

6.3.1 Assessing Cell Viability and printed Cell Density

6.3.1.1 Live/Dead analysis using 3D confocal microscopy

Figure 6-1 below shows the average percentage viability of the Saos-2 and TC28a2, and co-
cultures at both 4x10° cells/ml and 40x10° cells/ml print densities analysed using confocal
microscopy. For simplicity, only pairwise comparisons between samples of similar density or
cell type at each timepoint (i.e. high density vs high density or High density TC28a2 vs low
density TC28a2), and comparisons between similar culture types at different timepoints (i.e.

Day 3 high density TC28a2 vs Day 14 High density TC28a2) are displayed on the chart.
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Viability of Cells in 3D printed gels analysed using
Live/Dead staining and 3D confocal microscopy
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Figure 6-1: The Percentage viability of cell filled 3D printed hydrogels, containing TC28a2, Saos-
2 and co-cultures of TC28a2/ Saos-2 cell types respectively, indicated by the percentage of
counted live cells to total number of cells counted using the live/dead assay and imaged with
3D confocal microscopy. Asterisks indicate the level of significance with alpha equal to 0.05,
i.e. P <0.05 is represented by *, P <0.01 is **, P <0.001 is *** and P >0.05 is not significant and

not represented on the graph.

It can be seen that in all cell types at all densities and at all time points the percentage viability
does not fall below 75% and in most cases this is above 80%. It is worth noting that the cell
viability in the high density TC28a2 cultures is significantly lower than the other high density
culture types at day 3, and significantly lower than the Saos-2 viability at day 1. However the
average viability is still very high and does not change significantly in the high density TC28a2

culture over the 72 hour period.

Figure 6-2 and Figure 6-3 below show images at different stages in the process of counting the
cell nuclei of TC28a2 cells in a low and high cellular density gels respectively demonstrating
how the cell counting function works. At stage ‘a’ (labelled in Figure 6-2 and Figure 6-3) the
confocal image can be seen, stage ‘b’ shows the ‘spots’ image, this is where the nuclei are
identified and each cell is replaced with a single point. At stage b the number of live and dead

cells can usually be counted however in some instances this is more difficult, for example
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when comparing the cells in very high cellular density gels, or when comparing cells at more
advanced time points when there appears to be a change in the cell morphology. This can be
seen in the day 3 images in Figure 6-2 and in the images in Figure 6-3. In these instances it is
possible to produce a ‘surface’ image as shown at stage ‘c’ in Figure 6-2 and Figure 6-3 to

deduce viability volumetrically.

Day 0 Day 3

(a) Confocal image

(b) Spots analysis

(c) Surface analysis

Figure 6-2: The different stages of confocal image analysis in a 4x10° cells per ml density gel
containg TC28a2 cells. The box outlined is 500x500x200um in size. (a) Confocal image of
hydrogel containing cells stained with Live/dead viability kit (b) Cells in the confocal image
converted to ‘spots’ by the Imaris imaging software (c) Cells and their full morphology

represented by a surface rendering by Imaris
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Day O Day 3

(b) Spots analysis (a) Confocal image

(c) Surface analysis

Figure 6-3: The different stages of confocal image analysis in a 40x10° cells per ml density gel
containg TC28a?2 cells. The box outlined is 500x500x200um in size. (a) Confocal image of hydrogel
containing cells stained with Live/dead viability kit (b) Cells in the confocal image converted to
‘spots’ by the Imaris imaging software (c) Cells and their full morphology represented by a surface

rendering by Imaris
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6.3.1.2 Live/Dead analysis using Hydrogel Digestion and 2D Fluorescence imaging

Figure 6-4 shows the counted cell concentration (cells per ml) of cells in digested hydrogels
immediately after printing, counted using a Tali cell counter and fluorescence stainings. The
cell types used in this method were Tc28a2, Saos-2 and Tc28a2/Saos-2 co-cultures. The results
clearly show that the Rell process has been effective in accurately printing the desired number
of cells in each type of hydrogel culture based on the number of cells counted before adding

to the bioink.

Counted cell concentration in digested
hydrogels immediately after printing
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Figure 6-4: Counted cell concentration (cells per ml) of cells in digested hydrogels immediately

after printing, counted using a Tali cell counter and fluorescence stainings

The average cell concentration for each culture type as well as the percentage error is

presented in Table 6-1 below.
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Culture Type Average cell | Percentage

concentration | Error

TC28a2 High 41000000 1.8
Density

TC28a2 Low Density | 3700000 7.1
Saos-2 High Density | 38000000 4.8
Saos-2 Low Density | 4000000 1.3
Co-Culture High = 40000000 0.91
Density

Co-Culture High 3700000 7.8
Density

Table 6-1: Average cell concentrations counter post-print and percentage error based on

number of cells counted prior to print shown to 2 significant figures

Figure 6-5 below shows the percentage viability of the dissolved hydrogels using the Tali

fluorescence counting method.
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Percentage viability of cells in printed gels
digested using dispase solution
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Figure 6-5 The Percentage viability of cell filled 3D printed hydrogels, containing TC28a2, Saos-
2 and TC28a2/Saos-2 co-cultures respectively, indicated by the percentage of counted live cells
to total number of cells counted using the Tali cell counter and fluorescence stainings. Asterisks
indicate the level of significance with alpha equal to 0.05, i.e. P <0.05 is represented by *, P

<0.01 is **, P <0.001 is *** and P >0.05 is not significant and not represented on the graph.

As can be seen in Figure 6-5 there is no Significant difference between the viability of any of
the cell types, at any of the printed densities, at any of the time points. The only significant
differences observed are between the high density gels at day 0 vs day 3 signifying that there
is a significant decrease in viability in the high density gels after 3 days. However, this decrease
occurs in all of the high density gels of all culture types indicating it is due to some feature of
the high cell density gels. Furthermore in comparing the high cell density to low cell density

gels of the same cell type at day 3 there is no significant difference.

Figure 6-6 shows the comparison between using the 3D (confocal microscopy) and 2D
(digestion) analysis methods for assessing cell percentage viability in high density (a) and low

density (b) gels.
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(a) Comparison of percentage viability of cells

in high density gels when analysed in
3D vs 2D through digesting the gels
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{b) Comparison of percentage viability of cells

in low density gels when analysed in
3D vs 2D through digesting the gels
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Figure 6-6: Comparison between using the 3D (confocal microscopy) and 2D (digestion)
analysis methods for assessing cell percentage viability in (a) high density and (b) low density
gels. Asterisks indicate the level of significance with alpha equal to 0.05, i.e. P <0.05 is

represented by * P <0.01 is **, P <0.001 is *** and P >0.05 is not significant and not

represented on the graph.
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6.4 Discussion

6.4.1 Live/Dead analysis using 3D confocal microscopy
It is worth noting that the two way ANOVA carried out on these results showed no statistically
significant difference between the high and low density cultures at each timepoint, and so,

statistically there is no significant drop in viability at the higher cell density.

The print viability results are overall very positive and show that gels do not appear to be
harmed or affected adversely by the printing process. In all low density gels the percentage
viability was higher than 80% at all time points. In the high density gels the viability was slightly
lower but still higher than 75% in all cases. This may be due to the tenfold increase in cell
density leading to an increase in viscosity and in turn the shear stress exerted on the cells
during printing, or this may be due to increased competition in higher cell density prints. In
addition to this, although the cell density has increased by tenfold, in most cases the
percentage viability remains in excess of 80%. One reason for this is that an increase in cell
density may lead to an increase in hydrogel stiffness which, if unrepresentative of the native
tissue of the cell type analysed, may have a negative effect on viability. Lam et al. found that
an increase in cell density resulted in a reduced viability in neuronal cultures for this reason
[230], although as the viability in this case remains high, this is not thought to be an influencing

factor.

In addition to this most samples seem to exhibit the same trend, that is that following an
initially high percentage viability immediately after print, there is either no increase, or a slight
dip in viability at day one. This then, in most cases this increases to the initial viability found

at day 0, or in some cases in excess of this at day 3.

There are two main drawbacks with this method. The first of which is that it is only possible
to analyse small areas of the gels at once, this means that samples had to be manually
dissected and analysed at multiple points throughout the gel and the percentage viability is
an average of the areas analysed. In order for this method to produce the most representative
results possible for the entire gel samples had to be imaged both at the edges, and at various
points throughout the centre of the gel. This does not appear to have effected the accuracy
of the results and has in-fact helped to establish that there are no internal areas of necrosis,

even in the high cell density prints, similar to those found within organoids.
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The second drawback is that in the higher cell density gels at later timepoints when the cells
begin to spread out through the gels it can become difficult to count individual cells due to
the sear volume of the cells within the gels. As mentioned previously percentage viability can
be assessed by instead analysing the volume of red to green occupied within the imaged
volume however as the cells are spread out and occupying larger volumes, and as this is not a
comparison of counted nuclei, this may not necessarily give very accurate results. For the
purpose of the experiments carried out in this thesis the method of comparing volumes was
not used and the ‘spots’ method was used exclusively however the accuracy of this could be
improved. This is one of the reasons the live/dead analysis was also carried out on 2D dissolved

gels.

6.4.2 Live/Dead analysis using Hydrogel Digestion and 2D Fluorescence imaging

The first advantage of using a method of gel digestion to count all of the cells within a printed
gel is that it can establish, accurately, if the cell concentration within the gels is what was
expected during the print process. Figure 6-4 shows that in all of the printed gels that were
digested and analysed immediately after printing the cell concentration (cell/ml) were exactly
what was expected. Clearly in the high cell density gels the standard deviation from the mean
counted concentrations account for a much greater number of cells than in the low. However
that was to be expected given that as the cell density increases this significantly, the error
involved in in processes such as cell counting (both before and after printing) also increases.
That said, the mean counted concentrations are still what was expected. In comparing the
percentage error calculated using the cell concentration counted immediately after printing
and the cell concentration counted prior to printing, the percentage error in the high cell

density gels is actually lower than in the low cell density gels.

This is a significant result as it demonstrates the Rell system is capable of printing 3D gel filled
structures with a significantly high (40x10° cells/ml) cell concentration. Due to the
complexities of printing cells at this concentration there are not a great deal of comparable
studies however advances in extrusion bioprinters have allowed for the production of
cartilaginous tissue by using 20 x 108 cells mI nanocellulose bio-inks [231] or by adopting 40
x 10° cells ml"* multi-material bio-inks [1]. What’s more the Rell can do this in an accurate
drop by drop method and directly into multiwell plates, demonstrating the capability of the
process for high throughput applications. There are very few if any processes that can reliably,

and with a high rate of throughput 3D print cell laden gels and none (at the time of writing)
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that can do this with gels of such high cellular concentration. This suggests that high
throughput applications such as drug/toxicology testing could be a viable application for the

Rell process.

The second advantage of using the gel digestion method to analyse the cells within the gels is
that the cells can be stained with fluorescent dyes and the percentage viability of all of the
cells within the gel, not just those within a small area, can be counted. The results shown in
Figure 6-5 are very positive. On day 0 the lowest average percentage viability is in the low
density Saos-2 gels and this is 86.5%, which is still a very high viability for gels within hydrogels
[232]. Additionally the day O results demonstrate that there is clearly no negative effect from
the increased viscosity when printing solutions containing high cell concentrations as there is
no statistically significant difference between any of the high and low density prints in any of

the cell types immediately after print.

The cell viability remains high in all cases up until day 3 with the only significant drops in
viability being in the high cell density gels from day 0 to day 3. The lowest average viability at
day 3 is in the high density TC28a2 cultures however this is still above 70% which can be
considered a high viability for cells within hydrogels [232]. Given that the results at day 0 do
not demonstrate that the print process has an effect on the viability based on cell density, it
is likely that the drop in viability at day 3 is due to the level of competition between the cells
in the high density gels. Additionally, the fact that the low density gels do not also demonstrate

a significant drop in viability reinforces this argument.

Figure 6-6 compares the results from using each of the two methods for the analysis of
percentage viability. First looking at Figure 6-6 (b) there is only one statistically significant
difference in results, this is in the TC28a2 cells at day one. There is no immediately obvious
reason for why this may be, although the standard deviation in the results analysed using the
3D method is quite large the viability is still very high. There is no significant variation between
any of the other results at any of the other time points in the low-density gels. When looking
at the comparison of high-density gels in Figure 6-6 (a) the differences are more apparent. At
day 0 whilst there are no significant differences between the methods, the average viability
counted using the digestion method is higher than the average counted using confocal
microscopy in all cases. This is the same at day 1 however this reverses at day 3 with the
percentage viability counted in the Saos-2 and co-cultures using confocal microscopy being

significantly higher than that counted using digestion. The reason for this is likely that
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immediately after printing, cells are still spherical in morphology, with space between each
cell. This makes cell counting using confocal microscopy easier, however by day 3, cells begin
to change morphology and spread, there is less space between cells and they become very
difficult to count using confocal microscopy and digital analysis techniques (see Figure 6-4).
Likewise in low cell density gels cell morphology changes by day 3 (see Figure 6-3) however
there is still sufficient distance between cells to allow for accurate counting, unlike in the high-
density gels. However, when digesting the gels in order to count cells, this is never an issue.
Additionally, using the confocal method is significantly more time consuming with the imaging
of each gel sample taking 30-60 mins when compared to the 5 min analysis time using the
digestion method, although it can take up to 2 hours for the gels to dissolve prior to counting,
this is still faster if imaging gels in any significant number. Finally, the digestion method is

significantly cheaper than the confocal microscopy method.

Ultimately this is a very positive result for the Rell process as a whole as it shows the system
can be used to print very high cellular density gels and maintain a high print viability.
Furthermore it shows that all of the necessary cell types required for this project to produce
an effective osteochondral co culture can be printed using the Rell process with a high

viability.
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Chapter 7. The Effect of Cell Density on Maturation of 3D Rell Printed
Osteochondral Co-cultures

7.1 Introduction

The aim of this chapter is to investigate the efficacy of 3D printed CAF hydrogels as an in vitro
3D cell culture environment for osteochondral models. Building on the work from chapter 6,
where it was established that high cellular density hydrogels could be printed effectively, this
chapter seeks to analyse the effect of cell density (cells/ml) on the performance of these

osteochondral models.

7.2 Study Design
3D hydrogels containing cells both in single cell culture and in co-culture were printed using
the Rell method. Stratified ‘layered’ co-cultures were printed in order to attempt to replicate

a layered osteochondral interface as in the cell viability study.

Over a 14 day time period samples were assessed to determine levels of relevant indicators
of ECM production within the gels, that include markers for assessing (1) bone formation, such

as osteocalcin and osteopontin, and (2) cartilage formation, such as collagen Il and aggrecan.

Further to this, the levels of collagen | and aggrecan found in the gel culture supernatant were
measured quantitatively by ELISA to provide a quantitative measure of mineralisation and

ECM production respectively.

Initially gels containing TC28a2 human chondrocyte cells and Saos-2 osteosarcoma cells were
analysed. Osteoblasts and chondrocytes were chosen as they are common cell types found in
the osteochondral interface. This is also why the co-cultures were printed in stratified layers,
as this is more representative as an interface model, rather than having both cell types mixed
in to one single gel. These particular cell lines were chosen because they are numerous, the
fast growth rate is beneficial for in vitro models and as such these are commonly used for this

purpose [233,234].

7.3 Results

7.3.1 Immunohistochemical Staining
The image results of the 2D immunohistochemical stainings for aggrecan and collagen I,
carried out on 20 um thick hydrogel sections of the 40x10° cells/ml TC28A2/SAQS-2 hydrogel

co-cultures, are presented below in Figure 7-1 and Figure 7-2. Figure 7-1 shows the
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chondrocyte area of the co-culture and Figure 7-2 shows the osteoblastic area of the same gel
at all timepoints. Images of hydrogels with other cell densities, cell types and staining

combinations are shown in Appendix I.

Images in all cases show the presence of the relevant cartilage/ bone marker they have been
stained for. Looking at the individual image channels (blue, green, red),it is clear that the
staining process has been effective. It is apparent that the majority of cartilage and bone

markers can be found surrounding cell nuclei, which is to be expected.

There does appear to be some increase in the concentration of cartilage and bone markers

between day 3 and day 14 in all cases.
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TC28a2 and Saos-2 Cell filled CAF Hydrogel co-cultures with printed cell density 40x108/ml

Timepoint | Day 3 Day 7 Day 14
Merged

Hoechst

Collagen I

Aggrecan

Figure 7-1: Immunohistochemical staining images of 20 um thick hydrogel sections containing
TC28a2 chondrocyte cells and Saos-2 osteosarcoma cells printed at a density of 40x10° cells
per ml of gel. Sections were stained to show the presence of cell nuclei (blue), Collagen I

(green) and Aggrecan (red). Above images show the chondrocyte region of the gel co-culture.
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TC28a2 and Saos-2 Cell filled CAF Hydrogel co-cultures with printed cell density 40x108/ml

Timepoint Day 3 Day 7 Day 14

Merged

—

200um

Hoechst
200pum
Osteocalcin
200um
Osteopontin
200um 200um

Figure 7-2: Immunohistochemical staining images of 20 um thick hydrogel sections containing
TC28a2 chondrocyte cells and Saos-2 osteosarcoma cells printed at a density of 40x10° cells
per ml of gel. Sections were stained to show the presence of cell nuclei (blue), Collagen I

(green) and Aggrecan (red). Above images show the chondrocyte region of the gel co-culture.
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7.3.2 Mineralisation

Figure 7-3 shows the alizarin red stained gels after 7 and 14 days of incubation. At day 7 only
a few traces of staining can be seen. However, at day 14 in both samples there is some
mineralisation beginning to take place. These can be seen from the red/purple staining that
appears to be forming around ridges and features in the gels indicated by the arrows in the

image.

Day 7 Day 14

4M Cells/ml

40M Cells/ml

Figure 7-3: Saos-2 printed gels of 40x10° Cells/ml and 4x10° Cells/ml print density stained with
alizarin red to show mineralisation at Day 7 and Day 14 after print. Arrows indicate areas of

concentrated staining

Figure 7-4 and Figure 7-5 show a dyed low and high density Saos-2 gel respectively at day 14
at higher magnifications. It is apparent to see that there is mineralisation occurring at day 14,

that is more evident in the high cell density samples than in the lower density samples.
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Figure 7-4: Saos-2 printed gel of 4x10° Cells/ml print density stained with alizarin red to show

mineralisation at Day 14 after print.
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Figure 7-5: Saos-2 printed gel of 40x10° Cells/ml print density stained with alizarin red to show

mineralisation at Day 14 after print.

7.3.3 Human Collagen | ELISA

Figure 7-6 shows the HCol1 (human collagen ) concentration for all culture types at day 3, 7
and 14. For simplicity, only pairwise comparisons between samples of similar density or cell
type at each timepoint (i.e. high density vs high density or High density TC28a2 vs low density
TC28a2), and comparisons between similar culture types at different timepoints (i.e. Day 3
high density TC28a2 vs Day 14 High density TC28a2) are displayed on the chart. A baseline

correction has been performed using media taken from an acellular gel as the control.

110



Human Collagen 1 Concentration in printed cultures
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Figure 7-6: HCol1 concentration measured in pg/ml in the supernatant removed from hydrogel
cultures containing Tc28a2 chondrocyte cells, Saos-2 osteosarcoma cells and co-cultures of
both, with printed cell densities of 40x10° cells/ml (high density), 4x10° cells/ml (low density)
at day 3, day 7 and day 14 after printing. Asterisks indicate the level of significance with alpha
equal to 0.05, i.e. P <0.05 is represented by *, P <0.01 is **, P <0.001 is *** and P >0.05 is not

significant and not represented on the graph.

All culture types exhibit an increase in HColl as time in culture progresses as was

hypothesised.

In the case of the low density TC28a2 cultures, based on the statistical analysis at day 7 and
day 14 there is no statistically significant change in the collagen concentration, i.e. ECM
formation has ‘levelled out’ rather than continuing to increase as it does in the high density

samples.

In all cases the high density cultures contained a higher HColl concentration that the

corresponding low density cultures. Additionally, at day 7 all of the high density cultures
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display a statistically similar HCol1 concentration, however at day 14 the concentration found
in the high density co-cultures is significantly higher than that found in any other culture type.
At day 14 all of the low-density cultures exhibit a similar HCol1 concentration. The high density
co-cultures are the only culture type that exhibit a significant increase between each

timepoint.

7.3.4 Aggrecan ELISA

Figure 7-7 shows the Aggrecan concentration for all culture types at day 3, day 7 and day 14.
For simplicity, only pairwise comparisons between samples of similar density or cell type at
each timepoint (i.e. high density vs high density or High density TC28a2 vs low density
TC28a2), and comparisons between similar culture types at different timepoints (i.e. Day 3
high density TC28a2 vs Day 14 High density TC28a2) are displayed on the chart. A baseline

correction has been performed using media taken from an acellular gel as the control.
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Aggrecan Concentration in printed cultures
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Figure 7-7: Aggrecan (PG) concentration measured in mg/ml in the supernatant removed from
hydrogels containing TC28a2 chondrocyte cells and Saos-2 osteosarcoma cells, and co-cultures
of both with printed cell densities of 40x10° cells/ml (high density), 4x10° cells/ml (low density).
Asterisks indicate the level of significance with alpha equal to 0.05, i.e. P <0.05 is represented
by *, P <0.01is ** P <0.001 is *** and P >0.05 is not significant and not represented on the

graph.

In all cases some amount of aggrecan is detected. This is higher in the high density samples
and lower in the low density samples. The co culture samples exhibit a higher concentration
than the monoculture samples and this trend is visible in both high and low cell density
cultures. The TC28a2 cultures exhibit a higher average concentration than the SAQS-2
samples, likely because aggrecan is more of an indicator of cartilage production than

mineralisation.

7.3.5 Gel mass retention
Figure 7-8 shows the average mass of the gel cultures weighed at days O, 3, 7 and 14. For

clarity significance is illustrated only for high density/low density comparisons with a single
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cell type at each timepoint. However a two way anova has also been carried out as well as
multiple comparisons between all samples using Tukey’s multiple comparisons test. As it is
not indicated on the graph it is also worth mentioning that the drop in average mass for each
culture type when comparing day 0 and day 14 is significant in each case with all of the

differences having a P value of less than 0.0001.

Average gel mass at varying time points post print
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Figure 7-8: Average gel mass immediately after print and at days 3. 7 and 14 post print. For clarity
significance is illustrated only for high density/low density comparisons with a single cell type at each
timepoint. Asterisks indicate the level of significance with alpha equal to 0.05, i.e. P <0.05 is represented

by * P <0.01is ** P <0.001 is *** and P >0.05 is not significant and not represented on the graph.

The results clearly indicate that the cellular gels lose mass and break down significantly over
a two-week period. The high cellular density gels are heavier immediately after print and
throughout the two-week time period the high cell density gels remain heavier than their low
density counterparts. Conversely the acellular gels remain a similar mass across the two week
period with no significant decrease in mass or gel size. On day 0 all of the gels are of a similar
size, however Figure 7-9 shows a comparison of TC28a2 and Saos-2 high and low density gels
against two acellular gels at day 7 and the decrease in volume of the gels is apparent, with the

low density gels (centre) reducing in volume significantly more than the high density gels.
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Figure 7-9: Left hand image shows - TC28a2 high cell density gel (top left), TC28a2 low density gel (top
centre), Saos-2 high density gel (bottom left), Saos-2 low density gel (bottom centre) and two acellular
gels (top right and bottom right) 7 days after print. Right hand image shows the same gels from a

different elevation to demonstrate gel height

Figure 7-10 shows the Young’s modulus of the cell laden hydrogel cultures at day 1, day 3 and
day 7 time points. For clarity significance is illustrated only for high density/low density
comparisons with a single cell type at each timepoint. However a two way ANOVA has also
been carried out as well as multiple comparisons between all samples using Tukey’s multiple
comparisons test. Not indicated on the graph is that all culture types display a significant
increase in their Youngs modulus between days 1-7 and between days 3-7 with a P value of
less than 0.0001 in all cases. There is no significant difference between high and low cell
density in any of the cell types at any of the time points with the exception of the co-cultures
at day 7 wherein the high-density co-culture has a significantly higher Young’s modulus than
the low. However the average Young’s modulus is lower in the low density gels than in the
high density for all cell types. The acellular gel exhibits no significant change and at day 7 it is
significantly lower than all other culture types with a P value less than 0.0001 in all comparison
cases. The significant increase in Youngs modulus from day 3 to day 7, particularly in the high
cell density gels demonstrates that the presence of the cells, and additionally the cell density

has a significant effect on the Young’s modulus of the gels.
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Young's Modulus of cell laden hydrogels post print
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Figure 7-10: Young’s Modulus of cell laden hydrogels at days 1. 3 and 7 post print. For clarity
significance is illustrated only for high density/low density comparisons with a single cell type at each
timepoint. Asterisks indicate the level of significance with alpha equal to 0.05, i.e. P <0.05 is represented

by *, P <0.01is ** P <0.001 is *** and P >0.05 is not significant and not represented on the graph.

7.4 Discussion

A number of different time points were considered in order to evaluate the ECM formation in
the bioprinted constructs. Particularly, days 3 and 7 were chosen to assess if there would be
any early ECM formation in the gels, due to the effect of increased cell density or the influence
of cells in co-culture. Day 14 was the timepoint at which it was expected that ECM may likely
be detected as ECM production usually takes place over a timescale of the order of several

weeks [235,236].

7.4.1 Immunohistochemical staining

TC28a2 chondrocyte laden gel samples were stained for collagen Il and aggrecan. These were
chosen as collagen Il and aggrecan are ECM components that are both found in abundance in
cartilage and act as cartilage markers [237,238]. It can be assumed that if the gels are
functioning as an effective 3D culture environment for the chondrocyte cells then an ECM will
begin to form, and cartilage markers will be produced and detectable. Similarly, osteocalcin
and osteopontin are bone markers and detecting them in the osteoblast cultures would

suggest that the osteoblasts are functioning correctly.
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Most of the sectioned samples show some evidence of either cartilage or bone markers at day
3. This may be because the staining was able to penetrate through the thinner sections easier
than through the 3D gel, although it is more likely a function of the imaging process. It is easier
to image in greater detail a thin section than an opaque 3D gel, so this combination of more
effective imaging and staining is likely to give a more accurate estimation of the distribution

of cartilage and bone markers within the gel.

In all samples cartilage and bone markers are more prominent in areas where there is a higher
concentration of cells, this would be expected as this is where ECM formation is likely to begin
[239]. Additionally, it would appear that there are less cartilage and bone markers present in
the day 3 samples than in the later day 7 and Day 14 samples. The day 14 samples appear to
have the highest concentration of cartilage and bone markers and it appears that there is a
higher concentration in the higher cell density prints than in the low. Also it would appear that
in almost all cases the co-culture samples have a higher concentration of cartilage and bone
markers than in the corresponding single cell type culture with the only possible exception
being the high density TC28a2 laden cells appear to have a greater amount of collagen Il and
aggrecan expressed at day 3 than in the high density co-culture at day 3. However, this
difference is likely to be minimal. It is significant that at day 7 both high and low density co-
cultures have produced collagen Il and aggrecan, the higher density gels showing a much
larger amount of both. This is a significant finding as this type of aggrecan production in a
chondrocyte laden hydrogel is often not observed until much later timepoints. For instance
Skaalure et al. in their study of aggrecan production in chondrocytes in PEG hydrogels seeded
a similar Density of cells (50M cells/ml) manually on to gels. The levels of aggrecan found in

their studies at week 6 seems to correspond in the high density TC28a2 samples at day 7 [240].

It is clear from the images that the high density gels have produced more ECM than the low
density gels which very clearly shows that printing gels with a higher cell density is more likely
to lead to the faster production of mature cartilage tissue. At day 14 it is difficult to interpret
if there is a difference between the high density co-cultures and the high density single cell
gels, although it can be seen from the day 7 images that the co-cultures begin to produce both
collagen Il and aggrecan faster. However, it is clear from these results that the seeded cell
density is important in ECM production with the higher density gels being more effective.
Furthermore, studies of ECM production in hydrogels usually do not detect significant levels

at such early timepoints, with studies usually taking place over at least several weeks
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[235,236,241]. This early ECM production shows that the gels are a suitable culture medium

for the rapid production of mature tissue.

Another observation is that in most cases, at earlier timepoints cells appear to just be arranged
in clumps or clusters with no real organisation. However, at later timepoints there is a clear
structure between areas containing cells. Cells appear to be linked in strands, or web like
formations containing large areas of visible porosity. This may be because as cells begin to
arrange themselves within the gel and form ECM they do so in such a way that nutrients from
culture media can diffuse through the gel and reach all of the cells. This may account for the
reason that there were no large areas of necrosis, or ‘necrotic cores’ similar to those found in
organoids found in the sectioned gels. The fact that cells are able to move freely enough within
the gel to reorganise themselves to grow as efficiently as possible truly demonstrates the
efficacy of the CAF hydrogels as a 3D cell culture scaffold. Figure 7-11 demonstrates this well,
Figure 7-11 (a) shows a low density co-culture after 3 days in culture, there is some porosity
in the gel and cells are beginning to organise but are largely unstructured and spread evenly
throughout, at day 14 (Figure 7-11 (b)) the cells are clearly organised along collagen fibres that
have formed within the gel and surrounding almost all cell nuclei is the visible presence of
aggrecan. Anseth et al. have observed similar gel migration patterns in PEG gels with cells
starting off spherical in shape immediately after seeding and extending their morphology as
they move through the gels and proliferate [109] however cell movement in 3D is still an area

of considerable interest as it differs significantly from 2D cell behaviour.

Finally the control images shown in Figure 7-2 clearly show that formulation of cartilage ECM
markers appears to be most prominent in areas containing chondrocytes and not in the
osteoblastic region, and although there is some indication of collagen and aggrecan formation
by day 14 this may be due to the gradual migration and mixing of cells through the gel causing

cartilage ECM to begin to be formed in all regions.
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Figure 7-11: TC28a2 and Saos-2 co-culture printed with a cell density of 4x10° cells/ml at day

3 (a) and day 14 (b), stained with Hoechst 33342 (blue), and for Collagen Il (green) and

Aggrecan (red) (individual filter images can be seen in Figure 11-6)




Interestingly, although increased cell density seems to have an effect on the amount of ECM
markers produced, it does not necessarily appear to have an impact on cell organisation. In
fact it would appear that in the lower density gels the cells begin to organise along the fibres
earlier whilst in the higher cell density gels, the gels still appear to form a fibrous structure,
but the cells remain in highly populated clusters. Figure 7-12 shows gels stained with Hoechst
and for collagen Il and aggrecan at day 7. The gel co-cultures appear to show a greater
presence of collagen Il and aggrecan than the single cell culture gels in both high and low
density, however the low cell density gels clearly show greater organisation along fibres. This
is likely due to the cells in the low cell density gels having greater mobility within the gels, as
they are not fully surrounded by other cells they are able to degrade their local matrix and

spread further, unlike the cells in the high density gels [109].
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Figure 7-12 Low density TC28a2 culture (top left), High density TC28a2 culture (top right), Low
density TC28a2 and Saos-2 co-culture (bottom left) and High density TC28a2 and Saos-2 co-culture
(bottom right) at day 7 stained with Hoechst 33342 (blue), and for Collagen Il (green) and Aggrecan
(red)

Based on the results presented it would appear that the printed cell density relative effect on
the rate that ECM formation occurs, i.e. as the cell density increases so doe sthe ECM
production. This is likely because there are more cells in close contact acting together. This
can be seen both when comparing the results for each time point but also in that the indicators
of ECM formation are found in timepoints as early as day 3 and day 7. As stated previously it
was not expected that bone and cartilage markers would be detected at these early
timepoints as these are usually not usually detected in significant levels until later timepoints.
However, the presence of these markers demonstrates all cell types growing effectively and
producing ECM in the gels. Additionally, the cell growth does not appear to be impaired in
the stratified co-cultures examined. In fact, in the co-cultures the production of ECM appears
to be accelerated when compared to the single cell cultures of similar cell density. There are

few studies that directly compare the influence of cell concentration on the rate of ECM
121



production, and this field is further narrowed when considering these are 3D printed cultures
with cells suspended in natural hydrogels. Assessing the effect of cell density on ECM
production, specifically high cell densities (greater than 1x107) with an effective repeatable
bioprinting method certainly demonstrates the novelty and effectiveness of the Rell

bioprinting system.

It is worth noting that no additional growth factors were added to the cell culture medium in
any of these experiments. In further studies it would be interesting to assess the effect on the
addition of growth factors for example TGF-B3, as this is widely believed to aid in early and
rapid mineralisation and cartilage formation respectively [242-244]. Instead, the effect of
printed cell density as well as the effect of growing cells in co-culture was prioritised. This

could be explored in future work.

7.4.2 Mineralisation

Calcium deposits and mineralisation are one of the main indicators of in vitro bone growth
[245]. In this study the gels were monitored over a 14 day period to remain consistent with
the time points used in the ECM production experiments. Similar studies concerned with the
rate of mineralisation of osteoblasts study samples over a longer time frame, often between

3 and 8 weeks as it can take longer of signs of mineralisation to appear [246,247].

From the samples shown in Figure 7-3 in the first 7 days there is no significant visible
mineralisation. However, at day 14, in both the high and low density prints there are visible
deposits of stained calcium where mineralisation is occurring. Calcium deposits such as this
do not usually present in similar growth scaffolds and culture environments until significantly
later timepoints [246,247] and so detecting calcium deposits at such an early time point shows
that the CAF gels provide a suitable culture environment for the osteosarcoma cells and allow
for bone formation. Based on Figure 7-4 and Figure 7-5, it could be argued that in the higher
cell density prints, there is a slightly higher concentration of calcium than in the lower density
prints. Whilst it appears that there are more areas of stained mineralisation, this is difficult to
interpret. However, the fact that there is any mineralisation apparent in either of these gels,
especially the lower cell density gel, at such early time points suggests that the CAF gels are a
very suitable growth scaffold for the Saos-2 cells. The calcium deposits also appear to form in
higher concentration around ridges, edges and features such as defects or pits in the gels,

suggesting that cells may prefer to grow on or around these features. This may suggest that
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with the introduction of additional mechanical features to the gel, i.e. culturing the gel onto a

hard porous scaffolds, or meshes, mineralisation will occur earlier.

7.4.3 ELISA analysis

7.4.3.1 HColl ELISA
The ELISA results clearly indicate that as culture time increases so does the HColl
concentration inferring that as culture time increases so does the quantity of ECM formed by

the cells, which corroborates the results found in the immunohistochemistry images.

The results also strongly support the fact that as the cell density increases, so does the rate of
ECM production, indicating that the fastest way to produce mature 3D printed tissue is to print

with the highest cell density possible.

Additionally, based on the HCol1 concentration, the formation of ECM in co-cultures is vastly
greater than that found in the single cell cultures. Moreover at day 14 the high density co-
culture is significantly higher than all other high and low cell density cultures, highlighting that
the co-cultures produce ECM as a much faster rate than most of the single cell cultures. This
supports the evidence found in the immunohistochemical images suggesting that when the
TC28a2 and Saos-2 cells are grown in stratified co-culture, they produce more ECM and do so
at a greater rate. This not only demonstrates that the 3D printed CAF gels provide a suitable
3D growth environment for the chondrocytes and osteoblasts individually but that they also
facilitate interaction between the two cell types which allows them to grow and form ECM

quicker, more effectively and in greater quantity.

It is worth noting that although the difference in cell seeding density between high and low
cell density cultures is tenfold, the difference in HColl detected between high- and low-
density cultures is not. There may be a number of reasons for this however the most likely
reason is that the HCol1 is detected in the culture media and has been excreted from the gel,
it is not a measure of the amount of HCol1 found within the gel. The amount of HCol1 excreted
from the gel is unlikely to be just governed by cell density and gel volume but also the gel
surface area, which remains the same for both high and low cell density cultures. It could also
be argued that the cell activity and as a result amount of ECM produced is also governed by
confluence level of the cells, i.e. the more overconfluent the gels are the less ECM the cells

will produce [248] however as the levels of HColl continue to increase at day 14 in the high
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density gels in all samples, this appears to be unlikely. It is more likely that the amount of

collagen released into the media is a function of gel surface area.

Finally, addressing the decrease in HCol1 concentration from day 1 to day 7 in the high density
Saos-2 cultures relative to the TC28a2 cultures. One possible explanation, as mentioned above
is that immediately after print cells begin to proliferate and in doing so produce greater
amounts of ECM, after 7 days this proliferation begins to slow down as gels become over
confluent and gradually as dead cells begin to remove themselves from the gels cells are then
able to continue to proliferate and produce ECM. However, as discussed above, this seems
unlikely, and what is more anomalous is the significantly high level of HCol1 detected at day
one in the Saos-2. This may just be due to the particular behaviour of the osteosarcoma cells.
Another, more likely explanation for this may be simply that bone markers such as collagen |
are produced at a slower rate than cartilage markers, the alizarin red mineralisation staining
seems to support this as significant mineralisation was not detected until day 7, this is
supported in literature where significant amounts of bone markers are not observed in similar
culture studies for up to several weeks. This would also explain why the Saos-2 collagen 1
production overtakes that of the TC28a2 cells by day 14. It would be expected that a greater
concentration of HCol1l would be detected in the osteoblast cultures than in the chondrocyte
cultures as the HCol1 functions as more of a bone marker than that of cartilage and this goes

some way to support that.

7.4.3.2 Aggrecan (PG) ELISA

Based on the data presented in Figure 7-7 it is clear that the factor that has the largest impact
on aggrecan production is the growth of cells in co-culture. Whilst at all timepoints the average
aggrecan concentration in the high density cultures is always higher than the corresponding
low density cultures, this difference is not significant in any cases with the exception of the
co-culture samples. The aggrecan detected in the high density co-culture samples is
significantly higher than the corresponding low density samples at both days 1 and 14,
additionally it is significantly higher than the aggrecan found in the Saos-2 high density

samples at all timepoints but never significantly higher than that found in the TC28a2 samples.

It was hypothesised that the TC28a2 samples would have a higher concentration of aggrecan
than the Saos-2 samples, as aggrecan is more of an indicator of cartilage production than
mineralisation, meaning it is more likely to be found in the chondrocyte supernatant than in

the osteoblast. However, it is interesting that the co-cultures exhibit higher aggrecan
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concentration that the chondrocyte cultures. This clearly indicates that cells growing in 3D co-
culture begin to form greater amounts of ECM at a greater rate. This reinforces the findings in

the immunohistochemical images.

When comparing high- and low-density samples it is clear that there is a greater concentration
of aggrecan in the high cell density samples. Whilst the difference does not reflect the 10 fold
difference in cell density, as stated previously this is likely to be influenced by the surface area
of the gel. The ELISA does at least show that the high-density gels deposit more aggrecan (PG)

into the supernatant, which shows they are producing a greater amount of ECM.

Additionally the concentration of aggrecan collected in all samples is high, significantly higher
than that found in similar studies of cell laden hydrogels [249,250] and in some instances even
comparable to levels of aggrecan detected in serum extracted from the human Supraspinatus
Tendon which is approximately 4.2 pg/ml [251]. Again this clearly demonstrates the
effectiveness of the CAF hydrogels for supporting high cell density 3D cell culture and the

importance of seeded cell density in these cultures.

7.4.4 Mass retention

It is clear from the mass retention results that the breakdown of the CAF gels is related to the
presence of cells. The acellular gels exhibit no significant loss of mass over the entire two week
period whereas all of the cellular gels all lose a significant amount of mass. Additionally it is
worth noting that the low density gels decrease at a higher rate than the high cell density gels.
This suggests that the gel degradation may not be based on cell metabolic activity alone, as
the high cell density gels are much more active than the low. It may be that the cells in the
high density gels depositing a greater amount of ECM at earlier timepoints result in the

production of an internal structure that aids in retaining gel mass.

Kloxin et al. have observed in PEG based hydrogels, that in order for cells to spread, move and
proliferate, the cells secrete an enzyme to degrade their surrounding matrix. This allows them
to gradually extend their morphology. From initially being very small and rounded, they are
able to spread and eventually divide [110,252]. Additionally it has been found that in hydrogels
with higher stiffness (or Modulus as these are directly proportional), the rate of cellular
proliferation decreases [120]. This may be because the gel scaffold is more difficult to degrade,
or, in the case of the high cell density hydrogels this may be because as the confluence level

is increased there is less room within the scaffold for the cells to move in to as the confluence
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level is so high, resulting in less gel degradation. Figure 6-2 and Figure 6-3 illustrate this last
point well. In the low density gels cells are small and rounded within the gels but at day 3 they
are larger and the morphology is more spread out. In the high cell density gel (Figure 6-3) the
cells are rounded immediately after print but at day 3 it is very difficult to detect a change in
morphology due to the density of cells present within the gel. This may also be why at day 3
the percentage viability is lower in the high density gels than in the lower density gels, as there
is less space for the cells to proliferate in to. 2D studies have found that as confluence level
increases the metabolic activity decreases [248], however to our knowledge this has not
previously been demonstrated in 3D gel culture. It is likely that a combination of the lower
rate of ECM production, the lower gel stiffness and the cells having more space to move in to,
results in a greater rate of production of enzymes from the cells in order to break the gels
down, explaining why at day 7 the low density gels are significantly smaller in volume than the
high density. Figure 7-13 taken from Kloxin et al. [109] demonstrates the process by which
cells degrade the local gel matrix. However the process of monitoring the changes in local gel

mechanics due to cell degradation remains a challenge.

Figure 7-13: Cells initially exhibit a rounded morphology (left). Cells secrete enzymes (purple
coils) that break down the local gel matrix and enable cells to begin to change morphology and

spread (centre) allowing for cell division (right). Taken from [109]

7.4.5 Young’s Modulus

The results demonstrated for the gel modulus are very interesting. Firstly it is worth noting
that the modulus in the acellular control gels does not change across the 7 day time period.
This infers that any change in the gel modulus is due to the influence of the cells within the

gels.
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Whilst there is no statistically significant change between the average gel modulus at day 1
and day 3 there is a small drop in the average modulus for all culture types at day 3. This may
be due to the fact that the cells have begun to degrade the local gel matrix to allow for
morphology change and proliferation, however by day 3 they have not yet begun to
significantly proliferate or deposit ECM to an extent that it would affect the gel modulus.
Additionally this lower starting gel modulus may allow for the cells to begin proliferation at a
faster rate [232]. However, it is clear that by day 7 there is a significant increase in the gel
modulus. This may be due to a number of factors including cell proliferation, the change in
cell morphology, or through the deposition of ECM. Based on the images presented in 5.3.1
and the fact that the high cell density gels exhibit the greatest increase in modulus at day 7, it
is likely that the key factor for this increase in modulus is the rate of ECM production, this is
further supported by the co-cultures exhibiting the highest Young’s modulus whilst also

exhibiting the greatest amount of ECM markers of any of the culture types at day 7.

Although the lower gel stiffness and lower density of cells may allow for a greater rate of
proliferation in the low density gels and as a result a higher percentage viability, this does not
translate to a greater amount of ECM produced, this appears to be more dependent on the
total amount of cells, explaining why the increase in Young’s modulus is greater in the high
density gels than in the low density, even though in most of the cases this difference is not
statistically significant. This further supports the argument that the cell density has a

significant impact on the rate of ECM production in the CAF hydrogels.

It is worth noting that the Young’s modulus of anticular cartilage can vary anywhere between
0.2-0.9 MPa. The Young’s modulus of the tested hydrogels is much lower than this, as would
be expected as this is not mature cartilage, however the rapid increase over the 14 day period
demonstrates that the printed gels may be a suitable method for the growth of mature

cartilage if cultured over a longer period.

7.5 Conclusion

The aim of this chapter was to demonstrate the effect of cell concentration on the production
of ECM in 3D gel cultures and in doing so to also demonstrate the effectiveness of the CAF gels
as a 3D culture environment. Through immunofluorescence and immunohistochemical
staining it was established that ECM formation begins by time points as early as 3 days which
is significantly earlier than would be expected based on similar literature [235,236] and by one

week cells begin to organise themselves around fibres in gels and form structures. Through
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immunohistochemical imaging it has been established that the high cell density gels produce
significantly more indicators of ECM production (collagen I, aggrecan, osteopontin and
osteocalcin) than their low cell density counterparts, and this is supported by quantitative

ELISA analysis and the compression testing.

There was a significant increase in ECM markers observed at day 14 and again this was
supported b the alizarin red mineralisation staining and the gel young’s modulus testing. Cells
begin to organise and form structures earlier in low cell density cultures, which is supported
by literature [109] and also explains why the low density gels degrade faster than high density

gels, as the cells have more room to move and so they degrade more of the local matrix.

All of the above is evidence that in 3D culture, an increased cell density leads to faster rate of
ECM production, a greater amount of ECM produced and ultimately, when using 3D cultures
as tissue models, will contribute to the production of mature tissue at a faster rate. When
considering the use of the REJI system as a high throughput bioprinter for the production of
tissue models this is very beneficial, as it means it is a repeatable, reliable method for
producing cultures, that can also reduce the overall cell culture time needed through the
ability to print high cell densities. There are few studies that compare the effect of cell
concentration on printed 3D cultures and as such this demonstrates the novelty and

effectiveness of the system.
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Chapter 8. Feasibility Study of REJI Printing on Precision Cut Liver Slices for a
Tumour Invasion Model

8.1 Introduction
The Aim of this chapter was to investigate the use of Rell printing of cancer cells within a CAF
gel onto a liver tissue substrate as proof of concept for the use of Rell as the cell deposition

method within a cancer invasion assay

8.2 Study Design

Sections of rat liver were provided by Professor Fiona Oakley (Newcastle University Fibrosis
Research Group) as well as Hep-53.4 murine liver hepatoma cells and 3T3 murine embryonic
fibroblasts. Using the Rell system, CAF gels containing cells were printed directly on to the

liver slices.

Cells were stained with a tracker and liver slices were later imaged to assess cell dispersion
throughout the tissue, imaging was carried out by Amy Collins (Newcastle University Fibrosis

Research Group).

Figure 8-1 shows a simple schematic of the process used for printing on to liver tissue slices.
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Figure 8-1: Schematic showing the Rell head printing a cell filled hydrogel on to an uneven

tissue substrate of unknown stiffness
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8.3 Methods

8.3.1 Tissue Preparation and culture

The process for preparing and culturing the liver tissue is detailed as follows as per Paish et al.
[96]. Liver tissue was cored using a 8 mm Stiefel biopsy punch (Medisave, Weymouth, UK).
Cores were transferred to a metal mould, submerged in 3% low geling temperature agarose
(A9414; Sigma-Aldrich, Poole, UK), and placed on ice for 2-5 minutes. Agarose embedded liver
cores were superglued to the vibratome mounting stage, submersed in the media chamber
containing 4°C Hank’s balanced salt solution+, and cut using a Leica VT1200S vibrating blade
microtome (Leica Biosystems, Milton Keynes, UK) at a speed 0.3 mm/sec, amplitude 2 mm,
and thickness (step size) of 250 um. Slices were transferred onto 8-um-pore Transwell inserts
and cultured in a modified tissue culture plate (BioR plate) and rocked on the bioreactor
platform (patent PCT/GB2016/053310) at a flow rate of 18.136 pL/sec. All slices were cultured
in DMEM (D5796-500ML; SigmaAldrich), supplemented with 1% penicillin/streptomycin and
I-glutamine, 1x insulin transferrin-selenium X, and 2% fetal bovine serum (Thermo Fisher
Scientific, Cramlington, UK), and 100 nM of dexamethasome (Cerilliant, Texas, USA) at 37°C,

supplemented with 5% CO2. Media was changed daily.

A 15:1 ratio of Hep-53.4 murine liver hepatoma cells transfected with tdTomato and 3T3
murine embryonic fibroblasts transfected with eGFP, supplemented with 40 ng/ml hepatocyte
growth factor and 20 ng/ml epidermal growth factor were suspended in thrombin and printed

into CAF gels directly on to tissue sections with a cell density of 40x10° cells/ml.

Following printing, for immunofluorescence imaging, samples were placed in a 12 well plate
with enough culture media added to cover them completely, samples were then imaged using
an EVOS M5000 fluorescence microscope. For Multiphoton imaging samples were stained for
15 mins with Hoechts 33342 (1:1000 in PBS), washed with PBS then mounted (live or fixed) on
a microscope slide in a gene frame. Samples were then imaged with a Zeiss LSM800 NLO

Multiphoton microscope.

8.3.2 Printing

Tissue slices were arranged on to cell strainers which were in turn placed into dishes
containing cell culture medium (Figure 8-2). This was to prevent the tissue from drying out by
keeping the cell strainer mesh wet, also the time that the slices were out of the transwells for

printing was minimised, again to ensure the tissue was not out of culture for too long.

130



The print seed density used was 40x10° cells per ml. Two gel thicknesses were printed for
testing, these were 4 and 8 printed layers thick. 24 tissue samples were provided which
allowed for 8 gel sizes to be printed in triplicate cultured in two separate multiwell plates. The
gels printed were simple square shapes and the gel dimensions defined by the number of

droplets in x and y were as follows:

Plate 1
1. Single droplet - 4 layers
2. 2x2 -4 layers
3. 3x3 -4 layers
4. 4x4 -4 layers
Plate 2
1. Single droplet — 8 layers
2. 2x2 -8 layers
3. 3x3 -8 layers
4. 4x4 -8 layers
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Figure 8-2: Liver tissue slices arranged on cell strainers in a dish containing culture media

8.4 Results

Figure 8-3 shows tissue samples in the multi well plates with printed gels on top. Printing cells
of all specified sizes directly on to the tissue substrate was a success and it was possible to
manipulate the sections, with the printed gels on to back into the transwell inserts for culture.

Media was then replenished and the tissue was returned to the incubator.

Figure 8-3: Tissue samples with printed gels on to. Left shows a 4 layer single droplet gel and

right shows a 4 layer 2x2 gel
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Figure 8-4 is a multi-photon image showing the red He-53.4 cancer cells invading the blue
stained liver tissue from the gel. The left image shows the second generation harmonics, which
highlight collagen, meaning the large green area indicates the hydrogel, the right image
removes the harmonics. The arrows indicate the penetration depth of some of the cells, which

is up to 80 um of a total 250 um.

Bottom 4——8(—)&»

Figure 8-4: Multi-photon image showing He-53.4 transfected with tdTomato(red) invading the liver
tissue (blue stained with Hoechst 33342). The red dotted line is the boundary between the tissue and
the gel (left) Image showing second generation harmonics (right) second generation harmonics

removed

printing. Here it can be seen that after their initial homogenous spread across the tissue
substrate from the printing process, by day 3 in culture the cells begin to migrate to one area

together, and proliferate.
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Figure 8-5: Fluorescence imaging of two tissue slices showing He-53.4 transfected with

1000 ym

tdTomato(red) 24, 48 and 72 hours after printing cell filled gels directly onto the slices.

Figure 8-6 shows a multi-photon image of the He-53.4 and 3T3 cells interspersed all the way

through the liver tissue.

Figure 8-6: Multi-photon image of the He53.4 cells (red) and 3T3 fibroblast cells (green)

interspersed all the way through the liver tissue section (blue)

134



8.5 Discussion

The results of the printing process demonstrate that the Rell system is capable, with a high
degree of accuracy, of printing directly on to a soft tissue substrate. In doing so, and with drop
on demand accuracy, this demonstrates a significant additional application for the Rell
system. This is the first instance that the Rell has been used to print directly on to tissue. Being
able to print directly on to a soft tissue substrate can be beneficial for a number of reasons,
for example, printing onto less stiff substrates can actually improve print accuracy by reducing
splashing or droplet spread, whilst also decreasing the stress on cells [40,253,254]. The culture
of cancer cells using 3D scaffold has been studied for decades and it is well established that
the accurate replication of the native micro-tissue has a huge impact on the cell growth in
vitro [255]. Whilst hydrogels have commonly been used for this process for a number of
reasons including the ease of manufacture, the ability to control mechanical factors such as
stiffness and for the ability to embed cells uniformly within the gel [16,204,256], for an
application such as modelling liver cancer cell invasion, using actual liver tissue as the matrix
is one of the most representative in vitro methods. To this end studies have been carried out
in order to decellularize human liver tissue so that it can be repopulated with cells for study.
Mazza et al. demonstrated that this could be successfully carried out on an entire human liver
which could then be repopulated with derived human liver cells. The repopulated liver
sections showed good viability, motility, proliferation and even successful remodelling of the
ECM [257]. However the process of seeding cells onto the scaffold in order to ensure all cells
attached appears difficult, with cells being manually seeded, drop by drop on to the scaffold
with a hypodermic needle. To avoid manual processes such as this, especially when
considering methodologies such as this for high throughput applications 3D bioprinting
techniques can be applied [258,259] to automate the process of cell seeding. Additionally,
depositing the cells on the tissue suspended in a printed low stiffness gel has the advantage
of ensuring cells are deposited in exactly the point where they are desired, with the gel
preventing them from just washing off the tissue, and if a low stiffness gel that naturally
degrades (such as CAF) is used, the cells are able to migrate from the gel, and if the method is
successful directly into the matrix. Paish et al. have demonstrated the effectiveness of their
novel technique for the sectioning and culture of human and rodent liver for use as scaffolds
and through combining this with the ability of the Rell system to accurately print drop on
demand hydrogels on to tissue substrates, a high throughput method of seeding cells directly

on to tissue has been demonstrated.
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Furthermore Figure 8-3 to Figure 8-6 show that not only does the process of printing cell filled
gels on to tissues work but also that cells to indeed begin to migrate into the tissue. Aside
from acting as an effective tissue model for drug screening applications this could provide
future studies with a highly accurate platform for studying cell motility and proliferation a very
accurate 3D in vitro model. For example Figure 8-5 demonstrates that immediately after
printing, cells are homogenously spread across the tissue substrates, as was desired from
using the Rell system in the seeding process. However at day 3, cells have clearly begun to
migrate towards each other and have also began proliferation. Clearly this demonstrates that
the CAF gel as a scaffold provides enough rigidity to deposit the cells where they are needed
but is not so strict that it restricts cell motility, additionally this is true of the liver slices as the
cells were observed to have penetrated through the full depth of the liver slice by day 3 (Figure
8-6). This high motility also shows that the liver slices in combination with the gel seeding

process is ideally suited to the research of cancer invasion in tissue.

Finally the concept of ‘in situ’ or ‘in vivo’ bioprinting has been discussed for some time [55],
and there have been a number of successful studies in recent years that have developed
techniques for undertaking this [64,65,260,261]. The ability to directly apply the required cell
type to the damaged area in vivo often allows for a much faster rate of cell growth,
proliferation and in some cases repair of the damaged tissue. Ultimately if the Rell is to be
used to produce implants for cartilage or tissue repair, this demonstration of the system’s
ability to print detailed gels in a specified size and area directly on to soft tissue are certainly

the first steps in demonstrating that the Rell is capable of this.
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Chapter 9. Discussion and Conclusions

9.1 Summary of work
9.1.1 Printhead Design
A large proportion of the work in this project was based around developing the Rell system to

a point where it could be reliably used to produce accurate hydrogel cell scaffolds.

This involved the design manufacture and installation of completely new printhead systems

and a system of calibration for printing.
The version 3 printhead incorporates:

e An on-board agitator

e Quick-change reservoirs

e Different ‘v-block’ heads that allow for up to 4 different bioinks to be loaded for
printing simultaneously.

e The ability to remove and sterilise each component individually

Due to the software limitations of the Jetlab 4 machine in Newcastle University, the Rell
printhead can currently only print one ink type at a time, however the simultaneous
deposition of multiple inks has been achieved when installing the print head on a Regemat 3D

machine.

9.1.2 Characterisation of 3D CAF hydrogels

The most demanding aspect of this body of work was the development of suitable
characterisation methods for 3D hydrogels. Although there are many examples of processes
that have been carried in literature, it became apparent that if hydrogel formations differed
even slightly this can have a significant impact on the effectiveness of an assay or analysis

method.

One of the main difficulties is that conventional assays, are designed for cells grown in 2D
culture, where the assay has a large amount of surface area contact with the cells. In 3D,
diffusion of the assay through the gel becomes a significant issue. The assay may not be able
to diffuse fully thoughout the gel in the recommended assay time and if the assay time is
altered, for example be extending the time to allow for better diffusion throughout the gel,
cells at the edges of the gel may now be over exposed, making them appear to be more ‘active’

than those in the centre. It cannot be guaranteed that the activity of all the cells within the
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gel are represented, this makes comparison between 3D with 2D culture very difficult, and it
is also difficult to compare gels of different densities as higher cell density gels are likely to

inhibit diffusion.

Similar issues are encountered with immunofluorescence staining, and even histological
methods are complicated, as the processes that are commonly used to dehydrate tissues
before embedding them alters the structure of the hydrogel significantly and can make them

too brittle to section effectively in some instances.

This lead to the development of the gel digestion methods, and whilst it was demonstrated
that the cell viability was not significantly effected by the digestion process, assays such as
metabolic activity would likely give a less reliable comparison as even just the action of
removing the cells from the gel may have an effect on their metabolic activity and any assay
carried out on extracted cells would assess their metabolic activity after extraction, which is

likely to differ from when they suspended in the gel.

One potential solution for this may be to extract small sections of gel using an instrument such
as a biopsy punch and using a designated 3D assay such as the Cell Titer-Glo® 3D Cell Viability
Assay.

In this body of work novel methods have been developed and presented for:

e Assessing cell viability in 3D
e Safely digesting gels without damaging encapsulated cells
e Staining for quantitively assessing ECM and bone markers

e (Qualitatively assessing ECM and bone markers by ELISA

All of these methods required individual development, tailoring, and deviation from standard

protocols to work suitably with the CAF hydrogels.

9.1.3 Printer calibration and post-print cell behaviour within a cell filled gel

Through developing a successful calibration method, the system’s ability to accurately print
hydrogels on a drop-on-demand basis is demonstrated. Multi-layer gels appear to be more
successful than monolayer, or single droplet gels printed as the multiple layers allow for
additional mixing of any of the remaining bioink that did not crosslink during the printing

process. However, with accurate calibration and adjustment of print settings, there was very
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little un-crosslinked ink, with the alginate and CAF based gels used due to the effectiveness of

the in-air droplet mixing.

Cell viability of the cells in the printed hydrogels were assessed at various timepoints post-
print and the viability was found to be high (above 75%, in all cases). This included cells printed
in high cell density gels (40x10° cells/ml), as well as those printed in stratified co-cultures.
Additionally, the number of cells counted within the gels immediately post-printing was found

to accurately represent the number seeded prior to printing.

The accurate and viable printing of hydrogels using microvalve technology, containing cells at

a high cellular density (of the order of 107) has not been demonstrated in any other studies.

9.1.4 The production of an osteochondral co-culture
A 3D printed stratified osteochondral interface model was produced by printing a layer of
chondrocyte cells encapsulated in CAF gel on top of a layer of printed osteoblast cells also

encapsulated in CAF gel.

Gels were printed in cell densities of 40x10° cells/ml and 4x10° cells/ml. The rate of ECM
production was evaluated through the analysis of various ECM markers through
immunofluorescence and immunohistochemical staining, as well as quantitatively by ELISA

analysis. Additionally, gel mass retention and Young’s modulus were assessed.

ECM production in chondrocyte cells and mineralisation in osteoblasts occurred at a faster
rate in higher cell density gels and in co-culture with the high cell density co-cultures having

the highest levels of ECM and bone markers in all cases.

Additionally, compression testing showed a dramatic increase in the Young’s modulus of
cellular gels from days 3-7, which is when cells begin to proliferate and deposit ECM, Young's

modulus was also found to be higher in high cell density gels and co-cultures.

The production of stratified 3D printed co-cultures, and a direct comparison of the
performance of high and low density cultures through the comparison of growth markers,
such as indicators of ECM production or bone markers has not been demonstrated in similar

studies.

9.1.5 3D printed hydrogels for use in cancer invasion models
The Rell process was used for printing hydrogels containing cancer cells directly on to a tissue
substrate (liver sections) in order to study cell motility for use as a cancer invasion model. Gels
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of varying sizes were analysed and cells were found to migrate from the CAF gel and through
the liver tissue. Furthermore, after 72 hours, cells were found to proliferate and migrate
towards each other. There are no other current examples in literature of bioprinting onto

viable tissue substrates.

9.2 General Discussion

9.2.1 Machine Development

At the beginning of this project there was a working Rell system although it is fair to say that
this was more of a proof-of-concept system than a fully functioning bioprinter system. Some
of the design features were not functioning as had been intended during the design, resulting
in researchers circumventing important aspects of assembly, this made things like calibration

and valve alignment more difficult and overall had an impact on the reliability of the system.

The main efforts of the design work during this project have focused on making the system
easy to assemble, disassemble and operate for all researchers using the Rell head. Assembly
and disassembly were of particular importance as the Jetlab machine that the system is
mounted on is also used by the research group for different printheads, so ensuring that the
Rell head could be easily changed between sessions and calibrated easily when set up was of
utmost importance. Furthermore this will still be of importance in the future if the system is

sold as an attachment for existing bioprinter base models.

Ease of operation and maintenance are some off the most important features in the area of
bioprinter design. The majority of users that work on bioprinter systems are often from a
biological background. Very few have a background in machine design or are confident with
carrying out machine maintenance unless it is straightforward enough to carry out without
making any mistakes or damaging the system. Therefore, designing systems such that they
have the least number of components possible and the lowest margin of error in assembly

and calibration are priorities.

Finally, arguably the most important feature of any bioprinting system, other than its ability
to print bioinks, is the ability of the user to clean the system. If the system cannot be cleaned
effectively and efficiently then after a single use bacteria and other sources of infection will
begin to build within the system and it will become unusable. All of the ReJl components,

including reservoirs, tubes and microvalves can be removed and thoroughly flushed with
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cleaners, additionally all of the components except the microvalves (as the internal

mechanisms are sensitive) can be cleaned through sonication.

With design iteration 2, the first RelJl system developed for commercial purposes was
produced. This included minimising the physical size of the head in order to reduce the inertia
when moving on a 3-axis machine, the introduction of spring-loaded reservoirs for quick

changing of inks and the ability to customise the system for ‘V blocks’ of different sizes.

Ultimately the design developments in this project have been successful in creating both a
print head that is simple and effective to use in a research setting but also a commercially
viable bioprinter head design that will be simple to make and assemble in small batch
amounts. As mentioned previously the next step will be fully integrating parametric design
techniques with the CAD models so that when a custom order is placed, the relevant design
parameters need only be input into a spreadsheet and the CAD model will update
automatically to reflect the changes. From there a STEP file or a drawing can be produced for

part manufacture.

9.2.2 Drop-on-demand printing of high cell density hydrogels

The viability and behaviour of cells post-print are some of the most important characteristics
of drop-on-demand bioprinting. The ability to accurately print a desired cell density
effectively, and to do so with an acceptably high cell viability, are tantamount to a successful
bioprinting process. Drop-on-demand printing using microvalves offers a higher accuracy and
an acceptable cell density (conventionally approx. 10%) with a considerably high viability,
greater than 80% on average [262], when compared to processes such as microextrusion, and
although it is not traditionally capable of printing the cell density associated laser assisted
bioprinting, the affordability and accessibility of the technology has meant that is very
common in the field of bioprinting. One of the main drawbacks of the process is that it is

commonly limited by the viscosity of the ink [263—265].

Through the use of the Rell system, a method of accurately depositing individual droplets of
hydrogel that would otherwise be too viscous to print through a single microvalve has been
demonstrated. Additionally gels containing 40x10° cells/ml have been produced, a density
that is tenfold greater than any other similar systems in comparable literature, higher even
than any similar impingement based methods [67-69]. The viability of the cells within these

hydrogels is comparable to that found in literature in the lower cell density gels [262], and
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remains high in the high cell density gels. The process demonstrated in this body of work sets
a standard for the ability to accurately deposit cell filled hydrogels in either single droplets or

as larger tissue models with both low and high (up to 40 M cells/ml) cell densities.

9.2.3 The effect of printed cell density on the production of ECM (and mature tissue in
general)

The ability to effectively produce high cell density hydrogel tissue scaffold using a high
throughput method such as bioprinting has significant implications for applications such as
the production of tissue models for drug screening. There are numerous models for drug
screening applications currently including 2D culture, aggregate and insert based 3D models,
and for studies that progress to the more advanced stages animal models are the current ‘gold
standard’ [195]. However many of the current in vitro models fail to accurately represent the
native microtissue or provide the correct environment for cell-cell or cell-ECM interaction.
Furthermore, due to expense, low throughput as well as animal welfare concerns and the fact
that studies carried out on animals may still fail in human trials due to specific immunogenic
properties of the drugs going undetected in animal trials [194,266], additional, more

representative, in vitro methods are sought after for early stage drug screening applications.

For applications such as drug screening where a high number of test samples are required, the
model production method must also be of a significantly high throughput. Importantly, the
production method is not just the point at which cells are seeded on to the growth substrate
but this also includes all of the cell culture time up until the tissue model is sufficiently mature
and representative enough of native tissue to allow for representative drug testing. Studies
have shown that one way of producing mature tissue at an increased rate is by increasing the
cell density in the tissue model [267], however few studies have comprehensively investigated
this effect and there are none (known to the author) that are able to test this premise using a

3D bioprinting method.

This body of work not only effectively demonstrates a high throughput method of printing
cells encapsulated in 3D hydrogels in both high and low cell densities, but it also demonstrates
that cultures containing higher cell densities produce markers of ECM and mineralisation at a
greater rate. Through direct comparison, this affirms that higher cell density hydrogels will
form a more representative model of mature tissue faster than low cell density. Further to

this, cells printed in co-culture produced even greater amounts of bone and ECM markers,
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demonstrating that not only can a stratified co-culture model be produced, but that growing

cells in co-culture has a positive effect on the maturation of the tissue model.

One of the aims of this body of work was to produce a stratified 3D printed osteochondral
interface model. Whilst a stratified osteochondral interface model has been produced and has
been found to be a more effective tissue culture environment than the single cell cultures, in
terms of the production of ECM and bone markers, it is not possible to compare the printed
osteochondral co-culture model to the tissue found within an osteochondral interface within
the remit of this work. However the benefits of cell density and culture type have clearly been

demonstrated

9.2.4 Printing onto a tissue substrate and the production of a cancer invasion model

The need for in vitro tissue models more representative of the human body is not limited to
the treatment of OA but is an important requirement in all fields where drug screening is
required, not least of all on cancer research. When considering the effectiveness of drug
treatments on cancer cells 2D models provide an inaccurate representation and common in
vitro 3D models such as aggregate based models are unable to represent the cell motility
accurately due to the lack of cell-ECM interactions. To this end hydrogels and also human
tissue, such as liver tissue, have been used as cell scaffold, and cell growth, proliferation and
motility within these scaffolds can be monitored. However using these methods throughput
can often be limited by the need to individually seed droplets of media containing cells on to

the scaffold until all cells can be observed to be absorbed.

In this thesis the Rell method is used to 3D print small quantities of high cellular density
hydrogel directly on to liver sections. This demonstrates a method of immediately increasing
throughput. Furthermore, cells were observed to have successfully migrated from the
hydrogel site and through the liver tissue, where they were found to migrate toward each
other and proliferate. In addition to this demonstrating an additional, significant, high
throughput requirement for the Rell system, it also demonstrates the ability of the system to
print on delicate, uneven substrates of uneven stiffness which in turn opens the door to a

diverse range of applications.

9.3 Conclusions
The research presented in this body of work has demonstrated the versatility of the Rell

system, and its applications in the production of in vitro hydrogel tissue culture models.
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9.3.1 Machine Developement
The Rell system design was developed from a prototype system to a functioning commercially

available 3D bioprinting system.

9.3.2 Rell System Performance
The ability to accurately print hydrogels on a drop-on-demand basis was demonstrated
through the printed calibration process. This provides a cost-effective alternative to laser

assisted bioprinting.

The ability to print high cellular density hydrogels (40x10° cells/ml) was demonstrated and the
viability of those cells was assessed post-print. This demonstrated the ability of the system to
produce high cell density hydrogels with drop-on-demand accuracy with no negative effect on
cell viability, something which has not been reported using microvalve technology, even in

similar impingement-based methods.

9.3.3 Osteochondral Model

It can be concluded that printed cell density has a significant effect on the maturation rate of
3D printed tissue. This was assessed though the analysis of ECM and bone markers as well as
through mechanical testing. Additionally, the system was used to produce a chondrocyte-
osteoblast stratified osteochondral co-culture. High cell density cultures demonstrated higher
levels of ECM and bone markers, with co-culture performing better than single cell culture

models. This was supported by mechanical testing.

9.3.4 Cancer invasion model

The Rell system was used in the development in a cancer invasion model, by printing high cell
density hydrogels on to liver tissue sections. This demonstrated the ability of the system to
print on to uneven, soft tissue and the effectiveness of the high density 3D printed hydrogels

as a part of tumour invasion models.

144



9.4 Future work

A number of areas for future work have been identified in this work. Firstly there is still the
potential for significant design modification. The groundwork has been laid for parametric
design processes to be employed to speed up the production of custom orders however this
could be explored further. Additionally the effect that parameters such as the valve angle have
on impingement should be explored as this could have a significant effect on the ease with
which the Rell effectively prints into 96 well plates, simplifying high throughput printing. A
number of variations on the reservoir have been designed, including some with and without
handles, and some with side fill access, however a reservoir that could be rapidly loaded and
unloaded, that does not need to use the MINSTAC tubing, which is prone to clogging, whilst

still allowing for easy valve adjustment would be an effective modification.

In the majority of the Rell ‘V blocks’ the angle between the valves was maintained constant
at 120 degrees. However, the desire to use the Rell system for high throughput bioprinting
also lead to the desire to explore different valve angles to aid in droplet impingement and
print accuracy. One such modification is that by making the angle between the valves
shallower (in this case 110 degrees) the droplets will impinge later in the air, further away
from the nozzle. This may in turn reduce the possibility of splashback or droplet inaccuracies
occurring. In turn, this would then help increase accuracy when printing in to 96 and 384
multiwell plates. Figure 9-1 shows the CAD model of a Rell ‘V4’ head designed with a 110

degree angle rather than a 120 degree angle.
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Figure 9-1: ReJl V4 head with a 110 degree valve angle

Given that there is now a greater demand for modification of the ‘V Blocks’ and blocks with
slightly different features such as the number of valves required, and the differing valve
angles, the groundwork has been started to create a parametrically controlled ‘V Block’ model
to aid in manufacture. This involved choosing key parameter that may be changes, such as the
number of required valve pairs, and the block angle and linking these with real design
parameters such as length in the case of the number of valve pairs i.e. a V8 block is 4 times
the length of a V2 block. A spreadsheet with these key parameters can be linked with the
Inventor CAD model and when a different block variant is required the user needs only to
input the key parameters i.e. number of valves pairs or block angle, and the CAD model will
then update automatically. From there a STEP file can be produced and sent for manufacture.
This will make the manufacture of small custom orders of Rell heads much simpler in the

future.

The most difficult ReJl process for the user is still the calibration and so a method of
autocalibration could be assessed. Initial studies were carried out to use the existing worm

wheel arrangement but rather than using a manual adjustment method this would be
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adjusted via a linked servo motor. However the process for assessing effective impingement
was initially going to be based on a test print and the number of droplets this produced on the
substrate (based on Calibration method 1, section 5.3.1) and this was found to be ineffective.
Additionally methods of assessing the images taken using the stroboscopic camerain real time
and using these to inform the automatic calibration of the valves were explored but found to
be too computationally demanding. There may be some other method that could be explored

to allow for autocalibration.

The development of an in-house machine or the use of a Regemat machine to conduct a study
with the simultaneous printing of multiple bioink types would also be interesting and

demonstrate throughput scalability of the technology.

The effect of additional cell types such as MSCs in the stratified osteochondral co-culture
would be an interesting future study as these are known to produce chondrocyte growth
factors. Given how much more effective the co-culture models were, exploring the addition
of another cell type would be interesting. Additionally, the effect of the addition of growth
factors on ECM production could be explored. To assess the effectiveness of the 3D printed
culture models the next stage in development would be direct comparison to other common

culture models including insert and aggregate based as well as animal testing.

One area of research that could benefit from significant future work is the in vitro culture of
hydrogel models. Currently common methods for hydrogel culture are adapted from 2D
culture with gels often just suspended in media. The culture requirements for different tissue
types vary significantly, for example it has been demonstrated that some cells produce greater
levels of ECM markers when subject to mechanical stimuli [141]. In order to increase the
accuracy of any in vitro tissue model, ensuring the culture environment is as similar as possible
to in vivo conditions is paramount. To this end bioreactor design for emerging novel tissue
models is positioned to be one of the most important areas for development in the future.
Even factors such as the substrate that the gels are printed on to, or cultured on could have
an effect on cell growth and behaviour. For example, if cells are printed on to a stiff scaffold
that they are likely to attach to, they may be more likely to produce markers of ECM and bone
than if they are left suspended in media. Replicating in vivo conditions as closely as possible is

key.
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The development of gel characterisation methods was a continual challenge throughout this
project with little reference material to draw from and even the slightest differences in gel
composition of cell density having an effect on the effectiveness of the analysis techniques
used. The development of reliable protocols for characterising basic cell functions such as
metabolic activity, or for gel imaging, gel digestion, quantification of deposited markers of
ECM or other important indicators of culture performance, would have a significant impact on
the quality of any research outputs in this field. This work goes some way to stabilising some
effective protocols however the ability to analyse printed hydrogels is just as important as the

ability to produce them and this area should not be neglected.

Finally, an additional application, the production of cancer invasion models, was
demonstrated. The ability to deliver a concentrated gel scaffold containing cells accurately on
to a uneven soft tissue substrate indicates a great deal of potential applications for future
work. For example, coating surgical implants with cell laden gels to improve cartilage
regeneration for OA, the development of more complex or higher throughput cancer invasion
models, or even the adaptation of the ReJl method for in situ bioprinting are all possible areas

of future work.
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Chapter 11. Appendix |
The image results of the 2D immunohistochemical stainings for all relevant bone and cartilage

markers (osteocalcin, osteopontin, collagen Il and aggrecan) carried out on both the 40x10°
cells/ml and 4x108 cells/ml cell density hydrogel monocultures and co-cultures are presented

below in Figure 11-1 to Figure 11-7.

TC28a2 Cell filled CAF Hydrogels with printed cell density 40x10%/m|

Timepoint Day 3 Day 7 Day 14

Merged

Hoechst

Collagen I

Aggrecan

200um 200um 200um

Figure 11-1 : Immunohistochemical staining images of 20um thick hydrogel sections
containing TC28a2 chondrocyte cells printed at a density of 40x10° cells per ml of gel. Sections

were stained to show the presence of cell nuclei (blue), Collagen Il (green) and Aggrecan (red).
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Saos-2 Cell filled CAF Hydrogels with printed cell density 40x10%/ml

Timepoint

Day 3

Merged

Hoechst

Osteocalcin

Osteopontin

200pm

Day 7 Day 14

i ™

300pm 300um

Figure 11-2: Immunohistochemical staining images of 20um thick hydrogel sections containing

Saos-2 osteosarcoma cells printed at a density of 40x10° cells per ml of gel. Sections were

stained to show the presence of cell nuclei (blue), Osteocalcin (green) and Osteopontin (red).
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TC28a2 and Saos-2 Cell filled CAF Hydrogel co-cultures with printed cell density 40x108/ml

Timepoint Day 3 Day 7 Day 14

Merged

Hoechst

Osteocalcin

Osteopontin

300um 300um 300um

Figure 11-3: Immunohistochemical staining images of 20um thick hydrogel sections containing
TC28a2 chondrocyte cells Saos-2 osteosarcoma cells printed at a density of 40x10° cells per ml
of gel. Sections were stained to show the presence of cell nuclei (blue), Osteocalcin (green) and

Osteopontin (red).

170



TC28a2 Cell filled CAF Hydrogels with printed cell density 4x10%/ml

Timepoint | Day 3 Day 7 Day 14

Merged

Hoechst

Collagen I

Aggrecan

Figure 11-4: Immunohistochemical staining images of 20um thick hydrogel sections containing TC28a2
chondrocyte cells printed at a density of 4x10° cells per ml of gel. Sections were stained to show the

presence of cell nuclei (blue), Collagen Il (green) and Aggrecan (red).

171



Saos-2 Cell filled CAF Hydrogels with printed cell density 4x108/ml

Timepoint Day 3 Day 7 Day 14

Merged

Hoechst

Osteocalcin

Osteopontin

Figure 11-5: Immunohistochemical staining images of 20um thick hydrogel sections containing Saos-2
osteosarcoma cells printed at a density of 4x10° cells per ml of gel. Sections were stained to show the

presence of cell nuclei (blue), Osteocalcin (green) and Osteopontin (red).
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TC28a2 and Saos-2 Cell filled CAF Hydrogel co-cultures with printed cell density 4x10%/ml

Timepoint

Day 3

Merged

e o

Hoechst

Collagen I

Aggrecan

300um

Day 7

P,

%

300pum

Day 14

300pum

Figure 11-6: Immunohistochemical staining images of 20um thick hydrogel sections containing TC28a2

chondrocyte cells and Saos-2 osteosarcoma cells printed at a density of 4x10° cells per ml of gel.

Sections were stained to show the presence of cell nuclei (blue), Collagen Il (green) and Aggrecan (red).
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TC28a2 and Saos-2 Cell filled CAF Hydrogel co-cultures with printed cell density 4x10%/ml

Timepoint

Day 3

Merged

Hoechst

Osteocalcin

Osteopontin

Day 7

300um

Day 14

Ny

200pum

Figure 11-7: Immunohistochemical staining images of 20um thick hydrogel sections containing

TC28a2 chondrocyte cells Saos-2 osteosarcoma cells printed at a density of 4x10° cells per ml

of gel. Sections were stained to show the presence of cell nuclei (blue), Osteocalcin (green) and

Osteopontin (red).
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