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Abstract

Abstract

3D bioprinting provides an efficient mean to fabricate 3D cellular constructs with defined
shape and controlled spatial organization. Despite some remarkable successes, it still
remains challenging to develop a bioink to meet the requirements (cell-compatibility,
printability, structural stability post printing) for printing. Herein, this thesis presents a new
strategy for bioprinting of photo crosslinkable Gelatin methacryloyl (GelMA) through
enzymatic crosslinking reactions. Ca**-independent microbial transglutaminase (MTGase)
catalyzed covalent bond formation between chains of GeIMA and rheological properties
were first optimized. A secondary post-printing crosslinking step (photo crosslinking) was
then introduced to ensure long term stability of the printed structure for subsequent cell
studies. Cells encapsulated in the printed structure were viable for at least 7 days indicating
excellent biocompatibility. This strategy for printing of cell-laden photo crosslinkable

GelMA may find valuable application in organ printing and tissue engineering.
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Chapter 1

Introduction

In this chapter, a brief introduction is summarized for this thesis. Firstly, the
background and motivation (Section 1.1) for development of 3D printing
material are described followed by the objectives of this thesis (Section 1.2).
Subsequently, the organization of this thesis is outlined in sequence (Section
1.3). In the end, the finds and outcomes are included to present the main

contributions of this work.
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1.1  Background and motivation

Organ shortage [1] calls a great need for the development of new biological substitutes.
Tissue engineering has emerged as an attractive method to meet this need. The classic
tissue engineering strategy is to seed specific cells isolated from a biopsy onto a three-
dimensional (3D) scaffold, occasionally incorporating growth factors, to provide a
temporal support for cell proliferation, differentiation, and eventually formation of
neotissue [2]. One major limitation of this strategy is the lack of precision in cell placement
due to manual cell seeding; it is difficult to place different cell types at certain position
depending on the type and function of a tissue [3]. To overcome this drawback, an
automated and precise technology known as 3D bioprinting, has gained scientists’ interest
in recent years. It is a computer-controlled process to produce 3D constructs layer-by-layer,
in which cells mixed with biomaterials can be distributed in a certain position [4]. This
direct method makes it an attractive tool for the development of 3D organised cellular

constructs with special biological and mechanical properties [5].

One major challenge of 3D bioprinting is to develop a bioink to meet a repertoire of
characteristics suitable for printing. The bioink should have suitable physiochemical
properties, such as shear thinning, high viscosity, as well as post-printing structural stability
[6, 7]. Besides, the bioink can provide a desirable environment for cells to encapsulate,
migrate, proliferate and differentiate [8]. Hydrogels exert great potential as bioink due to
their cell-encapsulating ability and mimicking of the physical and chemical properties of
the extracellular matrix (ECM) [9]. The difficulty lies in the delicate balance between
printability and biological properties of hydrogels towards 3D bioprinting. Increasing the
polymer concentration results in a highly viscous hydrogel precursor and a quick gelation
into a crosslinked hydrogel, which provides good printability and high shape fidelity [10,
11], but a dense polymer network can inhibit formation of new ECM and matrix
remodelling as well as cell migration [12, 13]. Therefore, development of a hydrogel
system with appropriate balance of printability and cell support will promote hydrogel

application in 3D bioprinting.
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Large numbers of natural or synthetic derived hydrogels have been studied for 3D
bioprinting such as alginate [14], collagen [15], gelatin [16] and poly(ethylene glycol)
diacrylate [17]. Among those materials, gelatin is an attractive material with biological
cues containing cell adhesion motifs (arginine-glycine-aspartic acid (RGD) sequences) and
target sites for matrix metalloproteinase (MMP) in cell remodelling and degradation [18].
The thermally sensitive ability of gelatin can support the printing process [19-22].
Moreover, gelatin can be modified with methacrylamide and a minority of methacrylate
groups, resulting in a photo-crosslinkable material—gelatin methacryloyl (GeIMA) [23].
GelMA retains biofunctionality from gelatin [18] and its photo-crosslinkable property
enables quick formation of a covalently crosslinked hydrogel and maintaining the printed

construct permanently; thus become stable under physiological temperature [24].

GelMA has been demonstrated as a suitable bioink for 3D bioprinting. Printing GeIMA
requires relatively high polymer concentrations due to low viscosity at 37 °C [24]; however
the previous work has shown that the high polymer concentration could compromise cell
viability [24-26]. Nichol et al. studied cell viability of NIH 3T3 fibroblasts encapsulated in
5%-15% GelMA and high cell viability (>80%) was generally observed in below 10%
GelMA [27]. Additionally, to improve the printability of GeIMA, precise control of the
nozzle temperature and cooling down the platform have been conducted to successfully
print GelMA but the hardware became important [28]. Thus, development of a smart
system with improved rheological properties is imperative for using GelMA in 3D

bioprinting.

In this work, an enzymatic crosslinking process-triggered by a Ca®*-independent microbial
transglutaminase (MTGase), a nontoxic crosslinker with high specific activity [29], was
introduced to catalyse the isopeptide formation between the y-carboxamides of glutamine
residues and e-primary amino of lysine residues in chains of GelMA [30]. We hypothesize
that this enzymatic crosslinking method could improve the rheological properties and
printability. We examined the rheological properties and printability of 10% GelMA

solution treated with MTGase as well as the cell viability of printed structures.
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1.2 Objectives

The aim of this work is to investigate the effect of MTGase-induced crosslinking on
rheological properties and printability of GelMA. GelMA was synthesized by chemical
modification of gelatin. The rheological properties of GelMA were tailored through
manipulating MTGase concentration and incubation time. Based on rheology study, a
suitable bioink was selected for further printability assessment using commercially
available bioprinter. Following that, the in situ cell viability of the printed constructs was
conducted to examine the influence of printing process and the biocompatibility of the

bioink.

The objectives of the research are specified as:

1. Synthesis and characterization of GeIMA

2. Rheological characterization of GelMA treated with MTGase
3. Printability test of GeIMA treated with MTGase
4

Cell viability evaluation
1.3  Dissertation Overview
This thesis consists of the following five chapters:

Chapter 1 gives a brief introduction of development of 3D bioprinting material. The need
for development of a suitable bioink has been described. Among different kinds of bioink,
GelMA is an attractive and promising bioink due to its superior biological properties.
Nevertheless, the poor rheological properties such as low viscosity and slow gelation limit
its further use in 3D bioprinting. In our work, an enzymatic crosslinking triggered by
microbial transglutaminase was introduced for partially covalent bonding the GeIMA

chains and thus improved its rheological properties and printability.

Chapter 2 provides a wide range of literature review for better understanding of the basic

knowledge on 3D bioprinting techniques and materials. Three common 3D bioprinting
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techniques are briefly described. The advantages and disadvantages of those three
techniques are summarized, which provides a guidance for choosing a proper printing
technique for targeted research purpose. As following, some commonly used biomaterials
in 3D bioprinting are introduced. Besides, the hydrogel properties required for bioprinting
are summarized from literatures. Finally, the existing challenge in 3D bioprinting is

presented.

Chapter 3 describes the experimental design, materials and method used in this thesis.

Chapter 4 focus on the effect of MTGase-induced crosslinking on rheological properties,
printability and cell viability of GelMA. GelMA was mixed with different MTGase
concentration. Then, the rheological properties of GelMA were examined with different
MTGase concentration at different incubation time. Based on rheological study, an
optimized mixture was selected for 3D bioprinting. A cell-laden structure was constructed

followed by cell viability study.

Chapter 5 gives a brief conclusion of the overall thesis and provides some guides for future

research.

1.4 Findings and Outcomes/Originality

The main objective of this thesis is to investigate the effect of MTGase induced
crosslinking on rheological properties of GelMA towards 3D bioprinting. GeIMA has been
successfully synthesized. The rheological properties of GeIMA can be tailored by
manipulating MTGase concentration and incubation time. The printability of the MTGase-
treated GeIMA has been significantly enhanced owing to the improved viscosity under
shear rate 100 s-1 from 5.9 mPaes to 5776.0 mPaes after enzymatic treatment, as shown in
Figure 11. It should also be noted that the reaction doesn’t affect the shear thinning
behavior of the GelIMA, both treated and native GeIMA possessed power law index of
0.542 and 0.999, respectively. Shear thinning hydrogel is attractive for bioprinting due to

its stress-relaxation property [31]. Meanwhile, the sol-gel transition temperature of GeIMA
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with MTGase treatment is raised to room temperature (25 °C), resulting in a gel-like
character under printing condition (room temperature 25°C) and providing a good shape
fidelity. Cell culture with C2C12 cells show significant cell elongation after 3 days and
high cell viability as indicated by live-dead staining. C2C12 elongation is an indication of

the healthy state of cells [32].
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Chapter 2

Literature Review

In this chapter, a wide range of literature review has been provided. Firstly,
three common 3D bioprinting techniques are briefly described and compared
followed by introducing some commonly used biomaterials in 3D bioprinting.
Besides, the hydrogel properties required for bioprinting are summarized from

literatures. Finally, the existing challenge in 3D bioprinting is presented.
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2.1 Background

2.1.1 Emergence of tissue engineering
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Figure 1. Organ transplants, donors and waiting list. Derived from OPTN data from 2003

to 2015.

Organ and tissue loss resulting from an injury or other types of damage is a major health
problem around the world. Success in transplantation of organs provides a suitable remedy
for patients with impaired organs. Despite being a major therapy, severe constraints were
placed on the procedure, limiting the development of transplantation. The major issue is
the access of sufficient organs to meet the existing demand. Figure 1 (derived from OPTN

data) shows that in 2003 there were 83,731 on the waiting list, 25,473 transplants, 13,285
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donors, which grew to 122,071 (1.46-fold increase) on the waiting list, 30,975 (1.22-fold
increase) transplants, 15,068 (1.13-fold increase) donors in 2015. The gap between supply
and demand keep widening. Many patients may die while waiting for organs. In addition,
even if successfully transplanted with organs, patients are still facing a risk of chronic
rejection over time. These problems call a great need to develop a novel method for

alternative to transplantation.

Thus, tissue engineering has emerged. It combines the principles of engineering and life
sciences to construct biological substitutes for maintaining, restoring or improving tissue
or organs [33]. It enables cells donated by the patients to be used to reconstruct or repair
tissue or organs free of immune rejection and considering as a promising technology to
solve organ shortage crisis. Since its birth in the early 1970s, tissue engineering has covered
large numbers of human organs, ranging from single organs such as skins [34] to complex

organs such as liver [35].

2.1.2 Scaffolds for tissue engineering

The classic tissue engineering strategy (Figure 2) 1is to seed specific cells isolated from a
biopsy onto a three-dimensional (3D) scaffold, occasionally incorporating growth factors,
to provide a temporal support for cell proliferation and differentiation, eventually
formation of neotissue [2]. The fate of cells seeded within the scaffold structures can be
influenced by not only the selection of scaffold material but also the architectures of the
scaffold such pore size, shape, and pore interconnection [36]. The material can be selected
from synthetic or natural polymers such as peptides, proteins and hydrogels to produce
scaffolds [37]. A scaffold with high porosity, well-interconnected pore structures, and
consistent pore size and shape will be preferred for cell migration and infiltration [38], and

those characteristics can be largely determined by the scaffold fabrication techniques.

There are various techniques that have been developed for scaffold fabrication over the
past 40 years. Conventional fabrication techniques include fiber bonding, particulate

leaching, solvent casting, melt moulding, membrane lamination, and freeze drying [39].
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Though those techniques have brought great success in tissue engineering, there are still
some limitations. One major drawback is that it cannot allow for fabrication of scaffold
with homogenous pore shape, pore interconnectivity and cannot precisely control scaffold
geometries [3]. For example, scaffolds produced by freeze drying are interconnected but
heterogeneous due to the random freezing kinetics [40]. Other reported limitation of those
techniques is the lack of precision in cell placement due to the inaccuracies of seeding cells
by hand; it is difficult to place different cell types at certain position according to the type
and function of tissue [41]. To overcome this drawback, 3D printing (known as additive
manufacturing, solid free-form fabrication, or rapid prototyping) that is more design-

dependent has gain researchers’ interest in tissue engineering.

: j ; ! h \Bmpsy
Implantation
P — . *
-

5 ( )
( 7/
(ALY

Tissue development

Scaffold

Figure 2. Overview of tissue engineering strategy.

2.2 Bioprinting techniques

3D printing was introduced by Charles Hull in 1986 when he developed a prototype system
based on a process known as stereolithography, in which solid objects were made by
successively printing a curable material layer-by-layer [42]. 3D bioprinting is an extension
of 3D printing, which enables patterning and assembling biological materials such as
biomolecules and cells into 3D scaffolds [43]. It is computer-controlled process that reads
in data from CAD drawings and produces 3D constructs layer-by-layer, in which cells
mixed with biomaterials can be distributed in a certain position. This direct method for
fabricating 3D constructs makes it an attractive tool for construction of 3D complex living

tissue with special biological and mechanical properties [5]. Multiple bioadditive

10
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bioprinting techniques, including laser-based writing [44], inkjet-based [45], and
extrusion-based deposition [46], are used to develop tissue-engineered constructs. Figure

3 summarizes existing bioprinting techniques that are discussed extensively next sections.

Bioprinting techmques

|
h@ﬁmﬁ W

Figure 3. Classification of bioprinting techniques.

2.2.1 Inkjet bioprinting

a b c
Inkjet-based printer Laser-based printer Extrusion-based printer

pneumanc pmon screw

b‘*’

P - c

Figure 4. Bioprinting techniques including (a) inkjet-based printer; (b) laser-baes printer;

thermal piezoelectric  Energy-absorbing layer
l Laser pulse Donor slides

heater Piezoelectric ik |

vapor bubble actuator

(c) extrusion-based printer (Taken from [5]).

Inkjet printer was introduced for biological applications in the early 2000s. In this
technique, biological materials in the cartridge are printed in the form of droplets, normally
forced by thermal or piezoelectric forces (Figure 4a). The principle of thermal inkjet
printing (Figure 4a) is that the formation and collapse of the bubble vaporized by a heating
elements generates a pulse to force droplets from the print head with various volumes from
10 to 150 pL [47]. Piezoelectric inkjet printer (Figure 4a) adapts a piezoelectric actuator to

generate acoustic wave to break the liquid into droplets and force it through the nozzle [5].

11
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2.2.2 Laser printing

The first laser printer used for bioprinting applications was introduced in 1999 by Odde
and Renn as a 2D ink-based printers [48]. Laser energy is the most important component
in this technology, which is utilised to control and guide biological materials deposition.
Figure 4b shows a schematic of laser-based printing. A typical set-up is comprised of a
focused laser beam, a donor slide comprising a “ribbon” structure that is coated with an
energy-absorbing layer on the top and a layer of biological materials on the bottom. A
bubble is generated in the energy-absorbing layer where the focused laser beam is absorbed.
This bubble produces a gas pressure to push the biological materials to the collector

substrate.

2.2.3 Extrusion printing

Extrusion bioprinting is another bioprinting technique that is commonly used for creating
living tissue constructs. In this technology, materials are extruded by robotic control. The
most common dispensing system are pneumatic or mechanical (piston or screw)-driven

system (Figure 4c).

Table 1 summarizes the requirement for comparison of some bioink parameter in the three
types of bioprinter is summarized in the. Generally, inkjet-based and laser-based printing
can provide high spatial resolution, ranging from 10-50 um and 3-200 pum, respectively
while extrusion-based system has a relative low resolution ranging from 200-1000 um [7].
However, for constructing larger 3D structures, extrusion-based printer has an advantage
over inkjet-based printer and laser-based printer. High cell density is not allowed in inkjet-

based printer and laser-based printer due to its possibility to clogging of the nozzle.

12
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Table 1 Comparison of bioprinter types [ Taken from ref. [5]]

Bioprinter type
Inkjet Microextrusion Laser assisted
Material viscosities 3.5-12 mPafs 30 mPals to >6 x 107 mPals 1-300 mPals
Gelation methods Chemical, photo-crosslinking Chemical, photo-crosslinking, sheer  Chemical, photo-crosslinking
thinning, temperature
Preparation time Low Low to medium Medium to high
Print speed Fast (1-10,000 droplets per second) ~ Slow (10-50 ums) Medium-fast (200-1,600 mm/s)
Resolution or droplet size <1 pl to >300 pl droplets, 50 um wide 5 um to millimeters wide Microscale resolution
Cell viability >85% 40-80% >95%
Cell densities Low, <108 cells/ml High, cell spheroids Medium, 108 cells/ml
Printer cost Low Medium High

2.3  Hydrogels for bioprinting

In the 3D bioprinting, cells and bioactive molecules are printed as “bioinks,” which should
have cell compatibility to provide a desirable environment for cell adhesion and
proliferation [8]. Hydrogel is an attractive material because its hydrophilicity and ability to
mimic many characteristics of natural ECM [9]. A hydrogel is a three-dimensional network
through crosslinking polymer chains either physically or chemically. Due to the cross-liked
meshwork, up to 99% of water or biological fluid can be absorbed into the structure
[49]. Before forming three-dimensional meshwork, cells can be added into this aqueous
solution and then be crosslinked to form a cell-laden hydrogel. Many hydrogels have the
potential for the application in 3D bioprinting including natural origin and synthetic

derived polymer.

2.3.1 Natural polymers

2.3.1.1 Collagen

Collagen has been widely used in tissue engineering because it is the main constituent of
natural extracellular matrix (ECM), which occupies 25% to 35% protein content in the

body [50]. The thermos-and pH-sensitive properties of collagen can aid in constructing
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three-dimensional structure. A viscoelastic hydrogel can be produced by adjusting the pH
of precursors to 7.4 and incubating at 37 °C for 15-30min. Collagen hydrogel was once
used in extrusion-type printer where it was mixed with bovine aortic endothelial cells. In
this paper, Simith et al. were able to print a five-layer construct, in which cell viability was

up to 86% [51].

2.3.1.2 Gelatin/Gelatin methacryloyl

Gelatin, a denatured product of collagen, contains many arginine-glycine-aspartic acid
(RGD) sequences for cell attachment as well as the target sequences of matrix
metalloproteinase(MMP) that are suitable for cell remodelling [23]. Different from native
collagen, gelatin can be dissolved in pH neutral (7.4) solution while forming physical gels
by lowering temperature through hydrogen bonding. This thermal responsive property can
facilitate structure maintenance in 3D bioprinting. However, gelatin has melt temperature
between 27 and 33 °C [52] and will melt under physiological temperatures which will limit
its use in vivo application. To overcome this limitation, gelatin has reported to be chemical

modified or mixed with other crosslinkable polymers.

For example, gelatin methacryloyl obtained from the chemical modification of gelatin with
methacrylamide and a minority of methacrylate groups has retained biofunctionality from
gelatin and its uv crosslinkable property enables forming covalently crosslinked hydrogels
which are no longer temperature sensitive [24]. Nichol et al. studied cell viability of NIH
3T3 fibroblasts encapsulated in 5%-15% GelMA and high cell viability (>80%) was
generally observed in below 10% GelMA [27]. However, its application in 3D bioprinting
is inhibited by its poor rheological properties. Schuuirman et al. reported that the high
concentration 20% GelMA formed droplets at the tip of needle at 37 due to low viscosity,
while 2.4% hyaluronic acid (HA) was added to increase the viscosity and facilitate the
filament deposition [24]. Billiet et al. have reported precise temperature control of nozzle
to print cell-laden gelatin methacryloyl from 10% to 20% and constructed interconnect
pore network [28]. However, the hardware modification become critical and there is a

slightly collapse of structure of 10% GelMA due to slow thermal gelation.
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2.3.1.3 Alginate

Alginate is an anionic polysaccharide and a linear copolymer including blocks of B-D-
mannuronic acid monomers (M) in sequence with a-L-guluronic acid blocks(G) It has low
toxicity and gels under gentle conditions. A gel can be easily achieved through ionic bridge
formation between G blocks by adding divalent cations [53]. Due to the easy crosslinking,
alginate has been widely used in bioprinting application. Boland et al. first reported use of
alginate to fabricate 3D structure in 2006 and layer-by-layer structure was achieved [45].
One limitation of using alginate in tissue engineering is that it does not have cell-binding
sites, which may be not good for cell adhesion. This limitation could be overcome by

mixing with cell responsive molecules such as gelatin.

2.3.2 Synthetic hydrogels

2.3.2.1 Poly (ethylene glycol) PEG

PEG possesses a lot of good properties such as biocompatibility and hydrophilicity and
chemical tailorability with modifying with various functional groups [54]. The rheological
properties and mechanical properties can be tuned by simply changing the molecular
weight of the polymer. According to the degree of polymerization, there are various
molecules with different molecular weight including PEG (molecular weight (Mw)<
20kDa), PEO (Mw>20kDa) or poly(oxyethylene) (any Myw). The polymer alone cannot
form physical or chemical gel while chemical modification can facilitate the use in
bioprinting. Acrylation of PEG can create a photocrosslinkable hydrogel (PEGDA) in
which cells can be encapsulated. Though PEG is inert to cell, some bioactive molecules
such as cell-adhesion motifs can be encoded into PEG chain, resulting in a bioresponsive
environment [54]. Hockaday et al. utilized extrusion-based printer to print a PEGDA-
alginate hydrogel where porcine aortic valve interstitial cells were encapsulated to fabricate
a mechanically heterogeneous aortic valve structure. The major function of PEGDA in this

system is to maintains the shape after photopolymerizing [55].
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Table 2 is adapted from ref. [56]. It briefly summarizes the recently used biomaterial for
3D bioprinting. Generally, selecting natural hydrogel for 3D bioprinting can benefit from
their ability to mimic human ECM, their congenital bioactivity and easy degradation by
body. Despite their advantageous biological properties, natural hydrogels have some
drawbacks such as relatively quick degradation time and poor mechanical properties. For
synthetic hydrogel, molecular weights and crosslinking densities can be controlled to tune
specific mechanical properties. Limitations of selecting synthetic hydrogel for 3D
bioprinting include poor biocompatibility and toxic degradation produces. Even so,
synthetic hydrogels still attract researchers’ interest due to their hydrophilicity and tunable
physical properties.

Table 2 Biomaterial for 3D bioprinting [Taken from ref. [56]]

Synthetic/ Crosslinking Common
Material Modification natural  Crosslinking method speed Pros Cons applications
Polyethylene PEGDA Syn. Photopolymerization ~ Minutes Easy to control mech. Not cell-adherent Cell encapsulation
glycol (PEG) (Acrylated) properties by without modification Cell delivery
changing MW Crosslinker for other
polymers
PEG Multi-arm geometries ~ Syn Photopolymerization ~ Minutes Modulation of mech. properties ~ Not cell-adherent Cell encapsulation
(4-arm, 8-arm by increasing/decreasing without modification Cell delivery
pendent chains, etc.) crosslinking density Crosslinker for other
polymers
Collagen - Nat. Hydrophobic bonding 0.5-1 h Naturally cell adherent Slow gelation Implants
Major component of native ECM Cell encapsulation
Substrate coating
Dermal substitutes
Hyaluronic acid  Thiolated Nat. pH-mediated 15-30 min Commercially available Generally low Cell encapsulation
Michael addition in kit w/gelatin mechanical properties Cell delivery
for cell adherence Wound healing
Mech. properties can be
modulated
by crosslinkers
Hyaluronic acid  Thiolated Nat. Photopolyrmerizatiori  Seconds Easily controllable fast gelation ~ Generally low Cell delivery
(thiol-ene) mechanical properties Wound healing
Bioprinting
Hyaluronic acid ~ Methacrylated Nat. Photopolymerization ~ Minutes Gelation speed modulated Generally low Cell encapsulation
by UV intensity mechanical properties Bioprinting
Hyaluronic acid ~ Tyramine Nat. Tyramine-H,0, Seconds Fast gelling Difficult to control Tissue filler
geometry due lo fast Cell encapsulation
gelation
Gelatin - Nat. Temp.-based Minutes-hours  Naturally cell-adherent Unstable Cell encapsulation
hydrophobic
bonding
Gelatin - Nat. Glutaraldehyde Hours Naturally cell-adherent Crosslinking must be Scaffolds and films
Stable after crosslinking performed prior to addition
of cells
Alginate - Nat. Na* to Ca* ion Seconds Easy to create gel Difficult to control geometry  Cell encapsulation
exchange microspheres due to fast gelation in microspheres
Not cell-adherent without
modification
Fibrin - Nat. Thrombin-fibrinogen ~ Seconds Fast gelation Difficult to control geometry ~ Cell delivery
Cell adherent due lo fast gelation Cell encapsulation
Polycaprolactone - Syn. Melt-cure - Robust mech. properties High temps Structural support

No cell encapsulation

3-D scaffold fabrication
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2.4  Hydrogel Properties in Bioprinting

Desired physicochemical properties are required for a hydrogel under fabrication
conditions imparted by different biofabrication instruments. The major physiochemical
properties include rheological properties such as shear-thinning and viscosity, and the

crosslinking mechanism by which the hydrogel forms a stable structure.

2.4.1 Viscosity and shear thinning

Viscosity is a material’s resistance to flow upon application of stress. Rheological
properties of ink should be characterized for smooth extrusion. The most important part
during extrusion is the nozzle tip under high shear rate (~20-200s™") where if the viscosity
is too high, the chocking and fracture will be easy to occur [57, 58]. After extruding out of
nozzle tip, a high viscosity is required to avoid tension-drive droplet formation [59].
Polymers with shear thinning behavior can facilitate this process. Shear thinning is non-
Newtonian behavior of fluids whose viscosity increases with decreasing shear rate (Figure
5). This phenomenon can be explained by that the shear force reorganizes the polymer
chains from an entangled conformation to a stretched one, resulting in decreasing viscosity.
For non-Newtonian material, the power-law model has been extensively used to describe

rheological properties. In this model, the data is matched in Equation 2.1 [60]
n=2=K@@)"! 2.1
Where 1 is the shear stress (Pa), n) the apparent viscosity (Pa- s), ¥ shear rate (s™'), nis power
law index and K is the consistency index (Pa-s"). K gives an idea of viscosity of the fluid.
The increasing of K indicates the increase of viscosity [61]. The flow behavior can be
classified into three groups based on the value of n: n>1: shear-thickening behavior; n=1:
Newtonian behavior; n<1: shear thinning behavior. The smaller the n value, the more shear

thinning is the material [62].

The polymer concentration and molecular weight predominantly determine the viscosity
of solution. Table 3 shows some polymers’ viscosity and their molecular weight(Adapted

from ref. [59]). The printing fidelity can increase with increasing viscosity. Gaetani et al.
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utilized different concentrations of alginate for printing including 5%, 7.5% 10% alginate.
The structure printed by using 7.5% and 10% alginate could be more defined [10].
Schuuirman et al. reported that 20% GelMA could form droplets at the tip of the needle
due to low viscosity at 37 °C, while 2.4% hyaluronic acid (HA) that had high molecular

weight was added to allow the formation of filament [24].
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Figure 5. Shear thinning behaviour. [Taken from ref.[63]]
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Table 3 viscosities of some polymer solutions in 3D printing. [Taken from ref. [59]]

polymer concentration viscosity shear rate molecular
% w/v (Pa-s) (s™ weight (kDa)
sodium 2 0.9 100 100-500
alginate (typical)
3 2.0
5 6.4
Lutrol F127 25 0.03 — 12
30 1.5
35 26 600
40 >600 000
PEG 10 0.008 200-1300 3.35
20 0.017
Hyaluronic acid 1.5 22 1 950
Collagen type | 0.3 10 0.1-100 115 + 230

2.4.2 Crosslinking mechanism

Crosslinking is necessary to generate 3D network and maintain the final shape of printed
constructs. It has been commonly perceived that quick gelation before the spreading and
collapse of printed structure would be desirable in some 3D bioprinting application such
as extrusion, which can maintain their structural integrity [64]. For example, Melchels et
al. reported the improved fidelity of the structure after the incorporation of gellan gum in
GelMA to fasten the gelation [65]. The crosslinking method should also be carefully
selected since the mechanism may affect cell viability. It is better that crosslinking process
is noncytotoxic and the crosslinked hydrogel should be stable at physiologic temperature

and pH.

There are various cross-linking mechanisms including temperature-, photo-, enzyme-
induced crosslinking. Thermal-induced gelation can produce a temporary shape that can
transit from solution to gel at certain temperature. This sol-gel transition temperature is
also called the critical solution temperature. There are two types of hydrogel that have an
upper critical solution temperature (UCST) or lower critical solution temperature (LCST).
For hydrogel with LCST, semisolid gel will form above LCST. On the contrary, hydrogel
with UCST can form semisolid gel below UCST. The rate of sol-gel transition depends on
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distance from the critical solution temperature [8]. Gelatin is a thermorepsonsive gelation
material with UCST around 30 °C whose property can be utilized in bioprinting to help
maintain the printed constructs [66]. However, the gelatin alone cannot be used in 3D
bioprinting as it cannot maintain its shape at physiological temperature that is above its

UCST.

A permanent shape is necessary to lower deformation as time goes by. Polymers with
chemical gelation can form chemical covalent bonds which can achieve long-time stability.
For example, polymers can be grafted with acrylate or methacrylate groups and then be
photocrosslinked to form a covalently bonding network. Gelatin is modified with
methacrylamide groups to be a photocrosslinkable material Gelatin metahcrylamide
(GelMA). The mechanical properties can be tuned by the degree of modification. The
combination of thermal and chemical crosslinking can facilitate the bioprinting process.
Billiet et al. reported successful printing of GeIMA by precise control of the ink and nozzle
temperature and constructed interconnect pore network [28] however there was a slight
collapse of structure of 10% GelMA due to its slow thermal gelation. Increasing GeIMA
concentration could fasten the physical gelation but the concern was that the high amount

of polymer concentrations may limited cell migration and proliferation.

Enzymatic cross-links are based on enzyme-catalysed covalent bonding. Transglutaminase
(EC 2.3.2.13) belongs to the class of transferases. Transglutaminase-induced enzymatic
crosslinking can catalyse reaction between y- carboxamides of glutamine residues and
primary amine groups (acceptor of acyl) (Figure 6a) including the amino groups of lysine
(Figure 6b). If there is no amine group existing, water can serve as the acyl acceptor (Figure
6¢). The reaction can result in change of the physical and chemical properties of substrates,

such as viscosity, thermal stability [30].
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Figure 6. Transglutaminase-induced reaction. (a) acyl transfer between glutamines and
primary amine groups (b) acyl transfer reaction between glutamines and lysine (c)

hydrolysis of glutamines [Taken from ref. [30]]

MTGase has been widely used to crosslink gelatin for various applications including drug
delivery [67], injectable cell delivery gel [68] and scaffold fabrication [69]. The enzyme
transglutaminase has been reported to be biocompatible and immunogenic [70]. Recently,
MTGase has been used in 3D bioprinting. It was reported that Irvine et al. used gelatin,
crosslinked with MTGase to print 3D construct. The chemical gel formed after enzymatic
crosslinking could permanently fixed the shape. However, the enzymatic crosslinking was
proceeding during printing so the time taken to fabricate the constructs reported which was
within the pre-gelation initiation time window was very short: 3 mins for 3% Gelatin/2%
PEO with 3 U/mL MTGase and 8 mins for 5% gelatin with 3 U/mL MTGase. The short

fabrication time made it difficult to control and could not fabricate large structure [71].

2.5 Challenges of hydrogels in 3D Bioprinting

Bioprinting imposes contrasting requirements of hydrogel [59]. Increasing polymer
concentration results in a highly viscous hydrogel precursor and a high crosslinking density
aids in maintaining the shape, providing good shape fidelity [10, 11]. For cell point of view,
cells prefer to encapsulate in an aqueous hydrogel with high water content where a dense

polymer network do no limit its spreading, migration and proliferation.
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Chapter 3

Experimental Methodology

Experimental methodology is described in this chapter. The experimental
design is outlined (Section 3.1), followed by describing the materials (Section
3.2) used in this thesis. Finally, the characterization methods and technologies
(Section 3.3-3.7) applied in this research were introduced in detail, including
NMR characterization, rheology characterization,3D bioprinting process,

cell culture and cell viability staining.
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3.1 Experimental design

3.1.1 GelMA

GelMA is a gelatin-based hydrogel modified with methacrylamide and a minority of
methacrylate groups. GeIMA retains biological properties from gelatin containing cell
adhesion motifs (arginine-glycine-aspartic acid (RGD) sequences) and target sites for
matrix metalloproteinase (MMP) in cell remodeling and degradation [18]. Its photo-
crosslinkable property enables quick formation of a covalently crosslinked hydrogel and
maintaining the printed construct; and thus become stable under physiological temperature

for further 3D cellular culture.

GelMA is an attractive and promising printing material with superior biological properties
for 3D bioprinting. However, direct extrusion printing of GelMA still faces some
challenges due to its poor rheological properties such as low viscosity and slow gelation.
For example, Schuurman et al. has reported that printing GeIMA requires relatively high
polymer concentration due to its low viscosity at 37 °C [24]. However, a dense hydrogel
network is not desired for cell encapsulation with limited cell activities and can limit
nutrient and waste transportation and inhibit formation of new ECM and matrix
remodelling [72]. Additionally, to improve the printability of GeIMA, precise control of
the nozzle temperature and cooling down the platform have been conducted to successfully
print GeIMA but the hardware became important [28]. Moreover, prepolymerizing GeIMA
is another strategy for direct printing GeIMA. Bertassoni et al. has directly printed GeIMA
with concentrations ranging from 7-15% by prepolymerizing GelMA through
photocrosslinking inside a glass capillary [73]. Nevertheless, the limitation associating
with this system is that it does not allow for dispensing of continuous fibers as the glass
capillary is brittle and easy to break. Therefore, it is imperative to develop a novel strategy
that enables direct bioprinting of cell-laden GelMA with a delicate balance between a good

structural fidelity and proper cell activities.
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3.1.2 Enzymatic crosslinked GelMA (MTGase-GelMA) solutions

MTGase induced-crosslinking can catalyze reaction between y- carboxamides of glutamine
residues and primary amine groups (acceptor of acyl) as mentioned in section 2.4.2.
Literature has shown that MTGase treatment of gelatin can influence the properties such
as increased viscosity [74], thus in the current study, it is intended to alter the rheological
properties of GelMA solution through MTGase treatment. The mechanism is shown as

below (Figure 7). The resulting solution is named as MTGase-GeIMA.

_C
H,N
Glutamine HN

MTGase-GelMA

Figure 7. the crosslinking mechanism of MTGase-GeIMA hydrogel.

Additionally, to better control the degree of enzyme crosslinking and avoid forming a
chemical gel with irreversible shape, thermal inactivation (80 °C, 10 mins) of MTGase can

be conducted to inactivate MTGase.

In our design, the goal is to tailor rheological properties of GeIMA and improve its poor
rheological properties (such as low viscosity and slow thermal gelation) to develop a novel
bioink for bioprinting. So we intend to increase viscosity and induce shear thinning
behavior of GelMA by MTGase treatment. Meanwhile, we aim to raise sol-gel transition
temperature of GeIMA after MTGase treatment. Raised sol-gel transition temperature can
fasten the thermal gelation while sol-gel transition temperature above room temperature
(25 °C) could facilitate GeIMA processing gel-like character under printing condition as

well as a good shape fidelity. However, it is ideal that sol-gel transition temperature is
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below 30 °C so that the materials are in solution state at 37 °C, which can ensure providing
enough time (10-15 min) to mix with cell and make the solution homogenous. These
temperature-dependent physical properties are advantageous to facilitate the cell

encapsulating into MTGase-GelMA before printing.

3.1.3 Development of bioink based on MTGase-GelMA

If not

Thermal Inactivation
(80 °C, 10 min)

Figure 8. illustration of iteration design.
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Due to the variability of starting materials-gelatin (bloom strength; origin), different
synthesis methods and the resulting degree of methacryloylation, the rheological properties
of GelMA from batch-to-batch may be different [75].To eliminate the batch-to-batch
variability and develop bioink based on MTGase-GeIMA, an iteration process was

designed as below (Figure 8). One set of the iteration process is illustrated from 4.1-4.2;

3.2 Materials

Methacrylic anhydride (MAAnh), Irgacure 2959 (12959), deuterium oxide and gelatin (gel
strength~ 175g Bloom, type A from porcine skin) were purchased from Sigma-Aldrich
(Singapore). Methacrylic anhydride was a reactant for synthesizing gelatin methacryloyl.
12959 is the most reported photo initiator for GeIMA due to its water solubility and
relatively low cytotoxicity compared with other photo initiators [76]. The microbial
transglutaminase (MTGase) was obtained from Ajinomoto (Japan). The microbial
transglutaminase powder with sodium casinate and maltodextrin additives has an

enzymatic activity of 100 U/g.

3.3 Synthesis of GeIMA

Synthesis of GeIMA was under optimized condition followed previous work[77]. Briefly,
GelMA was prepared by reaction of type A gelatin with methacrylic anhydride as following:
7.95 g of Na;CO3 and 14.65 g of NaHCO3 were dissolved in 1 L distilled water to produce
0.25 M carbonate-bicarbonate (CB) buffer solution. Following that, 50 g of Gelatin was
dissolved into 500 mL of the as-prepared buffer. The pH value of the gelatin solution was
gradually adjusted to 9 by adding 5 N NaOH solution in a dropwise manner. MAAnh was
added to the solution to achieve an MAAnh : gelatin ratio of 0.05 mL/g. The reaction
proceeded at 50 °C for 3 h. I N HCI was added and the reaction stopped when the pH value
of the solution was adjusted to 7.4. The crude product was filtered and dialyzed to remove
any unreacted MAAnh and methacrylic acid by-product. Finally, GelMA was lyophilized

to obtain a dried product and stored at -20 °C for future use.

27



Experimental Methodology Chapter 3

3.4 H NMR characterization

The methacryloylation of gelatin was measured by using '"H NMR spectroscopy. The
GelMA solution had a concentration of 50 mg/mL in D20 and 'H NMR spectra were
repetitively collected for three times. Purely absorptive signals were corrected by phase
correction. The areas of the peaks were integrated after baseline correction. The degree of
methacryloylation (DM) was defined by Equation 3.1 where the percentage of g-amino

groups of gelatin modified with methacryloyl groups was calculated.

A(Lysine methylene of GelMA)
A(Lysine metheylene of unmodified gelatin)

DM(%)= (1 ) ¥100% (3.1)

3.4 Preparation of MTGase-GelMA solutions

GelMA solution was prepared by dissolving the lyophilized GelMA at the concentration
of 10% (w/v) in phosphate buffered saline (PBS) solution. Different amount of MTGase
were separately added to the as-prepared GeIMA solutions so that the final concentrations
were 1, 3 and 5 U/mL. The incubation temperature was 37 °C. The MTGase was
inactivated by heat treatment (80 °C, 10 min).

3.5 Rheological characterization

The rheological properties of the enzymatic crosslinked were tested by a rheometer (MCR
501, Anton Paar Physica, Ostfildern, Germany) with cone-plate geometry. To study the
formation of gel network, the time sweep test was performed where storage modulus (G”)
and loss modulus (G”) were monitored as a function of time at a fixed frequency of 1 Hz
and strain of 3%. To avoid evaporation of water, the MTGase-GelMA solutions were
sealed in the tube and incubated at 37 °C and then sequentially loaded onto the rheometer
at an interval of 1 h and tested for 1 min. During testing, measurements were collected
every second and the average of the 60 data points represented the average modulus of the

sample at different incubation time. The time-dependent viscosity during the proceeding
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enzymatic crosslinking was tested at 37 °C under the shear rate of 100 s™!, with a similar

way of data collection described earlier.

Rheological properties were assessed for printability under printing condition. The
solutions were allowed to reach the equilibrium temperature for 2 min prior to performing
the experiments. Viscosity was determined under various shear rate from 1 to 1000 s!
under room temperature (25 °C). Temperature sweep was performed from 37 °C to 5 °C at
2 °C/min with frequency of 1 Hz and strain of 3%. To investigate the effect of MTGase
treatment on photopolymerization of GeIMA, time sweep test was performed at frequency
of 1Hz and strain of 3% was performed. Omicure s1000 was equipped with the machine
as UV source. Samples containing 0.1% w/v Irgacure 2959 (photo initiator) were placed
between the plates and exposed to UV light 365nm at intensity of about 25 mW/cm?. UV

exposure times were 5 min for all samples.

3.6 3D bioprinting

3.6.1 Cell culture

C2C12 was cultured and expanded before bioprinting. The cells were cultured in the cell
culture media of Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone) supplemented
with 10% fetal bovine serum (FBS, Hyclone) and 1% antibiotic-antimycotic (ABAM, Life
Technologies), in a humidified atmosphere with 5% CO; at 37 °C.

3.6.2 Bioprinting

In this study, MTGase-GelMA solution was bioprinted by using the RegenHU bioprinter.
The syringes, nozzles, and pyrex bottles were autoclaved to avoid contamination. MTGase-
GelMA solutions containing 0.1% Irgacure 2959 were sterile-filtered through a 0.2 pm
syringe filter under sterile condition. The cell suspension was added to MTGase-GeIMA
solution, resulting in a final cell concentration of ~6 x 10° cells/mL, which was used for

3D bioprinting of the 3D grid pattern with dimension of 1.4 cm x 1.4 cm with line spacing
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of 2 mm. The nozzle size is 27G straight nozzle (210 um). Printing pressure is around 1-2

bar.

3.7  Cell viability

Cell viability of C2C12 in the cell-laden printed scaffolds were measured using live/dead
assay (Molecular Probes) at 0, 3 and 7 day time point. During culturing, the cell culture

medium was changed every 2 days. Fluorescence microscopy (Zeiss Axio Vert. Al) was

utilized to image the live/dead staining of cells.
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Chapter 4

Microbial transglutaminase-induced crosslinking of
gelatin methacryloyl to tailor rheological properties for

bioprinting

This chapter focus on the effect of MTGase-induced crosslinking on
rheological properties, printability and cell viability of GelMA. GelMA was
mixed with different MTGase concentration. Then, the rheological properties
of GelMA were examined with different MTGase concentration at different
incubation time. Based on rheological study, an optimized mixture was
selected for 3D bioprinting. A cell-laden structure was constructed followed

by cell viability study.
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4.1 Methacryloylation of gelatin

Gelatin b

Gelatin
*NH, JL“____J

60 50 40 30 20 10 00|
Chemical shift/ppm (c)

Figure 9. The chemical structures of (a) unmodified gelatin and (b) GeIMA, and (c) their
respective 1H-NMR spectra. Green “a” and blue “c” represent the signals of the methyl
group and acrylic protons of the grafted methacrylic group respectively, and pink “b”

indicates the signal of lysine methylene.

The chemical structures of unmodified gelatin and GelMA are shown in Figure 9 a-b.
Compared with the spectrum of unmodified gelatin, GelMA sample formed new functional
groups marked as green “a” and blue “c” in Fig. 1b, which can be confirmed by the 'H
NMR spectra (Figure 9 ¢). The peaks at around chemical shifts (8) of 5.3 and 5.6 ppm could
be assigned to the acrylic protons (2H) of the grafted methacryloyl group, and another peak
at 0 = 1.9 ppm could be attributed to the methyl group (3H) of the grafted methacryloyl
group. Meanwhile, there was a decrease of the intensity at 2.9 <6 < 3.1 ppm, which was
assigned to the lysine methylene (2H) marked as pink “b”. As lysine is the reaction site,
this trend could be used to quantify DM yielding around 50%. The remaining lysine groups

could be utilized for enzymatic crosslinking as it is an acyl acceptor.
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4.2  Rheological characterization
4.2.1 Gelling period of GeIMA incubated with MTGase

The mechanism of enzymatic crosslinking is that MTGase catalyses the inter- and intra-
molecular bonds formation between the y-carboxamides of glutamine residues and e-
primary amino of lysine residues in chains of GeIMA as mentioned in 3.1.2. The growth

of a connected structure will eventually lead to formation of a chemical gel.

To determine that the reaction took place, a time sweep test was performed at the incubation
temperature (37 °C). The effect of the MTGase concentration on the gel formation of 10%
GelMA was examined. There were two moduli generated from these experiments: G’
representing the deformation energy stored, and G” being the energy dissipated during
shear. They are sensitive to molecular structure evolution, especially the formation of

network.
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solutions at incubation temperature (37 °C). The inset photo shows representative images
of transition from a liquid to a chemical gel of 10% GelMA treated with 3 U/mL MTGase
at 37°C.

Figure 10 shows that at the beginning, the GelMA solution with MTGase behaves liquid-
like where G” is higher than G’. When gelation takes place, there is a crossover of G’ and
G” (whereby the value of G’ is higher) which could be seen for the 10% GelMA incubated
with 5 U/mL MTGase. The effect of the concentration of MTGase on the gelling period
was summarized in Table 4. There was no gel formation observed for GeIMA solution
containing 1 U/mL MTGase within 4 h. Above 1 U/mL MTGase, gelling periods were
detected when the MTGase concentration was increased: 3-4 h for 3 U/mL MTGase and
1-2 h for 5 U/mL MTGase. Additionally, the gelling period of hydrogels was confirmed by
the tube inversion method (Figure 10 inset). Those results reveal that MTGase does exhibit
a crosslinking action; the gelling times for the MTGase-GeIMA hydrogels are shortened

by raising the MTGase concentration due to the enhanced catalytic activity.
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Table 4 Gelling period of enzyme-catalyzed MTGase-GelMA with various concentrations

of MTGase at 37 °C with a fixed GeIMA concentration of 10% (w/v).

MTGase Concentration (U/mL) Gelling period (within 4 hours)
1 -
3 3-4h
5 1-2h

It has been reported that MTGase catalysed the conversion of gelatin solutions into
hydrogels, and gelling times depended on the type and concentration of gelatin [78]. Type
A gelatin was selected in the study because Type A gelatin prepared by acid treatment is
more effective for enzymatic crosslinking than Type B gelatin prepared by base treatment
as base treatment can hydrolyze the amide groups of glutamine residues and suppress

enzymatic crosslinking.

4.2.2 Viscosity during incubation with MTGase

Viscosity is an important property which affects extrusion process in 3D bioprinting [6].
GelMA has low viscosity, which can inhibit its application in 3D bioprinting [24].
Literature has shown that the viscosity of gelatin solution increased after transglutaminase
induced-enzymatic crosslinking [74], so for the current study, it is intended to alter the
viscosity of 10% GelMA solution with MTGase treatment, and thus the viscosities of 10%
GelMA solutions incubated with different concentrations of MTGase at 37 °C were
investigated under the shear rate of 100 s’ that could be the shear rate of materials

experienced in the needle tip [57, 79].
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Figure 11. The time-dependent apparent viscosity of 10% GelMA solution incubated with
different concentration of MTGase at 37 °C under the shear rate of 100 s™\. Arrow marked
points were selected and thermal inactivated for further rheological assessment under

printing condition.

As shown in Figure 11, the addition of MTGase resulted in a net increase in apparent viscosity
during incubation with MTGase at 37 °C due to the polymerization. The rate of apparent
viscosity increment was higher by increasing the concentration of MTGase. At the concentration
of 1 U/mL, no distinct viscosity increase was observed over 4 h while there was a large increase
in viscosity for solutions containing 3 U/mL and 5 U/mL MTGase between 3-4 h and 1-2
h, which could be explained by the formation of a chemical gel as previously mentioned.
The addition of MTGase enzyme catalyses the covalent crosslinking action in gelatin, resulting in
increased molecular weight and crosslinking degree [80], most likely contributing to higher
viscosity when added to GeIMA. The resulting increased viscosity could aid in filament

deposition however increasing viscosity (Figure 11) may result in inconsistent resolution
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and nozzle clogging. Thus, to better control the crosslinking, thermal treatment of the
solutions (80 °C, 10 min) was conducted to inactivate MTGase so that the formation of

cross-links could be stopped.

For biofabrication application, the apparent viscosity at the shear rate of 100 s™! as shown
by the grey shades (Figure 11) would not be considered, because it indicates that chemical
gels would have been formed and therefore the shapes were irreversibly fixed and not easy
for handling and cell encapsulation. The representative points outside the shaded region
were selected and the solutions were thermally treated to inactivate MTGase for further
printability assessment under printing condition. The points were labelled shown in the
Table 5 and divided into two groups: 0T, 1T4h, 3T3h, 5T1h are 10% GelMA solutions
treated with the different concentrations of MTGase, which have the highest viscosity
under each concentration before they become chemical gels. 3TOh, 3T1h, 3T2h, 3T3h are
10% GelMA solutions treated with 3 U/mL MTGase over different incubation durations.

Table 5 Labels of MTGase-GelMA solutions

Group 1 Group 2
Label Concentration of Ins:ubation Label Concentration of Inf:ubation
MTGase (U/mL) time (h) MTGase (U/mL) time (h)
0T 0 - 3TOh 3 0
1T4h 1 4 3T1h 3 1
3T3h 3 3 3T2h 3 2
5T1h 5 1 3T3h 3 3

4.2.3 Rheological assessment for printability under printing condition

To examine the effect of different shear rates on viscosity of the hydrogels during printing
process, the rheological properties of the representative points aforementioned were
studied at 25 °C under shear rate of 1-1000 s™'. The solutions were load at rheometer and
were allowed to reach the equilibrium temperature for 2 min prior to performing the
experiments. The resulting rheological data were plotted in Figure 12 and matched to the
power law model (as mentioned in Section 2.4.1). Lower n represents more shear thinning

in the materials, while higher K means the materials are much thicker.
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Figure 12. Flow behaviour of 10% GelMA without/with MTGase treatment under room
temperature (25 °C) (a) Group 1; (b) Group 2.

Table 6 Power law index n and consistency index K

Group 1 Group 2
Power law Consistency Power law Consistency
Label index n index K Label index n index K
0T 0.999+0.016 0.007+0.001 | 3TOh  0.968 £0.019 0.016 +£0.030
IT4h 0.894+0.041 0.050+0.016 | 3T1h  0.929+0.017 0.243 £0.011
3T3h  0.542+£0.011 2.224+0.530 | 3T2h  0.646 +0.044  0.439+0.170
STih  0.683+0.025 0.386+0.079 | 3T3h  0.542+0.011 2.224 +£0.530

From the data listed in Table 6 Power law index n and consistency index K, all samples
exhibited shear thinning behaviour (n < 1). From Table 6 Power law index n and
consistency index K Group 1, it is obvious that sample 3T3h has the lowest n and the
highest K; as compared to 10 % GelMA (n = 0.99), shear thinning is greatly enhanced for
3T3h (n =0.542). Table 6 Power law index n and consistency index K Group 2 shows that
as incubation time lengthens, n is decreased, and K is increased; most likely, this is

contributed by the increased molecular weight and viscosity.
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Figure 13. Temperature sweep measurements of 10% GelMA without/with MTGase

treatment (a) Groupl; (b) Group 2.

It is quite important to investigate the effect of MTGase treatment on the thermal behaviour
of GelMA as it is a thermo-sensitive material. To examine the influence, temperature sweep
test was performed by cooling samples from 37 °C to 5 °C at 2 °C/min. At 37 °C, the
materials show liquid behaviour where G” are higher than storage modulus G’. Upon
cooling, G’ and G” increase and a crossover occurs (Figure 13). The crossover temperature
is assigned as the sol-gel transition temperature (gel point), and it suggests the transition

from a solution state to a gel state.

Table 7 Sol-gel transition temperature

Group 1 Group 2
Labels Sol-gel transition | Labels Sol-gel transition
temperature (°C) temperature (°C)
0T 16.4+0.4 3TOh 17.1+0.2
1T4h 20.2+0.4 3T1h 19.2+0.5
3T3h 26.0+0.3 3T2h 21.7+0.5
5T1h 21.9+0.3 3T3h 26.0+0.3

In Group 1, 3T3h has the highest sol-gel transition temperature. From data shown in Group
2 (Table 7), the sol-gel transition temperature increases from 17.1 + 0.2 °C (3TOh) to 26.0
+ 0.3 °C (3T3h), this implies that extending incubation time could increase the sol-gel
transition temperature (Table 7), which can be attributed to the covalent crosslinking action
triggered by MTGase, thus leading to a tight network facilitating chain entanglement. It

was reported that when the printing temperature was above gelation temperature, the
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solution would exhibit liquid behaviour and the viscosity was low, thus being unsuitable
for extrusion-based 3D printing studies [81-83]. Except 3T3h, other samples were in sol
state with low viscosity at room temperature (25 °C) as their sol-gel transition temperature
were below room temperature, hence it would be difficult to achieve good shape fidelity.
Considering good shear thinning behaviour, high viscosity and sol-gel transition
temperature (above room temperature) simultaneously, 3T3h would be selected for deeper

study to check the difference between GelMA treated with and without MTGase.

Check with three different batches of GeIMA fabricated in this project, we found that
optimized incubation time of MTGase treatment (3 U/mL) was various from 2 to 3 hours
with sol gel transition temperature (SG) around 25 °C due to the material batch-to-batch
dissimilarity. From this point onwards, the 10% GelMA-3U/ml MTGase treated for 2-3
hours is named “SG25 bioink™.

4.3 Photopolymerization

While sufficient viscosity is required for printability, further gelation is necessary for
handling and maintaining the final shape and thus ensure a prolonged cell culture as well
as structural stability under body temperature (37 °C). Thus, time-sweep test for photo
crosslinking performed on rheometer was conducted to study the effect of MTGase
treatment on photopolymerization of GeIMA at 37 °C. The UV light was switched on at
60 s. Figure 14 depicted gelation kinetics of 10% GelMA without/with MTGase treatment;
a discernible increase can be observed in G’ indicating the formation of gel network. It
seems that the thermal treatment of the materials did not affect the photopolymerization of
GelMA. Att= 360 s, the storage modulus of hydrogel (pre-treated with MTGase— “SG25
bioink”) formed after photo crosslinking is higher than that without MTGase treatment.
Besides, from the gelation curve of “SG25 bioink™ (blue curve), it shows that after 300 s
of photo crosslinking, the storage modulus of the hydrogel is much higher than that of
solution treated solely with enzymatic crosslinking. This means that photo crosslinking is
the dominant mechanism amongst the two; and thus the mechanical properties of the

hydrogels can be tuned by photo crosslink in the future.
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Figure 14. The gelation kinetics of 10% GelMA without/with MTGase treatment at
37 °C.

4.4 3D printing

After the materials were developed, printability was investigated as a proof of concept. The
printing was conducted at room temperature (25-26 °C). The solutions were kept at room
temperature for around 10-20 min and then the printing was conducted. From the picture
shown in Figure 15 a, a fine structure could not be achieved with GelIMA and
GelMA+(deactivated) MTGase. With increasing feed rate, the grid structure gradually
became more defined (Figure 15 a) but was still not able to support layer-by-layer stacking
due to low viscosity. However, “SG25 bioink” with low feed rate (500 mm/ min) under
printing pressure around 1-2 bar could form 5 layers stacking structure. This phenomenon
could be due to the increase of solution viscosity after MTGase treatment; the sol-gel

transition temperature of “SG25 bioink™ is also raised above room temperature (25 °C).
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This in turn enables “SG25 bioink™” to exhibit gel-like characteristics under printing
temperature, thus avoiding ink from bleeding. However, we found that “SG25 bioink”
would still not be able to achieve a 10 layers structure with a single print. Thus, in the

future we will photocrosslink every 5 layers with a UV pen.
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Figure 15.Pictures of 3D grid printing (a) GelMA and GeIMA+(deactivated) MTGase
under different feed rate (b) “SG25 bioink™ under feed rate 500 mm/min (Scale

bar=0.5cm).

4.5 3D bioprinting
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4.5.1 Printability of cell-laden “SG2S5 bioink”

The previous result (Section 4.4) has been proven that “SG25 bioink™ was capable to create
a 3D structure in bioprinting. As such, it is of interest to investigate the influence of printing
process on cell viability and the biocompatibility of “SG25 bioink™. Thus, we tested the
ability of SG25 bioink to create homogenous cell-laden hydrogel constructs. Further
gelation is necessary for handling and maintaining the final shape and thus ensure a
prolonged cell culture as well as structural stability under body temperature (37 °C). As
mentioned in section 4.4, the structure would be photo crosslinked every 5 layers by using
UV pen at feed rate 100 mm/min. From picture shown in Figure 16, we could see that 5
layers and 10 layers could be well constructed. From Figure 17 a, the width of the filament
was measured at value of ~ 580 um. From optical microscope images shown in Figure 17
b, the pore structure appears to be of a square shape, which means that the printed shape

could be well maintained.

(b)

Figure 16. 3D grid structure with cell-laden “SG25 bioink™ (a) 5 layers and UV (b) 10
layers. Every 5 layers then UV.
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(@) (b)

Figure 17. Optical microscope images of five layers constructs. (a) cross-over structure

(b) pore structure. Scale bar=200 pm.

4.5.2 Cell viability assessment

Stress associated with the printing process has been cited as a common problem that may
impact cell viability [73]. To determine the effect of our bioprinting process on the health
of cells encapsulated in “SG25 bioink™, cell viability of the bioprinted “SG25 bioink™ was
examined right after printing. (shown in Figure 18 a). The cells used here are C2C12 cells.
High cell viability (98.3 + 1.3%) (Figure 18 a) shows that the printing process using SG25
bioink was not harmful to the cells. Prolonged cell culture (Day 3 and Day 7) showed that
cells exhibited elongated morphology compared with that in Day 0 (rounded shape). Cell-
cell contact networks were formed after 3-day culture which proves that “SG25 bioink™ is
biocompatible. It is observed that at Day 7, more cells moved to the edge of the filament
which may due to the nutrient gradient effect. Some possible solutions to minimize this
effect would be to lower the concentration of initial GeIMA to facilitate the media

penetration or to have thinner struts.
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@)

Figure 18. Cell viability of bioprinted “SG25 bioink” (a) Day 0 (b) Day 3 (c) Day 7; C2C12
encapsulated in SG25 bioink were stained with calcein-AM (green)/ethidium

homodimer(red) LIVE/DEAD assay (Scale bar =200 um).

In this thesis, we present a study of modifying a widely used hydrogel, namely gelatin
methacryloyl, for applications in 3D printing. GelMA based hydrogels have recently
received great interest in 3D printing due to its superior biological properties containing
arginine-glycine-aspartic acid (RGD) sequences for cell adhesion and target sequences of
matrix metalloproteinase (MMP) for cell remodeling and degradation [18]. Although this
has allowed achieving some remarkable successes, there are still some challenges
remaining for direct extrusion of GelMA. Researchers have established a variety of
strategies including increasing the polymer concentration or combining with other
polymers for suitable rheological properties and mechanical properties to improve the
printability of GeIMA, yet these strategies have limitations. For instance, Schuurman et al.

has reported that a relatively high polymer concentration is required to print GelMA due
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to its low viscosity at 37 °C [24]. The addition of hyaluronic acid can result in an increment
in GelMA’s viscosity and thus aid in filament deposition. However, a dense hydrogel
network is not desired for cell encapsulation where it can limit nutrient and waste
transportation and inhibit network remodeling and formation of new ECM [72]. On the
other hand, GelMA has been successfully printed through precise temperature control of
the nozzle associated with cooling down the platform but such process requires relatively
complex machine [28]. Prepolymerizing GelMA is another strategy for direct printing
GelMA. Bertassoni et al. has directly printed GeIMA with concentrations ranging from 7-
15% by prepolymerizing GeIMA through photo crosslinking inside a glass capillary [73].
Nevertheless, the limitation associated with this system is that it does not allow for
dispensing of continuous fibers as the glass capillary is very brittle and a careful handling
is required to avoid any breakage. In addition, the rapid photo crosslinking is not easy to

control.

In conclusion, even though GeIMA material has superior biocompatibility, using it as a
bioink for 3D printing remains a challenge. The strategies attempted are not ideal as clearly
elaborated above. In this work, a new strategy is developed to improve the ability of direct
printing 3D cell-laden GelMA constructs by employing a simple and controllable method
to prepolymerize GelMA and thus providing a new bioink formulation with benefit of
biocompatibility, shear-thinning capability, tunable rheological properties and sequential
cross-linking ability towards long-term stable constructs. Such new bioink formulation
(“SG25 bioink™) was developed by optimizing its rheological properties. After that, cell-

laden construct was fabricated.
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Chapter 5

Conclusion and Future Works

In this chapter, Section 5.1 summarizes the work conducted for the objective
and the overall results and discussion on how the objective were achieved.
These results give important hints on the future development of novel bioink
for 3D bioprinting. As following, by incorporating the results obtained and
literature review, the future research directions have been proposed in Section
5.2. In the future work, it is of interest to explore the concentration and DM

of initial GelMA to develop versatile bioink.
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5.1 Conclusions

MTGase did catalyse the bond formation in GeIMA. The rheological properties of GeIMA
solution could be tailored by manipulating the enzyme concentration and incubation time
so that there was no need to change the polymer concentrations. The printability of GeIMA
was improved by MTGase treatment. Under the printing condition, the viscosity of GelMA
solution after treating with MTGase in low shear rate was around an order of magnitude
higher than the value at the high shear rate. The shear-thinning behaviour was apparent,
with a flow index of 0.542. Meanwhile, MTGase treatment raised sol-gel temperature of
GelMA which could faster physical crosslinking and aid in GeIMA exhibited a gel-like
character under printing condition and resulting in a good shape fidelity. The fast photo
crosslinking could aid in maintaining the final structure shape. The photo crosslink in such
dual crosslinks could be dominant; and thus the mechanical properties of the hydrogels can
be tuned by photo crosslink in the future. The optimized bioink (“SG25 bioink™) was
utilized to fabricate a 3D cell-laden structure. High cell viability after printing validated
that the printing process did not affect the health of cells. Cells encapsulated in the structure
became elongated after long-term culture (3 days and 7 days), which proved the
biocompatibility of the novel bioink. According to these results, the treatment of MTGase

on GelMA could be a practical method to improve GeIMA’s printability in 3D bioprinting.

5.2 Recommendations for Future Work

From the cell study work mentioned in section 4.5.2, some cells moved to the edge of
filaments after 7 days culturing, and this may due to nutrient gradient along the filaments
where nutrient is present in the highest concentration at the periphery. In the future, we can

try to lower the concentration of initial GeIMA to facilitate the media penetration.

It was reported that chemical crosslinking could improve the printability of gelatin [84].
Alexandra et al. utilized (polyethylene glycol X) PEGX (X in PEG=succinimidyl valerate)
to partially crosslink gelatin and thus made gelatin printable. They controlled the
crosslinking degree by small additions of PEGX so that the material could exhibit soft gel,
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which was near the gel point and defined as printable material. Based on this research,
GelMA with MTGase system could reach this goal. Tailoring DM in GelMA chains could
control the amount of lysine groups in the chains, which contributes to the enzymatic

crosslinking so that the system may be controlled near the gel point.
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