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Abstract

In the near future, tissue engineering and 3D bioprinting techniques will be essential to alleviate
the dire need for organs for transplantation. It promises a very automated, rapidly scalable, and
patient-specific process that eradicates existing concerns. Therefore, there is an immediate need to
develop biomaterials with intrinsic biological functionalities that can be used to mimic In vivo
conditions. Hyaluronic acid (HA), being an extra-cellular matrix derivative, promises unique
prospects in tissue-specific applications by virtue of its bioactive properties. The work presented
in this thesis describes a tunable protocol for the synthesis of a dual-crosslinkable methacrylated
hyaluronic acid (MeHA) with a high degree of substitution to be used as a bioink for Digital Light
Processing Stereolithography (DLP-SLA) 3D bioprinting. Furthermore, to overcome the non-cell-
adhesive nature of MeHA, a hybrid bioink in combination with gelatin methacryloyl (GelMA\) is
developed that can be used to produce 3D cell-laden hydrogel scaffolds. Upon development of the
hybrid bioink, the mechanical properties, including microarchitecture, swelling ratio, and
compressive modulus, were assessed along with its biocompatibility. The results show a 55%
enhancement in mechanical strength compared to its sole constituents and enable cell-attachment
in the presence of MeHA while maintaining high cell viability. Preliminary investigations also
reveal that the hybrid bioink is a more suitable candidate for DLP-SLA 3D bioprinting compared
to MeHA because of its printability and cell-adhesive properties. Although, further optimization
of the printing process with the hybrid bioink and the specific influences of MeHA on specialized
cell types is required to be understood. This thesis lays out a firm foundation for the development
of a stable MeHA bioink for DLA-SLA 3D bioprinting. It offers solutions to overcome its major

limitations, without complex chemical modifications, by developing a hybrid hydrogel bioink.



Lay Summary

The dire need for organs and its consequent shortage worldwide is a problem that requires
immediate attention as the need intensifies each day. Tissue engineering techniques combined with
additive manufacturing technologies could help resolve this problem through 3D bioprinting. It
could potentially enable the development of lab-made organs for transplantation and research.
Therefore, there is a growing need to develop biomaterials that can resemble native conditions for
biological cells. Hyaluronic acid (HA) has wound-healing and inflammation-reducing capabilities
and is a substance found abundantly in the human body. The work presented in this thesis modifies
HA to be photocrosslinkable so that it can transition from liquid to gel with exposure to visible
light hence be compatible with the Digital Light Processing Stereolithography (DLP-SLA)-based
3D bioprinting system. Moreover, to overcome some major limitations posed by
photocrosslinkable HA, it is combined with photocrosslinkable gelatin to produce a mechanically

enhanced, cell-adhesive, and photocrosslinkable bioink.
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Chapter 1: Introduction

Over the last decade, the shortage of organs has become increasingly prevalent globally in
developed and developing nations alike. According to statistics reported by the U.S Department
of Health and Human Services, as of January 2019, more than 113,000 people were on the waiting
list for a life-saving organ, meanwhile, only 36, 528 organ transplant procedures were conducted
in the year 2018 [1]. The report also mentions that an alarming up to 20 people die every day as
they wait for an organ. The deficit of organs, as demonstrated by these statistics is unlikely to be
resolved solely by organ donation and it is becoming increasingly clear that an alternative solution
is of dire need. Research into developing artificial tissues and organs using tissue-engineering
techniques has gained much prominence in this very context and has served to be a promising
solution for the growing organ shortage [2]. To date, several organs have been engineered
artificially and implanted In vivo including; the trachea [3], the lung [4], and the urinary bladder
[5]. Artificial 3D tissue models have also become very popular for use as platforms for drug
discovery and disease modeling [6]. These tissue-engineered models mimic the In vivo 3D cellular
microenvironments more accurately as compared to their vastly oversimplified 2D counterparts
and inaccurate animal models, while at the same time also offering high observability and ease of
data visualization [7]. Some examples of tissue and disease models that have been established by
tissue engineering include; the kidney [8], kidney disease [9], cancer tumor [10], lung [11], and
the skin [12].

The generation of engineered tissues is a step-by-step process that can typically be realized
through the following workflow (See Figure 1.1): (1) The isolation of various autologous target
cells or stem cells from the human body; (2) The proliferation of cells (and differentiation in the

case of stem cells) to yield large cell-populations; (3) The application of a biofabrication process



to combine the different cells and biomaterials to create temporary heterogeneous tissue scaffolds;
(4) Supplementary culturing of cells on the 3D scaffolds to form artificial tissues; and (5) The
implementation of these artificial tissues as either, implants In vivo or as models for studying
diseases in-vitro. Within this workflow, the step comprising of the biofabrication process is
arguably the most critical process since it directs the precise alignment and placement of cells and
biomaterials, which in turn governs the adequate functioning of the engineered tissue. For this
reason, the specific biofabrication process used for generating tissue microenvironments is also
crucial in determining their feasibility and functionality [13]. Biofabrication has been defined as
“the automated generation of biologically functional products with structural organization from
living cells, bioactive molecules, biomaterials, cell aggregates, through bioprinting or
bioassembly and subsequent tissue maturation processes” [14]. Biofabrication techniques can be
divided into two classes of approaches; top-down and bottom-up. Top-down methods are
considered to be those where cells are traditionally seeded onto fabricated whole sized scaffolds
and then matured; meanwhile, bottom-up approaches involve the assembly of modular
microtissues to form microtissues, however, the separation between the two approaches is not clear
[15,16]. Figure 1.2 elucidates the differences between top-down and bottom-up methods in more
detail. Analogous to nanofabrication, top-down biofabrication methods are more direct,
controllable, and faster, while bottom-up methods tend to be more precise [17].

Both top-down and bottom-up approaches have been used widely, for the successful
generation of artificial tissues including blood vessels [16-18], cardiac tissue [19-21], cartilage
[22,23], skin [24], tumor [25], neural tissue [26] , adipose tissue [27] and stem cell
microenvironments [28,29]. Most of these artificial tissues are created from a single cell-type.

However, most tissues existing In vivo do not function independently from each other. For



instance, blood capillaries, which are essentially a result of vascular endothelial cells being
arranged in the form of a vessel, are distributed in every tissue of the human body and are
responsible for ensuring the exchange of oxygen, nutrition, and biomolecules. Without this
circulatory network, cells and in turn tissues cannot survive [30]. Therefore, to fabricate functional
artificial tissues and organs, the integration of multiple cell types is necessary. Furthermore,
compatible biomaterials must be employed for scaffold creation while an anatomically realistic
distribution of cells that closely mimics the cellular microenvironment must be sought in order to

ensure the viability of such constructs.
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Figure 1.1. The typical workflow for fabricating heterogeneous artificial tissues used in tissue regeneration
and disease study. The workflow involves steps as follows: 1. Isolation of cells from the human body 2.
Cell proliferation and differentiation to yield large populations of specific cells 3. Biofabrication process
that can assemble multiple-cells and biomaterials onto heterogeneous tissue scaffolds 4. The application of

heterogeneous tissue scaffolds for tissue regeneration and disease study. (Adopted from [31])
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Figure 1.2. Top-down and Bottom-up approaches for biofabrication. The top-down approach aims to
fabricate desired heterogeneous tissues directly through bioprinting. On the other hand, the bottom-up
approach is a multi-step fabrication process, where the pre-generated building blocks are assembled to

construct desired tissues. (Adopted from [31])

1.1 Advanced Biofabrication Strategies
The top-down approach in biofabrication is sought after due to its ease and automated control

over scaffold development. The ability to fabricate and crosslink multi-material scaffolds layer-
by-layer with this approach aids greatly in developing heterogeneous tissues [32]. Contrary to the
top-down approach, bottom-up methods seek first to generate micro-sized cellular constructs to
act as building blocks, which could then be assembled for developing complex structures. Bottom-
up approaches can be described as a two-step fabrication process that consists first of the creation
of these building block units, followed by their eventual assembly. The cellular constructs used as

building units for this purpose can be categorized further as belonging to one of three standardized



shapes; points, lines, and planes [33]. This section discusses popular techniques based on the top-

down approach, including: inkjet, extrusion, and stereolithography (SLA) bioprinting.

1.1.1 Inkjet Bioprinting

Inkjet bioprinting is very similar to traditional inkjet printing with respect to its working
principle. This has rendered it substantially easier to translate the well-known dispensing
technology into bioprinting related applications. Due to their simplicity and ease of operating,
inkjet bioprinters are known for producing precision and high-throughput complex heterogeneous
tissues at a low and affordable cost. Inkjet printing systems perform efficiently in patterning
multicellular high-resolution scaffolds with multiple layers, which saw its application in printing
vascular models, skin tissues, and others[34].

Xu et al. pioneered inkjet-based bioprinting in 2005 and demonstrated the production of
scaffolds from digital images by injecting droplet ink on substrates [35,36]. Drop-on-demand
inkjet bioprinters dispense a bioink—a mixture of biocompatible media and cells—from a storage
cartridge through a print head through various mechanisms. Some widely used inkjet bioprinting
mechanisms are based on thermal, piezoelectric, electrostatic, and electrohydrodynamic
properties. Piezoelectric inkjet bioprinters use piezoelectric crystals for generating mechanical
stimuli from electrical signals to dispense the bioink as a droplet. Likewise, thermal inkjet printers
use thermal actuators and micro-resists to generate necessary heat for bioink expansion, bubble
formation, and deposition. Electrostatic inkjet printers deploy simple mechanical actuators for
dispensing bioinks as the droplet is guided using an electrostatic field. Likewise, some printers use
large potential differences, usually 0.5-20 kV, for dispensing distinct droplets on the substrate [35].

In 2016 Bsoul et al. [37] demonstrated the successful integration of a microfluidic mixer print



head, using which a variety of bioinks could be mixed within a single droplet before deposition.
More recently, Sakai et al. demonstrated multi-material printing by dispensing multiple bioinks
through a piezoelectric printer. This device was able to dispense two different bioinks, whose
crosslinking macromolecules by using horseradish peroxidase and hydrogen peroxide, which has
been reported to have high cell viability and cytocompatibility [38]. In addition to combining
multiple bioinks and to further enable multi-material printing, researchers have also attempted to
hybridize inkjet technologies. For instance, Yoon et al. [39] combined spray-coating with
piezoelectric bioprinting for enabling the production of high resolution and free form large-scale,
cell-laden hydrogel scaffolds by successfully modifying the drop-on-demand method.
Subsequently, hydrogels of diverse material compositions, including alginate, gelatin
methacryloyl (GelMA), fibrinogen, and cellulose nanofiber, were printed in various shapes, thus
demonstrating the immense potential of inkjet bioprinting in dispensing multiple materials to print
complex structures. However, the discontinuity of droplets and the exposure of cells to high
temperatures and voltages that is characteristic of inkjet-based technologies can lead to cell-

damage remains a major concern that needs to be addressed in future research.

1.1.2 Extrusion Bioprinting

In extrusion bioprinting, the print head cartridge used in inkjet bioprinting is replaced with
pneumatic actuators and nozzles. This makes it possible to extrude defined volumes or strips of
bioinks onto the substrate. The extruded biomaterials can then be crosslinked to form scaffolds via
a light or a chemical-based crosslinking process. Therefore, the construction of complex structures
utilizing extrusion mechanisms can be used to bioprint complex tissues include hepatic lobule,

capillaries, cardiac patches, etc. Figure 1.3 (B) illustrates the method of extrusion, which depends



on some major factors including (1) nozzle diameter, (2) rate of extrusion (3) speed of printer head
(4) biomaterial viscosity, and (5) temperature of the nozzle to determine the scaffold fabrication
quality [40].

Existing extrusion systems range from shear-thinning deposition to coagulation and support
baths. However, there are several approaches taken to modify these deposition techniques.
Adopting and evolving from coagulation baths, co-axial extrusion offers another solution.
Simultaneous delivery of the bioink and the crosslinker at the nozzle tip allow for forming core-
shell constructs. Also, the integration of microfluidic devices with printer heads enables multi-
material printing and on-demand change of bioinks by virtue of its capability to hold multiple
bioinks at any instant[41,42]. Hence, it is possible to create diverse extracellular matrix (ECM)
environments for the cells with consistency and repeatability. Depending on the arrangement of
the bioink and crosslinking agent inside the co-axial nozzle, such an extrusion system allows for
the printing of bulk and hollow core-shell structures made of several different materials, including
GelMA and alginate, which could serve as a key tool to for solving complications relating to
vascularization in fabricated heterogeneous tissues[41,43]. Liu et al. demonstrated co-axial
extrusion using GelMA and alginate, thus overcoming the limitation of fabricating functioning
cell-laden soft constructs from low-concentration bioinks [44]. Also, Ouyang et al. illustrated a
3D bioprinting method which crosslinks the bioink in-situ in the nozzle during the printing process
before deposition [45]. The group well demonstrated the printing of uniform and consistent
structures using photo-permeable nozzles and a variety of hydrogels, including GelMA,
methacrylated hyaluronic acid (MeHA), poly(ethylene glycol) diacrylate (PEGDA), and
norbornene-functionalized hyaluronic acid (NorHA). Resolutions as fine as 60-700um filaments

were attainable depending on the capillary dimensions. Moreover, controllable heterogeneous core



shell structures were also formed during the experiment while maintaining high cell viability which
allows for great scope in heterogeneous tissue fabrication.

Beyond co-axial extrusion, it is possible to alter the shape of the constructs during extrusion
printing, as demonstrated by Kang et al. using pre-set extrusion nozzles [46]. They have enabled
multi-material bioprinting via a multilateral loaded precursor bioink cartridge in a pre-defined
shape to be extruded by a syringe-based print head. This may even make it possible to use several
struts to fabricate large-scale tissues. The cell viability of a co-culture using hepatocellular
carcinoma cells (HepG2) and endothelial cells (EC) in the shape of a hepatic lobule made using
this technique has shown more than 90% viability after 5 days. It is also possible to use change
extrusion dynamics to enable different printing methodologies using just one nozzle. In 2018, Yuk
and Zhao demonstrated a new Direct Ink Writing printing with a single nozzle by intentional
stretching and accretion of the extruded ink [47]. The group shows the ability of single nozzle
systems to produce scaffolds with resolution finer than the nozzle diameter that can produce
continuous, non-continuous, and complex structures with the simple motion of the one nozzle.

For instance, the brain is one of the most extensively studied organs in tissue engineering.
The complex nature of various neurodegenerative diseases and the lack of accessibility to the brain
in vivo has attracted several researchers to develop analogous brain tissue and blood-brain-barrier
models. Bioprinting plays a pivotal role in the development of such models. Over the years, various
simplified and complex brain tissue models have been proposed [48,49]. More emphasis is laid on
these models' functional complexity, which arises from the requirement of multiple constituent
cell types. However, the role of structural complexity in brain tissue engineering has not caught
the same level of attention due to its highly indirect nature of influence [50]. In 2015, Lozano et

al. used a handheld coaxial nozzle extrusion system to fabricate a multi-layered brain tissue [51].



Gellan gum modified with Arginine, Glycine, and Aspartate (RGD) peptides was used as the
biomaterial to encapsulate cortical neurons. Although this model lacked the mix of constituent cell
types and utilized a single type of cell, it provided valuable insights into the growth of neuron
processes towards the neurons in the vicinity by crossing a cell-free biomaterial zone. In another
recent study, a multistep bioprinting approach was used to fabricate a glioblastoma tumour model
[52]. The authors printed collagen layers as substrates and perfusable channels with gelatin as
sacrificial material. Two essential cell types were used in the fabricated structure — glioblastoma
and human umbilical cord vein endothelial cells (HUVECS). Using this tumour model, the authors
presented the influence of drugs delivered through the vascular channels over long-term culture.
Like the brain, heart tissue engineering has also been an attractive theme of research in which
the role of bioprinting has been indispensable. Various types of electrically conductive
biomaterials have found their application in the development of cardiac patches. Shin et al. and
Zhu et al. used gelatin methacrylate combined with reduced graphene oxide and gold nanoparticles
to fabricate electrically conductive cardiac patches using the extrusion bioprinting method [53,54].
Owing to the electrically conductive property of these patches, the cardiomyocytes were observed
to proliferate faster with higher cell viability. In more recent work, Noor et al. reported the
bioprinting of thick perfusable cardiac patches and a miniaturized vascular heart structure [55].
Although the vasculature was simplified, this work caught worldwide attention by replicating the
structural complexity of the heart along with the integration of induced pluripotent stem cells
(iPSC) derived cardiomyocytes and human neonatal dermal fibroblasts (HNDF). The authors used
an extrusion bioprinting approach to fabricate cardiac patches. For the bioprinting of the heart, the
extrusion method was used in conjunction with a support gel bath. This bioprinting approach has

been reported as a freeform reversible embedding of suspended hydrogels (FRESH) [56]. In 2019,



Lee et al. used the FRESH bioprinting approach to fabricate heart structure with human
cardiomyocytes [57]. The authors demonstrated the fabrication of free-standing structures with
integrated vasculature. These two studies also presented how an evolved extrusion method
contributed to achieving significant improvement in printing both structurally and compositionally
complex tissue constructs.

Extrusion bioprinting can form 3D scaffolds with desired precision and heterogeneity.
However, due to the large external forces applied to the cells during the extrusion, the cell viability
is relatively low after fabrication [44]. Few concerns regarding extrusion-bioprinting lie in printing
parameters, material compatibility, cell viability, and the printability of materials [40]. Although
extrusion bioprinting offers a much faster printing time, this could be a tradeoff with low cell
viability. Since scaffolds are usually printed layer-by-layer, outside of cell culture conditions, cell

viability is negatively affected [40].

1.1.3 Stereolithography (SLA) Bioprinting

Often regarded as a freeform printing process, SLA allows for more liberty in design and
printing when compared to its contemporaries. It removes much of the complexity that comes with
requirements like fabricated moulds and precursor cartridges. In this method, a digital image of
the structure is sliced into layers, which are then projected onto a photo-crosslinkable polymer or
hydrogel substrate [58]. As only the exposed area on the substrate is crosslinked, layer-by-layer
solidification of the substrate can be carried out until the desired 3D structure is complete. The
light, often visible or UV from sources including simple computer projectors, focused laser beams,
and digital micromirror arrays can be used to pattern a substrate [59-62]. The process of

stereolithography is illustrated in Figure 1.3.
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SLA can print whole layers at once, whereas both its contemporaries are only able to print
single points and coordinates, as a result, it has the fastest printing speed. Moreover, the non-
contact printing method does not have an adverse influence of shear stress on the cells, due to
which the cell viability is significantly higher. The resolution of the scaffold, however, is reliant
on the lens or illumination system, which is as good as 5 um [63]. Miri et al. have demonstrated
the use of a mask-free SLA approach with the aid of a digital micromirror and a microfluidic
device for fabricating a 3D heterogeneous construct [64]. The microfluidic device, possessing a
pneumatic valve, enables the switching between different bioinks that are crosslinked layer-by-
layer with UV. Once a layer is crosslinked, the remaining bioink is washed away with phosphate-
buffered saline (PBS) and this is repeated until the whole structure is printed. The device
demonstrated the printing of high spatial resolution of 3D constructs from multiple hydrogels
including PEGDA and GelMA. The possibility of using GelMA with SLA for biofabrication was
also illustrated by Wang and Kumar et al. The diverse 3D hydrogel scaffold developed by the
group, showed high cell viability and in a 3D network [65]. However, the physical size of the
constructs is limited to the microfluidic device and the process is quite labor-intensive. Utilizing a
digital light projection (DLP) based printing system, Ma et al. reported the fabrication of cirrhotic
liver tissue using a decellularized extracellular matrix and HepG2 cells [66]. Their proposed
methodology implemented a light-based bioprinting system to produce a 3D scaffold that could
mimic the mechanical and microarchitectural properties of cirrhotic liver tissue. The study used
biocompatible and native biomaterials for the printing process, for this reason, it could easily be
used for disease modeling or drug screening applications.

Similarly, using a SLA printing system, Yu and their group has been able to print pre-

vascularized scaffolds that host HUVECs and clonal mouse embryo (10T1/2) cells to work as a
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biomimetic model of the hepatic tissue [67]. The group used a combination of naturally derived
bioinks like gelatin methacrylate and methacrylated hyaluronic acid to ensure a biocompatible
environment. Upon examination, the hepatic tissue models show the adaptation of phenotypic
behavior by 10T1/2 cells and lumen-like structure formation by the HUVECs in a week.
Furthermore, Yu et al. conducted an In vivo study of their pre-vascularized model in immuno-
deficient mice which showed that their hepatic model containing human induced Pluripotent Stem
Cells (hiPSC) derived hepatic progenitor cells (hiPSC-HPCs), HUVECs, and human adipose-
derived stem cells (ADSCs) had enhanced development of the vasculature with red blood cells
present within them. Moreover, immunohistochemical staining results of aloumin and E-cadherin,
exhibit aggregation and spheroid formation in the scaffold.

Recently, Ali et al. demonstrated the methacrylation of porcine kidney-derived extra-cellular
matrix (ECM) (kdECMMA) making it photocrosslinkable [68]. Since this bioink was sourced from
the kidney, the group hypothesized that the presence of kidney-specific biomolecules would aid in
the fabrication of more accurate renal structures. The study also revealed positive results regarding
the organization of the bioprinted kidney cells towards forming tubular structures, indicating the
potential to form intricate renal structures like the glomerular unit.

Last year, Bernal et al. demonstrated a revolutionary volumetric bioprinting technique that
seeks to fabricate a complex 3D free-floating structures made of photocrosslinkable gelatin
hydrogels [69]. With this technique, whole structures can be developed at a time in a matter of
seconds without the need for the addition of multiple layers thus making the bioprinting process
more scalable.

Despite its advantages, one limitation of SLA bioprinting is that the process is only

compatible with substrates that are photo-crosslinkable. Most importantly, for multi-material
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printing applications, managing contamination is crucial— along with material choice and

structure

compatibility.
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Figure 1.3. Working principles of bioprinting approaches (A) Inkjet bioprinting: A piezoelectric actuator

gjects discontinuous droplets to form tissue structures (B) Extrusion bioprinting: A pump applies a

continuous external force to extrude out tubes for tissue scaffolds. (Adopted from [31])

1.2 Bioinks in 3D bioprinting
Additive manufacturing techniques like 3D printing which is the overarching technology for

3D bioprinting — rely heavily on the use of raw materials that make the 3D scaffold. The resin used
in a conventional 3D printer is replaced with a “bioink” — a material that can sustain living cell
units inside the 3D conduit. One of the important components of 3D bioprinting is the bioink that
is used for the printing. This bioink should be highly biocompatible to accommodate live-cell and
mechanically stable after printing. It should also provide high resolution during printing.
Hydrogels are the most prominent materials which are used as bioink in 3D bioprinting. However,

for a material to be selected as a bioink, they need to fulfill the requirements discussed below:
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Biocompatibility: Biocompatibility refers to the biological requirements and properties
posed by the bioink. It means that the bioink material should not only be non-toxic but it should
also ensure the viability of live cells, cytocompatibility, and bioactivity of cells after printing. The
boink material, should not influence any adverse immunological response to the host when it is In
vivo. Moreover, it should be able to facilitate cell attachment, growth, and proliferation inside the
3D construct and it should be convenient to modify the bioink molecule to enable different
biochemical signals.

Physical properties: The viscosity of the bioink should, in principle, be tunable depending
on the application. In order to facilitate the usage of the same bioink with different available 3D
bioprinting techniques, the viscosity needs to be manageable. In addition, the printed scaffolds
need to retain their shape post-printing for a definite time period. Hence, the materials should have
some degree of stiffness so that it maintains mechanical integrity while also supporting cellular
behavior modulated by stiffness. The biodegradation of the selected biomaterial should match with
that of the tissue of interest, so that once the cells grow and proliferate, eventually they can replace
the biodegrading construct with their own regenerated ECMs

Nutrient permeability: The cells or tissues encapsulated in the bioink should remain viable
post-printing. The supply of nutrients in the scaffold is key to cell viability, therefore, the bioink
material must show permeability to oxygen gas and other nutrients. Alongside this, its transport of
metabolic cell wastes should also be considered.

Printability: Itis crucial to understand the processing capabilities of the bioink to understand
the printability of the material. To be compatible with 3D bioprinting, the bioink materials should
be able to retain its shape by itself post-printing. This characteristic and the overall printability is

a combination of multiple factors, hand-in-hand, that play an important role in determining the
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printability. Parameters such as viscosity, surface tension, crosslinkability, and surface properties
are key to determine printability.

The other important desirable aspects for a bioink include high resolution during printing, in
situ gelations, visco-elastic properties, low cost, readily available, industrial scalability,
biomimicking the tissue internal structures, mechanical integrity, short post-printing time for

maturation, and immunological compatibility.

1.2.1 Natural Bioinks

The goal of 3D bioprinting is to ensure and provide a 3-dimensional biomimetic environment
for the biological units. In order to ensure a proper biomimetic environment, using natural
derivatives is the most desirable option. That is why the use of hydrogel from natural sources is
most common in all applications because it increases the chances of a biocompatible environment
with no or very low adverse impact on the cells. Cells hosted within the hydrogel matrix during
bioprinting must be in a viable environment that is biocompatible and allows the exchange of
necessary nutrients. Ideally, the hydrogel should not trigger any immunological reaction and have
an optimal degradation rate to allow the cells to protect and allow the cells to proliferate within
the matrix. Hydrogel derived from natural sources contain macro and micromolecules which can
offer an environment that is most similar to native microenvironments. Some natural hydrogel is
derived from the extracellular matrix of living hosts which makes them very biocompatible with
more functionalities. Overall, natural hydrogels have the properties that enable biocompatibility,
functionality, permeability to necessary nutrients, along with the required chemical structure and

functionality demanded by bioprinting processes [70].
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Gelatin and Gelatin Methacryloyl (GelMA): Gelatin is a collagen-based natural hydrogel
and is widely used as a bioink. Obtained primarily from bones and tissues of animals like fishes
and pigs, this form of collagen can form gels at low temperatures which is reversible to liquid at
the higher temperatures. Moreover, it is known to retain the amine groups from collagen as a result
it aids in cell adhesion, proliferation, and differentiation[71]. Implementation of various
crosslinking methods for gelatin has already been explored including chemical crosslinking with
the likes of transglutaminase [83] horseradish peroxidase (HRP) and hydrogen peroxide (H202)
[82] and photocrosslinking of methacrylate modified gelatin  with 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), lithium-phenyl-2,4,6-trimethylbenzoyl-
phosphinate(LAP)2,2'-azobis[2-methyl-N(2hydroxyethyl)-propionamide] (VA-086). Although
elongation of cells within the hydrogel is restricted due to decreased RGD groups, however,
pristine gelatin hydrogel but can keep cells viable over long periods [72]. Moreover, scaffolds
fabricated with only gelatin do not show good mechanical properties despite that they have been
used in all types of bioprinting systems. For an instance, Wang et al. used an extrusion-based
bioprinting system to print and encapsulate hepatocytes which retained its viability within the
matrix for over 2 months [73]. In 2007, droplet-based bioprinting was used by Boland et al. with
a hybrid of gelatin and alginate[74]. The study encapsulated endothelial cells and printed structures
up to 1cm in thickness with high cell viability. Laser-based systems were also used to bioprint with
gelatin which ensured cell stable and biocompatible matrix without minimal damage to cell during
printing [75]

Modifying gelatin with methacrylate groups to be used as a bioink is probably one of the
most seen applications is naturally derived gelatin-based hydrogels. The naturally available

denatured collagen — gelatin is modified with methacrylate groups which are substituted on the
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terminal amine groups of the gelatin molecule. It has been widely used because it offers the
flexibility of enabling thermal and photocrosslinking along with a tunable mechanical property
and biocompatibility [72][76]. GelMA can act as a biomimetic hydrogel which can be crosslinked
with light at different spectrums depending on the type of initiator used in the reaction[76]. For an
instance, it can be crosslinked with UV light (365nm) in presence of Irgacure 2959, blue light
(405nm) in presence of VA-086, and visible light (520nm) in presence of Eosin Y. Along with the
ease of extrusion due to manageable viscosity and crosslinkability with various photoinitiators it
has been widely used in all types bioprinting systems. Compared to pristine gelatin, GeIMA
exhibits an enhanced mechanical property and biocompatibility with a higher rate of cell survival
and attachment.

Applications of GelMA is perhaps the most widely seen across the biofabrication arena.
Recently, Spencer et al. utilized an extrusion-based system to print a composite hydrogel with
GelMA and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)[77]. The
resulting scaffold from the composite resulted in a mechanically stable, biocompatible, and
electrically conductive environment which can be also be tweaked as needed. The study utilized
the material properties of PEDOT:PSS and GelMA and used both chemical and visible light
crosslinking and also reported high cell viability count and cell proliferation. Gelatin methacryloyl
has also been used in combination with synthetic polymers like polyethylene glycol diacrylate
(PEGDA) [78]. Want et al. used the hydrogel mix and laser-based bioprinting system to print
scaffolds with enhanced printability, biocompatibility, and mechanical property under visible
light. Gauvin et al. also reported printing porous scaffold with GelMA and HUVECs using a laser-
based bioprinting system [79]. GelMA has also seen applications in droplet-based, multi-nozzle,

and hybrid bioprinting systems. In 2018, Yoon et al. reported the approach of using piezoelectric
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inkjet printing and spray-coating to form 3D free form scaffolds [39]. The study incorporated
alginate with GelMA as a base component to achieve high cell viability and metabolic
functionality of human fibroblasts. In a more recently published study, GeIMA was inkjet printed
on a stretchable substrate along with encapsulated fibroblasts which were then exposed to cyclic
mechanical stress to observe the mechano-response of the cells [80]. GeIMA printed at different
concentrations has been reported to have variance in mechanical property, however, across all
variants, cell viability was high along with sufficient cell attachment, proliferation, and consequent
response to cyclic stress. The use of GelMA has also been in bottom-up biofabrication techniques.
Xie et al. used low concentration pure GelMA microdroplets in an electro-assisted printing system
[81]. The study reported the printing of low concentration pure GeIMA microdroplets at a high
speed and minimal cell damage. Results were able to prove the viability with the use of bone
marrow stem cells within the microdroplets and predict its usage in developing organoids and drug
delivery.

Alginate: A polysaccharide, often extracted from brown algae, Alginate is a naturally
derived hydrogel which is well known for bioprinting applications. Alginate consists of a-L-
guluronic acid (G) and B-D-mannuronic acid (M) in the molecule and crosslinks with chemical
reactions with influence from ions [82]. The popularity of alginate as a candidate for 3D
bioprinting application is by virtue of its biocompatibility, low cost, and ability to crosslink under
various conditions including chemical reactions and photocrosslinking. Calcium Chloride (CaCly)
and Calcium Sulphate (CaSO4) are mostly used for ionic agents for cross-linking alginate because
the divalent calcium ions form a bridge due to the attraction of negatively charged carboxylic acid
groups between two neighboring alginate chains [83][84]. The use of alginate has been diverse but

often focus has been on encapsulating cells including stem cells, chondrocytes, and myoblasts in
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a biomimetic condition where it is favorable for the cells to functions due to the mechanical
integrity of the hydrogel matrix [85]. However, it is also well documented that cell attachment and
proliferation within the alginate hydrogel is not possible because of the largely hydrophilic nature
of the alginate molecules [86]. As a result, there is a lack of protein moieties which can facilitate
cell attachment. But in order to achieve cell attachment, chemical modification of the alginate
molecules with RGD groups is a viable option for enabling cell attachment in the hydrogel [87].
Extrusion-based printing systems are the most widely used systems for alginate specifically
because with the use of co-axial nozzles and ionic baths one could easily crosslink alginate during
printing therefore providing a much easier option. Nonetheless, the application of extrusion-based
bioprinting with alginate has been diverse depending on the extrusion of the hydrogel either as a
prepolymer or pre-crosslinked hydrogel. A study in 2015 used the properties of nanofibrillated
cellulose along with alginate for 3D bioprinting. The printed shapes resembled that of an
anatomically similar human ear and sheep meniscus which was fed to the printing system from
Magnetic Resonance Imaging (MRI) and computed tomography (CT) scan data. Eventually,
human chondrocytes encapsulated within the hybrid hydrogel showed high cell viability of around
86% after a week [88]. Also, because it is possible to produce droplets with alginate depending
upon the concentration, droplet-based printing is feasible with alginate [89]. Moreover, laser-based
printing systems have also been used with alginate in varying concentrations with different
mechanical properties including matrix- assisted pulsed laser evaporation-direct write (MAPLE-
DW) [90][91]. Overall the success of bioprinting scaffolds with varying technics with alginate
depends on the concentration, rheology, crosslinking time, scaffold size, wettability, and ability to

crosslink under laser or light [90].
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Collagen: Collagen is a very popular and much sought after in bioprinting applications. This
natural triple helical protein is among the major components found in connective tissues of
mammals [92]. Compared to other materials used in bioprinting, collagen is often the most
desirable option because not only it enhances cell attachment and growth but it also has a low
immunological reaction. The abundant integrin-binding sites on collagen are responsible for the
high cell attachment and proliferation within the hydrogel matrix. Despite having a numerous
biological reason for using collagen, there are some material properties of collagen which are
discouraged for bioprinting applications. Collagen is known to be a liquid at lower temperatures
and crosslinks at higher temperatures requiring a long time. For an instance, it requires almost 30
minutes for collagen to gel at 37°C [84]. Hence, the printing time is very long but most importantly
it hampers the distribution of cells within the scaffold. The longer gelation time coupled with the
gravitational attraction on the cells causes them to agglomerate near the bottom surface hence
hampering the homogenous distribution of cells. Moreover, collagen scaffolds are not widely
known for their mechanical properties.

Extrusion-based printing has been used by Moncal et al. to bioprint a blend of collagen type-
I and Pluronic® F-127[93]. Their system was developed to be a thermally controlled system that
had optimized profiles of the bioink blend for printability and rheology. The study showed good
cell viability and proliferation of rat bone marrow-derived stem cells (rBMSCs) along with
collagen fiber alignment. Although, the use of collagen-based bioink in droplet-based printing
systems is very limited due to its fibrous nature, however, there have been some applications.
Deitch et al. ensured an application of inkjet printing with collagen by making sure that collagen

is being deposited before crosslinking of the scaffolds. As opposed to droplet-based systems, laser-
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based systems have been successful with the printing of collagen-based bioinks. Thin collagen
layers that are laser-absorbing were printed by Michael et al. in 2013 [94].

Agarose: Agarose is a brittle natural polysaccharide that can retain its form. As a result, this
hydrogel has been in use as a bioink for 3D bioprinting scaffolds. Agarose is known to gel at low
temperatures and is reversible to a liquid form in the range of 20° - 70°C. Agarose, although used
for bioprinting application, is not the most desirable hydrogel for hosting living cells. It is because
of its limited rate of cell proliferation and activity within the hydrogel [95]. Similar to Alginate, it
has poor cell attachment within the hydrogel hence oftentimes, it is seen to serve as a support
material or mold [96]. However, the complications with poor cell attachment and proliferation in
Agarose can be improved by using it with hydrogels that are more cell-friendly like gelatin,
collagen, etc.

In 2014, Campos et al. used an extrusion-based system to print scaffolds of better shape
fidelity with only agarose compared to a hybrid bioink with collagen and agarose. The study
reported that although the printing fidelity was found to be very good, the cells within the hydrogel
remain viable and confined in circular shape without much evidence of proliferation [97]. Agarose
has also been deployed in the droplet-based printing systems with the use of micro-valves and has
been known to achieve a high number of live cells within the structure [98]. Nonetheless, the high
viscosity of agarose is an inconvenience for droplet-based bioprinting because it leads to clogging
of the nozzle. Lastly, a study by Koch et al. shows that Agarose can be a very good fit for laser-
based bioprinting by virtue of its viscosity and is also able to retain a high count for live cells

within the matrix [99].
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1.2.2 Synthetic Bioinks

In addition to the use of natural polymers as materials for bioinks, there have also been
applications of synthetic materials in bioink development. Like natural hydrogel, synthetic
hydrogels offer different specific advantages that make their use convenient for 3D bioprinting
applications. Hosting cells within the matrix of a synthetic hydrogel is also possible and widely
research. Natural hydrogels offer environments that are more similar to native environments for
the cells, in that regard synthetic hydrogels can provide environments that are more predictable for
researchers, stable, and easily tunable for application depending on the requirements.

Oftentimes, synthetic hydrogels are preferred over natural hydrogels because they tend not
to interfere with the immune system of the biological units. That is why utilizing synthetic
hydrogels can help avoid immunological reactions within the hydrogel and upon implantation.
Moreover, since synthetic hydrogels can be produced in a controlled environment, therefore, the
batch to batch variance and unexpected outcomes from reaction or purification remnants can be
avoided[100]. In addition to these, using synthetic hydrogels allows for the fabrication of scaffolds
that are easily tunable to desired mechanical, chemical, and transport properties. Overall, it evident
that synthetic hydrogel can also provide a wide scope of applications in 3D bioprinting specifically
due to their batch-to-batch consistency, modifiable properties, ease of production, and non-
immune responsiveness.

Pluronic F-127: Pluronic F-127® is a commercially available synthetic polymer poloxamer-
based compound. There are 11 different types of Pluronic® polymers which can be differentiated
based on their functionality, crosslinking temperature, molar mass, and composition. Typically,
Pluronic can crosslink with increased temperature in the range of 10-40°Cwhere two hydrophilic
blocks are found in between hydrophobic blocks and it can also undergo reverse gelation [101]. It
is biocompatible to the extent that it can host cells within its matrix for up to 5 days without any
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required modifications or additives. Although, typically the copolymer structure of Pluronic is not
the best example for structural integrity. However, when combined with other polymers—it
performs well in a variety of applications. For instance, Gonge et al. combined Pluronic with
polyethylene glycol (PEG) for controlled release and drug delivery usage [102]. In addition to
initiating crosslinking in Pluronic® thermally, it can also be photocrosslinked with UV depending
upon the usage of specific photoinitiators. The duration of UV used on the polymer and the
concentration of the photoinitiators are known to affect cell viability as well[103]. Furthermore,
its mechanical properties can also be enhanced using chemical crosslinking methods. By virtue of
its gelation behavior, it requires a nozzle heating system and a heated printer platform with
extrusion-based systems. The heating system ensures that there is no clogging in the nozzle and
good structural integrity of the scaffolds post-printing. Due to the temperature sensitivity, it is
troublesome to handle Pluronic® because it requires the use of a temperature controlling apparatus
which makes the printing expensive. Therefore, due to the difficult rheology profile and thermo-
responsiveness of Pluronic®, it has not been very popular with laser-based or droplet-based
applications as well.

Poly(ethylene glycol): A hydrophilic polyether, Polyethylene glycol (PEG) is one of the
most popular choices as a synthetic material for bioprinting. A water-soluble synthetic polymer
that can be conjugated with various biomolecules is a desirable candidate as a bioink[84].
Modification of PEG can also allow for enhancement in mechanical properties and
photocrosslinking in the presence of photoinitiators. Pristine PEG does not exhibit very good
mechanical properties for scaffold printing. That is why, oftentimes, the PEG molecule is modified
with diacrylate (DA) or methacrylate (MA) groups which allow for crosslinking under different

spectrums of light including UV and laser.

23



The use of modified PEG—namely PED-DA & PEGDMA is widely evident in all
bioprinting systems. Extrusion based systems utilizing this synthetic hydrogel as a scaffold are
numerous where printability and mechanical structure integrity has been focus [104] [105] [106].
Moreover, as a consequence of better mechanical properties like higher compressive modulus—
modified PEG has been widely used in droplet-based systems[107]. Laser-based systems also saw
the use of modified PEG because of photocrosslinkability. For instance, Cui et al. reported the
bioprinting of the osteochondral plugs with a layer-by-layer laser-based printing system utilizing
a UV illumination source [108][107]. Hribar et. al also utilized a laser-based system[61]. SLA
bioprinting techniques under laser-based systems are also very popular because of the ease of
processing with modified PEG. Wang et. al used an SLA-based system with a hybrid bioink of
GelMA and PEGDA to print and produce highly viable 3D printed scaffolds[65]. Dhariwala et. al

reported a 90% cell viability of Chinese hamster ovary cells with the use of PEGDMA[109].

1.3 Research Objectives

Considering the current bioprinting strategies and limitations of available bioinks, it is
important to identify and develop bioinks that can mimic native tissue conditions more accurately.
There is a surge in the utilization of biomaterials that are native to the human body for tissue
engineering applications. Due to the abundance of hyaluronic acid in the extracellular matrix of
brain and cardiac tissues, the development of a hybrid photocrosslinkable hyaluronic acid-based
bioink is desirable for cardiac and neural tissue engineering. The goal of this research has been

divided into the following objectives:
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Objective 1. Synthesis of a photocrosslinkable hyaluronic acid-based hydrogel: The synthesis
of photocrosslinkable bioinks is widely seen through the substitution of the methacrylate group on
polymer molecules. However, the substitution of methacrylate groups on hyaluronic acid
molecules poses a significant challenge. Therefore, a protocol for the reliable synthesis of
methacrylated hyaluronic acid-based hydrogel (MeHA) with a high degree of substitution will be

developed.

Objective 2. Development of GeIMA-MeHA-based cell attachable hybrid bioink: Tissue
engineering and bioprinting applications require the hydrogel to facilitate the growth and
proliferation of cells within the scaffold. Therefore, it is essential for a bioink to be bioactive and
provide a suitable substrate for the cells to adhere. A hybrid bioink will be developed and

characterized by combining MeHA and GelMA as complementary constituents.

Objective 3. Characterization and stereolithography based bioprinting of GelMA-MeHA

hybrid bioink: The hybrid bioink developed in previous objectives will be further utilized in

bioprinting by a DLP-SLA system to establish its applicability in fabricating tissue analogues.
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Considering the aforementioned objectives, this thesis has been organized in the following

manner to provide a comprehensive view of the development of the GelMA-MeHA hybrid bioink:

~
«Introduction to the advaced biofabrication techniques and 3D bioprinting
Chapter 1 *Overview of existing bioinks in 3D bioprinting )
~
«Introduction of Hyaluronic acid (HA) as a biomaterial and its current use in 3D bioprinting
Chapter 2 +Synthesis and crosslinkability of photocrosslinkable HA (MeHA)
J
~
*Charaterization of MeHA depending on synthesis variables
ch +Limitations of MeHA as an independent biomaterial
apter 3 )
~
*Preparation and characterization of GeIMA-MeHA hybrid hydrogel
Chapter 4 *DLP-SLA 3D biopriting application with GeIMA-MeHA hybrid hydrogel
J
~
«Summary of thesis entailing contributions and scope for furture work
Chapter 5 )
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Chapter 2: Dual-crosslinkable HA-based Bioink

Chapter 2 dives into the discussion about hyaluronic acid as a biomaterial and evaluates the
existing application of this biomaterial in diverse bio-fabrication applications. As the ground is
set, a synthesis protocol for the development of photo-crosslinkable hyaluronic acid-based bioink

is proposed, which is then validated through photo and thermal crosslinking.

2.1 Hyaluronic Acid
Hyaluronic acid (HA) is a naturally existing polysaccharide that consists of disaccharide

repeating units of D-glucuronic acid and N-acetyl-D-glucosamine and has B (1-4) linked 2-
acetamide-2-deoxy-D-glucose and 3 (1-3) linked D-glucuronic acid [110,111]. Found primarily in
synovial fluid, umbilical cord, and connective tissue of most animals, HA has also been found in
the streptococci group [112]. After its discovery, it has been used for diverse applications due to
its anti-inflammatory response, disinfecting, and wound rehabilitating capabilities. It is known to
enhance the healing of epithelial cells, helps reduce swelling, scars, and also protects tissues in the
vitreous humor [112].

The molecular weight of the HA available for use is typically between 120 —2500 kDa due
to which its properties are known to vary. It has been reported that whereas high molecular weight
HA restricts the inflammatory responses in macrophages which results in phenotypic changes, the
opposite is true for low molecular weight [113]. Furthermore, in-vitro studies have shown that gels
resulting from the different molecular weight of HA increases cell proliferation and reduces
inflammation in synovial joints [114]. From a bird’s eye view, HA seems to have the following
advantages [115]: (a) It is a biocompatible and biodegradable material. (b) It is found in the human

body as an intracellular component that aids lubrication, differentiation, and growth of cells. (c)
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HA molecule is involved actively in the wound healing process, as a result, it can accelerate the
wound healing in bioprinted scaffolds. (d) Its specific and non-specific protein absorption and
interaction with cells enable the possibility to use it with CD44, RHAMM, ICAM-1 receptors.
Therefore, due to evidence suggesting a wide range of biologically important properties —

the role of HA in biofabrication techniques has been widely investigated in recent years. The key
approach to incorporate HA with advanced biofabrication techniques and additive manufacturing
has been around the development of hyaluronic acid-based bioink. When it comes to additive
manufacturing-based applications, extrusion-based 3D bioprinting, among other methods, is
prominent due to the ease of technology comprehension. That is why the initial attempts with HA
have been with extrusion bioprinting systems. However, there is a research gap in the use of HA
for other bioprinting modalities. Hence, there is room for further work in this area. Besides using
HA as a sole bioink, HA has seen applications where it has been used as a component of a hybrid
bioink and also as a stand-alone additive material. Considering these, the investigations into the
use of HA in 3D bioprinting can be divided into the following approaches branched into:

1. Hyaluronic acid as an independent bioink

2. Hyaluronic acid as a component of a hybrid bioink

3. Hyaluronic acid as an additive component in bioink

2.1.1 HA as an Independent Bioink

The use of hyaluronic acid in biofabrication techniques as an independent material is seldom
seen. In 2015, Kesti et al. reported an HA-based versatile bioink that enabled photocrosslinking
and thermoresponsiveness through the use of poly(N-isopropylacrylamide) (pNIPAAM) grafted

on the HA molecule. The group integrated PNIPAAM with HA to address the lack of structural
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fidelity with only methacrylated HA and achieved quick crosslinking and long-term mechanical
stability of the printed structures. Furthermore, they reported good cell viability with chondrocytes
once the pNIPAAM was removed from the scaffold post-printing. On the other hand, Burdick and
his group reported the development of a bioink that works on the guest-host principle depending
on the presence of shear-thinning for force [116]. They further investigated the hydrogel for its
rheological property, degradation, and effect In vivo. An application of only methacrylated HA
(MeHA\) for bioprinting is seen in the work by Poldervaart et al. where they utilized 3% MeHA to
bioprint constructs and tested its biocompatibility with mesenchymal stromal cells [117]. They
report cell viability of around 60% after 21 days and mention that the stem cells were able to go
through osteogenic differentiation. The approach utilized UV light for crosslinking the hydrogel
scaffolds and the rheological, physical, and visco-elastic properties of the developed MeHA were
also characterized.

As evident from the discussion above, the use of HA as an independent material for
biofabrication strategies-especially for bioprinting techniques is not widespread because of the
challenges it poses. The poor rate of substitution of methacrylate groups on the HA molecules
makes photocrosslinking a difficult avenue. Moreover, the rheology profile, poor mechanical
properties, and the lack of cell-attachment within the pristine HA scaffold are concerns that need

to be addressed for it to be viable as an independent bioink.

2.1.2 HA as a Hybrid Bioink

Often, HA is used in a blend with other natural or synthetic biomaterials [111]. The use of
protein conjugates is a popular option as it enables cell attachment within the hydrogel matrix.

Moreover, the use of additional polymer or biomaterial can help address the issues with poor
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mechanical properties and photocrosslinking. Gelatin methacryloyl (GelMA) being a popular and
a standalone viable bioink, researchers have often resorted to its use with MeHA [118-123].
Skardal et al. developed methacrylated HA with a degree of substitution of only 5% and used it
with GelMA hydrogel for a two-step bioprinting process[121]. The group printed core-shell
structures and utilized multi-step crosslinking methods to ensure proper crosslinking with UV
lights. The study confirmed biocompatibility with the 3T3 fibroblast cells. O’Connell et al
developed a Biopen which utilizes a GelMA-MeHA hybrid hydrogel for printing [123]. The group
proposed the use of a biopen for freeform bioprinting during surgery and proves the
biocompatibility of the bioink through the use of human adipose stem cells. However, most of
these studies report MeHA with a very poor degree of substitution (DS) and often use HA in a
very small concentration. Without a specific application in consideration, all of these studies report
the crosslinking of MeHA with UV light only. Furthermore, the use of MeHA has also been noticed
with other popular biomaterials like Alginate, Collagen, Cellulose etc. [118,124-126]. Using
MeHA with complementary biomaterials makes it convenient for researchers to overcome some
of the shortcomings that this material poses. As a result, combining it with other substances has

been a popular approach that yielded results that show promise for its use in bioprinting.

2.1.3 HA as an Additive

Besides the aforementioned approaches, the HA has also seen its use as an additive in other
hydrogels to improve physical properties like visco-elasticity, mechanical strength, and
biocompatibility. Synthetic polymers offer very little in terms of biocompatibility when they are
used in bioprinting applications. Therefore, biocompatible materials like HA is often introduced

so that the encapsulated cells thrive within the scaffold. In addition, the application of HA as an
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additive is usually due to its visco-elastic property and its contribution to enhancing the mechano-
physical property [127-130]. For an instance, Mdller et al used synthetic polymer pluronic F127
along with MeHA with DS of only 0.7% to introduce a biophysical cue within the scaffold and
also increase the mechanical stability of the scaffolds [127]. In another study by Skardal et al.,
modified HA was used with thiolated gelatin to act as a visco-elastic agent [128].

The viscosity and mechanical strength offered by HA has long been utilized in the surgical
and cosmetic industry. Therefore, it must also offer new avenues for researchers involved in

developing biofabrication techniques.

2.2 Challenges in Methacrylation of HA

The use of hyaluronic acid as a bioink involves modifying the polysaccharide in some
manner so that it is compatible with existing additive manufacturing processes. Like many other
hydrogel materials used in 3D bioprinting, methacrylation of the hyaluronic acid molecule to
enable photocrosslinking is among the existing approaches. The development of methacrylated
hyaluronic acid (MeHA) has paved the way for using HA as a bioink to produce stable cell-laden
scaffolds using the existing 3D bioprinting methods.

However, compared to the common biomaterials, there is a significant challenge when it
comes to modifying the hyaluronic acid to enable photocrosslinking. Photocrosslinking is often
the primary method for post-printing crosslinking because unlike alginate, enzymatic, or ionic
crosslinking with hyaluronic acid is not feasible. Moreover, photocrosslinking offers freedom and
a wide range of options in terms of printing techniques.

Utilizing methacrylic anhydride as a methacrylating agent with 2% hyaluronic acid,

Kimberly et al. were among the pioneers to develop a stable and characterizable hydrogel with a
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well-defined and reproducible protocol [110]. The protocol involved the reaction of the reagents
at 5°C for 24hrs which resulted in a 14% DS on the carbohydrate molecule. It is important to
understand that the DS is a key factor that dictates photocrosslinking. The greater the DS the easier
it is to crosslink the polymer using a radical generating initiator. It not only defines, how fast the
crosslinking can take place but also affects the crosslinking density and consequently the
mechanical property. When compared, DS reported for MeHA is very low relative to popular
bioinks like GeIMA which go up to 90% and above. As a result, there have been efforts to increase
DS in MeHA to enable better and easier photocrosslinking with MeHA for 3D bioprinting
applications.

For instance, a DS of 5-7% was reported by Poldervaart et al. which dissolved HA overnight
in a 3:2 ratio of reverse osmosis (RO) water and dimethylformamide (DMF) for better dissolution
followed by the addition of 1.5-3x molar equivalent methacrylic anhydride (MA) while
maintaining the pH between 8-9. The synthesis was carried out for 16 hours at 4°C [117]. The
synthesis was performed in similar conditions by Khademhosseini’s group and a 20% DS was
reported which only used DI water with 1% MA for 24 hours at 4°C [122]. Furthermore, Leach et
al. carried out their synthesis at room temperature followed by incubation at 60°C for 1 hour. Their
process involved using Glycidyl Methacrylate (GMA) with Triethylamine (TEA) and
Tetrabutylammonium bromide which was reported to show a DS of 11% [131]. Hatchet et al.
reported a DS of 10-50% with a 3:2 mixing ratio of DMF and ultra-pure water as the solvent. The
methacrylating agent used in this study was methacrylic anhydride and the reaction was carried
out at 4°C for 16 hours.

The mentioned studies and their reported DS with HA show that there is a lack of clear and

stable protocol that can attain the desired level of DS. When utilized in bulk manufacturing
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processes like 3D bioprinting, the development of such a reliable protocol is required. Therefore,

it highlights the challenge that researchers in this area are facing with the methacrylation of HA.

2.3 Synthesis of MeHA
The synthesis of photopolymerizable MethacrylatedHyaluronic acid (MeHA) hydrogel was

done with modification to the protocol reported by Bencherif et al in 2008 [132]. Briefly, 1g of
Hyaluronic acid (HA) sodium salt from Streptococcus equi (Sigma-Aldrich) was measured. In
order to facilitate the dissolution of HA salt, a solvent with a 2:1 ratio of 200 mL phosphate buffer
saline (PBS) and 100 mL dimethylformamide (DMF) was prepared. DMF was added to the PBS
slowly to ensure that there is no phase separation between the two liquids. The solvent was stirred
for 30 minutes at 4°C, the temperature at which the whole synthesis process was carried out.
Afterward, the HA salt was slowly added to the solvent to ensure that no lumps were formed. The
HA salt is left overnight to completely dissolve with continuous stirring at 4°C. After complete
dissolution, the methacrylating agent Glycidyl Methacrylate (GM) was added dropwise (28.462
mL) to the solution in 100-fold molar excess along with 7.26 mL of triethylamine (TEA). The
reagents were left to react at 4°C with continuous stirring for varied time frames — 3 days, 5 days,
and 10 days — to obtain 3 different types of MeHA based on the degree of substitution. Once the
reaction was complete, the solution was transferred to dialysis tubing (12-14 kDa) (Fisher
Scientific, Waltham, MA, USA) and dialyzed against RO water for 3 days. The water was changed
twice every day until completion. The filtered solution was then frozen at -20°C and then
lyophilized to obtain cotton-candy like solid MeHA.

Figure 2.1 (B) illustrates the reaction mechanism that takes place to produce MeHA in

presence of Glycidyl Methacrylate (GM) and Triethylamine (TEA) which is present as a catalyst.

33



As the reaction proceeds, there are two reaction pathways a) reversible transesterification and b)
ring-opening conjugation are known to take place simultaneously resulting in the substitution of
methacrylate groups on the hyaluronic acid molecules [133]. Reaction pathway a, the reversible
transesterification reaction, is only able to substitute the hydroxyl groups on the hyaluronic acid
chain temporarily. The reversible nature of the reaction results in a low permanent substitution
yield. However, reaction pathway b is irreversible in nature and only takes place through the ring-
opening conjugation at the carboxylic acid group site and results in the greatest amount of
permanent substitution compared to a. Therefore, in order to facilitate high DS, reaction pathway
b should be favored. Initially, the rate of reversible transesterification is high which begins to
diminish with time and subsequently reaction b picks up resulting in epoxide ring-opening
conjugation. Since epoxide ring-opening reactions only begin to play a major role after 5 days
hence reactions with less than 5-day duration would yield a very low DS [132]. Additionally,
favorable reaction conditions and solvents can play an important role in the synthesis. Bencherif
et al. reported that low temperature facilitates a high DS due to its effects on the hydrolysis of GM
[132]. The group carried out the reaction at 50°C and 25°C and reported that the lower temperature
had a positive effect in enhancing DS. Considering this and other studies, the synthesis was run at
4°C which is further lower than 25°C expecting to create more optimum reaction conditions for
enhancing DS. Also, the use of DMF as a co-solvent helped to increase the solubility of the HA
sodium salt and GM in the reaction mixture, therefore, ensuring higher reaction efficiency.
Besides the synthesis, post-synthesis filtration and processing should be chosen carefully
considering effectiveness and cost. Therefore, instead of precipitation, a dialysis process was
followed. Rather than the use of large volumes of ethanol or acetone for precipitation, the use of

RO water for dialysis is just as effective in removing toxic remnants.
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Figure 2.4. Methacrylation of Hyaluronic acid (HA) (A) Schematic of a synthesis protocol for the
methacrylation of Hyaluronic acid (HA). (B) Substitution of the methacrylate group takes place by a) Ring-

opening or b) Reversible transesterification.

The developed protocol utilizes the best practices from all the reported studies
reviewed[110,132]. Therefore, it can maximize the utility and result in the highest possible DS.
Moreover, to evaluate the effect of reaction duration on the DS and subsequent properties of
MeHA, three different syntheses were carried with three different synthesis duration (3-day, 5-
day, and 10-day). The synthesis product was denoted by their reaction time, namely 3-day MeHA,
5-day MeHA, and 10-day MeHA. Depending on the duration of the synthesis, the physical,
rheological, and crosslinking properties of MeHA may change and these variants offer the
opportunity to understand these differences in the property. After the synthesis, the physical
appearance of the lyophilized hydrogel and viscosity was also examined. Through these

observations, it was observed that the length of the synthesis had an impact on the appearance of
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the lyophilized hydrogel, dissolution time, and resultant viscosity. Among the three types of
MeHA, 10-day MeHA produced the very light and cotton-candy-like lyophilized hydrogel. It
seemed to be the least dense among the three which had the quickest dissolution time in RO water
and PBS resulting in the least viscous solution. As the reaction time decreased, the corresponding
MeHA seemed denser which took longer to completely dissolve and produced more viscous
solutions. A possible explanation, among many other physical reasons, that led to the reduction of
viscosity is the likely gradual breakdown of the long HA polymer chains with time. Therefore, as
the synthesis duration is increased, shorter polymer chains are obtained due to their gradual
breakdown which results in less viscous solutions.

These physical features of the three types of MeHA developed could have major
consequences in determining their usage. For example, less viscous 10-day MeHA can be more
useful for applications where more hands-on manipulation and dispensing are involved hence
enabling easy transfer of the hydrogel solution with the least shear stress. On the other hand, 3-
day MeHA producing more viscous solutions might be relevant in an application where viscosity
enhancement material or friction-reducing material is required. Hence, the attempt to perform the
reaction at three different durations not only results in a clearer understanding of DS on HA
molecules but also led to the development of three different products that can have diverse

applications.

2.4 Crosslinking Mechanisms for MeHA

The primary goal of substitution of methacrylate groups on the HA molecule is to enable the

capabilities of photocrosslinking so that HA becomes compatible with the current additive
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manufacturing-based biofabrication techniques. Therefore, post-synthesis, the crosslinkability of

the developed MeHA was assessed.

2.4.1 Photocrosslinking

The photoinitiator used for the crosslinking of methacrylated hyaluronic acid (MeHA) was
an EY-based photoinitiator. The base concentration of the reagents were 2 mM eosin Y disodium
salt (Sigma-Aldrich) and 20% w/v triethanolamine (TEOA) (Sigma-Aldrich). 100x concentrated
stock solutions of 2mM EY (0.01384 g/10mL) and 20% w/v TEOA (20g/100mL) were prepared
with phosphate-buffered saline (PBS). The final composition of the bioink comprised of 0.02 mM

eosin Y and 0.2% w/v TEOA.

EosinY
Triethanolamine

MeHA Prepolymer Photocrosslinked
f (' MeHA
6 ()
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- -

Visible Light source Photocrosslinked MeHA

Figure 2.5. Visible light crosslinking of Methacrylated Hyaluronic acid (MeHA) using EY based

photoinitiator

Typically, for 1 mL solution of hydrogel precursor, 10 pl of 100x TEOA and 20 pl of 100x
EY were used. After the preparation of the polymer precursor with the photoinitiator, the precursor

mixture was dispensed into a 24-well plate and exposed to visible light in the DLP-SLA bioprinter.
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Consequently, the polymer precursor completely crosslinked in the shape of a disk after 5 minutes
of exposure to visible light. The crosslinking time for MeHA is dependant on the DS of the MeHA
used. Therefore, 10-day MeHA crosslinked fastest (5-minutes), followed by 5-day MeHA (6-
minutes), and finally, 3-day MeHA (8-minutes) would take the longest due to the least DS on the
HA molecule. The most visible difference between MeHA and other existing crosslinked
biomaterials is that MeHA produces completely clear and optically transparent hydrogel. This
property can be a key differentiator when MeHA is being compared to others because it would
facilitate examination by optical microscopy and prove valuable in applications demanding

optically transparent materials like corneal tissue engineering.

2.4.2 Thermal Crosslinking

The initiator used to induce thermal crosslinking of methacrylated hyaluronic acid (MeHA)
was 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride, more commonly known as VA-
044 (FUJIFILM, Wako Pure Chemical Corporation). The base concentration of the initiator used
was 100 mM of VA-044 prepared with phosphate-buffered saline (PBS). For instance, around 4
% wi/v solution of MeHA was prepared with 485 pl of PBS, and 15 pl of 100 mM V-044 was
added to the solution to obtain a final concentration of 30 mM of VVA-044. The entire solution was
vortexed for homogeneous mixing, and then it was left at 37°C in a water bath for 30 minutes.

After the incubation time, the hydrogel completely crosslinked, as shown in Figure 2.3
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Figure 2.6. Thermal crosslinking of MeHA using VA-044

The thermal crosslinking capabilities could enhance several things and open new possibilities
for MeHA. It can be utilized in a hybrid crosslinking mechanism. For an instance, if a 3D
bioprinting technique like DLP-SLA is considered, then it can greatly help in crosslinking any
remaining un-crosslinked remnant after printing during incubation without causing over
crosslinking or change of the desired shape. Therefore, not only the mechanical strength of the
printed scaffold will be enhanced but the degradation is also slowed down significantly. Moreover,
as the half-life of VA-044 is not more than 10 hours, therefore, it would be removed from the
scaffold within 24 hours of incubation. Since the crosslinking is able to take place at 37°C hence
it also opens the possibilities of using MeHA and crosslinking them In vivo.

The studies conducted in the next portions of the thesis, do not utilize thermal crosslinking
or implement the dual-crosslinking characteristics of MeHA. This has been conducted as a proof

of concept and keeping future applications of MeHA in mind.

2.5 Chapter Summary
In chapter 2, hyaluronic acid as a biomaterial is elucidated. A review of the literature on the

existing studies using hyaluronic acid and its application in additive manufacturing-based

39



biofabrication techniques is performed. Afterward, the developed synthesis protocol for the
development of methacrylated hyaluronic (MeHA) acid is discussed. The rationale behind the
choice of reaction conditions and duration is objectively evaluated. Eventually, a difference
between the three types of MeHA developed is established with preliminary observations. Finally,

the developed hydrogel is tested for its crosslinkability using visible light and temperature.
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Chapter 3: Characterization of MeHA Bioink

The synthesis protocol described in Chapter 2 resulting in three types of MeHA, namely 3-
day MeHA, 5-day MeHA, and 10-day MeHA, are different in characteristics by virtue of their
duration of synthesis and DS. Chapter 3 describes the techniques used to characterize the three
types of MeHA developed. To do so, the DS, mechanical properties, and biocompatibility are
evaluated. These results would help provide insights into understanding the properties of MeHA
and its variants. Hence, it could shed light on how each variant of MeHA can have a requirement

specific application.

3.1 Substitution of Methacrylate Group on HA Molecules
As discussed in Chapter 2, the substitution of the methacrylate group on the HA molecule is

key to enabling photocrosslinking. The amount of successful substitution of methacrylate groups
on the HA molecule determines the degree of substitution (DS). The most common technique to

find out the DS is to examine the molecular structure of the product through NMR spectroscopy.

3.1.1 H NMR Analysis
The DS of methacrylate groups on the hyaluronic acid molecule was examined by using H!

NMR analysis. First, 3% prepolymer solutions of MeHA (3-day, 5-day, 10-day) were prepared
using Deuterium Oxide (D20) and dissolved overnight to ensure complete dissolution. The
prepolymer solutions were then transferred into NMR tubes and tested with Varian MercuryPlus
400 MHz NMR spectrometer (Varian, Inc., Palo Alto, CA, USA). All tests were run at normal
room temperature and pressure, at a 15Hz sample spinning, 1s relaxation delay, 45° tip angle, and

for 64 scans. Finally, the NMR spectra obtained were analyzed to find the number of methacryloyl
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groups per HA repeating unit. The methacryloyl peaks located at 6.1 ppm, 5.6 ppm, and 1.85 ppm
were compared through relative peak integration with 1.9 ppm HA’s methyl proton peak [132].
The DS is calculated from the ratio of the relative peak integration of the HA’s methyl proton with

the methyl proton.
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Figure 3.7. (A) NMR spectra for synthesized 3-day MeHA, 5-day MeHA, and 10-day MeHA.(B)

Quantitative representation of DS obtained from the samples

The NMR spectra retrieved from the scans were analyzed and the data was used to calculate
the DS. As discussed earlier, it is known that the epoxide ring-opening reaction pathway results in
the permanent substitution of methacrylate groups on the HA molecule. Since reaction pathway b
(See Figure 2.1 (B)) only starts to pick up after day 5 hence it can be expected that 3-day and 5-
day MeHA would have low DS compared to 10-day MeHA. However, it would also be beneficial
to understand if the use of DMF as a co-solvent and 4°C temperature can enhance the DS before
day 6. After analysis of the NMR spectra obtained, this hypothesis was confirmed and enhanced

DS was observed for all the synthesis. The relative integration of the HA methyl proton peak at
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1.9ppm, when compared to methacryloyl peaks at 6.1 ppm, 5.6 ppm and 1.85 ppm, gave a DS of

32%, 42%, and 88% for 3-day MeHA, 5-day MeHA, and 10-day MeHA. These results show that

the duration of the synthesis had a clear effect on the DS.

Table 3.1. Previously reported DS on MeHA

Reaction conditions Degree of Substitution Reference
24 hours on ice 7% [134]
24 hours at RTP 11% [131]
24 hours at 4°C 20% [122]
48 hours at 50°C 30% [135]

Table 3.1 shows some of the studies which also report the methacrylation of hyaluronic acid.
It highlights some of the reaction conditions for synthesis and their corresponding DS. Considering
these reported data, a clear difference is established between the developed protocol and the
previously reported studies. The minimum DS of 32% acquired with 3-day MeHA is greater than
any of the reported DS in Table 3.1. The 2% difference in DS with 3-day MeHA compared to the
30% DS reported through a 2-day in Table 3.1 shows that there is a very small scope of
enhancement before day 5 which validates the reaction mechanism. Subsequently, the 5-day
MeHA shows a 31.25% increase in DS when compared to 3-day MeHA. It shows that post day 3
and even at day 5 major improvement awaits. Finally, the DS of 88% in 10-day MeHA is an
incredible enhancement on the DS compared to the other two types of MeHA developed and the
previously reported studies. It is among the highest reported DS achieved with MeHA. Therefore,
the NMR analysis is able to make a clear distinction between the three types of MeHA developed

based on their DS. Moreover, by looking at the DS and the corresponding reaction length, clear
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conjunction between the length of synthesis and DS is established and the explanation of the
reaction mechanism is validated.

This correlation between the duration of synthesis and the DS is not only a validation of the
reaction mechanism but it is also an indication that this protocol is tunable per requirement.
Meaning, based on the need for DS, optimum reaction time can be selected. If a high DS is not
required for a specific application then it would be unnecessary to run the synthesis for a long time.
However, since the rheological property is also linked to the length of synthesis, as discussed in
Chapter 2.3, there would be a trade-off between the DS and viscosity. It would be unlikely to have
a MeHA with high viscosity and high DS as things stand. Thereby, these finding would provide

researchers an opportunity to opt for an optimum length and rheological property as deemed fit.

3.2 Mechanical Strength

The mechanical properties of the hydrogels were assessed by measuring the compressive
modulus of the crosslinked hydrogels which reflects the mechanical stiffness through the Hertz
contact mechanics model. In this type of indentation mechanical test, a probe is brought in contact
with the hydrogel which performs a small indentation on the surface of the hydrogel and then
retracts back. It is a local compressive test that requires a very small area and amount of material

hence it is cost-effective and convenient [136].

3.2.1 Compressive Modulus

The probe used for the mechanical tests is custom made into a flat-ended rigid cylinder with
an elastic half-space. In order to prepare samples, 2mL solution of the hydrogel precursor was

prepared as described in Chapter 2.4.1 and transferred in a small petri-dish which resulted in a
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2mm thick layer of hydrogel solution. The precursor was then crosslinked with visible light in 30
minutes due to the large volume used using the SLA bioprinting. The crosslinked hydrogel samples
were then submerged in PBS for 24 hours and kept at a 37°C incubator to ensure that they were
completely swollen. Afterward, a vertical axis micromechanical testing machine (Mach-1 v500c,
Biomomentum Inc., Montreal, QC, Canada) along with a flat-cylindrical probe was used to
measure and record the force vs displacement plots. Approximately, 10% strain was put on the
hydrogel surface to obtain the plots and the linear region was selected to calculate the slope.

Finally, the compressive modulus (E) was calculated using the following formula:

_mx (1-v?)

E = B a— (D

Here, E is denoted as the compressive modulus, m is the slope obtained from the force-
displace plot, r is the radius of the probe and v is the Poisson’s ratio (0.5 for MeHA and GelMA
hydrogel).

The data collected and presented for the mechanical tests are presented as mean + standard
deviation. All further statistical analysis was performed by using MATLAB ™ (Mathworks,
Natick, MA, USA). The significance comparison test was carried out here and later in the thesis
was done using a one-way analysis of variance using Tukey’s multiple comparison test. The
resulting difference were significant at p < 0.05 with the significance levels as following — non

significant (ns) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
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Figure 3.8. Mechanical Properties of MeHA (A) Compressive modulus of the three different types of MeHA
hydrogel (B) Crosslinked 3-day MeHA hydrogel samples used for mechanical tests (n = 10; * p

< 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

The DS is one of the most significant metrics when it comes to evaluating methacrylated
hydrogels because it often becomes a differentiating factor. The synthesis protocol resulted in a
different DS on each type of MeHA. Here, with the mechanical tests, it would be possible to
discern how that plays a role in determining the mechanical stiffness of the hydrogel. DS is key to
crosslinkability and thereby determines the time needed to crosslink, the crosslinking density, and
consequently the mechanical property. A high DS is expected to have high mechanical stiffness
with a short crosslinking time and vice versa. The compressive modulus of the three types of
MeHA is able to reflect the importance and influence of DS on the mechanical property.

The data from the mechanical tests show that the 3-day MeHA has a compressive modulus
of approximately 1.64 kPa which only increases to around 1.77 kPa in the 5-day MeHA. This
reflects that a 10% change in DS from 3-day MeHA to 5-day MeHA is only able to increase the

mechanical stiffness of the hydrogel by 8%. It shows that major changes in structural integrity and
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mechanical property cannot be expected with a small change in synthesis duration. Therefore, it
can also be inferred that with lower than 32% DS, the mechanical stiffness of MeHA would be
extremely low hence its use with 3D bioprinting techniques will be increasingly problematic.
However, the 10-day MeHA shows promise. It has exhibited a compressive modulus of 2.44 kPa
which is an almost 50% increase in mechanical stiffness when compared to 3-day MeHA. This
significant increase again points out to the importance of achieving a high DS. Due to the high DS,
there is at least twice as much increase in the crosslinking density in 10-day MeHA hence the
enhancement in the mechanical stiffness. Table 3.1 helps summarize the relationship between DS,

viscosity, and mechanical property achieved in the three types of MeHA.

Table 3.2. Summary of properties of MeHA based on DS, Viscosity, and Compressive Modulus.

Moderate

Viscosity Low Viscosity

High Viscosity

High
High DS - - 10-day MeHA Compressive
Modulus

Moderate
Moderate DS - 5-day MeHA - Compressive
Modulus

Low Compressive

Low DS 3-day MeHA - - Modulus

3.3 Biocompatibility
The MeHA hydrogel developed through the proposed protocol was intended to be used for

tissue engineering and 3D bioprinting. That would not be possible if the material developed is

cytotoxic and un-inhabitable by the cells. The primary way to assess the biocompatibility of
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hydrogels to be used in tissue engineering or as a bioink is to encapsulate them within the 3D

hydrogel scaffold and assess their viability, growth, and proliferation.

3.3.1 Cell Culture and Encapsulation

Cells used during all the experiments include NIH-3T3 fibroblasts cell lines that were
cultured at 37°C and 5% CO> atmosphere. The cell supplementary media used was Dulbecco’s
modified Eagle’s medium (Lonza, Basel, Switzerland) along with 10% v/v heat-inactivated fetal
bovine serum (Thermo Fisher Scientific, Waltham, MA), and 1% v/v penicillin-streptomycin
(Sigma-Aldrich). The cells were cultured in T75 cell culture flasks (VWR International) and were
only used when they were 85-90% confluent.

To characterize the cell viability, cells were encapsulated within the hydrogel scaffold and
cultured over 7 days. Hydrogel prepolymer solution of 2% (w/v) 3-day, 5-day, and 10-day MeHA
was prepared with EY and TEOA. For instance, a 1mL prepolymer solution of 2% (w/v) 10-day
MeHA was prepared by dissolving 0.02g of MeHA in 870 pl of Dulbecco’s Sterile PBS (Lonza,
Basel, Switzerland) overnight. Once completely dissolved, 10 pl of 100x TEOA (20% wi/v) and
20 pl 100x EY (1mM) were added followed by the addition of approximately 3x108 cells dispersed
in 100 pl PBS. The final prepolymer mixture was pipetted in a 96-well-plate with around 90 pl of
the solution in each well. Finally, the cell-laden prepolymer solution was crosslinked through
exposure to visible light with help of the DLP-SLA bioprinting system for 5 minutes.
Subsequently, the crosslinked cylindrical disks were transferred from the well-plate to a petri-dish,
washed with PBS followed by the addition of 5 mL fresh media and incubated at 37 °C and 5%

COo.. Figure 3.3 illustrates the schematic of the entire cell encapsulation process.
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Figure 3.9. Schematic for cell encapsulation strategy using visible light crosslinking.

Once the cells were encapsulated within the hydrogel scaffold, they were then examined for
their viability, proliferation, and morphology at days 1, 5, and 7. The cylindrical hydrogel disks
were stained with a live/dead assay (Biotium, Hayward, CA), examined, and imaged under a
microscope. For each sample at a specific concentration, at least 3 cylindrical disks were analyzed
for each day. Briefly, the cylindrical disks were transferred to a 24 well-plate, wash twice with
PBS, and incubated with PBS for 15 minutes. Afterward, 500 ul of live/dead assay stock solution
prepared with 2mL sterile PBS, 4 pl EthD-I11 dye in DMSO/H20, and 1 ul Calcein AM dye in
DMSO, was pipetted into the well-plate with the disks and incubated further for 30 minutes.
Finally, the samples were examined under an inverted fluorescence microscope (Axio Observer 7,
Carl Zeiss Canada Ltd., ON, Canada). A 10x objective lens was used along with the two
fluorescent channels (EGFP and mCherry) to capture Z-stacked cross-sectional images of the
samples (see Figures 3.4). For simplicity, the EGFP and mCherry channels are referred to as green
and red channels respectively.

In order to quantitatively measure the cell viability, the fluorescent images captured with the
microscope were processed with ImageJ. First, separate images from each channel (green and red)

were exported and converted into an 8-bit gray format. Then the number of live cells was obtained
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through image processing using the cell nucleus counter function from the green channel image
and recorded. Similarly, the red channel image was used to account for the number of dead cells.

Finally, the cell viability was quantified by using the following expression:

number of live cells(green)

(2)

cell viability = number of live cells(green) + number of dead cells(red)

3-day MeHA 5-day MeHA 10-day MeHA

Day1

Day 5

Day 7

[ Livecel [l Deadcelinucleus [ Overlapping live/dead cells

Figure 3.10. A pictomicrograph of encapsulated 3T3 fibroblasts in 3-day, 5-day, and 10-day MeHA
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Figure 3.11. Quantitative cell viability of encapsulated 3T3 fibroblasts in 3-day MeHA, 5-day MeHA, and

10-day MeHA.

Cell encapsulation experiments were performed on all three types of MeHA to test for their
biocompatibility. The biocompatibility of the hydrogels has to be maintained and should not be
affected by any change in other properties as it is uncompromisable. After culturing the
encapsulated cells for 7 days, it was observed that all three types of MeHA developed were
biocompatible. The cell viability consistently remained above 85% across all samples throughout
the 7 days. However, unlike other hydrogels, no change in shape or morphology is observed in any

of the samples. This can be attributed to the non-cell-adhesive nature of the HA hydrogel.

3.3.1 Non-cell-adhesive MeHA — a Major Limitation

The primary aim of developing a bioink is to enable the printing of scaffolds for cells wherein
they are free to remain and proliferate. Hence, a key criterion for designing bioink is to choose a
biocompatible material. Hyaluronic acid is a biocompatible material with no cytotoxic impact on
the cells [115]. Moreover, it is known to have bioactive properties and helps with the expression
of certain phenotypes in specialized cells. The cell encapsulation study above shows that 3T3

fibroblasts encapsulated in the MeHA scaffold remained viable in the scaffold beyond 7 days
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which proves that it is a biocompatible material. However, it was noticed that although the cells
remain alive and viable, they do not show any proliferation or change in morphology. Cells within
a scaffold are to remain viable but they are also supposed to adhere to the hydrogel matrix,
elongate, and proliferate. This is not the case with MeHA hydrogels. As seen through the live/dead
assay images, the cell retained the shape of their nuclei and remained unattached to the scaffold.
They were seen to remain in clusters and no attachment was noticed even after 7 days. This trend
noticed in MeHA is due to its non-cell-adhesive nature [122,137]. The MeHA polymer chains lack
the presence of cell-adhesive motifs. Cells tend to interact with relatively positively charged amine
groups and attach through protein-integrin interactions. Therefore, due to the lack of cell-adhesive
motifs, it is not possible for cells to attach to the hydrogel matrix and proliferate. This is one of the
most important reasons why the use of MeHA is often seen in combination with other cell-
attachable motifs or biomaterials. This is a major limitation for the developed methacrylated

hyaluronic acid-based hydrogel that needs to be addressed.

3.4 Chapter Summary
In Chapter 3, the developed 3-day, 5-day, and 10-day MeHA is characterized and evaluated.

The effect of the duration of the synthesis is confirmed through the NMR analysis which validates
the reaction mechanism. Furthermore, the compressive modulus of the three types of MeHA
reflects the importance of DS in developing a mechanically stiff scaffold. Through the evaluation
of the DS, viscosity, and mechanical property, a clear picture is painted which would help
researchers optimize the proposed synthesis protocol per their need. Finally, the biocompatibility
study reveals that although all types of MeHA synthesized were biocompatible, however, due to

the lack of cell-adhesive motifs cells do not proliferate within the hydrogel scaffold.
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Chapter 4: Cell-attachable GelMA-MeHA Hybrid Bioink

Chapter 4 introduces the use of the well-known photocrosslinkable biomaterial Gelatin
methacryloyl (GelMA) with MeHA. GelMA as a hybrid component in the MeHA bioink can
introduce cell-adhesive properties in the hydrogel matrix. In addition to the cell-adhesive
properties, the use of GeIMA can enable enhanced 3D bioprinting with MeHA through its
advantageous properties. Therefore, the hybrid GeIMA-HA hydrogel is further characterized in

terms of its mechanical properties, surface microarchitecture, and biocompatibility.

4.1 Synthesis of Gelatin Methacryloyl (GelMA)
The synthesis of Gelatin methacryloyl (GelMA) was done by following the protocol reported

in Kumar et al [138]. In short, 5 g of powdered gelatin from porcine skin (Type A, Bloom strength
300, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 50 mL of reverse osmosis purified
(RO) water. The gelatin was allowed to completely dissolve in the solvent and the pH of the
solution was adjusted to 9 by using sodium hydroxide (NaOH). Following the pH adjustment, 9
mL of glycidyl methacrylate (GM) (Sigma-Aldrich) was added dropwise to the gelatin solution.
Then the solution was kept at 50°C with constant stirring at 500 RPM for 12 hours. Once the
reaction was complete, the solution was diluted with 50mL of RO water, transferred to dialysis
tubing (12-14 kDa) (Fisher Scientific, Waltham, MA, USA) and dialyzed against RO water for 3
days. It was ensured that the water was changed twice every day until completion. After the
completion of dialysis, the filtered solution was then frozen at -20°C and then lyophilized to obtain
foamy solid GelMA. The final GelMA product was then stored at -20°C for future use. The
schematic below shows the reaction taking place during the GelIMA synthesis reaction. In one

reaction pathway, the hydrolysis of Glycidyl Methacrylate (GM) takes place which can be
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substituted and grafted on the gelatin chain through replacement of a) primary amine groups and
b) hydroxyl group. However, in another pathway, the GM can undergo an epoxide-ring opening

hence result in the substitution of ¢) hydroxyl groups and d) primary amine groups.

NH,

OH YLO/W

Glycidyl Methacrylate

OH
Solvent: RO
NH, Temperature: 50 °C
Duration: 12 hr
NH, pH: 9
< |
Gelatin Gelatin Methacryloyl

(GelMA)

Figure 4.12. Schematic for the reaction mechanism of GeIMA with possible outcomes of substitution

reactions is annotated by (A), (B), (C), and (D). (Adopted from [138])

The DS for the GelMA synthesized with the protocol suggested above was then analyzed
with *H NMR. The NMR spectra obtained show the methacrylate vinyl group at 6-6.2 ppm and
5.6-5.8 ppm and the GM methyl at 1.8 ppm. These groups being present on the spectra proves that
substitution has taken place. To calculate the DS, the decrease in the signal of primary amines at
2.8 — 2.95 ppm were compared with phenylalanine at 7.0-7.5 ppm. The relative integration of the
peaks revealed a DS of 90% with the GeIMA [138]. The high DS, along with a very low viscosity

adds great value to the hybrid bioink. As a result of the high DS, a noteworthy contribution in the
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mechanical strength and crosslinkability can be expected without barely affecting the net viscosity

of the hybrid bioink.

4.2 Preparation of GelIMA-MeHA Hybrid Bioink

To investigate the influence of GelMA hydrogel to enable cell attachment within the
hydrogel matrix of MeHA, different combinations of the hybrid hydrogel was prepared and
examined. GelMA as a component of the hybrid bioink promises more than only cell attachment.
It can be expected to impact the mechanical strength, pore microarchitecture, and swelling
characteristics. Keeping these into consideration, the proportion of GelMA was varied while
keeping the MeHA constant. One-fold, two-fold, and three-fold GeIMA was combined with 2%
MeHA and examined. The following table shows the different proportions of the hydrogel used

during the experiment.

Table 4.3. GeIMA-MeHA hybrid bioink preparation and experiment plan.

3-day MeHA 5-day MeHA 10-day MeHA

Group 1 2% GelMA 2% MeHA 2% GelMA 2% MeHA 2% GelMA 2% MeHA

(2G 2HA) (2G 2HAs) (2G 2HA1)
Group 2 4% GelMA 2% MeHA 4% GelMA 2% MeHA 4% GelMA 2% MeHA

(4G 2HA) (4G 2HAs) (4G 2HA1)
Group 3 6% GelMA 2% MeHA 6% GelMA 2% MeHA 6% GelMA 2% MeHA

(6G 2HA3) (6G 2HA:s) (6G 2HA10)
Control 2% MeHA (2HA:3) 2% MeHA (2HA:s) 2% MeHA (2HA10)

The hybrid hydrogels were prepared very similarly to the preparation as described in Chapter
2.4.1. Briefly, a 1 mL precursor solution of (6G 2HA)¥ was prepared by dissolving 0.06 gm

55



GelMA and 0.02 gm MeHA in 970 ul PBS. The solution was then vortexed overnight to
completely dissolve and finally, 10 pl of 100x TEOA (20% w/v) and 20 ul of 100x EY (1ImM)
were added for visible light crosslinking. If the hydrogels were used in the experiment with cells,
then it was dissolved in 870 ul of PBS, and cells were added as a dispersion in 100 ul PBS to
ensure the concentration remains unchanged.

Previous studies have well elucidated the characteristics of GelMA, therefore it was not the
focus of the thesis. The biocompatibility studies were performed with all three types of MeHA
produced. However, since 10-day MeHA exhibits the best mechanical properties hence
compressive modulus, swelling characteristics, and pore microarchitecture of the hybrid bioink

were only examined with 10-day MeHA.

4.3 Characterization of GelMA-MeHA Hybrid Bioink
In order to examine the mechanical properties of the GelIMA-MeHA hybrid hydrogels. The

crosslinked hydrogel samples were used to measure the compressive modulus using the Hertz
contact mechanics model as described in Chapter 3.2.1. It was expected that due to the introduction
of GelMA with the MeHA hydrogel, the mechanical strength, and structural integrity would be
improved. GelMA has always been reported to have significantly higher DS and compressive

modulus in comparison to MeHA [122].

4.3.1 Mechanical Strength
The results from the compressive modulus tests with the GeMA-HA hybrid hydrogel show

significant improvement as shown in Figure 4.2. The compressive modulus of 10-day MeHA was

only about 2.44 kPa (See Chapter 3.2.1, Figure 3.2) which had almost doubled to 4.8 kPa due to
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the addition of just 2% GelMA. Moreover, an increasing trend is noticed as the concentration of
GelMA increases. With the use of 6% GelMA, the compressive modulus reached a maximum of
10.8 kPa. This shows that the introduction of GelMA greatly enhances the mechanical stiffness of
the hydrogel. Moreover, since the stiffness of the hydrogel substrate is often key to cell behavior
including cell attachment, morphology, and phenotype expression, therefore this improvement can
be a decisive factor in the hybrid bioink [139]. The enhancement of mechanical strength should
not only be attributed to GeIMA. It is a result of combined contributions from MeHA and GelMA.
Studies report that 6% pristine GelMA to have a compressive modulus of around 6.6 kPa [80]. The
GelMA-HA hybrid hydrogel exhibits an increase of almost 55% to this reported value. The
statistical comparison between the 4 samples examined portrays that the difference in the
mechanical property of the samples is significant with the confidence of p < 0.0001. It can be
attributed to the greater crosslinking density inside the scaffold due to the availability of more
polymer chains and methacrylate groups [140]. Since two different types of methacrylated
hydrogels are used, this means that there is a greater number of sites for the free radicals to attack
and bind resulting in greater crosslinking density. In addition to that, there is an influence due to
inter-species attraction and bonding between two polymer types as well.

This enhancement of the mechanical stiffness of the GeIMA-HA hybrid hydrogel is the
combined synergistic contribution of both. It shows that when combined they can make a
noteworthy enhancement to each other’s properties. Hence, together, they are an effective tissue

engineering tool.
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Figure 4.13. Mechanical properties of GelIMA-MeHA hybrid hydrogel. (A) Compressive modulus of a
different combination of GelIMA-MeHA hybrid hydrogel. (n = 10; * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001). (B) Crosslinked hybrid hydrogel samples used for mechanical tests. (C) Testing

compressive modulus of samples using vertical axis mechanical tester.

4.3.2 Swelling Ratio

Measuring the swelling ratio of the crosslinked hydrogel samples helps to understand the
relative degree of crosslinking and the water uptake capability. To describe the procedure briefly,
prepolymer solutions were prepared as described in Chapter 2.4.1 and poured into a 24-well plate.
Approximately 0.5 mL precursor solution was used for a single sample and crosslinked under
visible light using the DLP-SLA 3D bioprinter. Subsequently, the crosslinked hydrogels were
immersed in PBS and kept in a 37°C incubator for 24 hours. Once fully hydrated, each sample’s
hydrated weight was recorded. Afterward, they were frozen in a -20°C freezer and lyophilized for
2 days before their dry weight was measured again. Finally, the following equation was used to

calculate the swelling ratio:
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Figure 4.14. Mass swelling ratio and surface microstructure of GelIMA-MeHA Hybrid hydrogel. (A) Mass
swelling ratio of all combinations of GelMA-MeHA hybrid hydrogel. (n = 5) (B) Scanning Electron

Microscopy (SEM) images illustrating the porous microstructure of GelMA-MeHA hybrid hydrogel.

The ability to retain water within the hydrogel matrix is an important criterion for its use in
tissue engineering applications. Hydrogels enable the mimicking of the native environment
through its ability to hold water and adsorb several proteins in the process. However, water
retention ability comes with a tradeoff — the stiffness of the hydrogel matrix. Stiffer hydrogels are
not able to hold more water; therefore, the swelling ratio is expected to have an opposite trend
compared to the compressive modulus results. Figure 4.3A shows that the results from the swelling

ratio are as expected. The (2HA)10 samples have the highest swelling ratio. Its hydrated weight is
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40 times more compared to its dehydrated weight. The water retention capability decreases as the
hydrogel becomes stiffer hence (6G 2HA)10 samples show 3/8" of the water retention capacity

compared to (2HA)10.

4.3.3 Microstructure Architecture

To investigate the surface microstructure of the GeIMA and MeHA hydrogel, scanning
electron microscopy (SEM) was used. For this characterization, 2 mL hydrogel precursor was
prepared for each hydrogel group at defined concentrations as described in section 4.2, crosslinked
with visible light, and hydrated with PBS in the 37°C incubator for 24 hours. Subsequently, they
were frozen in a -20°C freezer and lyophilized for 2 days. The lyophilized samples were then
sputter-coated with Pt/Pd alloy (80% Pt and 20% Pd) and imaged using the SEM (Mira3 XMU,
TESCAN, Brno, Czech Republic).

Figure 4.3B shows the pore microstructure of the 10-day MeHA hydrogel samples and the
GelMA-HA hybrid hydrogel samples. The SEM images are a good way to investigate the surface
characteristics and porosity of a hydrogel. It is vital because porosity can be linked to several
important factors including cell growth, hydrogel matrix stiffness, and is also known to affect the
diffusion of substances within the hydrogel matrix [141]. Although different cell types have varied
requirements for optimum cell growth and proliferation, some reports suggest that stiffer hydrogel
matrices with larger pore sizes lead to better cell proliferation [142]. Previous studies report typical
pore diameter of around 100-150um for GelMA and pore diameter of around 150 um is also
reported in studies for HA [143,144].

Observations show that 2% MeHA hydrogel pores do not have a very definitive shape. The

boundaries are not definitive with no or less clear distinctions. It can also be representative of the
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fact that its mechanical properties are significantly low compared to GeIMA. However, as GeIMA
is introduced as a component with MeHA, changes in the definition of the pores are observed.
Only with the introduction of 2% GelMA to the 2% MeHA, the pore structure starts to become
more definitive which is further enhanced with the introduction of 4% and 6% GelMA. The sample
with 6% GelMA shows a pore that is most definitive with clear boundaries and can be attributed
to its mechanical strength as well. Moreover, this definitiveness of the pore and the resulting
stiffness of GelMA can also be one of the reasons why it provides a better environment for cell
attachment. Surface stiffness affects different cells in different ways and fibroblast cells are more
likely to spread on surfaces with higher stiffness [139]. These microstructure images provide a
clear idea of the changes taking place within the hydrogel matrix at the microscale due to the
addition of GelMA. These images were not used to calculate the pore size of the hydrogel because
lyophilization is known to affect the pore geometry hence only previously reported data is utilized

as a measurement metric.

4.3.4 Biocompatibility

In order to assess and evaluate the biocompatibility of the hybrid hydrogel, cell encapsulation
experiments were performed with all combinations in Table 4.1. As described in Chapter 3.3, the
live and dead assay was performed on days 1, 5, and 7 and finally, the cell viability was calculated.
Besides, to investigate the cell attachment and cell morphology, the encapsulated samples were
stained with Phalloidin (Cytoskeleton, Denver, CO, USA) and 4’,6-diamidino-2-phenylindole
(DAPI) (FluoroshieldTM with DAPI, Sigma-Aldrich) for cytoskeleton and nuclei staining
respectively after 14 days of culture. Briefly, the cylindrical hydrogel samples were washed with

PBS and transferred to a 24-well plate. 500 pl of 3.7% (v/v) paraformaldehyde was added for 30
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minutes to fix the cells. Subsequently, 500ul of 0.5% (v/v) Triton X-100 in PBS(Sigma-Aldrich)
was added for 10 minutes to make the cell membrane permeable. Next, 500 pl of 200nM phalloidin
488 stock solution was added to the samples and incubated at 37°C for 60 minutes. Next, the
samples were washed thrice with PBS before adding 500ul DAPI stock solution for 10 minutes.
Finally, the samples were imaged with a 10x and 20x objective lenses in an inverted fluorescence
microscope with DAPI and EGFP channels in Z-stack mode.

Figure 4.4 shows the encapsulated hydrogel samples just before the preparation of
cytoskeleton and nuclei staining. It is noteworthy to observe the shape fidelity of the hydrogels
with varying GelMA concentration. Samples with high GelMA content are able to retain their

shape better compared to other samples.

6% GelMA 2% MeHA

2% GelMA 2% MeHA 2% MeHA

)

Figure 4.15. GeIMA-MeHA hybrid hydrogels with 3T3 fibroblast cells encapsulated in culture
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Figure 4.16. Photomicrograph of encapsulated 3T3 fibroblasts in GeIMA-MeHA hybrid hydrogel. Green

represents the cell bodies of the live cells.

100 4 100 -~ 100 "
— 80 1 — 80 4 — 80
) ® £
Z 60 4 2 60 1 Z 60
o = =
[} ] @
> 40 4 > 40 S 40
38 3 3
20 1 20 4 20
0 0
0G2HA 2G2HA 4G2HA 6G2HA 0G 2HA 2G2HA 4G 2HA 6G 2HA 0G2HA 2G2HA 4G2HA 6G2HA
mDay 1 @Day5 @Day7 mDay 1 @Day5 @Day7 mDay 1 @Day5 @Day7
3-day MeHA 5-day MeHA 10-day MeHA

Figure 4.17. Cell viability of encapsulated 3T3 fibroblasts in GelIMA-MeHA hybrid hydrogel with (A) 3-

day MeHA (B) 5-MeHA and (C) 10-MeHA

The cell studies with 3 different types of MeHA combined with GelMA show that all the
tested samples were biocompatible. The cells encapsulated in all the variants remained alive and

viable throughout 7 days and up to 2 months (data not shown). During the 7 days, the cell survival
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rate remained about 85% for all samples and noticeable cellular attachment and elongation were
evident. Although live and dead assay is not the standard for illustrating cell attachment, it can
reflect when the cell morphology changes significantly. From day 5 onwards, cell elongation is
noticeable which becomes more evident on day 7. It can also be noticed that the samples with more
GelMA had more changes in cell morphology. The increased concentration of GeIMA within the
hydrogel matrix results in the availability of more cell-binding amine groups along the whole
polymer chain. Therefore, in samples with higher GeIMA concentration, the cell starts to attach
and change their morphology rapidly [76]. The encapsulated cells were continued to be cultured
for over 2 months to observe the cell attachment and morphology. As time passed, the degradation
of the samples was noticed. Due to its poor mechanical stiffness, 3-day MeHA and its hybrid
samples lost its shape fidelity fastest compared to the others. On the other hand, 10-day MeHA

samples performed significantly better and retained their shape most successfully.

(A) 2% GelMA 2 MeHA (B) 4% GelMA 2% MeHA (C) 6% GelMA 2% MeHA

Figure 4.18. Fluorescent images of various portions of 3D encapsulated samples showing cell morphology

after 14 days of culture with F-actin (green: Phalloidin) and nuclei staining (blue: DAPI)

4.4 DLP-SLA 3D Bioprinting
The development of the hybrid bioink is carried out so that it maybe be used to bioprint

scaffolds for applications in biofabrication techniques. Therefore, it is the amalgamation of the
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efforts made in the previous chapters. Although there has been some application of extrusion-
based bioprinting with MeHA, however, DLP-SLA-based 3D bioprinting, to our knowledge, is the

first of its kind.

4.4.1 DLP-SLA Bioprinting System

One of the strongest aspects of the bioprinting system used in this thesis is that it can be
assembled just by using off-the-shelf components without the need for much modification. The
key component utilized is a projector. It consists of a micromirror array that is made by
microfabrication and is referred to as the Digital Micromirror Device (DMD). Each micromirror
on the DMD is essentially a pixel that reflects the light from the illumination source onto the
projection plane. It can control the intensity of the pixel through a change in the angle of the
micromirror, therefore, resulting in pixels with different intensity. Figure 4.8 (B) illustrates the
mechanism of how pixel intensity is varied by the DMD. The black area represents the low-
intensity pixel whereas the green area is the high-intensity pixel. The projected light passes through
the lens used by the project, through the water filter system on to the vat containing the hydrogel.
As elucidated earlier, the water filter system eradicates the harmful aspects of the projected beam
after which the high light intensity areas of the hydrogel vat are crosslinked due to the reaction
triggered by the photo-initiator present. The introduction of the high-intensity light onto the
hydrogel vat starts a chain reaction, which results in the production of free-radicals; hence it is
photopolymerized, unlike the areas without high-intensity light exposure. Therefore, with the
utilization of an off-the-shelf project system, it is possible to selectively crosslink hydrogel with

any given pattern in a layer-by-layer manner.
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Figure 4.19. (A) Schematic of DLP-SLA 3D bioprinting setup (B) Ilustration of selective crosslinking of
hydrogel utilizing the DMD array (C) Printing steps for fabricating large 3D scaffolds using DLP-SLA

bioprinting (Adopted from [145]) (D) Actual Image of the DLP-SLA 3D bioprinting setup used

The plane of printing of the projector system is about 9.6 cm x 5.4 cm' which typically results
in printed feature size of around 50 um per pixel [146]. A projection angle of around 12° exists
between the projection angle and the axis, along with some degree of distortion resulted due to
refraction from the presence of the water filter. Therefore, the whole printing setup was first
calibrated and during the printing process the focal plane of the projector was adjusted after each
layer was completed [146].

In order to understand the printing process for a large 3D printed structure, it is necessary to
understand that the 3D SLA printing process is a layer-by-layer printing method. To describe it
briefly, once the crosslinking or patterning of the first layer is completed, another layer of hydrogel
prepolymer solution is dispensed by the syringe pump, and sequentially, the 2" layer is
crosslinked. This process is repeated until a whole 3D structure is formed as illustrated in Figure

4.8 (C). Throughout the process, it is necessary to control the time that is allowed for crosslinking
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of each layer to avoid under or over-crosslinking. Lastly, after the completion of the printing

process, any un-crosslinked prepolymer is washed with PBS and removed from the petri dish.

4.4.2 GelMA-MeHA Hybrid Bioink Preparation

To bioprint structures with the SLA bioprinting setup, prepolymer solutions were prepared
as described in Chapter 3.3. Briefly, 3T3 fibroblast cells cultured were detached with trypsin,
centrifuged to a pellet, and evenly mixed with a prepolymer solution of a specific concentration.
Approximately, 8x10° cells were used per mL of 4% GelMA and 2% HA solution. Two shapes
were fabricated which included - a flower with petals and a lung model. Once the hydrogel
prepolymer was prepared with cells, the structures were printed with the help of the SLA
bioprinting setup in a layer-by-layer fashion and any un-crosslinked hydrogel was washed and
removed with PBS. After washing, fresh cell growth media was added to the printed structures,
and they were left to culture in the incubator at 37°C and 5% CO2 atmosphere. Similarly, the
bioprinted samples were then examined for their cell attachment using the cytoskeleton and
nucleus staining with Phalloidin and DAPI as described previously in Chapter 4.3.

The printed flower scaffold has a dimension of 15 mm in length, 15 mm in width, and 2 mm
in thickness. Similarly, the miniature lung model is 15x20x2 mm along the length (vertical), width
(horizontal), and thickness respectively. Both the samples were crosslinked with visible light
exposure for 5 minutes. Upon completion of SLA bioprinting, the printed scaffolds were cultured
and then imaged for cell attachment and proliferation after day 5. Through observation, the
mechanical integrity of the printed structures remained consistent and no major change in shape
fidelity was observed. A slight variation of the height observed in D is due to a minimal slant of

the printing plane during printing. The printing resolution is noteworthy because bioprinting with
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MeHA is not known for high-resolution bioprinting[117]. Considering this, the structural integrity

and mechanical strength of the bioprinted scaffolds were promising.

Figure 4.20. Bioprinted scaffolds without cells (A) Flower model (B) A miniature lung model. The
fabricated samples in (A) and (B) were stained with red food-dye for better visualization. (C) and (D) shows

printed bioprinted scaffolds with 3T3 cell encapsulated.

1000 pm

Figure 4.21. Fluorescent images of various portions of bioprinted scaffolds showing cell morphology after

5 days of culture with F-actin (green: phalloidin) and nuclei staining (blue: DAPI)
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The cytoskeleton and nuclei stained images show that cell attachment and proliferation took
place within the bioprinted scaffold. Images with 5x, 10x, and 20x magnification show cell
attachment and proliferation all over the scaffold with different perspectives. The highest cell
attachment, dense tissue-like formation, and proliferation are noticed at the boundaries of the
structures. It is a well-known phenomenon due to the availability and easier diffusion of growth
media near the boundaries. Figure 4.9 shows the top and perspective view of the printed scaffolds
with cells. The 5x magnification images give an overview of the cell population throughout the
structure whereas the 10x and 20x magnification images provide a closer view of the cell
morphology. For instance, Figure 4.10 (B) (i) shows that the cells are well attached and are starting
to show proliferation along the boundary of the vasculature pattern. In addition to that, only
encapsulated cells within the hydrogel are proliferating and starting to form an almost tissue-like
scaffold. Moreover, Figure 4.10 (B) (iv) shows that the stained cartilage portions of the lung model.
It can exhibit that selective crosslinking of the hydrogel took place, therefore, cells were only
encapsulated where they were meant to be and that there is no or very less unwanted crosslinking
taking place through DLP-SLA bioprinting.

The bioprinting was carried out with (4G 2HA)® hydrogel, it was selected among the other
concentrations because its mechanical strength, swelling characteristics, and biocompatibility
were significantly improved in comparison to 2% MeHA but it was the most stiff with the least
water retention capability. Bioprinting with this particular sample shows that if required, better
resolution, faster crosslinking and mechanical strength and integrity can be obtained if (6G 2HA)°
is used. Therefore, it lays the groundwork for future optimization and application of DLP-SLA

bioprinting with GeIMA-HA hybrid bioink.
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4.5 Chapter Summary

This chapter focuses on overcoming the major limitation, non-cell adhesiveness of MeHA,
through the introduction of cell adhesive GelMA hydrogel. The hybrid cell-adhesive hydrogel is
then characterized in terms of its mechanical properties and biocompatibility. After a complete
characterization, the hybrid hydrogel is used to bioprint miniature models using a DLP-SLA
bioprinting system. The bioprinted miniature scaffolds show that 3T3 mouse fibroblasts can

remain viable, attach, and proliferate well within the hybrid hydrogel.
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Chapter 5: Conclusion

5.1 Concluding Remarks and Future Perspectives

The primary aim of the work presented in this thesis involves the development of a
biomaterial that is suitable for tissue-specific applications with 3D bioprinting methods. The
prevalence of hyaluronic acid in the extra-cellular matrix makes it a suitable material for
mimicking the native microenvironment along with several specific advantages like cell
proliferation and differentiation due to its biological properties. Hence, this thesis focuses on the
development of a hydrogel scaffold with hyaluronic acid due to its significant advantages,
especially in tissue-specific applications.

The development of a photo-crosslinkable hyaluronic acid hydrogel in the first objective is
key to enabling its use with existing 3D bioprinting systems. A common thread between existing
3D bioprinting systems involves crosslinking the bioink post-printing, which is often achieved
through the use of a light source. Often, biomaterials are chemically modified with methacrylate
groups to enable the capabilities of photocrosslinking. Despite significant challenges, as discussed
in section 2.2, the protocol developed in this thesis is able to produce methacrylate hyaluronic acid
(MeHA) along with one of the highest DS, which is able to photocrosslink while maintaining its
structural integrity.

The MeHA with 3 different degrees of substitution (32%, 42%, and 88%) were achieved
through varying the duration of synthesis. The different degree of substitution (DS) resulted in
varied viscosity, crosslinking time, and mechanical properties. It was observed through the
characterization of the 3 different types of MeHA that the highest DS resulted in the shortest
crosslinking time, low viscosity, and superior mechanical properties. Therefore, through this
protocol, a premise of synthesizing MeHA with tunable DS depending on the requirement of the

application was established. Besides, the synthesized MeHA was demonstrated to crosslink
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successfully at 37°C, the core temperature of the human body, within 30 minutes using a thermally
activated initiator. This capability can be used to utilize MeHA as a wound-healing material with
the ability to crosslink in-situ on the human body. Moreover, it can be used to further enhance the
mechanical strength of 3D bioprinted scaffolds through dual crosslinking methods.

In addition to dual crosslinkability, the synthesized hydrogel scaffold was able to
demonstrate its biocompatibility with 3T3 fibroblasts. The encapsulated cells remained viable
throughout the period of observation hence validating the biocompatibility of the scaffold.
However, by virtue of HA's non-cell-adhesive nature, there was no cell attachment noticed
throughout the scaffold, which was addressed in the second objective.

Through the implementation of the second objective, this non-cell adhesive nature of the
MeHA hydrogel was addressed with the incorporation of cell-adhesive bioink Gelatin
methacryloyl, GelMA. This averts any further chemical modification of MeHA with cell-adhesive
motifs and also enables the use of 3D-bioprinting friendly characteristics of GelMA. The
evaluation of the hybrid GelMA-HA bioink shows that GeIMA not only allows cell attachment
with good biocompatibility but it also greatly enhanced the combined structural strength and
fidelity.

The development of MeHA was targeted to enable its application in DLP-SLA-based 3D
bioprinting. The approach to developing a hybrid cell-adhesive hydrogel with GelMA, not only
addressed the limitation of MeHA in terms of cell attachment but also with bioprintability. DLP-
SLA bioprinting was carried out with GeIMA-HA hybrid hydrogel which shows promise in terms
of its printing resolution, crosslinking capability, and biocompatibility along with cell-attachment.
Through the use of the hybrid bioink, there may be a way to address previously reported lacking

such as poor mechanical properties and resolution with the use of only MeHA [147]. Therefore,
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the developed hybrid bioink is not only able to utilize the DLP-SLA system for attaining much-
enhanced resolution, shorter printing time, but also leverage tissue-specific advantages due to the
availability of HA within the scaffold.

Over the past decade, biofabrication techniques have evolved to offer a promising solution
for the lack of replacement tissues for study and therapy. These methods are now closer to
developing well-controlled heterogeneous cellular microenvironments and mimicking structural
and functional intricacies that are present In vivo. So far, these techniques have been employed to
generate several artificial tissues, that have been both, implanted In vivo and used for in-vitro
disease studies.

Therefore, considering the wide range of applications and scope for biofabrication
techniques like 3D bioprinting in the future, there needs to be a greater focus on the development
of compatible biomaterials. Biomaterials that can mimic native conditions more effectively while
maintaining its printability properties. The greater the degree of congruency to In vivo condition
is achieved, the further the technology will progress in the development of heterogeneous and
functional constructs. It will allow researchers and medical practitioners to study cell biology more
effectively, screen drugs to a greater capacity in-vitro, and allow avenues for organ or prosthetic
transplant in the future. This can only be achieved through the use and characterization of native
and naturally derived substances like HA and gelatin for biofabrication purposes.

Overall, the field of biofabrication is advancing at a rapid pace. As we move forward in the
post-pandemic world, there would be a greater emphasis on the advancement of bioengineering.
Existing biofabrication techniques aided with additive manufacturing technologies have enabled
the development of promising complex biological structures. Through the development of new

biomaterials, this progress can be spearheaded in the right direction. As this emerging
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interdisciplinary field of science and engineering advances, there will be daunting challenges, but

these small incremental additions keep the hopes and aspirations alive.

5.2 Contributions

Methacrylation of hyaluronic acid has been a challenging avenue for many researchers
involved in 3D bioprinting. The contribution made through this thesis is as follows:

1. A stable protocol for the methacrylation of hyaluronic acid was developed to obtain tunable
DS based on the length of synthesis. 88% DS obtained with 10-day MeHA is one of the
highest reported in the literature.

2. Thermal crosslinking of MeHA was introduced to enable dual-crosslinkability with DLP-SLA
3D Bioprinting.

3. MeHA with 3 different DS (high, moderate, low) was characterized in terms of
biocompatibility, mechanical property, and bioprintability.

4. First-ever DLP-SLA-based bioprinting with hybrid GelMA-MeHA bioink was attempted

which has not been extensively studied elsewhere.

5.3 The Way Forward

5.3.1 3D Bioprinting with Specialized Cell Types
The primary aim behind the use of Hyaluronic acid as a component of the bioprinted scaffold

was to attain significant advantages due to the unique value proposition of HA as a biomaterial.
Its ability to interact with cells through receptors like CD44 and RHAMM would allow the cells
to behave in a way that is more similar to In vivo conditions. Therefore, through using HA within

a scaffold it would be possible to study the behavior of specialized cell types such as neural and
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cardiac cell types. The abundance of HA in the neural tissues makes it an exciting prospect for
studying more delicate cell types like neurons. It would be an interesting study to observe and
monitor the behavior of primary neurons within the HA scaffolds and compare them with other
biomaterials-based matrices. It can be hypothesized that the MeHA scaffold would exhibit better
proliferation and phenotype expression of these special cell types compared to other biomaterials.
gPCR tests can be carried out to specifically identify the influence of MeHA on the cell and its
phenotype.

Therefore, there is an immense scope of work with the use of MeHA and GelMA as a hybrid
bioink to study specialized cell types and understanding the influence of scaffold

microenvironments on their behavior.

5.3.2 Optimization of DLP-SLA Bioprinting with GelMA-MeHA Bioink
DLP-SLA-based bioprinting has not been explored in-depth but it has high potential because

of its utility. The non-contact printing process, along with the utilization of visible light
crosslinking makes it a far safer process for the use of cells compared to any other methods that
use lasers, UV-radiation, or thermal and shear stress driven deposition. Moreover, the use of off-
the-shelf components makes it cost-effective and easy to implement. Besides, it would enable the
easiest translation of medical imaging into 3D bioprintable templates in the future. The work
conducted in this thesis, lays out a strong foundation for DLP-SLA-based 3D bioprinting with
GelMA-HA hybrid bioink. Therefore, in the future, there needs to be further optimization of the
process. The hybrid bioink has shown to be compatible with the printing process but further
optimization is required to scale its usage.

Optimization is required in the following aspects:
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1) An optimum concentration and proportion of GelMA and MeHA used for printing.
Determining the optimum proportion and concentration would depend on the specific
application. Hence, on a case by case basis, each different application needs to be evaluated
and optimized. The relevant mechanical properties, biocompatibility, biological
functionality, and printing characteristics need to be considered.

2) An optimum distance of projection and crosslinking time. Again, on a case-by-case basis,
an optimum projection distance and crosslinking time needs to be identified so that any
concerns with under or over-crosslinking can be avoided. It can be achieved through a
study of the gelation characteristic of the hybrid bioink.

Alongside the aforementioned parameters, there needs to be consistent efforts so that enhanced

printing quality can be achieved and large-scale scaffolds can be printed.

5.3.3 Thermal in-situ Crosslinking and in-vivo Implant

The dual crosslinkability established through this thesis is unique. To the best of knowledge,
this has not been implemented with 3D bioprinting with MeHA.. Therefore, this trait of the dual-
crosslinkable MeHA can open interesting avenues of research. The wound healing and
inflammation-reducing capabilities of HA are well-known and utilized in the healthcare and
cosmetic industry. Therefore, if the dual-crosslinkability is explored, then MeHA can be utilized
as a wound healing and inflammation-reducing graft that can be crosslinked in-situ. As in-situ
surgical options become increasingly more popular in the coming days, bioactive functionalized

materials like MeHA would be indispensable.
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