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ABSTRACT

Hydrogel scaffolds have shown great promise as main components in the artificial tissue-
engineered scaffolds for the repair of injured tissues. The fabrication of hydrogel scaffolds with
precise geometry can be achieved by three-dimension (3D) printing (also known as additive
manufacturing) technology. One of the key requirements in 3D printing of hydrogels is to achieve
high fidelity or printability to fabricate the scaffolds that can resemble the designed structure. For
the printability characterization, non-destructive visualization of 3D printed scaffolds is essentially
needed. Also, the 3D printed scaffolds, when implanted in vivo, need to be visualized for tracking
their success, which may include the scaffold status such as mechanical deformation and formation
of new tissues. Hence, 3D visualization of the hydrogel scaffold structure is vital to characterize
the printability and scaffold status. Unfortunately, conventional imaging techniques in tissue
engineering are impossible to non-destructively visualize the whole 3D structure of hydrogel
scaffolds due to the limited imaging capability. To address these issues mentioned, the aim of this
research is to 1) study synchrotron propagation-based imaging technique with computed
tomography (SR-PBI-CT) imaging parameters to visualize the printed scaffolds non-destructively,
2) 3D print the gelatin methacrylate (GelMA) hydrogel scaffolds, and non-destructively
characterize the printed scaffolds printability and mechanical deformation using the optimal SR-
PBI-CT imaging method.

The SR-PBI-CT imaging parameters were examined using a standard sample alginate scaffold
and found optimal Sample to Detector Distance (SDD), X-ray energy, and the number of
projections to visualize printed hydrogel scaffolds. Upon finding optimal SR-PBI-CT imaging
parameters, the characterization of printability and mechanical deformation of printed GeIMA
scaffolds was conducted based on the imaging results. The hydrogels were clearly visualized and
characterized from the phase-retrieved reconstructed slices. From the phase-retrieved
reconstructed slices, the printability results show the best printing speed for printing GelMA
scaffolds, and the compression study shows the strength and status of the printed scaffold under
different levels of deformation. The results of the printability and mechanical deformation
characterization can be used to improve the design and fabrication of GelMA scaffolds. This study
illustrates that SR-PBI-CT is feasible for non-destructive visualization of the hydrogel scaffolds

as well as the quantification of their structures.



The contribution of this research also rests on determining the optimal imaging setup or
parameters for hydrogel scanning using SR-PBI-CT. Also, this research illustrates it is feasible to
lower the X-ray dose during the imaging by reducing the number of projections from 1800 to 450,
thus reducing the radiation exposure by 75% to the imaged samples. This would represent a
significant step towards the application of the SR-PBI-CT to visualize hydrogel scaffolds

implanted in living animal models and eventually to human patients.
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CHAPTER 1. INTRODUCTION

1.1. Background

Tissue engineering organizes biomaterials, nanoparticles, drugs, and biological molecules such as
cells, growth factors, and genes together to provide cure to the damaged tissues or replace the dead
tissues in patients [1,2]. Research in regenerative medicine, of which tissue engineering is a part,
iIs aimed at restoring, maintaining, and improving tissue functions. The tissue engineering
approaches to the development of new tissues or the repair of damaged organs can be understood
through the following principle (Figure 1.1), which involves a) isolation of tissue-specific cells; b)
cell seedling into the developed hydrogel scaffolds; c) maturation of cells in in vitro [2,3]. By the
three methods mentioned above, tissue engineering plays a vital role in tissue regeneration and
repair with scaffolds (generally highly porous in structure), with these scaffolds contributing to the
development of new tissues by acting as a supportive and sacrificial platform [4]. Also, it surpasses
the limitations of organ donation shortages and reducing the immunological rejections after
transplantation by the effective utilization of biomaterials [5]. As the biocompatible materials,
hydrogels have been extensively used to load cells for tissue engineering applications [6,7]. Due
to their superiority of providing a biocompatible, tissue-like environment for maintaining cellular
functions such as viability, proliferation and migration, hydrogel-based tissue scaffolds are widely
used in tissue regeneration. 3D hydrogels intently take after some fundamental features of local
extracellular matrices (ECM), supporting excellent cell proliferation, viability, and physiology [8].

3D printing of hydrogels allows for highly precise control of internal hydrogel structure, pore
size, and external geometry. This is often superior to other conventional fabrication methods. The
physical properties of the hydrogel and the print parameters affect the ability of materials to be
printed into a structure that can faithfully match the designed model and characterizing the

printability of materials has attracted considerable attention.

After fabrication, the developed hydrogel scaffolds when implanted in vivo experience physical
impacts (e.g. compression) and chemical impacts (e.g. tissue regeneration and scaffold
degradation). These impacts cause mechanical deformation of the hydrogel scaffold in the

physiological environment that may result in a collapse of the scaffold and subsequently



compromise therapeutic functions. Therefore, it is vital to analyze the mechanical deformation
under these conditions, and these techniques can be evaluated in an environment that mimics
physiological conditions. This needs to be achieved by non-destructive methods of visualizing the
hydrogel scaffolds in physiological conditions. However, this type of visualizing of the mechanical

deformation of implanted hydrogel scaffolds has not been reported yet.
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Figure 1.1Principle of tissue engineering [2]

The commonly available non-destructive imaging modalities in tissue engineering [9-12]
are as follows: X-ray micro-computed tomography (uCT), ultrasound imaging (USI), and
magnetic resonance imaging (MRI), however, these modalities are not ideal. The uCT, a
conventional imaging technique, facilitates non-destructive imaging with 3D structures [13,14].
The conventional uCT is challenging to visualize low-density materials due to the low X-ray
absorption attenuation. On the other hand, MRI cannot be used to image implanted hydrogels that
have similar density like soft tissues, the difficulty in achieving high spatial resolution (limited to

submillimeter level) and cannot achieve scanning the microstructures of hydrogel scaffold [15].
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Imaging with ultrasound allows for non-destructive imaging of soft tissue, but its
application in quantitative analysis is limited because of its low spatial resolution (100 um to a

few hundred microns) [16]. These modalities are not ideal for imaging of hydrogel scaffolds.

Alternatively, the synchrotron propagation-based imaging technique (SR-PBI) technique
holds great promise for non-destructive imaging of hydrogel scaffolds due to the ability to use
phase-contrast imaging techniques. The high resolution and high contrast images from SR-PBI are
achieved by capturing refracted X-rays with high-resolution detectors. By combining SR-PBI with
computed tomography (SR-PBI-CT), this technique allowed for capturing 3D microstructure
information of hydrogel scaffolds. The combination of a synchrotron that offers high-energy and
intense brilliant light from a point-light source and high-resolution X-ray detectors with computed
tomography has demonstrated an unparalleled capability for visualizing and distinguishing soft
tissues [17]. This study aims to explore SR-PBI-CT imaging parameters for practical hydrogel
imaging and to take advantage of the technique to characterize printability and scaffold mechanical

deformation.
1.2. Literature Review
1.2.1 Scaffold fabrication techniques and bioprinting

Many scaffolds for tissue engineering have been fabricated by using conventional
techniques like electrospinning, solvent casting, freeze-drying, particulate-leaching, gas foaming,
melt moulding, phase separation[18]. An emerging technique - 3D bioprinting is one based on
additive manufacturing technology, for fabricating scaffolds or tissue constructs with arbitrary
geometry to print successive layers of desired structure for tissue repair or regeneration [19].
Notably, the conventional technique possesses considerable limitations like precise control of pore
size, patient-specific scaffold geometry, and increased amount of material utilization for
fabrication than 3D printing. 3D printing allows excellent control of internal hydrogel structure,
pore size, and external geometry in a precise manner comparatively better than conventional
fabrication methods [20]. 3D printing permits the incorporation of biological factors such as living
cells, growth factors, and drugs into the scaffolds during fabrication. Thus, it is possible to develop
scaffolds mimicking the native tissues. It also influences 3D cell-matrix interactions, which is vital

in the signalling pathway.



Bio fabrication technique through 3D bioprinting works by the principle of transforming
digital images and digital objects obtained from CT/MRI and CAD software, respectively, into
physical 3D structures [21]. 3D bioprinting is a subset of 3D printing that performs precise positing
of biological materials with controlled spatial arrangement leads to multiple innovations in tissue
engineering. The 3D printing technologies used for bioprinting biological materials are inkjet
bioprinting, micro extrusion bioprinting, laser-assisted bioprinting, multi-photon excitation (MPE)
based bioprinting [22,23]. Among the available methods, three major methods used in fabricating
3D hydrogel-based scaffolds are extrusion-based bioprinting, droplet-based bioprinting, and laser-
assisted bioprinting [24]. Extrusion-based printing, employed in the present study can support the
large-scale scaffold printing and printing of cells with high density, which is limited in other

printing techniques [2].
1.2.2 Extrusion-based Bioprinting

Extrusion-based bioprinting (EBB) is a rapidly developing technology making substantial
progress in tissue engineering and has full versatility in bioprinting biological tissue with cells
[25]. Fabrication of implantable scaffolds for tissue regeneration and drug-delivering
biodegradable tissue constructs for local drug delivery is feasible by extrusion bioprinting [26].
EBB enables bioprinting of cell-laden aggregates, cell hydrogels, bio-ink, micro-carriers, and
decellularized matrix components. The foremost advantage in EBB is the ability to bioprint with
high cell density, which is not possible with other bioprinting techniques [25]. EBB functions by
extrusion of materials by robotic control onto the substrate by extrusion head [22], and this will be
discussed in more detail below. Extrusion bioprinters generally consist of a dispensing head,
printing stage, and control system for temperature and position (Figure 1.2). The categorization of
the extrusion-based bioprinting system is three types based on dispensing or printing mechanism

as follows: (i) pneumatic, (i) piston-driven, and (iii) screw-driven.
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Figure 1.2 Schematic diagram of extrusion-based printing [2]

The extrusion-based printing works by the principle of fluid extrusion, dispensing the
biomaterial ink continuously through the needle from the syringe under mechanical force (e.g.
pressure) onto the printing stage [2]. The control in three axial planes (X, y, z-direction) of
dispensing head consisting of needle and syringe, support printing of hydrogel scaffolds on the
printing stage. The printing process is controlled by the three controllers: a) dispenser control, b)
position control, and c) temperature control, having interfaced with the computer PC. The
minimum resolution of the strands that can be achieved by this printing technique is in the order
of 100 pm to 150 um depending on the needle diameter [2,25,27]. The printed hydrogel scaffolds
that require cross-linking and the cross-linking mechanism can be categorized as chemical cross-
linking, photo-crosslinking, and physical cross-linking [23]. These cross-linking mechanisms can

greatly facilitate the formation of networks to obtain 3D structures when printing.

The cross-linking of hydrogels takes time, and during that time, the printed hydrogel is in
a solution form or semi-solution form and thus can deform on the printing stage. In this case, the
printed structure differs from the designed one. Sometimes, the printed structure may collapse and
suffer to form 3D structures. As a result, such biomaterial is considered as un-printable. Hence,

the printability assessment is vital in printing hydrogel scaffolds.



Generally, hydrogel scaffolds are printed with different structural properties (e.g.,
geometry, size, and porosity) for targeted tissue regeneration [22,26]. The printability of the
hydrogel is mainly affected by the number of printing parameters (e.g. printing speed, extrusion
pressure, temperature, etc.) [12]. Regulating the printing parameters to obtain finer microstructures
is vital in 3D fabrication. The primary motivation to characterize printability is that the designed
structural properties may vary to a certain extent from the printed hydrogel structural properties.
Therefore, characterizing the printability to create hydrogels with designed structures that can
mimic the targeted tissues. It can be characterized by the measurement difference (e.g. strand size,
pore size, etc.) between the printed hydrogel and the designed structure, which has attracted
interest to improve the hydrogel and scaffold designs further. Currently, for the characterization
of printability, the simplified printed structures (e.g. one or two printed layers of scaffolds) are
utilized. As a result, the characterized results of the simplified structure may lack the ability to
predict the printability of 3D hydrogel scaffolds after printing [28]. To analyze the printability of
the hydrogel scaffolds, researchers need to understand the actual 3D structure of the scaffolds.
Images of internal 3D structures of printed hydrogel scaffolds can be obtained with the aid of a
synchrotron-based imaging technique [29].

1.2.3 Gelatin Methacrylate Scaffolds

The field of tissue engineering, through the use of scaffolds, has the potential to
revolutionize the way of treatments for tissue repair and damage using hydrogel scaffolds. These
scaffolds are often constructed from hydrogels, which are hydrophilic polymers having the
capacity to hold a large amount of water content [30]. This is why the design and selection of the
underlying polymers are important, as this dictates the physical and biological properties of
hydrogel [31,32]. It is critical to control these properties in a hydrogel (e.g. a hydrogel that is
mechanically strong but chemically inert [30]) and thus commonly compensated by the addition
of another biomaterial. Hence, it is essential to note that the blending of these polymers is additive
rather than transformational. So, a dynamic hydrogel GelMA having excellent biocompatibility
and tunable mechanical properties have been reviewed and to characterize its printability and
mechanical deformation [33].



Collagen has applications in various medical treatments. The presence of collagen in
hydrogels could allow the cells to recognize the scaffold material and serve as a better scaffold
platform for tissue engineering. However, due to the poor mechanical properties of collagen, it has
limited applications in 3D fabrication. Gelatin is a denatured and degraded form of collagen and
possesses similar biological and mechanical properties to native collagen. Gelatin can be 3D
printed, but gelatin is quite challenging to print due to poor heat stability, high water solubility,
and poor mechanical properties, and requires additional supporting biomaterials as a combination.
Gelatin can be modified with methacrylic anhydride to create GelMA, which has similar biological
properties to collagen and gelatin but with tunable mechanical properties. This makes GelMA
suitable for various tissue engineering applications such as a 3D hydrogel scaffolds [34]. The

applications of GelMA scaffolds are illustrated in Figure 1.3:
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Figure 1.3 Biomedical applications of GeIMA scaffolds [33,35-37]
1.2.4 Scaffold Visualization and Characterization

Imaging scaffolds in tissue engineering involves various range of destructive and non-
destructive imaging techniques to analyze the structural, biological, and mechanical properties
of 3D printed scaffolds. There is a great need for non-destructive imaging techniques to analyze

the printability and mechanical properties, both for in vitro and in vivo research. The commonly



used imaging techniques available in tissue engineering to study the 3D structural status are

discussed below.

The destructive imaging modality - scanning electron microscopy (SEM) is used as a
standard visualization technique with a high-energy beam of electrons for structural analysis to
produce exceptional topographical, crystallographic, and morphological features of the scaffolds
[38]. The scanning electron microscopy produces high-resolution images ranging from 1 to 20 nm
in size with a field depth of few millimetres to yield 3D appearances for better structural analysis
[17]. Though the images of SEM provide details of pore size, strand diameter and estimates, the
interconnectivity of fibres, cross-sectional area, or thickness of the strands [39]; this technique is
not suitable for hydrogel scaffold visualization since the samples are required in the form of dry
conditions to withstand a high vacuum [40], which entirely is a different environment to mimic

the physiological condition.

Another destructive imaging modality - transmission electron microscopy (TEM) is also
another electron microscope designed to observe at a cellular level with the spatial resolution of 1
nm and an imaging depth of about 100 nm. It is used to perform chemical analysis and can also
reveal the details of the internal structure. TEM requires the samples to be sliced into a very fine
thinner than 100nm for the effective transmission of electrons [39]. This technique does not apply
to this current research since the study evaluates the full structure of the scaffold to evaluate the
printability and deformation under compression. This technique also does not work with scaffolds

inside living animals.

A conventional non-destructive imaging modality — puCT is a technique developed by
computer processing with a spatial resolution up to a micrometre level ranging between 6 um and
50 um with the help of contrast agents. In recent years, the applications of pCT are enormous in
research areas, including tissue engineering. uCT is a well-built non-destructive technique with
high-resolution imaging and three-dimensional visualization with voxel size up to 1 um, which is
better compared to ultrasound imaging and magnetic resonance imaging [41]. Also, pCT has been
considered as a gold standard for imaging bone explants’, but it is not well equipped for soft tissue
imaging as compared to dry state porous scaffolds. The high radiation dose for live animal imaging

is a significant con with a micro-CT imaging technique [42]. The imaging setup is limited for



smaller size samples, where it is quite challenging for larger size samples. Also, the scan time is
long for micro-CT and eventually increases the exposure time to samples if considered for live
animal imaging. Though pCT facilitates non-destructive imaging with 3D structures, the critical
challenge in conventional absorption-based pCT is to visualize low-density materials due to the
low X-ray absorption attenuation. By considering the limitations above, it is evident that this
technique is not effective for hydrogel scaffolds since hydrogels have similar densities and
radiopacity as soft tissue, so it would be challenging to visualize the hydrogels with this technique
without any contrast agents.

MRI is widely available in clinical researches in vivo allows for the gathering of pertinent
information over the interest region in a detailed manner by a non-destructive method. For
visualization, this technique uses magnetic fields and radio waves. MRI can best suit for long scan
times as there is no radiation exposure to the samples. Though the imaging depth of this technique
is high (whole organ), the spatial resolution (submillimeter level) is limited for its application in
tissue engineering research, especially in hydrogel-based imaging [43]. Hence, this technique is

not a suitable imaging method for the quantitative characterization of hydrogel-based scaffolds.

USI is also an established non-destructive imaging modality that provides structural tissue
information by transduction and reflection of high-frequency sound waves. This modality works
on electrically driven high-frequency (>20 kHz) oscillation of a piezoelectric crystal in the
transducer probe. This technique possesses the advantage of relatively cheaper, safe, provide real-
time information and non-destructive to samples. USI technique has applications in tissue
engineering, such as visualization of microvascular networks. Though the spatial resolution is 100
pum to a few hundred microns, yet it is limited for quantitative analysis because of direct trade-off
between imaging depth and spatial resolution [44]. Further, this imaging modality can be easily
hindered by speckle noise and limited soft tissues, hydrogels contrast [10].

An alternative to the conventional non-destructive imaging techniques is a synchrotron-
based imaging technique to visualize hydrogel scaffolds. In X-ray imaging, synchrotron radiation
is a brilliant light source producing X-rays of high photon flux and coherence. Synchrotron-based
X-ray imaging has a more significant potential for the development of new imaging methods in

comparison with conventional X-ray imaging. The main synchrotron-based x-ray imaging



techniques are Absorption Contrast Imaging (ACI), Phase Contrast Imaging (PCI), and K-Edge
Subtraction (KES) imaging. All the synchrotron-based X-ray imaging can combine with CT, such
as absorption-CT, PCI-CT, KES-CT. Due to the combination of synchrotron-based techniques
with CT, it delivers quantitative and isotropic 3D data. The most suitable and feasible synchrotron-
based X-ray imaging technique considered for hydrogels visualization is propagation-based

imaging (PBI or phase propagation imaging). [45].

X-ray phase-contrast imaging (PCI) are techniques, experimentally proven to image
biological soft tissues without staining [46] with the help of refracted X-rays by the sample to form
an image. The imaging techniques enhance the edges and produce fine details of the internal
boundaries of a sample. The techniques are good at visualizing the low-density materials, which
are challenging to image using conventional X-ray radiograph. The primary objective of X-ray
phase-contrast imaging is to determine 2D or 3D radiographs of an object by phase changes of the
transmitted X-ray radiation and by recording attenuation. In general, X-rays PCI techniques are
inevitable techniques in medical diagnostics, material science [47], and also making a benchmark
in tissue engineering. It is because of using various in shifts of X-ray radiation which passes
through scaffolds, and other soft tissues with different refractive indexes, electron densities, and
atomic numbers while scanning without any exogenous contrast reagents [48]. The five major
classifications of phase-contrast imaging are propagation-based imaging (PBI), analyzer-based
imaging (ABI), Crystal interferometry, grating interferometry, and grating non-interferometry
[49]. Since the addition of phase contrast is essential in imaging hydrogel scaffolds, the PBI is

employed in this research, and its importance is stated below.

The setup of propagation-based imaging consists of the detector being placed away from
the sample at a distance ranging from few millimetres to centimetres (near field imaging (NFI) to
phase propagation imaging (PPI) as shown in figure. 1.4) [49]. This setup facilitates prominent
refraction (bending) of X-rays resulting in sharper contrast at edges. This imaging technique allows
for the enhancement of the edges of tissue-engineered scaffolds in the radiographs and produces
fine details of the internal boundaries of a sample. The visualization of low-density materials
becomes possible using SR-PBI compared to conventional X-ray imaging. Combining SR-PBI

with computed tomography (SR-PBI-CT), this technique allows us to obtain 3D microstructure
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information of hydrogel scaffolds. This is why this method is becoming an ideal solution for

visualizing the structure of the low-density materials.
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Figure 1.4 The schematic experimental setup of synchrotron propagation-based imaging with

computed tomography.
1.2.5 Research Issues

In the field of tissue engineering, various visualization techniques are available to study
and characterize the biological, mechanical, and morphological properties of the tissue-engineered
scaffolds. At present, the available techniques to assess printability limit the number of layers and
generally demand specific treatment to perform the imaging. For example, commonly available
imaging techniques like SEM and TEM require a high vacuum environment for imaging and thin
sectioning of samples during sample preparation, respectively. These imaging techniques are
destructive, and they may change or even damage the scaffold structure. The results obtained from
scaffolds with the simplified structures or with a limited number of layers might not accurately

represent the printability results for 3D scaffolds having more layers of complex structures [50].

MCT facilitates non-destructive imaging with 3D data for quantification without contrast
staining. But, the critical challenge in conventional absorption-based micro-computed tomography
is imaging similar low-density materials (hydrogel and tissues) due to low x-ray attenuation.
Hence, micro-computed tomography provides reduced sensitivity to similar low-densities
materials [39,51]. Also, imaging techniques like MRI and USI can provide low spatial resolution

in hydrogel scaffold visualization [11,44]. Therefore, the limited capability of non-destructive
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imaging techniques to visualize the hydrogel structural status in vitro and in vivo conditions has

been a significant research gap.

The printed hydrogel scaffolds, when implanted in vivo, experience physical impacts (e.g.
compression) and chemical impacts (e.g. tissue regeneration and scaffold degradation). These
impacts cause the deformation of the hydrogel scaffold in a physiological environment. Hence, the
deformation of the scaffold, both in vitro and in vivo, is essential to understand the strength and
behaviour of the printed hydrogels and to help to design a robust structure that will maintain their
functions in vivo until it gets replaced by regenerative tissues. However, it appears that the
evaluation of the success status of scaffolds under these conditions has not been done earlier, as

there is no literature available to the best of our knowledge.
1.3. Research Objectives

The goal of this research is to develop the novel imaging method based on the synchrotron
imaging technique, and to characterize the printability and deformation of printed hydrogel
scaffolds using this method. The following specific objectives or major tasks were pursued to

achieve this goal.

1. Study SR-PBI-CT imaging to non-destructively visualize the printed hydrogel scaffolds in

wet condition.

2. 3D print the GelMA hydrogel scaffolds, and non-destructively characterize the printability
of the scaffolds fabricated with different printing speeds and compressions under different
deformation levels using SR-PBI-CT.

1.4. Organization of Thesis

This thesis consists of five chapters, including this chapter. Each of the other chapters are

briefly summarized as follows.

The first chapter includes the background to the present work, a literature review of 3D
fabrication technique using extrusion-based printing, the biomedical importance of hydrogel

(GelMA) used in this research, and the currently most available imaging techniques in tissue
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engineering research, and the research gap found from the literature review, objectives to fulfill

the research gap and the thesis outline.

The second chapter describes the methods of synthesis and preparation of GelMA ink,
printing and photocuring of GelMA scaffolds, and the characterization of printed GelMA scaffolds
in terms of printability and mechanical deformation under compression with the evaluation criteria

involved in assessing the printability and deformation were mentioned with equations.

The third chapter explains the methods of imaging setup for SR-PBI-CT conducted at the
Canadian Light Source (CLS). The examination of image quality was used to determine the

appropriate sample to detector distance (SDD), energy, and the number of projections in CT scans.

The fourth chapter of this thesis presents and discusses the results: (1) the examination of
SR-PBI-CT system for hydrogel imaging and the influence of SDD, energy, and the number of
projections on the image quality, (2) the effect of printing speed on hydrogel scaffold printability
and (3) the evaluation of structural status under normal compression levels. Each section is

evaluated by the parameters mentioned in the second chapter.

The last chapter presents the conclusion drawn from the research, along with the discussion
on the research limitation and contribution as well as on the potential future work suggestions.
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CHAPTER 2. MATERIALS AND METHODS FOR GELMA SCAFFOLDS
2.1 Synthesis of GelMA biomaterial

The GelMA biomaterial was produced by the reaction of gelatin from porcine skin (Sigma
Aldrich — G2500) in the presence of methacrylic anhydride (Sigma Aldrich — 276685). During the
synthesis of GelMA, the amino groups in the gelatin are replaced by methacryloyl groups in
methacrylic anhydride, resulting in modified gelatin. When the photo-initiator is added to the
modified gelatin solution, in the presence of UV light due to the existence of methacryloyl groups,

photo cross-linked GelMA hydrogels are produced [52].

The detailed protocol involved in the synthesis of GeIMA biomaterial and printing ink (5%

concentration) is stated below [53] (Figure ):

1. Dissolve 30 g of gelatin type A from porcine skin with gel strength 300 (Sigma Aldrich)
in 300 mL of Dulbecco's phosphate-buffered saline (DPBS) at 60 °C for 3 hours.

2. Allow the temperature of the solution to cool to 50 °C to add methacrylic anhydride under

the fume hood.

3. Add 24 mL of methacrylic anhydride at a rate of 1mL/min drop by drop at 50 °C which

took 24 minutes for complete addition.
4. Allow the solution to react for 3 hours at 50 °C under dark condition.
5. Add 324 mL of warmed DPBS at 40 °C to stop the methacrylate reaction.

6. Dialysis the solution with distilled water at 40 °C for 15 days to thoroughly remove the

methacrylic anhydride solution.
7. Freeze dry and store the dialyzed solution at -40 °C for five days.

8. After five days, the materials should be stored in -40 °C freezer.
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9. To prepare printing ink, dissolve 0.5% (w/v) of 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Sigma Aldrich — 410896) (photo-initiator) to the desired volume of
Phosphate Buffered Solution (PBS) containing 5% GelMA at 80 °C for 4 hours.

10.  Add 0.1% of Polyethylene glycol (PEG) to the GelMA/PBS solution to further improve

the mechanical properties (e.g. mechanical strength) of GelMA.

Figure 2.1 Procedures to prepare GelMA biomaterial and printing ink at Biofabrication laboratory;
(a) Addition of Gelatin to PBS ; (b) Dialysis of the synthesized solution after addition of
Methacrylic anhydride ; (c) Freeze-drying of dialyzed solution at — 40 °C for five days ; (d)
Freeze-dried GelMA biomaterials to store at — 40 °C freezer; and (e) Addition of photo-initiator
and PEG to PBS solution containing GelMA to prepare printing ink.

15



2.2 3D printing of scaffolds

Magicl3 Envisiontec software was used to design a digital model of the scaffold to be
printed. The designed 3D model was loaded to the VisualMachine software, which is interfaced
with the 3D printer. Extrusion based 3D printing technique has been employed to print 3D
scaffolds using a 3D bioplotter (Envision TEC Inc., German) (Figure 2.2). The hydrogel scaffold
utilized for all experiments (alginate scaffold for the SR-PBI-CT examination and GelMA
scaffolds for printability and mechanical deformation characterization) were fabricated with a
dimension of 10 x 10 x 5 mm, and the designed diameter of each strand was 200 pm.

For the fabrication of alginate hydrogels, the preferred printing pressure was 0.2 bar
pressure, and the printing temperature was 27 °C. The alginate scaffolds were printed with the
printing speed between 12 mm/s and 14 mm/s. During the printing of the alginate scaffold,
Calcium chloride (CaCl2) served as a cross-linker of alginate hydrogel was placed on the scaffold
holding stage. In this study, 50uM of CaCl2 was used while printing and 100uM of CaCl2 was

used after printing to preserve the fabricated hydrogels at 4 °C.

For the fabrication of GelMA hydrogels, the preferred printing pressure was 0.1 bar
pressure, and the printing temperature was 25 °C. The GelMA scaffolds were fabricated with
different printing speeds of between 14 mm/s, 16 mm/s, and 18 mm/s to characterize printability.
The hydrogels were printed in an open-air environment without any supporting bath. Hence, during
printing, the scaffold holding stage (Figure 2.2) was kept at 0 °C to withhold the hydrogel structure.
After printing, the fabricated hydrogels were immediately cross-linked with ultra-violet (UV) light

rays.
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Figure 2.2 3D printer to fabricate 3D hydrogels; Images of 3D printed hydrogel scaffold: (a) top

view; and (b) side view.
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2.2.1 Photo curing of GelMA scaffolds

The long-wave UV light lamp (RAD-FREE from Schleicher & Schuell) having the UV light
wavelength of 365 nm was utilized to cross-link the printed 3D scaffolds after fabrication. The
printed scaffolds were cross-linked for 240 seconds by keeping at a distance of 110 mm away from
the UV light lamp (Figure ). For immediate cross-linking, the UV light lamp setup was made near

the 3D printer, as shown in figure 2.3. to obtain 3D cross-linked hydrogels.

UV cross-linker lamp

3D printed scaffold

Figure 2.3 Cross-linking UV lamp setup for 3D printed GelMA scaffold having a distance of 10

mm away from the cross-linker source.
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2.3 Characterization of GelMA scaffolds
2.3.1 Printability assessment

The GelMA hydrogels fabricated with 0° - 90° strand orientation was utilized for the
characterization of printability and deformation behaviour. The parameters selected for the
characterization were strand diameter (side view along the z-direction) and pore size in the z-axis
or x-y axis (top view in x-y axis). The strand diameter and pore size of the hydrogels were
calculated from the randomly selected images (N=3) from different layers of the scaffolds. The
average strand diameter and pore size (n=9; 3 calculations were made from each image) was
measured to assess the strand diameter printability factor Ds (equation 2.2) is calculated by
measuring the printed strand diameter divided by the designed diameter of the strand and pore size
factor Pxy is measured by the printed pore size divided by the designed pore size, with the resulted
Pxy, to characterize scaffold pores in the x-y plane (equation 2.1) respectively [54]. The analyzed

values close to 1 indicates best suitable printing speed.

measured pore size
Py = (2.1)

designed pore size

The Dsvalue and Pyy value close to 1 indicates the printing fidelity of the printing speed for
GelMA scaffolds.

diameter of printed strand

DS:

(22)

designed strand diameter

For printability characterization, at least five GeIMA scaffolds were printed at each printing
speeds such as 14 mm/s, 16 mm/s, and 18 mm/s. At least two scaffolds at each printing speed were
utilized for imaging. The best imaging result obtained at each printing speed was discussed in
results chapter. So, the printability characterization results discussed the results of three best
scaffold (one at each printing speed).

2.3.2 Estimation of GelMA scaffold deformation under compression

The characterization of deformation was carried out by analyzing the change in strand
diameter and pore size in the x-y axis or along the z-axis. At each deformation level, the strand
diameter and pore size of the hydrogels were calculated from the randomly selected images (N=3)
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from different layers of the scaffolds. The average strand diameter and pore size (n=9; 3
calculations were made from each image) were calculated for all compression levels and
normalized by the value of 0% compression. The normalized values of strand diameter and pore
size smaller than 0.5 are considered as the pore disappeared, and strands fusion occurred,

indicating a relatively weak structural status of the scaffolds under compressions.

For mechanical deformation characterization, at least five GeIMA scaffolds were printed at
18 mm/s. At least three scaffolds were utilized for imaging. The best imaging result obtained was
discussed in results chapter. So, the mechanical deformation characterization results discussed the

results of the one best scaffold.
2.4 Statistical analysis

The printability experimental data were calculated and mentioned using mean and standard
deviation values. Statistical significance was calculated by one-way analysis of variance

method and found the data are unique with an acceptable significance level of p<0.05.

19



CHAPTER 3. SYNCHROTRON-BASED IMAGING SETUP AND IMAGE
PROCESSING METHOD FOR SCAFFOLD VISUALIZATION

3.1 Synchrotron Propagation Based Imaging (SR-PBI) system setup

The SR-PBI-CT scans were carried out at the Bio-Medical Imaging and Therapy (BMIT)
051D-2 beamline at the Canadian Light Source Inc. (Figure ). The samples were imaged at 30 keV,
40 keV, 50 keV, and 60 keV for scanning parameters examination and at 30 keV for printability
and also deformation experiments, while the SDD was set at 20 cm, 55 cm, 100 cm, 150 cm, and
200 cm for examination and for other experiments the scanning was done at 150cm. When the
SDD was set at a minimum distance (20 cm), the scanning system was considered as a
conventional absorption-based imaging setup; when the SDD was set at the distance of 150 cm, it
was set for SR-PBI. The detector consists of an AA60 beam monitor coupled with ORCA Flash
4.0 (Hamamatsu Photonics, Shizuoka, Japan) with an adequate pixel size of 13.5 x 13.5 pum?2.
During scanning, a specially treated container (in-vitro device) (Figure ) with a diameter of 2.3 cm
was loaded with a scaffold sample. This device was containing water as a surrounding environment
has mounted on the sample stage. For the deformation study, before the scan, the modified syringe
piston was pushed to provide compressive forces on scaffolds by controlling the position of the
piston. This is performed with the aid of a measurement scale attached to the sample holder with
0.5 mm in resolution to keep track of the movement of the piston and compression level
quantitatively. For high-resolution tomography, 1800 angular projections were acquired over 180°
of sample rotation. The acquisition time per scan was approximately 5 minutes with on-the-fly
mode, with the exposure time of ~60 milliseconds per projection. Flat-field and dark-field images
were captured before each scan for background correction. UFO-KIT software was used for
background correction, ring artifact removal, and CT reconstruction [55]. The projections were
pre-processed with the phase retrieval algorithm Paganin/TIE [56]. ImageJ (1.52) and Avizo 9.7
(Thermofisher Scientific) were used for further image processing and 3D visualization.

20



4 \— Compressor
- A > Hvdrogel
IO
I, —— Scale
i

/——> Rubber stopper

Figure 3.2 Schematic diagram of the in-vitro compression test device for hydrogel scaffolds
3.2 Image data analysis

The image quality assessment framed in this experiment is to exhibit the optimal scanning
parameters to visualize hydrogel scaffolds. The quality of an image was evaluated based on the

parameter Contrast-to-noise ratio (CNR). The spatial resolution in terms of the number of pixels
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in the contrast-enhanced edge areas, and image intensity profiles were also calculated at some

points to further emphasize the optimal findings.

The CNR was calculated as the contrast of an interest region in the image (hydrogel
scaffold strand) to the noise of the background [57-59] based on the equation (3.1) [60].
CNR=2 3.1
) (3.)

where §s is the standard deviation of the interest region and &, is the standard deviation of a

background noise region.

The value of s was calculated on a square-shape area selected, which contains the
hydrogel scaffold on the reconstructed images. The value of &, was on an area excluding hydrogel
scaffolds of the same size in the images. The image resolution was measured from the profile
image as the number of pixels in edge enhanced area (differentiating the hydrogel contour from
the surrounding background medium). The profile images were obtained by drawing a line across

the structured region to detect hydrogel signals.

For the SR-PBI-CT imaging examination, at least five alginate scaffolds were printed. At
least three scaffolds were utilized for imaging. At least three scaffolds were imaged for different
SDDs and different X-ray energies. The best imaging result obtained was discussed in the results
chapter. So, the examination results of the SR-PBI-CT technique discussed the imaging results of
one best scaffold for both different SDDs and X-ray energies. The same sample was imaged with

different SDDs, so the imaging results are comparable.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Synchrotron Based Imaging for Hydrogel Scaffolds

The 3D visualization of the hydrogels is significant in tissue engineering research since the
visualization with poor contrast and resolution can comprise in differentiating the tissue-
engineered scaffolds and soft tissue or the physiological environment, accounting for challenges
to pursue quantitative analyses. SR-PBI-CT imaging technique provides a non-destructive
visualization of scaffolds with lower densities and weak X-ray absorption capacity [61,62]. Certain
experimental factors can compromise the visualization or quality of images to a greater extent. The
variation in the SDD, different X-ray energies and number of projections, possibly affect the
quality of an image having fine details. Hence, to fine-tune the image quality, the examination of

PBI parameters is essential for the quantitative analyses.
4.1.1 Effect of SDD on PBI images

The scaffolds can be visualized at the acceptable SDDs of 100 cm, 150 cm, and 200 cm
shown in the Figure. 4.1 c-e. But the scaffolds at 20 cm and 55 cm (Figure a-b) are almost invisible,
counting as unacceptable SDD for hydrogel imaging. Increasing the SDD, the contrast-to-noise
ratio of the images improves, and the best image contrast happens in the longest SDD of 200 cm
is evident in the figure. 4.1e & 4.2b. But, the long SDD, decreases spatial resolution by increasing
pixels in the contrast-enhanced edge areas (figure 4.1 & 4.2a) indicates smaller the number of
pixels, higher the spatial resolution. So, the lowest-resolution image is obtained at the longest SDD
of 200 cm in this experiment (figure. 4.1e). To capture images with good contrast and resolution
for hydrogel visualization, the acceptable SDD is figured out to perform hydrogel scanning. Based
on the graphical analysis (figure 4.2b), 150 cm could be the acceptable SDD, since the CNR is
comparatively higher than 100 cm and 55 c¢cm, and no significant improvement of CNR was
displayed at 200 cm. For the image resolution, the SDD of 150 cm could still be acceptable because
the visualization of the hydrogel scaffold is challenging at 55 cm due to poor contrast (figure. 4.1b)
though the resolution is higher than 100 cm, 150 cm, and 200 cm. Also, 100 cm could be bypassed

as the PBI contrast is lesser than 150 cm. Therefore, the images obtained at the SDD of 150 cm
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(figure. 4.1d) is further supported with good contrast and acceptable resolution, which is better
than the image at the SDD of 200 cm (figure. 4.1e).

Figure 4.1 Comparison of reconstructed images with different SDDs of (a) 20 cm; (b) 55 cm; (c)
100 cm; (d) 150 cm; and (e) 200 cm. Scale bar indicates 1 mm
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Figure 4.2 Comparison of (a) spatial resolution measured with the number of pixels at contrast-
enhanced edge areas; and (b) CNR at different SDDs

The importance of contrast in visualizing the hydrogel scaffolds and the difference between
the absorption contrast and phase contrast is explained by comparing the figure. 4.1a & 4.1d. For
the absorption imaging method, the sample was placed very near to detector at 20 cm (figure. 4.1a),
which is the near-field regime [63]. Absorption imaging capture the absorption attenuation
differences in the transmission of X-rays as they pass through the hydrogel. However, hydrogels
and surrounding component, which was water medium in this study, are having similar density

resulting in poor absorption contrast of the hydrogel in the images. Whereas, propagation-based
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imaging measures the refracted X-rays introducing phase shifts by the hydrogel with different
refractive index [64,65]. With this property, it added an additional phase contrast to the hydrogel
and enhanced the edge/border of the hydrogel scaffolds. To capture phase shifts of refracted X-
rays through the hydrogel, the hydrogel was placed away from the detector with the SDD of 150
cm. It is seen from (Figure. 4.1a) that the hydrogel scaffold is almost invisible in the absorption-
based image (SDD: 20 cm), while the structures of the hydrogel strands can be clearly seen in the
edge-enhanced PBI image (Figure. 4.1d). The phase information plays a significant role in imaging
the hydrogel when the X-ray absorption attenuation of the hydrogel is similar to that of the

physiological environment.

The effective utilization of X-ray phase shifts information in PBI has effectively increased
the image contrast. The results of CT image assessment confirmed the influence of imaging
techniques such as propagation-based imaging and absorption-based imaging. Figure. 4.1a & 4.1d
shows that the hydrogel scaffold strands are clearly visible in PBI images compared to those in
absorption-based images. PBI images include both absorption contrast and phase contrast. In this
case, since the absorption contrast of the hydrogel is poor, the phase contrast makes the main
contribution to the visualization of the hydrogel scaffolds. So, the PBI technique shows great

impacts in the studies of tissue-engineered hydrogel scaffolds.

Alginate hydrogel scaffolds were used in this imaging study and have been successfully
visualized by SR-PBI-CT. Since the PBI image contrast are related to material density, the PBI
also has high potentials in the studies of other hydrogel materials. In this study, the water medium
was used to mimic the in vivo physiological environments, such as soft tissues, since they have a
similar density. It is excellent and promising that the PBI could be used for non-destructive scaffold

studies in vivo.
4.1.2 Effect of X-ray Energy on PBI images

The variation of the X-ray energy causes differences in image contrast. It is evident from (Figure.
4.3a-d) that the profile of the scaffolds is clearer in lower energy 30 keV than those at the higher
energy levels. As the X-ray photon energy increases from 30keV to 60keV, the CNR of the images
is significantly reduced (Figure. 4.4), demonstrating the increase in X-ray photon energy, lower

the CNR. The decrease in the CNR is due to the decrease of the X-rays attenuation coefficient of
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Figure 4.3 Comparison of reconstructed images at different X-ray energies of (a) 30 keV (b) 40
keV (c) 50 keV and (d) 60 keV. Intensity profiles (e), (), (g), (h) of the yellow line drawn in figure
(@), (b), (c), and (d). Scale bar indicates 1 mm.
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the hydrogel with an increase in X-ray energy from 30 keV to 60 keV (36 % to 55 %). These
results display that; lower X-ray energy produces an image with higher CNR. The lower energy
limitation of the 051D-2 beamline at CLS refrained from applying X-ray energy below 30 keV.
Therefore, to obtain the image with good contrast, lower energy of 30keV would be recommended

for hydrogel imaging with enough photon transmission.
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Figure 4.4 Comparison of the CNR of different reconstruction images at different X-ray energies

4.1.3 Image processing using Paganin-Transport of Intensity Equation (TIE) phase

retrieval algorithm

For the improvement of image quality of the PBI-CT data to perform quantitative analysis,
the Paganin/TIE algorithm was used for phase information retrieval during pre-image processing
for the images obtained at SDD of 150 cm and 30keV energy. Compared with the non-phase
retrieval reconstructed image (Figure 4.5a) (also called edge enhanced image), the phase retrieval
reconstructed image (Figure. 4.5b) shows a much better image quality of the hydrogel scaffolds.
The image contrast of phase retrieved images shown in the measured image profile (Figure. 4.5d)
is significantly better than the image contrast of the non phase retrieved image (Figure. 4.5c). Also,
the background noises in Figure 4.5b are much lower than figure. 4.5a. The phase retrieval converts
the edge-enhanced contrast to areal contrast, and it also improves image contrast. The resultant

image can be easily used for image segmentation and further quantification. The image quality
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analysis from the figure. 4.5 depicts the importance of the Paganin-TIE algorithm in pre-image

processing.
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Figure 4.5 Comparison of non-phase retrieval and phase retrieval reconstruction images. (a) Non-
phase retrieved the reconstructed image, and (b) phase retrieved reconstructed image (c) and (d)
are the image profiles measured at the yellow line positions in (a) and (b), respectively. The arrows

‘a’ and ‘b’ in (a), (b) point to the background noise area. Scale bar indicates 1 mm.

Also, the quality of the images is further evaluated by the calculated CNR values, which serve
as a useful characterizing tool to measure the noise level in an image quantitatively. The higher
the value of CNR, the better the image quality and less noise. The CNR values were calculated for
the non-phase retrieval PBI image and the phase retrieval PBI image. The CNR value of the phase
retrieval image is 2.4, and the value of CNR is 1.6 for the non-phase retrieval image. The CNR
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result repeatedly proves the significance of the phase retrieval image processing in the non-
destructive visualization of the hydrogel scaffolds. This discussion confirms that the Paganin-TIE
algorithm is vital in contrast enhancement with the ultimate purpose of analyzing hydrogel
scaffolds.

4.1.4 3D rendering and quantification using phase retrieved reconstructed images

The phase retrieved images provide finer details of areal structures with better image
contrast. After pre-processing, the phase retrieved images are suitable for segmenting hydrogel
scaffolds out of the surrounding medium for quantitative analysis. The 3D reconstruction of phase
retrieved images is performed by using Avizo 9.1 (FEI Company). By implementing segmentation
based on the images, a 3D volume rendering model of the hydrogel scaffold can be built and figure.
4.6a shows part of the 3D scaffold model. Afterimage segmentation, the hydrogel material and
pores can be separated for quantitative analysis. For example, the porosity of the hydrogel scaffold
is measured at 22%. Also, the quantitative analysis based on the reconstructed images has been
performed by measuring the strand diameter, pore size in the x-y plane and along the Z direction,
as shown in Figures 4.6b and 4.6c, respectively. From the quantitative analysis, it is found that the
strand diameter is 565.2 £ 106.4 pm, which is different from the designed diameter due to the
printing conditions and swelling property of hydrogels. The pore sizes in the x-y and the y-z
direction are 595.7 + 89.0 um and 519.7 + 48.0 um, respectively. The quantitative analysis results
will help with the design of the hydrogel scaffolds.
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Figure 4.6 3D rendering of a hydrogel scaffold based on the phase retrieval reconstruction images
and quantitative measurement according to reconstruction images. (a) 3D rendering model of a
hydrogel scaffold; (b) pore size measurement in the X-Y plane; (c) pore size and strand diameter
measurement along the Z plane. Scale bar representation indicates 1mm.

4.1.5 Radiation dose reduction using the Paganin-TIE phase retrieval algorithm

The projections captured from the SR-PBI-CT techniques were reconstructed using UFO
software. When the projections are reduced from 1800 to 450, to reduce radiation dose during the
imaging, the following results are obtained. The results of the phase retrieved reconstructed images
with a different number of projections (figure. 4.7d-f), clearly display the hydrogel scaffolds. The
intensity profiles (figure. 4.7g-i) of 450, 900, and 1800 projections depict that the reconstructed
images of the 450, 900, and 1800 projections can visualize hydrogel scaffolds with reduced
radiation dose. The non-phase retrieved images for 450, 900, and 1800 projections (figure. 4.7a-
c) again establishes the importance of phase retrieval algorithm in low dose imaging. Because the
visualization of hydrogel scaffolds is very challenging or almost invisible in the non-phase
retrieved results of 450 and 900 number of projections (figure. 4.7a-b) without the application of
Paganin-TIE phase retrieval algorithm. This result shows the effectiveness of the phase retrieval
algorithm that support the reduction in radiation exposure of samples by 75% during imaging. The
visualization of the hydrogel scaffold is evident in all three different phase retrieved reconstructed
images (figure. 4.7d-f). Decreasing the number of projections decreases the radiation dose to the
hydrogel scaffold is presented in the given table. 4.1. The reduction in the radiation dose is a
significant factor in live animal imaging as a high radiation dose could cause serious injury, even
death. The application of phase retrieval algorithm to lower number of projections (900 and 450
projections) still makes hydrogel scaffold structure visible and thus significantly contribute to
reduced radiation dose during imaging. This discussion proves that the radiation dose can be
significantly reduced by the application of phase retrieval algorithm to lower number of
projections. Other factors such as reducing exposure time, and spatial resolution in an acceptable

range can also minimize the radiation dose in future studies.
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Figure 4.7 Effect of phase retrieval on image quality of low radiation dose reconstruction images.
Comparison of non-phase retrieved reconstruction images a) 450 b) 900 c) 1800 and phase
retrieved reconstruction images from the CT scan of (d) 450 projections; (e) 900 projections; and
(f) 1800 projections. Intensity profiles (g), (h), (i) of the yellow line drawn on phase retrieved

images (d), (e), (f). Scale bar indicates 1 mm.

Table 4.1 Effect of the number of projections on radiation dose




4.2 Hydrogel Scaffold Characterizations using SR-PBI-CT images
4.2.1 Investigation on Printability with different printing speeds of GelMA scaffolds

The printability assessment of hydrogels is very vital to have well-interconnected strands
for hydrogel structural integrity with the analysis of strand diameter and pore size in the
interconnected network. In general, the interconnected hydrogels are printed in a liquid medium
or a supporting print bath. However, the printing of hydrogels in an open-air environment
implements various complications such as structural deformation after several layers during
printing due to lack of support bath to hold the printed strands. Hence, to obtain well-printed
structures of hydrogel scaffolds during printing in a free air surrounding, the examination of

printing speed is carried out for GeIMA scaffolds printed in an open-air medium.

The images of fabricated hydrogels structures are obtained from the SR-PBI-CT, where the
scanning parameters such as SDD and energy are examined for the visualization of hydrogels and
to capture images with good contrast and high resolution. The strand details of the scaffolds are
visualized from the phase retrieved reconstructed images (figure 4.8), which illustrate the
difference in printability with respect to different printing speeds such as 14 mm/s, 16 mm/s, and
18 mm/s. For the quantitative analysis of the printability, the strand diameter and pore size of the
hydrogel scaffolds were randomly selected for measurements (Table. 2) (average of nine
measurements). The diameter of the GelIMA strands at the printing speeds of 14 mm/s, 16 mm/s,
and 18 mm/s were 858.7 £ 31.2 um, 854.2+ 48.3 um, and 503.7 £ 28.3 um, respectively. The pore
sizes of the printed GeIMA hydrogels were found to be 1.8 + 0.1 mm, 2.0 £ 0.1 mm, and 2.4 + 0.1
mm for 14 mm/s, 16 mm/s, and 18 mm/s of printing speed, respectively. Also, from the phase
retrieved reconstructed images (figure 4.8) and quantitative analysis of hydrogel strands, it is
clearly seen that increasing the printing speed decreases the strand diameter (figure 4.9a), and so
the increase in pore size (figure 4.9b). The unusual change in strand diameter and pore size at
18mml/s is predicted to be the issue of 3D printer reproducibility. The graphical analysis serves as
evidence that the printing speed of 18mm/s achieves better printability closely to the designed
parameters both in terms of strand diameter printability factor (Ds) and pore size factor (Pxy) as
the value of the factors is close to 1 compared to other printing speeds. This quantitative
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information from the images indicate that the GelMA hydrogels are printable with suitable printing
speed in this case, 18 mm/s, to achieve the designed strand diameter and pore size very closely.

Figure 4.8 Representation of printability with different printing speeds. Comparison of scaffold
strands printed at printing speed of (a) 14mm/s; (b) 16mm/s; and (c) 18mm/s. Scale bar indicates

1 mm.

Table 4.2 Quantitative analysis of printability characterization

858.7 £ 31.2
854.2 +48.3 20+0.1
503.7 £28.3 24+0.1
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Figure 4.9 Graphical representation of printability factors with different printing speeds.
Comparison of (a) strand printability factor and (b) pore size factor with different printing speeds.
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4.2.2 Analysis of mechanical deformation of GelMA scaffolds under normal

compressions

The characterization of mechanical deformation was performed using SR-PBI-CT
technique under various compression levels from 0% to 30%. The variation in the strand diameter
and pore size was noticed to characterize the mechanical deformation and to demonstrate that
quantitative analysis is phenomenally possible to characterize the mechanical properties when the
hydrogel scaffold is experiencing external compressive force. The deformation of scaffolds under
various compression levels such as 0%, 10%, 20%, and 30% is shown in (figures 4.10 top view &
4.11 side view). The quantification of pore sizes deformation can be done from the x-y plane or
along z plane using the images obtained in either top view or side view, respectively. The obtained
results were normalized based on the measured pore size and strand diameter at 0% deformation.
The shift in the orientation of the strands along z-direction under intended compression indicates
the status of scaffold structure (figure 4.11a-d), with the change in the strand diameter and, as a
result, the pore size in the x-y axis is decreased during deformation (figure 4.12b). From the
analysis, the mechanical deformation of the GelMA scaffold shows acceptable resistance to
external compression and withhold its structural integrity until 20 % compression. But at 30%
compression, a little shift is noticed in its strand orientation and it shows no significant shock
absorption (figure 4.11d & 4.12a). Because the increase of the strand diameter after 20%
deformation (figure. 4.12a) shows no significant change in strand diameter, it indicates that the
scaffolds are resistant to absorb the compression (external shock) at 30% deformation. The result
confirms the mechanical strength of the scaffolds under different compression levels. Hence, the
quantified results predict that the GeIMA hydrogel design having 0 - 90° inner pattern is strong
until 20% compression. Yet it can be further improved since there are no significant shock
absorption trends observed at 30% compressions (figure 4.12a), which indicate less shock

absorption.




Figure 4.10 Display of hydrogel compression at different levels to analyze pore size in the X-Y
direction. Deformation of GelMA scaffolds (Top view) under different levels of normal

compressions (a) 0%, (b) 10%, (c) 20%, and (d) 30%. Scale bar representation indicates 1 mm.

Figure 4.11 Display of hydrogel compression at different levels to analyze pore and strand
diameter size in X-Z direction. Deformation of GelMA scaffolds (side view) under different levels
of normal compressions (a) 0%, (b) 10%, (c) 20%, and (d) 30%. Scale bar indicates 1 mm.
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Figure 4.12 Graphical representation of strand diameter and pore size under various compression
levels. (a) Normalized strand diameter and (b) Normalized pore size in x-y direction under various

deformation levels.

The results significantly display that using the SR-PBI-CT technique to visualize hydrogels
under different compressions indicates that this method can be utilized to characterize the
mechanical properties of the hydrogel scaffolds in 3D. The advantage of the SR-PBI-CT technique
for hydrogel scaffold characterization is explained by calculating the measurement difference
between the SR-PBI-CT images with low spatial resolution* (~ 100 um spatial resolution) which
is similar to the spatial resolution of MRI or USI images and the high resolution SR-PBI-CT
images (~13 um spatial resolution). Though the high-resolution MRI or USI imaging modality can
reach up to ~ 100 um spatial resolution which can visualize the hydrogel scaffolds having each

strand size of ~500 um, is not suitable to characterize hydrogel scaffolds. From table. 3 it is clearly
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evident that the measurement difference obtained between the high- and low-resolution SR-PBI-
CT images is very minimal and less than 100 um, which is impossible to be achieved using the
spatial resolution of 100 um image. Because even using high-resolution MRI or USI having the
spatial resolution of ~ 100 pum, it is not possible to visualize and characterize any minimal
variations occurring to the sample (e.g. 50 pum). Also, the measurement difference obtained from
SR-PBI-CT images between each compression level from 10% to 30% is less than 100 um, and
so MRI or USI cannot be used to characterize the mechanical properties of hydrogel scaffolds
having such minimal changes. In addition, using other fabrication techniques (e.g.,
electrospinning), the hydrogel scaffolds can have each strand diameter of less than 100 um which
cannot be characterized using MRI or USI, even high resolution one. Hence, this research
demonstrates that the SR-PBI-CT is the suitable non-destructive imaging technique for hydrogel
visualization and has the advantage to characterize the hydrogel scaffolds in both in vitro or in

vivo conditions.

Table. 4.3 Measurements difference between the MRI or USI resolution and the SR-PBI-CT

resolution

Strand diameter Strand diameter Difference in

(um) (um) measurements
(um)
556 + 134 503 + 40 53+ 94
703 + 130 632 + 92 71+£37
758 £ 144 716 £95 42 + 49
760 + 114 719+ 78 40 + 36

36



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

Three parts of research work have been carried out and presented in this thesis. The first part
of this work is about scaffold fabrication (Alginate scaffold to examine SR-PBI-CT and GelIMA
scaffolds to characterize printability and mechanical deformation), which was carried out in
Biofabrication Laboratory. GeIMA was synthesized from Gelatin type A with the addition of
Methacrylic anhydride. GelMA has been decided on the interest biomaterial due to its tremendous
biomedical applications [33]. The 5% GelMA with 0° - 90° orientation was designed and printed
using the 3D Bioplotter. After printing, ultraviolet (UV) light served as a cross-linker during the
GelMA scaffold fabrication. It is found that the cross-linking time for the GelIMA is 240 seconds,
with a distance of 110 mm between the UV light and the sample. Upon printing, the printed

scaffolds were stored in the PBS at 4°C until scanning.

The second part of this research is the study of SR-PBI-CT and different scanning parameters
were examined, such as SDD, energy, and number of projections in CT scans. The optimal
parameters were found based on the image quality. The third part of this research is to characterize
the printed GelMA using the SR-PBI-CT, particularly for the printability and mechanical
deformation of the GelMA scaffolds. The last two parts of this research work are carried out at the
CLS.

The following conclusions are drawn from the study of SR-PBI-CT for hydrogel imaging and
the characterization of printability and deformation of the GelMA scaffolds for their effective use

in tissue engineering and regenerative medicine.

The hydrogel scaffolds have been successfully visualized in 3D using the non-destructive SR-
PBI-CT technique and demonstrated the applications of this technique in the field of tissue
engineering. The advantages of the SR-PBI-CT techniques are higher spatial resolution and better
contrast (due to the unique addition of phase contrast) which is practically limited in MRI and USI.
The study of SR-PBI-CT by examining different scanning parameters shows the SDD of 150 cm
and X-ray energy at 30 keV are recommended to visualize and characterize hydrogel scaffolds

with acceptable image quality. Paganin/TIE phase retrieval algorithm has been proved that this
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algorithm effectively improves the quality of hydrogel scaffold images. The reduction in the
number of projections show the potential of hydrogel scaffold with relatively low in radiation dose
and again proves the effectiveness of Paganin/TIE phase retrieval algorithm in hydrogel scaffold
imaging. The reported results here mark the effectiveness of propagation-based imaging on
hydrogel scaffold visualization compared to conventional absorption-based imaging. The SR-PBI-
CT realizes not only 3D visualization of hydrogel scaffolds but also quantitative analysis of
scaffold microstructure in 3D. The SR-PBI-CT shows high potentials to be applied in Tissue
Engineering and Regenerative Medicine applications (TERM).

Using SR-PBI-CT, the characterization of printed GelMA scaffolds was performed. The
printability characterization of GelIMA scaffolds showed the higher printing speed of 18 mm/s is
the closest printed design to the actual structural design. The results of the mechanical deformation
of the GelMA scaffolds showed the scaffold withhold the compression under 20 % deformation
without much structural change and showed better external shock absorption compared to 30 %

deformation.

Utilization of SR-PBI-CT in quantifying the mechanical properties highlighted the importance
of synchrotron imaging techniques in tissue engineering that can not only visualize the 3D
structure information but also able to characterize the printability and deformation of scaffolds in
a mimicking physiological environment non-destructively. The characterization results will
support the design and fabrication of GeIMA scaffolds. The novel SR-PBI-CT imaging technique
has great potential for non-destructive visualization and monitoring on the status of hydrogel
scaffolds after implantation, which is of importance for determining the success of treatments

using scaffolds.

The results obtained from this research will benefit the tissue engineering research group for
future imaging experiments involving hydrogels at Canadian Light Source to use the SR-PBI-CT
technique. Researchers can use the developed holder (Figure ) for the mechanical characterization
of hydrogel scaffolds since it could mimic the mechanical deformation of hydrogel scaffolds under
the physiological environment. The printability assessment and deformation estimation provide
researchers with information on the design and fabrication of GelMA scaffolds, and the structural
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stability of GelMA scaffolds further to explore their mechanical properties and their tunable

characteristics.

5.2 Limitations and recommendations

The limitations of the present research are discussed below, along with the recommendations for

future research to address these limitations:

In the present study, the bioplotter used doesn’t have focused UV light, a separate UV block
has been utilized and layer-by-layer cross-linking was not carried out because of moving in
and out of the UV block, and the stray UV light rays cross-linked the biomaterial ink in the
needle present around the printing stage which leads to needle blockage and limited the
printing of successive layers. In the future, it would be interesting to develop or incorporate
focused UV light for the 3D fabrication of the GeMA scaffold to cross-link in a layer-by-layer
fashion during printing. Also, it can focus on controlling the stray light rays from the UV lamp
to avoid cross-linking of biomaterial present around the printing stage.

The printability study was performed with a limited range of printing speed and temperature.
Since GelMA is a thermosensitive material, determining the optimal temperature to print
GelMA scaffolds could lead to more robust structures. In the present study, the minimum
temperature of the printing head was 25°C, and further low temperature printing could be

explored to improve printability.

The imaging was performed with the samples within a water surrounding environment. The
results of reducing the radiation dose were achieved by reducing the number of projections by
75 % and can still support qualitative analysis. In the future, similar experiments could be

performed ex vivo with the scaffolds implanted.
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