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ABSTRACT

Regenerative medicine for tissue repair is an important and intensive area of research. The ultimate
goal of regenerative medicine is to repair or replace tissues in patients who have suffered from traumatic
accidents or degenerative diseases, often by utilizing biomaterial scaffolds or matrices to direct or stimulate
cell growth. There are numerous approaches to producing 3D matrices that support the growth of
mammalian cells. One method of creating a biomaterial scaffold is through the use of decellularized plant
cells. Decellularization is the process of removing all the cells from plant tissue, leaving behind a cellulosic
scaffold that involves cellulose, hemicellulose, pectin and lignin. The Pelling lab has previously
demonstrated that natural plant-derived cellulose scaffolds can be produced by employing common
decellularization approaches, which support 3D cell culture. Here, we focus on bringing together plant
decellularization techniques with 3D bioprinting to create decellularized plant scaffolds with controllable
architectures. More specifically, this project focuses on the decellularization of the BY-2 cell line, a
Japanese line that originates from the tobacco plant. The resulting cellulose is then mixed with polyethylene
glycol diacrylate (PEGDA), to create a biocompatible ink, which can be incorporated into the Lumen-X 3D
bio-printer. Scaffolds are then custom printed, offering a versatility of possible scaffold shapes and pore
sizes, making them suitable for different applications in tissue engineering. Additionally, our goal is to
show that mammalian cells can successfully attach to and colonize these scaffolds. We specifically used
NIH 3t3 fibroblast cells because they are well-established and widely used models for studying cell
attachment, proliferation, and tissue formation. Their robust and consistent growth characteristics make
them ideal for evaluating the biocompatibility of novel biomaterials like the plant-derived scaffolds. If
successful, these structures could be a great support for newly formed tissues in the receiving organism. In
our in vivo study, we implemented these scaffolds, 1 cm in length and 3mm in thickness, subcutaneously
in rats at three different time points: 4 weeks, 8 weeks, and 12 weeks. This study aims to further demonstrate
the potential of these plant-derived scaffolds in regenerative medicine, particularly in tissue repair and

regeneration.
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Chapter 1

Introduction to Plant Tissue Engineering

1.1 General Introduction

Regenerative medicine for tissue repair is an important and intense area of research'. The
ultimate goal of regenerative medicine is to repair or replace tissues in patients who have suffered
from traumatic accidents or degenerative diseases, often by utilizing biomaterial scaffolds or
matrices to direct or stimulate cell growth'. There are numerous approaches for producing three-
dimensional (3D) matrices that support the growth of mammalian cells .

3D matrices, also known as scaffolds, are essential for supporting the growth of cells by
providing physical support. What makes these matrices truly remarkable is their ability to enable
3D cell culture, which more closely mimics the in vivo microenvironment compared to two-
dimensional (2D) cell culture systems®. This is particularly relevant in tissue engineering and drug
discovery, where a 3D cell culture system provides an ideal approach for developing scaffold-based

constructs.

® Focal adhesion =—— Cytoskeleton —— Adsorbed proteins



Figure 1: Exploring Cellular Behavior with a 3D Substrate vs. 2D Substrate.
This figure delves into the contrasting environments experienced by cells cultured on a 3D porous
substrate vs. a conventional 2D substrate, exemplified by Petri dishes. On 3D porous substrates,
cells inhabit both the surface and interior, offering a more realistic mimicry of in vivo conditions
compared to the flat confines of Petri dishes. Essential proteins from animal serum or cellular
secretion adhere to the substrate’s surface, aiding cell adhesion. Through focal adhesion, cells
establish connections with the substrate, with material properties such as stiffness, defined as the
resistance of a material to deformation under applied force, influencing cellular behaviour and
morphology. This visual depiction highlights the dynamic interplay between cellular physiology
and substrate characteristics, shedding light on the intricacies of tissue culture environments.
Reproduced from Campuzano and Pelling, 2019 with permission from Frontiers in Sustainable
Food Systems.

These constructs have immense potential for disease modelling, regenerative medicine, and
studying the stem cell niche. By using 3D cell culture systems, researchers have made significant
advancements in these fields, providing invaluable insights into cellular processes, and paving the

way for future innovation*”.

1.2 Introduction to Biomaterials

Biomaterials are used in biomedical applications such as drug delivery, tissue engineering,
and medical implants. These materials must elicit an appropriate immune response from the host
to be considered biocompatible®. To make this determination, the material’s immunogenicity,
carcinogenicity, and mineralization must be considered’.

These materials serve as integral components in a multitude of biomedical applications,
encompassing drug delivery systems, tissue engineering constructs, and medical implants'®'!. The
field of biomaterial science continues to drive innovation, with ongoing efforts focused on
enhancing biocompatibility, tailoring material properties to specific applications, and exploring
innovative fabrication techniques'>'®. Researchers are dedicated to exploring navel fabrication
techniques and navigating the intricate interplay between material characteristics and biological
responses.

Biomaterials can be derived from either natural or synthetic sources, each presenting
unique advantages and disadvantages'®. Through these endeavours, the goal is to improve patient

outcomes across diverse clinical settings.



1.2.1 Natural Biomaterials

Natural biomaterials are derived from natural sources such as animal tissues, plant tissues,
and microorganisms. Polymers, made of alginate, gelatine, collagen, and many other materials have
already been used'®. Collagen, sourced from animals, is a good example of a bio-compatible
material that has been used to promote nerve regeneration and to support the adhesion and

16718 Alginate, extracted

proliferation of endothelial and smooth muscle cells, as well as tendons
from brown seaweed, has found wide application in the development of an array of composites for
tissue engineering, drug delivery, wound healing, cartilage repair bone regeneration, and cancer
therapy. Its appeal lies in its mild gelation by inserting divalent cations (e.g., Ca*")'%
Furthermore, gelatin, a neutral protein derived from collagen hydrolysis®, has also left its mark,
particularly in bioprinting techniques, where gelatin-based systems aid in mimicking native
tissue®*. Silk fibroin is another natural biomaterial that has been used in the medical community.
Its unique properties have led to its incorporation into medical implants, such as an injectable
hydrogel, demonstrating remarkable potential in wound healing and tissue repair®. This versatile
material holds promise for a range of applications, from reconstructive surgery to drug delivery
systems, thanks to its biocompatibility. Additionally, Chitosan, a natural polymer derived from
chitin, emerges as a compelling candidate for biomedical applications. Ongoing research explores
its potential in diverse fields as a biomaterial, for use in skin regeneration, cartilage repair, gene
delivery, sensors, treatment, and diagnosis of diseases like cancer and cell imaging®®?’.

Therefore, natural biomaterials play a significant role in the development of nervous
system repair. They provide biochemical cues that guide cellular behaviour, promoting stem cell
differentiation and axonal outgrowth. Among the array of biomaterials utilized, acellular tissue
grafts, collagen, hyaluronan, fibrin, and agarose stand out, each contributing distinctively to the
complex landscape of neural regeneration™.

Cellulose stands as a vital cornerstone among natural biomaterials, celebrated for its

widespread utility. It reigns supreme as the most abundant polymer on our planet, offering diverse
3



forms and functionalities®'. In the realm of tissue engineering, cellulose-based biomaterials emerge
as pivotal players, facilitating cellular adhesion while harnessing nanostructure to macroscale
mechanical properties. This intricate interplay between nano and macro scales not only underscores
cellulose’s versatility but also enhances tissue functionality™.

Furthermore, cellulose manifests in various forms, including those derived from bacteria
such as Acetobacter and Gluconacetobacter species, which produce bacterial cellulose that has
unique structural properties and high purity™. Bacterial cellulose finds applications as both a
material component and a scaffold, particularly within the realm of biomedicine **. The advent of
cellulose nanocrystals represents another great cellulose-based biomaterial where it is a
groundbreaking innovation, with ongoing advancements in extraction methodologies and
treatments aiming to meet the burgeoning demand for these materials at an industrial scale®'.
Carboxymethyl cellulose emerges as another stalwart within the cellulose pantheon, prized for its
exceptional surface properties, mechanical strength, tunable hydrophilicity, and viscous
properties®*¢. Its widespread use underscores the profound impact cellulose derivatives continue
to exert across diverse domains, propelling innovation and progress in materials science and

beyond.



1.2.2 Synthetic Biomaterials

Synthetic biomaterials, on the other hand, are chemically synthesized in a laboratory”’.
They have the advantage of being tunable in terms of their properties and can be designed to meet
specific mechanical requirements for targeted applications. Examples of synthetic biomaterials
include poly (lactic-co-glycolic acid) (PLGA), poly (glycolic acid) (PGA), and polyethylene glycol
(PEG)*®*. PLGA and PEG are excellent options for creating biocompatible and biodegradable
polymeric devices that can be used for drug delivery purposes because they are polymers that can
exhibit a wide range of erosion times, have tunable mechanical properties and are also FDA-
approved*'. Moreover, PEG can be utilized to bind with other molecules, thereby opening new
avenues for various therapeutic applications*.

The properties of biomaterials can vary greatly depending on their source and processing
method. For example, polymers can have different mechanical properties depending on the source
tissue or animal species. Processing methods such as crosslinking can also influence the mechanical
properties of natural and synthetic biomaterials. Porosity is another important factor in biomaterial

design, as it can affect cell attachment and growth'”.

1.3 Introduction to Plant Biomaterials

One method of creating a biomaterial scaffold is through the use of decellularized plant
cells* ™. Decellularization is the process of removing all the cells from a tissue, leaving behind a
cellulosic scaffold*®. The scaffold is made up of mainly polysaccharides such as cellulose,
hemicellulose, lignin, and pectin*’** Cellulose and hemicellulose contribute to its strength and
rigidity, providing structural support for cells to adhere and grow**. Lignin adds further stability
and durability, enhancing the scaffold’s ability to maintain its shape and integrity over time®'.
Pectin, meanwhile, promotes porosity within the scaffold, allowing for the exchange of nutrients,
gases and waste products essential for cell proliferation’**. After being shaped and processed, the

scaffold can then be seeded with mammalian cells and cultured in vitro or implanted in vivo to



promote tissue repair and regeneration®***. The use of plant-derived cellulosic scaffold has several

potential advantages over animal-derived extracellular matrix, such as a lower risk of immune

rejection, 3343659,
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Figure 2: Composition of Decellularized Plants.

This figure depicts the structural composition of plants post-decellularization, highlighting the
resemblance between plant scaffolds and human organs. The intricate network of pores and their
sizes bear striking similarities to those found in biological tissues. Upon decellularization, plants
yield a residual matrix comprising cellulose, hemicellulose, lignin, and pectin. Notably, variations
in porosity and pore morphology among different plant species underscore their potential versatility
in diverse applications, mirroring the diversity of organs they may emulate. Reproduced from Zhu
and Lin, 2021 with permission from Frontiers in Bioengineering and Biotechnology.
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Figure 3: Plant Cell Wall Structure.

This schematic diagram illustrates the intricate architecture of the plant cell wall. The outermost
layer, the Middle Lamella is primarily composed of pectin and acts as a glue between adjacent
cells. Beneath it lies the Primary Cell Wall, which contains a complex network of cellulose
microfibrils (blue) intertwined with cross-linking glycans (purple) and embedded in a matrix of
pectins. The innermost layer, the Plasma Membrane, is depicted in yellow. The cellulose
microfibrils provide structural support, while the cross-linking glycans and pectins contribute to
the wall's flexibility and porosity. Reproduced from Florida State University’s Molecular
Expressions Cell Biology Website.

In tissue engineering within plant biology, one challenge is breaking down the cell wall
while preserving the structural integrity of cellulose®® 2. The plant cell wall is a complex structure
composed of multiple layers, each with distinct biochemical components. The Middle Lamella, rich
in pectin, provides adhesion between cells. The Primary Cell Wall, a composite of cellulose
microfibrils, cross-linking glycans, and pectin, offers both strength and flexibility. The integrity of

the cellulose microfibrils is crucial as they provide the main structural framework®-%,

Plant-derived cellulosic scaffolds, a natural biomaterial, offer unique properties that make
them particularly promising for regenerative medicine and tissue engineering®. These biomaterials
are sustainable and environmentally friendly due to their renewable plant sources. The plant
biomaterials also are highly biocompatible, as their natural composition includes mainly cellulose,

which minimizes the risk of adverse immune responses®. These versatile biomaterials find
7



applications in various contexts, including wound healing, bone, and cartilage regeneration, and
even organ transplantation, making them valuable resources for clinicians and researchers alike®’.
Challenges, such as fine-tuning mechanical properties and ensuring sterility, are areas of ongoing
research, but the potential of plant-derived biomaterials to revolutionize tissue repair and
regeneration is increasingly evident in the field of regenerative medicine®®. The utilization of plants
with diverse textures as matrices, techniques involving precision-cutting of specific shapes, or the
creation of porosity scaffolds have all demonstrated efficacy but also present limitations. These

constraints have spurred further exploration into alternative methods, such as bioprinting®.

1.4 Introduction to Bioprinting

While decellularized plant-derived scaffolds have many benefits, the fixed geometry of
such scaffolds is an important limitation*®. Recently, 3D printing with biomaterials (bioprinting)
has become a very popular tool for the creation of scaffolds with controlled shapes™ . By using a
specific type of 3D printer, a biomaterial scaffold can be created by printing layers of decellularized
plant cells in a specific pattern to form the desired shape and size. Essentially, bioprinting is a
process that involves layer-by-layer deposition of biologically formulated plant-derived cellulose
ink. This method allows for precise control over the design and structure of the scaffold for different
applications”"*. To maintain the structure of the scaffold, it is necessary to both customize it and

reinforce it.
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Figure 4: Demonstrating the Versatility of 3D-Bioprinting Technology in Crafting Diverse
Tissue and Organ Designs.

Within this illustration, the profound adaptability of 3D-bioprinting technology is vividly depicted,
showcasing its ability to intricately design and fabricate a wide array of tissues and organs using
specialized bioink. Each design exemplifies the precision and customization achievable,
underscoring the potential for revolutionizing regenerative therapies through tailored biomaterial
fabrication. Reproduced from Vasanthan and Rajasingh, 2020 with permission from Cells.

With the multitude of approaches available for scaffold reinforcement, including the
incorporation of reinforcing fibres, adjustments to scaffold architecture, utilization of
nanostructured materials, integration of bioactive molecules, and the employment of crosslinking
techniques, the field of tissue engineering offers a rich toolkit for tailoring scaffold properties to
specific application needs’>’®. Among these methods, crosslinking stands out as particularly

promising for enhancing scaffold stability and mechanical strength, proving a versatile solution to

address the diverse challenges encountered in tissue engineering endeavours.



1.4.1 Crosslinking 3D Bioprinter

We are focused on combining plant decellularization techniques with 3D bioprinting to
create decellularized plant scaffolds with controllable architectures. Crosslinking is a method that
is utilized a lot in bioprinting to fortify scaffolds, offering numerous approaches such as alginate
and calcium chloride, which form stable crosslinks through ionic interactions’”. Another notable
method involves dynamic covalent inter-particle crosslinking, where covalent bonds are formed
between microgel particles using hydrazone linkages™®. Moreover, thermal crosslinking, an
approach dependent on chemical processes, presents yet another avenue. This method achieved
through the heating or cooling of polymer; holds promise for various applications. For instance,
temperature-induced gelation with agarose emerges as particularly beneficial for fabricating
hyaline cartilage™.

Additionally, UV crosslinking offers an additional, highly effective covalent crosslinking
method®®!. This involves using a biocompatible ink made by blending decellularized plant cells
with polyethylene glycol diacrylate (PEGDA), which can be printed using ultraviolet (UV) curable
technology. UV-crosslinking is a process in which a polymer is exposed to UV light to form
covalent bonds between the polymer chains, resulting in a more stable and mechanically stronger

material®

. This process can be used to crosslink PEGDA, a water-soluble, biocompatible polymer,
to create scaffolds®’. One type of bioprinter is a 3D printing technology that can print and bond
PEGDA using UV-crosslinking. By controlling the printing parameters and UV light intensity, the
mechanical properties and pore size of the scaffolds can be optimized for specific tissue engineering

applications. UV-crosslinking with PEGDA has been shown to be an effective method for creating

mechanically stable scaffolds with high water retention, making it an attractive hydrogel® ¢,
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Figure 5: Impact of UV Crosslinking on PEGDA Structure.

This figure illustrates the transformation of PEGDA from its liquid state to a scaffold structure
following UV crosslinking within the bioprintner. The initial liquid stage of PEGDA is depicted
alongside its post-crosslinking state under the influence of UV light within the printer, resulting in
the formation of a scaffold shape.
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Figure 6: Impact of UV Crosslinking on PEGDA Polymer Reaction.

The illustration showcases the transformative effects of UV light exposure on the PEGDA polymer
reaction, both before and after the process. In the presence of UV light, diphenyl (2,4,6-
trimethylbenzoyl)-phosphine oxide (TPO) emerges as a pivotal component, absorbing light and
generating free radicals. These radicals actively engage with monomer molecules, initiating the
cleavage of carbon-carbon bonds (covalent bonds). The subsequent interplay of reaction monomers
leads to the formation of expansive molecules that progressively elongate until two chains merge,
making the completion and termination of the reaction. Reproduced from Yang, W. and Liu, L.,
2015 with permission from Micromachines (Basel).
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1.4.2 Benefits of Incorporating Plant-Cellulose into Bioprinting

Incorporating decellularized plant cellulose into the 3D ink has some benefits. It offers
structural support for cells to grow and proliferate, acting as a template for the formation of new
tissue the decellularized plant-cellulose has a microporous structure that enhances the attachment
of mammalian cells. This porous structure can absorb a large amount of biological fluids*’, making
it an ideal environment for simulating the properties of living tissues®. Cellulose also provides the
necessary mechanical properties to maintain the integrity of the scaffold, resulting in a more stable
and durable structure. This innovative combination of bioprinting technology and plant-derived
materials holds promise for advancing both regenerative medicine and sustainable

biomanufacturing practices®*°.

1.5 BY-2 Tobacco Cell Line

The Tobacco Bright Yellow-2 (BY-2) cell line (Figure 6) is a well-established tool in plant
tissue culture and biotechnology research®®, making it an ideal candidate for this application.
Initially developed for the mass production of raw materials for cigarettes, these cells have evolved
into what is often referred to as the “HeLa cell” of plant biology®'. Derived from N.tabacum L.cv.
plants, they boast a remarkably short generation time, multiplying approximately 100-fold in a
week. This rapid growth makes them ideally suited for large scale production®. BY-2 tobacco cells
are formed through the initiation of callus culture, isolation of individual cells, and subsequent
suspension culture in a liquid medium®. Their connection to each other is facilitated by
plasmodesmata, even in the absence of physical attachment as seen in solid tissues’. Furthermore,
BY-2 cells are easily transformable and maintainable in culture, demonstrating a high tolerance
transformation with fluorescent proteins like the green fluorescent protein and its derivatives. This
versatility makes them invaluable for targeting sequences, enabling researchers to direct studies

towards specific subcellular locations for in vivo analysis®.
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Figure 7: Cellular Architecture of Tobacco BY-2.

This illustration provides a visual representation of the intricate cellular structure of Tobacco BY-
2. Scale bar B: 50 um.
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1.5.1 Decellularized BY-2

The porous structure and soft consistency of decellularized BY-2 cells offer a remarkable
opportunity to fabricate scaffolds that closely resemble the properties of living tissues”. In a recent
research study, both tobacco BY-2 cells and rice cells were decellularized using deoxyribonuclease
I. The decellularization process not only retained approximately 36% of total protein but also
demonstrated the ability to retain 33% of enhanced green fluorescent protein, underscoring the
effectiveness of the technique for potential biomedical applications”.

Furthermore, the unique porous structure and soft consistency of BY-2 cells make them
particularly valuable in the field of tissue engineering”’. The decellularization of BY-2 cells has
emerged as a transformative technique, enabling the creation of scaffolds that closely mimic the
properties of living tissues. This process involves strategically opening the cell membrane in a
porous manner, facilitating the infiltration of detergents into the cells. This allows for the extraction
of cellular content while preserving the structural integrity of the BY-2 cell, resulting in a

decellularized plant structure that can serve as an optimal scaffold for various applications.
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1.6 Conclusion

We hypothesize that adding BY-2 cells to PEGDA increases cellular infiltration and
biocompatibility of the polymer which results in a better customizable scaffold for various tissue
engineering purposes.

The advancements in bioprinting techniques and scaffold customization hold an important
spot in the field of tissue engineering by integrating decellularized BY-2 cells into synthetic
polymers provides a biomimetic scaffold abundant in crucial components facilitating mammalian
cell adhesion. It’s widely acknowledged that this matrix not only allows for cell attachment but
also provides biochemical and biophysical cues to emerging cells and tissues’. As we continue to
develop techniques to create scaffolds, we move closer to realizing the full potential of tissue

engineering in revolutionizing healthcare and regenerative medicine.
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Chapter 2
Decellularization Techniques for Plant-Derived Cellulose Scaffolds and 3D-Printed

Methods to Optimize Custom Made Scaffolds.

2.1 Introduction

Tissue engineering is a field of biomedical engineering that involves creating functional
three-dimensional (3D) tissues using cells, biomaterials, and biochemical cues. The aim is to create
functional biological substitute biomaterials to repair or replace damaged tissues and organs in the
human body®. The incorporation of the 3D concept into the structure is vital as it closely emulates
the intricate architecture and functionality of native tissue'°*'!. These structures, often referred to
as scaffolds, provide a supportive framework for cells to attach, proliferate, and differentiate;
ultimately forming new tissue'**'%,
Plant-based scaffolds have several benefits similar to animal-derived scaffolds, except they

are derived from a more “renewable” source’®'%+!0

. Plant materials are biocompatible and
sometimes have bioactive properties that aid in healing'®. The native structure of certain plant
tissues can be leveraged to guide cell alignment, making them a promising biomaterial for tissue
engineering applications. To achieve the desired functionality, plant-based scaffolds can
incorporate other cell types, soluble or matrix-bound growth factors, or adhesion molecules to

ensure the efficacy of the implant'®’

. However, there are still disadvantages to using plant-based
scaffolds. One major challenge is the variability associated with plant production in vitro, which
can result from differences in growing conditions, harvest times, or aseptic condition processing

methods'®

. Additionally, the mechanical properties of plant-based scaffolds can be a limitation,
since these materials often exhibit lower strength, flexibility, and durability compared to synthetic

alternatives. This limits their use in certain applications that require high mechanical

performance'®.
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One innovative approach to creating plant-based scaffolds is decellularizing plant tissues,
which involves removing all the cells contained in the plant tissue, leaving behind a sturdy
cellulosic scaffold®~*!"''"> By decellularizing plant tissues, one can preserve the structural
integrity of the original tissue while creating an environment conducive to host cell infiltration
without the risk of rejection due to cellular remnants''®. Failure to fully decellularize plant tissues
presents several challenges. Immunogenicity may emerge, where the presence of cellular
components can trigger an immune response when implanted into the body''’. Additionally,
inflammation may occur as cellular debris can interfere with host cell attachment, proliferation, and
differentiation''®'%. Several labs have demonstrated that common decellularization approaches
can produce plant-derived cellulose scaffolds that support 3D cell culture'?''%. Various different

techniques have been developed to ensure the complete elimination of cellular remnants +**3¢

812124 While a lot of researchers mostly utilize detergent-based decellularization, other
researchers have explored alternative approaches. For instance, some have employed
Deoxyribonuclease (DNases) treatment to target genetic material removal''>. Bleach has also

proven effective in clearing plant constituents from leaves and stems''*

. Additionally, an alternative
approach involves immersing leaves in water followed by treatment with a 5% NaOH solution
heated to 90°C'"®. Moreover, the combination of high-pressure freezing has demonstrated efficacy
in decellularizing plant cells, presenting another promising method in this field'>.

However, there are limitations to simply decellularizing a plant and using it in its natural
structural state. Consider a decellularized apple*-®, for example, which primarily consists of
components like pectin (12%), lignin (2%), hemicellulose (5%), and cellulose (5%)'%.
Microscopically, the cellulose of the apple has ring shapes®®. While it can be reshaped and sculpted,
its internal structure remains immutable. Neither its stiffness nor flexibility can be adjusted, thus

restricting the range of potential applications®®'%,
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3D printing, also known as additive manufacturing, is a process of creating 3D objects
layer by layer using a digital model'?”'*®. The advent of this technology has allowed researchers to
incorporate the benefits of cellulose’s structure with the design capabilities offered by synthetic
polymers. These composites are often referred to as printing ink, which is used to create an array
of shapes and structures to meet the requirements of specific tissue engineering needs. These
composite scaffolds can be manipulated to not only emulate the desired shape but also the stiffness
and flexibility to make a perfect tissue match™'?’. In 3D printing, the process entails layering
multiple successive layers of the composite material, allowing for precise control and customization
of the final product.

As mentioned in Chapter 1, this project focused on incorporating decellularized BY-2 plant
cells derived from the species Nicotaina tabacum into the scaffold made with PEGDA, crosslinked
using UV light**'*°. The objective is to 3D print a scaffold rich in BY-2 decellularized plant cells,
maximizing porosity to facilitate optimal penetration of mammalian cells and tissue regeneration.
Additionally, the aim is to create a custom-made scaffold with the desired shape, stiffness, and
flexibility to achieve a perfect tissue match.

Therefore, my project will focus on bringing together plant decellularization techniques
with 3D bioprinting to create decellularized plant scaffolds with controllable architectures. More
specifically, optimizing techniques for the decellularization of the BY-2 Tobacco cells, to harness
their cellulose structure, involves refining methods to efficiently remove cellular components while
preserving the integrity of the cellulose matrix. This will involve careful consideration of factors
such as temperature, chemical composition, enzymes, and duration of treatment to achieve optimal
results to suit the specific requirements of BY-2 Tobacco cell content extraction. To gauge the
efficacy of these methodologies, we employ confocal microscopy to visualize the cell nuclei. The
presence of residual nuclei within decellularized plant scaffolds indicates that the cytoplasmic

content was not completely removed. This could be detrimental, potentially triggering immune
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responses when deployed in vivo because the incompleteness may result in the retention of cellular
remnants or bioactive molecules. The immune system will recognize these remnants as foreign
bodies or antigens which can lead to inflammatory responses or even the rejection of the implant''°.
The resulting product would then be blended with PEGDA to create a biocompatible ink, which
will be incorporated in the Lumen-X 3D bio-printer. Scaffolds will then be printed, and their
biological resistance and compatibility will be assessed. This seamless blend of methods and
materials marks a promising step forward in tissue engineering, utilizing natural resources. In
addition, after optimizing a good scaffold, a comprehensive understanding of scaffold mechanical
properties is essential for ensuring successful tissue regeneration''.

Young’s Modulus is a fundamental concept extensively utilized in tissue engineering,
providing valuable insights into the mechanical properties of materials, particularly their stiffness
and elasticity, which are critical for the suitability of implants for specific anatomical locations.
Variations in Young’s Modulus allow the customization of implants to cater to diverse
physiological requirements'*?. The elasticity of the scaffold is pivotal, delineating its ability to
withstand external forces while reverting to its original state post-deformation'**. In a previous
study, scaffolds for heart valve replacement were developed to mimic the mechanical behaviour of
human heart valves by tailoring their mechanical properties based on Young’s Modulus. Utilizing
photolithographic patterning, they introduced anisotropic mechanical properties into PEG
hydrogels. These engineered hydrogels, containing specific peptides, influenced the behaviour of
encapsulated valvular interstitial cells, impacting their elongation, extracellular matrix deposition,
and hydrogel degradation'**,

Young’s Modulus varies significantly among different tissues, reflecting their unique
mechanical properties and functional roles within the body. For example, bone tissue exhibits a
high Young’s Modulus, typically around 7,600 to 20,000 kPa, due to its need to support and protect

the body'**. In contrast, softer tissues like skin have much lower values, typically between 5 and 1
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000 kPa'**. Muscle tissue ranges from 8 to 17 kPa, while the brain is the softest, with Young’s

modulus between 0.1 to 1 kPa'?’

. Understanding these variations is crucial for tissue engineering
because it enables the design of implants and scaffolds that mimic the mechanical properties of

native tissues, enhancing their functionality and longevity while minimizing the risk of rejection or

failure!3¥141,
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Figure 8: Young’s modulus of natural soft tissues and organs in Kilopascal (kPa).

Reproduced from Liu, J and Schilling, A., 2015 with permission from International Journal of
Molecular Sciences.

Calculating Young’s Modulus and understanding the underlying mechanics that define it
are important for accurate material characterization'*”. Young’s Modulus is derived from a
mathematical formula where stress is measured overstrain. Stress is the force applied per unit area
of the material, and strain is the deformation or displacement of the material relative to its original
length. Young’s Modulus, therefore, quantifies the stiffness of a material by indicating how much
it will deform under a given load. A higher Young’s Modulus means the material is stiffer and less
prone to deformation, while a lower value indicates a more flexible material'*’. The equation is as

follows:

o

E=-—

€

Where E is the Young’s Modulus, o is the uniaxial stress, and € is the strain'*,

Young’s Modulus assumes a pivotal role in the realm of 3D bioprinting, influencing

scaffold properties through precise control over printing parameters'*'*’. Young’s Modulus

results indicate the mechanical characteristics of the scaffold, affecting its elasticity and softness.
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The printer settings including crosslinking methods, enable tailored adjustments to scaffold
properties'®®. In a recent study focused on developing complex tissue construct resembling
osteochondral tissue, researchers utilized a 3D printer to create a hydrogel bioink. This bioink,
consisting of GeIMA (gelatin methacrylate), dopamine-functionalized GelMA, and acrylate f3-
cyclodextrin, not only enhances mechanical strength but also enables sustained drug release. This
remarkable achievement is made possible by the ability to modify 3D printing parameters that were
assessed using Young’s Modulus. This showcases the profound impact of precise control over
scaffold properties in advancing tissue engineering'*"

In our study, using the PEGDA Start Photolnk from Cellink in the 3D bioprinter Lumen-
X, we explored the impact of UV crosslinking time on scaffold properties. Extending the exposure
time yields a stiffer, less elastic scaffold, while shorter exposure durations result in softer, more
elastic scaffolds. The stiffness can be altered by increasing the duration of exposure between layers.
A minimum length of 0.5 seconds is required to achieve complete crosslinking. '3*'*',

The adoption of additive manufacturing technology allows for homogeneous crosslinking
by sequentially printing and crosslinking hydrogel bioinks layer-by-layer. This versatility is
changing Young’s Modulus, which empowers researchers to fine-tune scaffold properties to meet
the demands of specific tissue engineering applications, facilitating advancements in regenerative
medicine and implant design. Through the 3D printer, researchers can modulate the parameters of

scaffolds and alter them according to their desires.
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2.2 Material and Methods

2.2.1 Establishment of Tobacco BY-2 Culture

BY-2 cells are commonly used in laboratory studies and have a high propagation rate of
80 to 100-fold per week. The cells will be passaged every week to maintain an appropriate cell
concentration and to not saturate the media. The cells will be cultured on a rotary shaker at 130
rpm, at 27 degrees Celsius, in the dark®. Growing the cells in the dark prevents photosynthesis,
allowing them to focus on cellular growth and division, which is crucial for maintaining their high

propagation rate'*%.

2.2.2 Optimization of BY-2 Decellularization Method

The goal of this process is to create a concentrated material with a maximum BY-2
cellulose yield. In this study, I tested three different methods to achieve this:

The First Method involves a customized maceration technique originating from an
established protocol (Yeung, 1998). This method includes a mixture of glacial acetic acid, 30%
hydrogen peroxide, and water to permeabilize the cell wall and destroy the protoplast and cell
membrane. The maceration mixture was added to a BY-2 cell pellet and incubated in a 50°C
water bath, overnight. Afterward, the cells were washed with distilled water and incubated in
double distilled water (ddH20) overnight, on a shaker set at 130 rpm, at room temperature. After
every washing step, the supernatant was removed through centrifugation at 4000 rpm for 5
minutes, leaving behind a cell pellet. This step removes all cytoplasmic and protoplast content,
resulting in a visibly white pellet. The pellet was then added to a 0.1% SDS (Sodium Dodecyl
Sulfate) solution from Fisher (BP166-500) and agitated on a shaker for 1-2 days at room
temperature. The SDS was refreshed daily by removing the old solution via centrifugation at
4000 rpm for 5 minutes and adding fresh SDS solution. After the second day, the cells were
added to Calcium Chloride (CaClz) 100 mM and incubated on a shaker at 130rpm for 2 days to

wash off the SDS. The CaCl, solution was also removed by centrifugation at 4000 rpm for 5
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minutes. The sample was then washed in 1X phosphate-buffered saline (PBS) (MP Biomedicals)

for 1 day and ddH2O for 2 days.
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Figure 9: Decellularization — Method 1. Created with Biorender.com

The Second Method builds upon the first method, introducing an approach: Instead of
SDS, Deoxyribonuclease (DNases) at a concentration of 0.25 g/l were used. The DNases were
added directly to the cell pellet and incubated at room temperature overnight. The following day,
the DNase-tested solution was centrifuged for 5 minutes at 4000 rpm to remove the DNases.

DNases break down the deoxyribonucleic acid (DNA) fragments in the plant cells to help

decellularize'>.
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Figure 10: Decellularization — Method 2. Created with Biorender.com
For the Third Method, the cell pellet was frozen and thawed to lyse the cells, achieved

134 Adding this step helps to avoid the use of chemical agents, thereby

by freezing and rewarming
minimizing potential residual toxicity. The frozen cells were thawed at room temperature for 12

hours, then centrifuged at 4000 rpm for 5 minutes to remove any leftover water from the ice or

media. SDS (0.25 %) was then added to the pellet. The cells were then incubated for four days with
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daily solution change. After centrifugation, the cells were incubated in CaCl, 100 mM overnight

and washed twice with water.
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Figure 11: Decellularization — Method 3. Created with Biorender.com

2.2.3 Immunofluorescence Staining

After testing the three decellularized methods, all cell pellets were stained with Hoechst
33342 (Thermo Fisher H3570), to investigate any remaining protoplast and cell nuclei. To facilitate
imaging, a 10-minute incubation of Hoechst dye (0.05 mg/ml) was carried out on the decellularized

cell pellet, followed by a single wash with PBS.

2.2.4 Optical Microscopy

Confocal imaging was performed using an AIR high-speed laser scanning confocal
system on a TiE inverted optical microscope platform (Nikon, Canada) with appropriate laser
lines and filter sets. Transmitted light images were acquired on an inverted TiE microscope
(Nikon, Canada) with phase contrast optics. Before imaging, the plant cell was positioned
between a coverslip and slide, and samples were imaged with a 40X lens. The images presented

are Maximum Intensity Projections. All images were analyzed using ImagelJ software.
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2.2.5 Fabrication of the Plant Cell Hydrogel Base

The plant cell hydrogel base was prepared by first mixing PEGDA with BY-2 cells in a
mass ratio of 2:1. This mixture was thoroughly vortexed to ensure uniform distribution. To
eliminate any visible air bubbles, the solution was left to stand for an hour at 4°C until no bubbles
were visible. Finally, to maintain stability and prevent premature polymerization, the hydrogel base

was stored at 4°C.

2.2.6 Construction of the Hydrogel Plant Base Scaffold

To construct the hydrogel plant base scaffold, a crosslinker is needed to establish the
cellulose networks'”>. We used PEGDA Start Photolnk (Cellink), which contains PEGDA
polymers and the photoinitor lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). Scaffold
construction was performed using the Lumen-X Bio-printer from Cellink. Printer settings were
adjusted to include a 10-second UV light exposure at a wavelength of 405 nm, with double exposure
time for the first layer to ensure a robust base formation. The software Thinkcad was employed to

design and customize scaffold shapes as per experimental specifications.
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Figure 12: The mixture of BY-2 and PEGDA before and after UV crosslinking.
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2.2.7 Mechanical Properties

The Young’s Modulus of the 2 different formulations (the PEGDA and BY-2 scaffold and
the PEGDA alone) were measured after bioprinting and cross-linking samples with UV light using
the UniVert testing machine (CellScale) at a crosshead speed of 3 mm/min. For all samples,
Young’s modulus was devised from the linear region of the strain curve, as shown in Figure 13,
and the compression strengths were recorded as the amount of stress at 10 % total strain. We do
not go beyond the linear elastic region to avoid entering the plastic deformation region, where the
material would undergo irreversible changes. The values reported here are the average of 10
specimens for each formulation. Samples preparation is the same as those used in the in vitro assay:

scaffolds were sterilized with 70% ethanol overnight followed by 7 thorough saline washing.
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Figure 13: Stress-Strain Curve for Ductile Material.
The Young’s modulus is derived from the linear elastic region of the curve, where the material

exhibits proportional stress and strain. Beyond this region, the material enters the plastic
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deformation region, where permanent deformation occurs, and thus it is not considered for

calculating Young's modulus.

2.2.8 Statistical Analysis

Student’s ¢ tests were utilized for comparing two samples in all analyses. Statistical
significance was obtained by using Graphpad Prism Software, with significance donated by an

asterisk (*) indicating a P-value < 0.05.

2.3 Results and Discussion

2.3.1 Optimization of the Decellularized Method

We assessed the different decellularization methods, as shown in Figure 14. The goal of
this experiment was to find the most efficient way to remove the cellular content. We specifically
tested for nuclear remnants by staining with Hoechst. Hoechst 33342 is a blue, fluorescent dye that

136 Hoechst is used as a

binds to the adenine-thymine region of Deoxyribonucleic acid (DNA)
control to assess the effectiveness of the decellularization process. There should be no remaining
DNA in the cells following decellularization.

The presence of Hoechst stain in Figure 14B and 14C (first and second methods
respectively) indicated that the nuclear content remains intact. However, in Figure 14D, there were
no visible nuclei, indicating successful removal of cellular nuclei using the third protocol. This
result aligns with our tissue engineering goals, as the absence of cellular nuclei in the decellularized
material is desired to prevent immune response and facilitate tissue regeneration. The presence of
intact cell nuclei indicates that the decellularization process was not effective in disrupting the cell
wall. The third method was not only successful in removing all the nuclear content but also did not

disturb the structural integrity of the cell wall, as evident when comparing Figure 14A (control,

live BY-2) and 7D (completely decellularized BY-2).
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Therefore, method 3 is the most effective decellularization technique. This method
involved replacing either the maceration (from method 1) or DNase steps (from method 2) with
freezing at -80°C overnight without the use of a cryoprotectant. The freezing of the cell cytoplasm
induces the formation of ice crystals, disrupting the wall (microtears). The porous cell wall provides
an entry point for SDS, a detergent that further permeabilizes the cell wall and allows for efficient
extraction of cellular contents. Methods 1 and 2 both have the SDS step, which was superseded by
a maceration step, and for method two an addition DNases step. These methods have proven
insufficient in eliminating all cellular contents, as evidenced in Figures 14B and 14C, where

residual plant nuclei BY-2-shaped cells were observable.

Preserving cell wall integrity while eliminating cellular content is paramount for
fabricating customizable, biocompatible scaffolds essential for tissue engineering applications. The
structure in Figure 14D remains intact and shows no nuclei, validating the effectiveness of this

chosen methodology.
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Figure 14: Comparison of different decellularization approaches.

Image A shows Hoechst staining to investigate any remaining protoplast and cell nuclei. The first
method consists of maceration in a solution of SDS 0.1%, shown in Image B. The second method
of decellularization, uses DNases and SDS 0.1% as seen in Image C. The third method of
decellularization, combines the freezing of the cells and the use of SDS 0.1% shown in Image D.
Arrows indicate residual nuclei in the plant cells. In Image D, all nuclei are gone, indicating
complete decellularization. Image analysis was performed using ImageJ software. Scale bar = 50
um, captured using a 40X lens.
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2.3.2 Optimization of the Scaffold Ink

The primary objective is to maximize the incorporation of decellularized BY-2 cells within
the scaffold, aiming to enhance the formation of micropores throughout the structure. This strategic
approach is pivotal for promoting cellular infiltration and facilitating the development of a
biomimetic microenvironment '*"'**, However, it is imperative to ensure that the scaffold remains
printable throughout the fabrication process. Achieving this delicate balance necessitates
meticulous attention to the formulation of the bioink, optimizing the concentration and distribution
of BY-2 cells to promote uniform deposition and structural integrity.

Figure 15A showcases a successful print, indicating the potential for further enhancement
by increasing the incorporation of decellularized BY-2 cells. After numerous iterations, a 2:1 mass
ratio of PEGDA to BY-2 is the optimal formula, striking the desired balance between printability
and cellular incorporation, as demonstrated in Figure 15B. However, as depicted in Figure 15C,
excessive BY-2 content resulted in a poorly printed scaffold. Since our objective is to maximize
BY-2 cell density within the scaffold while maintaining printing quality, Figure 15B is the ideal
scaffold ratio for this project. Figures 15D and 15E show what the scaffold should look like in the
software Tinkercad.

Moreover, the crosslinking agent, PEGDA and LAP photoinitiator, play a critical role in
facilitating the crosslinking process initiated by UV light exposure. The judicious selection of the
amount of PEGDA in the PEGDA: BY-2 mass ratio is essential to ensure sufficient crosslinking
density, thereby imparting stability and strength to the scaffold architecture. This ensures the robust
layer-by-layer assembly of the scaffold, preventing structural deformation and maintaining
dimensional accuracy throughout the printing process. By meticulously controlling the crosslinking
parameters, including UV exposure time and intensity, we can further enhance the reliability and
reproducibility of scaffold fabrication, ultimately yielding high-quality tissue constructs tailored to

meet precise therapeutic requirements.
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Figure 15: Optimization of BY-2 and PEGDA Scaffold Mass Ratios.

This figure illustrates the impact of varying ratios of PEGDA to decellularized BY-2 on scaffold
properties. The yellow coloration is due to the photoinitiator LAP in the PEGDA ink. The goal is
to achieve a scaffold that is constant and has open pores, maintains a good shape, and maximizes
the incorporation of BY-2 decellularized plant cells. Scaffold A represents a ratio of 3:1 PEGDA
to BY-2, Scaffold B showcases a ratio of 2:1, and Scaffold C demonstrates a ratio of 1:1. Image D
and Image E show the 3D model designed using the software Tinkercad, with Image D scaled to 1
cm in length and Image E scaled to 3mm in thickness.
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Now that we have established an optimal formulation for one shape, the next challenge was
to explore various scaffold shapes. Customizable scaffolds hold immense promise for advancing

159

tissue engineering and regenerative medicine . We then set to evaluate our capability to fabricate

hydrogel scaffolds of different shapes and pore sizes as shown in Figure 16, a task facilitated by

3D bioprinting - a pivotal tool in this process'®’

. Unlike traditional scaffold fabrication methods,
such as casting or molding, bioprinting enables the layer-by-layer deposition of bioinks containing
PEGDA and Decellularized BY-2 allowing for precise control over scaffold architecture, uniform
distribution of the bioink, and the creation of heterogenous scaffold'®!-'®2,

We first designed the haystack shape, shown in Figure 16A, featuring larger pore sizes
within the scaffold, providing ample space for cell infiltration. This feature is particularly
advantageous for applications requiring robust cell integration and tissue formation, such as in the
regeneration of volumetric tissues like skin or adipose tissue '*'%4,

We also designed cylindrical shaped scaffolds shown in Figure 16B, with larger pores.
Such a design could be particularly suitable for applications where enhanced fluid exchange and
cell infiltration are desired. A more porous structure is good for the diffusion of waste products out
of the scaffold as well'®.

On the other hand, Figure 16C presents a scaffold with smaller, more densely packed
pores. This finer pore structure is conducive to providing mechanical support and guidance for cell
growth and neurite extension, making it well-suited for applications involving neural tissue
regeneration, such as spinal cord repair''>. The small pores can serve as channels for guiding the
growth of neuronal processes and facilitating the formation of neural networks within the scaffolds.

Additionally, the scaffold’s cylindrical shape mimics the anatomical structure of the spinal cord,

further enhancing its compatibility for implantation and integration with the host tissue.
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Figure 16: Hydrogel Scaffolds Design.

Hydrogel scaffolds were designed with various pore sizes, using the Lumen-X bioprinter and
viewed through stereoscope microscopy. Scaffold A showcases a haystack shaped 10x10 mm with
9 pores of 2x2 mm each. Scaffold B showcases a cylinder-shaped scaffold with a circumference of
3.17 cm with 9 porous of 3.7 mm of circumference. Scaffold C showcases a cylinder-shaped
scaffold with a circumference of 3.17 cm with 21 pores of 1.2 mm of circumference. All scaffolds
are 3mm in height. Scale bar = 1 mm. Designs were made with the software Tinkercad.
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2.3.3 Young’s Modulus

Understanding Young’s modulus in tissue engineering is important for comprehending
tissue behaviour, particularly given the diverse compositions of various scaffolds, which can
significantly affect their level of resistance and elasticity'**'®’. As mentioned in the introduction,
the bioprinting method allows for the customization of Young’s modulus. Figure 17A
demonstrates the impact of varying UV light exposure time on the formulation of PEDGA + BY-2
scaffolds, as photo-crosslinking can be adjusted to modulate Young’s modulus'®*'®’, The graph
depicts exposure times of 4s, 10s, and 12s, chosen based on preliminary experiments that indicated
these durations would provide a broad range of mechanical properties. Notably, Young’s modulus
distinct changes; at 4s, it registers a lower average of 34.45 + 9.82 kPa; at 10s, an average of 57.67
+9.72 kPa is observed; and the 12s, the average rise to 65.88 £8.04 kPa. These findings underscore
the tunability of the bioprinting process, enabling precise control over scaffold properties to meet
specific application requirements.

As mentioned in Figure 8 of the introduction, Young’s modulus varies across different
tissues. Figure 17A extends this principle by showcasing the variability achievable within tissues.
By correlating with Figure 8, we discern that lower UV exposure time may mimic tendon
properties 30 to 50 kPa, with higher exposure times could emulate cartilage or even bone
characteristics. Altering ultraviolet light exposure times allows the designer to change the density
and softness of the scaffold without or in addition to the 3D printing process. Additionally, Figure
17A, shows that the materials become harder with increased UV light exposure. Significant
differences are observed between expose times of 4s and 10s, as well as between 4s and 12s, with
p-values smaller than 0.0001. These findings, obtained through Student #-test analysis, highlight
the potential to create various tissue types by adjusting UV light exposure durations.

In Figure 17B, the comparison between PEGDA alone and PEGDA combined with BY-2
decellularized plant cells reveals an important insight. PEGDA alone exhibits considerable

variation, with an average Young’s modulus of 46.85 £ 29.95 kPa. In comparison, PEGDA
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combined with BY-2 cells shows more consistent Young’s modulus values, with an average of
57.67 +£9.72kPa. The PEGDA combined with the BY-2 cells scaffold is more resilient and
consistent, while PEGDA alone is more prone to brittleness and exhibits greater variability. The
range of values for the PEGDA alone scaffold is much higher than for the PEGDA+BY-2 scaffold.
Given our objective of creating a hydrogel, we aim to maximize elasticity to ensure the scaffold

can withstand pressure within the body without fracturing'’®'”".
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Figure 17: Comparison of Young’s Modulus in Various Scaffolds.

Graph A illustrates the impact of different UV light exposure durations (4, 10 and 12 seconds) from
the Lumen-X bioprinter on Young’s modulus of the scaffolds. Graph B showcases the comparison
between scaffolds composed of PEGDA only and PEGDA combined with BY-2 decellularized
cells under a 10-second UV light exposure. These assessments were conducted using the UniVert
testing machine (CellScale) with the stress measured at 10 % total strain and a speed of 3 mm.min’
!. Each was tested with 10 scaffolds.

In this figure, "ns" stands for "not significant," indicating that the differences observed were not
statistically significant. Conversely, "****" denotes a highly significant difference with a p-value

less than 0.0001.
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2.4 Conclusion

In conclusion, our study highlights the critical importance of optimizing decellularization
methods and scaffold ink formulations in tissue engineering endeavours. Through meticulous
experiments, we established a good decellularization technique (method 3), which effectively
removed cellular content while preserving structural integrity. This technique, which involves
freezing at —80 degrees without cryoprotectants, proved to be the most efficient method of
decellularization for our intended application.

Our exploration into scaffold ink optimization underscored the delicate balance between
printability and cellulose incorporation. By fine-tuning the mass ratio of PEGDA to decellularized
BY-2 cells, we achieved an optimal formula (2:1 ratio) that maximized the amount of cellulose
within the scaffold while ensuring printing quality. This achievement was crucial for creating
scaffolds with desirable properties, such as robustness and microporosity, facilitating mammalian
cell integration for future in vitro and in vivo work.

Our investigation into Young’s modulus provided valuable insights into scaffold elasticity
and resilience. Through precise control over UV exposure times during the bioprinting process, we
demonstrated the tunability of scaffold properties, enabling the creation of scaffolds with tailored
mechanical characteristics suitable for diverse tissue types.

Overall, our findings underscore the versatility and potential of 3D bioprinting technology
in fabricating customizable scaffolds for tissue engineering and regenerative medicine. By
combining advanced fabrication techniques with a deep understanding of scaffold properties, we
can pave the way for the development of innovative tissue constructs tailored to meet specific
therapeutic needs. Having determined the optimal formulation, the next step involves in vitro
testing. This includes cell culture on the scaffold to assess biocompatibility and evaluation of cell

proliferation using a live/dead assay to monitor cell evolution overtime on the scaffold.
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Chapter 3
Exploring the Biocompatibility and Versatility of 3D Printed Plant-Based Scaffolds in

Tissue Engineering: Insights from In Vitro Experiments

3.1 Introduction

Three-dimensionally (3D) printed plant-based scaffolds are a new innovative approach in
tissue engineering, offering a multitude of potential applications. To pursue this goal, in vitro
experiments must be conducted to understand how cellular attachment, growth, and survival will
be impacted; prior to conducting in vivo studies'”%.

As mentioned above, this chapter is focused on validating in vifro biocompatibility of our
scaffolds, as it is a mandatory step that must be completed before progressing to in vivo studies.
Cell proliferation and viability in said scaffolds will be studied, to confirm that an organism could
potentially safely adopt it as a tissue building matrix. This shows us insights into cell
communication and regulation, which are fundamental for tissue development and maintenance'”*.
By carefully seeding cells onto the scaffold surface, we can observe whether they successfully
adhere and proliferate on the material, or if they reject it as a growing support. This will provide
valuable information on cell-scaffold interactions'’*!'”*. Evaluating the behaviour of actin within
the cells on the scaffold provides a deeper understanding of the cell morphology and cytoskeleton
organization. Actin is a fundamental component of the cytoskeleton, playing a crucial role in

maintaining cell shape, enabling movement, and facilitating intracellular transport'’®

. By staining
actin, we can visualize the cytoskeleton’s structure and organization, which indicates whether the
scaffold processes suitable surface chemistry for cell attachment, proliferation, and
differentiation'”!"®!"  Additionally, assessing scaffold quality through staining is vital. While

Congo Red staining is commonly used to visualize amyloids, it is also valuable for staining

cellulose in scaffolds, aiding in the identification of the cellulose within decellularized BY-2 '#¢1%
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. Assessing scaffold quality involves determining the integrity, composition, and distribution of

scaffold components, which can influence cell behaviour and tissue regeneration outcomes'®>'%",
Monitoring cell proliferation over time offers insights into their growth dynamics and

behaviour on the scaffold substrate, further elucidating the scaffold’s suitability for tissue

I3LISS190 © A reliable method for this assessment involves calculating

engineering applications
proliferation from day 1 onwards and assessing the ratio of live to dead cells®®. This assay helps
determine whether the scaffold promotes cell viability. Conducting such assays before in vivo
experiments is crucial as it informs us about the scaffold’s potential integration into the mammalian
body. If the cells fail to survive the experiments, it indicates poor biocompatibility, eliminating the
opportunity for in vivo testing'**"°",

A previous study explored decellularized plant tissue as a scaffold for 3D in vitro neural
stem cells (NSC) culture, showing that plant cellulose scaffolds supported NSC attachment,
proliferation, and increased expression of neuron-specific markers, enhancing differentiation
compared to 2D polystyrene cultures ''2. These findings suggest a plant-derived cellulose scaffolds
are promising for neural tissue engineering and direction NSC differentiation''2. 3D in vitro models
better mimic the complex cellular interactions of native tissues compared to 2D models, therefore
reducing the need for animal testing and addressing ethical concerns associated with such practices.
Although still in development, 3D engineered tissue models show promise in drug testing, therapy
screening, and studying disease mechanisms'.

This study will conduct in vifro experiments on 3D printed scaffolds to test the
biocompatibility by assessing cell adhesion with NIH 3T3 cells. NIH 3T3 mouse embryonic
fibroblast cell line was chosen for their significant role in tissue healing and extracellular matrix

193 These cells are widely used globally because they grow well, are well-characterized,

placement
and have been employed in numerous scaffold studies, including those involving plant-based

scaffolds'* ', NIH 3T3 cells are well-known for their robust growth properties and
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reproducibility, making them an ideal choice for assessing biocompatibility in various experimental
settings'®”.

Additionally, a live/dead assay will evaluate cell proliferation, providing a comprehensive
understanding of in vitro assays. By only validating the presence of cells in the scaffolds, we cannot
make conclusions about their capacity to maintain and promote cell life. A live/dead assay aims to
validate that the said cells are indeed proliferating in time and colonizing the scaffold with new
healthy cells. This will allow us to compare our different scaffold formulations and see if some will

improve cell survival in time.

3.2 Materials and Methods

3.2.1 Mammalian Cell Culture

NIH 3T3 cell lines from mouse fibroblasts were used as the primary cell model (ATCC,
Cedarlane). These cells were cultured under standard conditions using high-glucose DMEM
(Cytiva Hyclone), supplemented with 10% fetal bovine serum (FBS) (Hyclone Laboratories Inc.)
and 1% penicillin/streptomycin (100 U/mL and 100 pg/mg respectively) (Hyclone Laboratories
Inc.). Cultures were maintained at 37 °C with 5% of CO,. To ensure optimal growth and viability,

sub-culturing was performed upon reaching approximately 80% confluence.

3.2.2 In Vitro Cell Culture on Cellulose Scaffolds

Building upon the decellularized BY-2 scaffold discussed in Chapter 2, the NIH 3T3 cell
line was employed for in vitro cell culture experiments on these scaffolds. Each scaffold was placed
in the well of a twelve-well plate. To avoid contamination, all scaffolds were sterilized with 70%
ethanol overnight followed by seven saline washes. Afterward, the scaffold was rinsed with culture

media and incubated for 1 hour before media removal. A total of 9*10* cells were deposited on
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each scaffold in a volume of 90uL and incubated for 3 hours at 37°C. 1mL of culture media was
then added to each well and changed every second day of incubation.

The experiment employed two types of scaffolds: one consisting solely of PEGDA and the
other combining PEGDA with decellularized BY-2 cells. Both scaffolds were a haystack shaped
10x10 mm with 9 pores of 2x2 mm each.

The experiment setup spanned a duration of 10 days, during which the scaffolds were
collected on day 1, 5, and 10 for immunofluorescence staining, imaging, and cell quantification.
This approach allowed for a comprehensive evaluation of cell attachment, proliferation, and

scaffold biocompatibility over time.

3.2.3 Immunofluorescence Staining

The NIH 3T3 cells were stained to visualize the actin cytoskeleton and nucleus of
mammalian cells. To achieve this, scaffolds were first gently washed with 1X phosphate buffered-
saline (PBS) (Fisher) and fixed in 10% formaldehyde for 15 minutes at room temperature (RT)
(Sigma-Aldrich). Scaffolds were then washed for 3x10 minutes in 1X PBS and permeabilized with
0.05% Triton X-100 (Mp chemicals), at 37°C for 3 min. Two additional washes were done for 15

minutes each in 1X PBS + sodium azide and FBS.

Actin staining was performed using phalloidin conjugated to Alexa Fluor 488 (Invitrogen)
at a concentration of 10 ug/ml, and nuclei were labelled with 7.14 pg/ml DAPI (Invitrogen)

incubating together at RT for 30 minutes. Cells were then washed in 1X PBS + 0.05% Tween-20.

Additionally, 20 pg/ml Congo Red (Sigma) was used to stain the cellulose for 5 minutes.
Finally, the samples were then mounted in Vectashield mounting media (BioLynX VECTH1000)

for visualization.
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Cell viability was also assessed using a live/dead assay. They were stained with 10 pg/ml
Hoechst 33342 (Invitrogen) and 1pg/ml Propidium iodide (PI) (Invitrogen), for 15 minutes, at
37°C. Cells were then washed 1X PBS, at 37°C, for 5 minutes. Following staining, the cells were

fixed with 10% formalin (Sigma-Aldrich) to preserve the staining pattern.

3.2.4 Optical Microscopy

Confocal imaging was performed using A1R high-speed laser scanning confocal system
(Nikon) on a TiE inverted optical microscope platform with appropriate laser lines and filter sets.
Transmitted light images were acquired on an inverted TiE microscope (Nikon, Canada) with
phase contrast optics. Before imaging, the scaffolds were placed on coverslips with mounting
media (Vectashield H-1000). The samples were imaged with 4X, 10X and 40X lenses, and the
images presented throughout this chapter are Maximum Intensity Projections. The brightness of
the fluorophore signal was enhanced to improve the contrast of structures. All images were

analyzed using ImageJ software.

3.2.5 Statistical Analysis

Student’s ¢ tests (paired) were utilized for comparing two samples in all analyses. Statistical
significance was obtained by using Graphpad Prism Software, with significance donated by an

asterisk (*) indicating a P-value < 0.05.
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3.3 Results and Discussion

3.3.1 Triple Stain Test

The aim of our experiments was to assess biocompatibility, this was achieved by first
evaluating cell adhesion and proliferation. NIH 3T3 mammalian cells were seeded at a density of
100x10° cells per ml. Following a 7-day incubation period, the cells exhibit attachment and
elongation, particularly within the porous regions of the scaffold. The scaffold was intentionally
designed, and 3D printed using Tinkercad software. It featured a haystack shape with dimensions
of 10x10 mm and containing 9 pores, each measuring 2x2 mm. These pores were purposefully
incorporated to enhance cell infiltration and influence the distribution of cells on the scaffold.

The actin staining technique provided valuable insights into the cell attachment and
distribution in the scaffolds. Cell attachment and distribution on a scaffold are important in tissue
engineering, as they impact the integration of the scaffold with the tissue and the functional capacity
of the repaired tissue'’®2°%-2%!,

Figure 18 demonstrates the attachment of the cells onto the scaffold, using Congo Red to
stain cellulose, phalloidin to stain actin filaments, and DAPI to stain cell nuclei. Specifically,
Figure 18A offers a view of the scaffold’s porous structure, emphasizing the effective cell
colonization within these pores. Qualitative observations revealed a higher density of cells
attaching to the inner surface of the pores, compared to the top surface of the scaffold, highlighting
the importance of the scaffold’s geometric feature and size.

Meanwhile, figure 18B provides a higher magnification view of the actin stain, facilitating
the visualization of cell morphology and cytoskeleton organization'’”'’®, Figure 18C shows a
detailed view of the stress fibres, which are prominent bundles of actin filaments within the
cytoskeleton. These fibres play a crucial role in maintaining cell shape, generating contractile

forces, and enabling cell motility.
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Figure 18: Growth of 3T3 Mouse Embryonic Fibroblasts on Hydrogel Scaffolds.

The cells were stained with DAPI (blue for nuclei), Phalloidin 488 (green for actin), and Congo
Red (red for cellulose) on the PEGDA+BY-2 scaffold. Image A shows a wide-field (4X) view of
the scaffold, highlighting its porous structure and the surrounding areas beside the pores, illustrating
the distribution of cells across the scaffold. Image B provides a magnified view (10X) of the areas
adjacent to the pores, detailing actin structures, while Image C offers a closer look (40X) of the
same area, clearly showing the stress fibres (indicated by gray arrow). Confocal microscopy was
used to capture the images, which were then analyzed using Nikon software and Imagel,
demonstrating successful cell attachment to the scaffold. Scale bar A: 200 um, Scale bar B: 100
um, Scale bar C: 50 um.
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3.3.2 Live/Dead Assay

To evaluate cell proliferation on PEGDA and PEGDA +BY-2 scaffolds, we assessed the
number of cells on each scaffold on days 1, 5, and 10, by staining the cells on the scaffolds with
Hoechst 3332 and Propidium lodide (PI). In Figure 19 A-C, the two-colour filters were separated
in the software Fiji, facilitating cell counting. Hoechst, capable of permeating cell membranes to
label DNA in both living and dead cells, was employed to mark the total number of cells.
Conversely, PI selectively infiltrates cells with compromised plasma membranes, highlighting only
dead cells in red”®. Importantly, the cells were not permeabilized prior to staining. This is crucial
because it ensures that PI only labels dead cells with damaged membranes, providing an accurate
measure of cell death. To determine the number of live cells, we counted them in 3 fields of view
(FOV) per scaffold, using three scaffolds per condition (n=9 per condition) and repeated the
experiment three times. The live cell count was obtained by subtracting the number of dead cells
(PI-positive) from the total cell count (Hoechst-positive). This method provides an evaluation of

cell viability and proliferation over time.

Previous research on PEGDA has demonstrated its capacity to support cell growth and
development in vitro®®. With that said, our goal was to assess whether the addition of BY-2
decellularized cells to PEGDA in hydrogel form would yield similar or improved outcomes to
PEGDA alone. The experiment was repeated 3 times, and consistent trends were observed across
all 3 iterations. While it appears that BY-2 may assist in cell attachment, this experiment did not
reveal any negative impact associated with its inclusion. As shown in Figure 19A, PEGDA and
PEGDA + BY-2 were compared using the student’s T-test each time point was assessed; day 1 and
day 5 show that PEGDA +BY-2 has significantly more growth than PEGDA alone, with p=0.0196
and p=0.0004 respectively. At day 10 p= 0.128, there were no statistically significant differences

observed.
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The assessment of cell proliferation involves comparing cell counts at day 1, day 5, and
day 10, utilizing both live and dead cell data. Figure 19B presents the PEGDA only scaffold, while
Figure 19C illustrates the scaffold with PEGDA and decellularized BY-2 plant cells. Notably
significant differences were observed between live and dead cells at day 1 for both PEGDA (p =
0.0046) and PEGDA + BY-2 (p = 0.0001). Similarly, at day 5, significant differences were noted
for PEGDA (p =0.0295) and PEGDA + BY-2 (p <0.0001). However, by day 10, while statistically
significant differences were found for PEDGA + BY-2 (p=0.0377), no significant differences were
observed for PEGDA alone, although it showed a similar trend. Those consistent findings suggest
that the presence of BY-2 does not negatively impact the scaffold, further supporting its
compatibility with the 3D printed scaffold. Images 19C, 19D and 19E depict the differences

observed at each time point for the PEGDA + BY-2 condition.
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Figure 19: Live/Dead Assay.

Graph A shows the number of cells attached to the PEGDA scaffold compared to PEGDA +BY-2
scaffolds in a 1.6 um? FOV at multiple time points (day 1, 5, and 10), with the scale presented in
logarithmic format. Hoechst 33342 (green) staining for all cells and PI (red) for dead cells. Graphs
B and C showcase the live and dead cells between the 3 different time points (day 1, 5, and 10).
Each band represents the average of three FOVs analyzed on three different scaffolds, for three
experiment repetitions. Figure D-F demonstrates representative examples of confocal microscopy
images (40X) of PEGDA+BY-2 scaffolds at each time point. Confocal microscopy captured

images, followed by analysis using Nikon software and ImageJ. Scale bar for Figures D, E and F:
200 pm.
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3.4 Conclusion

In conclusion, this assessment involves meticulous evaluation of scaffold properties
through in vitro assays, ensuring the suitability of these scaffolds for in vivo implantation. Before
transitioning to in vivo experiments, it is crucial to evaluate the biocompatibility of materials. This
underscores the importance of robust biological tests, such as assessing cell attachment through
actin and nuclei staining, as well as live/dead assays, which aid in determining cell proliferation
and biocompatibility.

A previous study on inverse opal extracellular matrix scaffolds demonstrated improved
survival, viability, and paracrine activities of stem cells, leading to enhanced vascular network
formation and recovery in critical limb ischemia models®®. This highlights the significance of
scaffold architecture in promoting cell viability and integration, a factor that parallels the goals of
our 3D-printed plant-based scaffolds in ensuring cellular attachment, growth, and successful tissue
integration®®.

In vivo testing refers to experiments conducted within a living organism, typically using
animal models. These tests are crucial because they provide comprehensive insight into the
biological interactions of the scaffold within a complex living system, which cannot be fully
replicated in vitro. In vivo testing involves evaluating the scaffold’s integration, its effect on
surrounding tissues, and its overall biocompatibility and functionality within the organism.

Animal in vivo testing is performed to validate the applicability of biomedical materials
and gain insight into whether they will perform as expected in a human being. This step is essential
to identify any potential adverse reactions, such as immune responses, inflammation, or toxicity,
which may not be apparent during in vitro testing.

Based on the results obtained in this chapter, I can assert that the 3D printed plant-based
scaffold demonstrates biocompatibility in vitro, as evidenced by the absence of adverse outcomes

during cell culture experiments
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Chapter 4
Exploring the Biocompatibility and Versatility of 3D Printed-Based Scaffolds in Tissue

Engineering: Insights from In Vivo Experiments

4.1 Introduction

Conducting in vivo assays for biomaterials is a cornerstone of tissue engineering. Prior in

vitro work is essential to ensure the preparation and viability of materials before they are tested in

5

living organisms®”. The 3Rs- Replacement, Reduction, and Refinement- are fundamental

principles guiding ethical research involving animals?**2'",

Replacement involves using
alternative methods or technologies to replace the use of animals in experiments®''*'*. Reduction
focuses on minimizing the number of animals used, optimizing study designs, and employing
advanced data analysis techniques to obtain comparable levels of information with fewer
animals®'*. Finally, Refinement aims to enhance animal welfare by improving housing, handling,
and experimental procedures to minimize pain, suffering, and distress thereby ensuring better
conditions for the animals involved in research?' 527,

Once those 3Rs are thoroughly considered and the in vitro process is approved by the
Animal Care Committee, we can proceed with in vivo assays, still adhering to the principles of the
3Rs. Various types of in vivo studies can be conducted using different animals and procedures in
tissue engineering. For example, one study transplanted embryonic feline CNS tissue into chronic
spinal cord lesions in adult cats to evaluate the potential of using these transplants for spinal cord

218

repair’ °. Another study performed an open-heart procedure to implant engineered tissue with

myogenic progenitor cells into the atrioventricular groove of a rat heart, aiming to create an

electrical conduit as an alternative to pacemakers for pediatric heart block patients®"?.

Recent in vivo research has also explored 3D printing. For example, the fabrication of

porous 3D-printed chitosan scaffolds for skin tissue regeneration demonstrated enhanced tissue

restoration in diabetic rats compared to commercial patches and spontaneous healing'*7%,
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Decellularized plant materials have shown significant promise as biomaterials for in vivo
applications, owing to their biocompatibility and structural properties. For instance, in a recent
study, cellulose scaffolds derived from decellularized apples were subcutaneously implanted in
wild-type, immunocompetent mice>*. Over an 8-week period, histological analysis revealed a
diminishing foreign body response, along with active fibroblast migration, deposition of new
collagen extracellular matrix, and robust blood vessel formation within the scaffold®*. Another
study utilized biomimetic bioceramic scaffolds inspired by succulent plants, fabricated with a 3D
printing and implanted into the lateral femoral condyles of rabbits?*'. This research demonstrated
that these scaffolds effectively promote cell distribution, interactions, and osteogenic
differentiation, accelerating bone regeneration”?!. These findings underscore the scaffold’s pro-
angiogenic properties and its potential as an advanced biomaterial in tissue engineering and
regenerative medicine.

This project will compare two types of 3D printed scaffolds: one made solely of PEG-
diacrylate (PEGDA) and another incorporating decellularized BY-2 plant cells into the PEGDA, as
discussed in chapters 2 and 3. The aim is to determine whether adding BY-2 decellularized plant
cells enhances the biocompatibility of the PEGDA scaffold. Previous studies have shown that
PEGDA hydrogels, when implanted subcutaneously in nude mice, maintained the fibroblast
phenotype of encapsulated T31 human tracheal scar fibroblasts and promoted extracellular matrix
secretion, demonstrating PEGDA’s potential for supporting cell proliferation and growth in tissue
engineering applications®,

Our study will investigate whether cellulose can further improve the performance of
PEGDA, given its established biocompatible properties. Over a 12-week period, we will observe
the outcomes at 4, 8 and 12 weeks, comparing the results between rats implanted with the PEGDA

only scaffold and those with the PEGDA scaffold combined with decellularized BY-2 plant cells.
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4.2 Materials and Methods

4.2.1 Animals

All experimental procedures were approved by the Animal Care and Use Committee of the
University of Ottawa. Female Sprague Dawley rats, aged 6-8 weeks and weighing 250-350 grams
(N=24), were used in the study (bred at Charles River Laboratories). The animals were maintained
at a constant room temperature of £22°C and a humidity level of approximately 52% daily. They
were fed a standard diet containing 18 grams of protein and were kept under a controlled 12 hours
light/dark cycle. Rats are tickle trained the week before surgery and have playtime once a week

until euthanasia, which involves the refinement in the 3Rs principles®*.

4.2.2 Cellulose Scaffold Preparation

Building upon the decellularized BY-2 scaffold discussed in Chapter 2, we prepared two types of
scaffolds: one as control with only 3D printed PEGDA and the other 3D printed with PEGDA and
decellularized BY-2 cells (cellulose). We chose a cylindrical scaffold shape with a circumference
of 3.17cm with 9 pores, each with a circumference of 3.7 mm. The scaffolds were printed using the
Lumen-X Bio-printer with UV light exposure set to 10 seconds. To minimize irritation, from sharp
corners rubbing against the internal surfaces of the animals, we opted for cylindrical scaffolds
instead of the previously used square scaffolds. Both types of scaffolds were prepared using the
same method. They were washed with saline for 1 week to remove the photo-initiator. To ensure
sterility, all scaffolds were sterilized with 70% Ethanol overnight, followed by 7 through saline

washes.

4.2.3 Cellulose Implantation

Rats received pre-operative analgesia via a subcutaneous injection of Buprenorphine (0.05 mg/kg)
on the morning of surgery, rats underwent anesthetic induction with 2% isoflurane O, at 2L/min,

and maintenance at 3%. They were weighted, induced, and prepared for surgery with aseptic
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techniques. Positioned on a heating pad, their eyes are protected with tear gel, and hydration is
maintained with saline 10mg/kg. Skin preparation includes shaving, vacuuming, and scrubbing
with 4% chlorhexidine gluconate. Buprenorphine HCI is administered at the midline of the neck,
followed by a final aseptic scrubbing with Soluprep (2%chlorohexidine gluconate and 70%
ethanol). Four 1 cm linear incisions are made lateral to the midline as indicated in Figure 1. The
scaffolds are introduced into the subcutaneous space, and incisions are closed with 6-0 Prolene,
and Bupivacaine 2% transdermal is applied. Each rat received 4 scaffolds, 2 on each side. Animals
were recovered from anesthesia in a recovery incubator at 35°C with oxygen, and they were
monitored until they regained consciousness. They receive Buprenorphine SR 1mg/kg 4 hours after
receiving their initial Buprenorphine HCI. Enrofloxacin (Baytril) 10ml/kg is administered for 3
days perioperatively. To prevent suture removal, animals are separated for 2-3 days post-operative,
and given Nobbily Wobbly toys filled with food pellets and treats such as yogurt drops, banana
chips, fruity bites, ABC fruit blend, mealworms and veggies-bites (all from Cadarlane Bio-Serve)
placed in each cage to keep them occupied. Teats are replenished during post-op monitoring and
discontinued when the rats are reintroduced. Post-operative care includes monitoring various
indicators, including pain assessment through the grimace score, which evaluates facial expressions
like orbital tightening, nose bulging, ear position, and whisker movement to detect discomfort in

rodents. Additionally, porphyrin secretion, food intake, incision condition, activity levels,
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respiratory function, weight loss, and dehydration are carefully observed to ensure effective

recovery.

12
3|4

Figure 20: Implant numbering

This schematic illustrates the numbering of the implant sites on the rat’s back. Four 1 cm linear
incisions are made lateral to the midline, with each rat receiving four scaffolds, two on each side.
The numbering of the implant sites is as follows: Site 1 and Site 3 on the left side, and Site 2 and
Site 4 on the right side. The implants are positioned on the back to ensure they are harder for the
rat to access post-operatively, reducing the likelihood of interference with the sutures and
facilitating easier monitoring and evaluation. Additionally, this location is chosen because the back
has fewer vital organs, making it easier to open and monitor the surgical sites while minimizing
risk for the animal.

4.2.4 Scaffold Resections

At 4-, 8- and 12-weeks post scaffold implantation, 8 rats per time point were euthanized using
isoflurane followed by CO» exposure and cardiac cut. The area over the implants was shaved, and
subcutaneous layers were carefully separated to avoid implant damage, yielding a rectangle of skin
containing the 4 implants. The implants were resected including a 1-2mm perimeter of healthy
skin and transferred into 10% formaldehyde (Sigma-Aldrich) in 48 hours. Samples were then

moved to 70% ethanol and stored at 4 degrees. If additional trimming was required, the implants
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were post fixed in formalin for a further 48- hours before being transferred into ethanol storage.
Finally, samples were embedded in paraffin by the PALM Histology Core Facility of the University

of Ottawa.

4.2.5 Histological Analysis

Serial 4um thick sections were cut from inside the scaffold and stained with hematoxylin-eosin
(H&E) and Masson’s trichrome (MT). This histological processing and staining were performed
by the PALM Histology Core Facility of the University of Ottawa. For immunocytochemistry, the

tissue sections were using the Leica Bond™

system using a modification of protocol F that
eliminates the post primary step when using rabbit antibodies on rat tissues. Sections stained with
Rabbit anti-CD45 or Rabbit anti-CD31 were pre-tested using heat mediated antigen retrieval with
Sodium Citrate buffer (pH 6.0, epitope retrieval solution 1) for 20 minutes. The sections were then
incubated using 1:1600 dilution for anti-CD45 or 1:100 for anti-CD31 (both from abcam) for 30
minutes at room temperature and detected using an HRP conjugated compact polymer system.
Slides were then stained using DAB as the chromogen, counterstained with Hematoylin, mounted
and cover slipped. Micrographs were captured using Zeiss MIRAX MIDI Slide scanner equipped

with 20X objective and analyzed using Zeiss ZEN software. A pathologist analyzed the images to

evaluate cell infiltration, extracellular matrix deposition, and vascularization.
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4.3 Results and Discussion

4.3.1 Explanation of the 4 Stains

In this study, we used four different stains to analyze the scaffolds.

Hematoxylin and Eosin (H&E): Hematoxylin stains cell nuclei a deep blue-purple, while
eosin stains the extracellular matrix and cytoplasmic components in varying shades of pink and
red, providing a clear contrast that highlights the tissue structure and cellular infiltration within the
scaffolds™*.

Masson's Trichrome (MT): This stain is used to differentiate between various tissue
components?>>**, This method stains collagen fibres blue or green, muscle fibres red, cytoplasm
light red or pink, and nuclei dark purple or black®’. It is particularly useful for assessing the
presence and organization of connective tissue, such as collagen, in tissue samples, providing clear
and distinct colour contrasts to aid in the analysis of tissue structure and composition.

CD45 Staining: CD45, also known as leukocyte common antigen, is a protein expressed
on the surface of all nucleated hematopoietic cells (white blood cells)***. We used an anti-CD45
antibody against this protein to highlight immune cells, providing valuable insights into the
inflammatory response to the implanted scaffold. CD45-positive cells are stained brown.

CD31 Staining: CD31, also known as platelet endothelial cell adhesion molecule
(PECAM-1), is a marker specific to endothelial cells that line blood vessels**>**°. We used an anti-
CD31 monoclonal antibody to stain these cells, providing clear evidence of new blood vessel

formation within the scaffold.

4.3.2 Comparison Between PEGDA+ BY-2 and PEGDA

This experiment was conducted to compare PEGDA + BY-2 and PEGDA scaffolds to
evaluate the potential benefits of incorporating decellularized BY-2 plant cells into 3D printed

scaffolds. We studied 12 rats per condition, for a total of 24 animals. Each group was divided
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between three time points: 4, 8 and 12 weeks of study (giving a total of 4 rats per time point). Each
animal received four subcutaneous scaffold implants: the first twelve rats received PEGDA + BY-
2 formulated scaffolds, while the remaining received PEGDA formulated scaffolds. We therefore
had 4 rats receiving each type of scaffold for a total of three time points.

We provide in Figure 21 a clear comparison between the structural integrity of PEGDA +
BY-2 and PEGDA scaffolds over the 12-week period. The use of Masson’s Trichrome (MT) stain
reveals that the PEGDA+BY-2 scaffold maintains its cylindrical shape and porous structure (3.17
cm circumference with 9 porous, each 3.7 mm in circumference) at weeks 4, 8, and 12 (Figure
21A, 21B and 21C).

Upon closer inspection of the images, several observations can be made that lead to this
conclusion. In the PEGDA+BY-2 scaffold images (Figure 21A, 21B, and 21C), the cylindrical
shape is consistently preserved, and the pores remain well-defined and intact throughout the 12-
week period. The MT stain shows a uniform blue coloration indicating the presence of collagen,
which suggests that the scaffold maintains its structural integrity and supports extracellular matrix
deposition.

In contrast, the PEGDA scaffold images (Figures 21D, 21E, and 21F) show signs of
structural degradation. The cylindrical shape is less defined, and the pores are irregular and less
distinct as time progresses. The MT stain reveals areas of disruption and gaps within the scaffold
structure, indicating a breakdown of the material. The loss of the uniform blue coloration suggests

compromised scaffold integrity, leading to a loss of its original shape and porous architecture.

This observation aligns with the findings in Chapter 2, where Young’s Modulus
results indicated that the PEGDA + BY-2 scaffold possesses superior mechanical properties

compared to the PEGDA scaffold alone. The hydrogel-like properties of the PEGDA + BY-2

scaffold contribute to its resilience during the sectioning process, supporting its potential for use in
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tissue engineering applications where structural integrity is important®*' 233, The higher mechanical
stability of the PEGDA+ BY-2 scaffold, as evidenced by both Young’s modulus measurements and
the visual assessments in Figure 21, underscores its suitability for long-term implantation and
functionality in biological environments. The consistent preservation of the scaffold’s shape and
pore structure over 12 weeks further supports its potential to provide a stable framework for cellular

growth and tissue development, crucial for successful tissue engineering applications.

Figure 21: Scaffold Shape Comparison Between PEGDA + BY-2 and PEGDA.

Masson’s Trichrome stain was used to visualize the cylindrical shape of the scaffolds.
PEGDA+BY-2 scaffolds are showcased at weeks 4 (A), 8 (B) and 12 (C) after the procedure.
Similarly, images D, E and F showcase the same timeline for PEGDA only scaffolds, at weeks 4,
8 and 12 respectively. Slides were captured using Zeiss MIRAX MIDI Slide scanner equipped with
20X objective and analyzed using Zeiss ZEN software. Scale bar: A-F = 0.5 cm.
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In addition to these findings, we used three additional stains in synergy with MT to further
investigate how the surrounding tissues reacted to the inserted scaffolds. We used H&E staining
to assess the histological features

The global view in the figure indicates that the PEGDA+ BY-2, Figure 22A, scaffold
maintained its structural integrity and porous architecture better than the PEGDA only scaffold,
Figure 23A. Histochemical staining results reveal that while there are differences between the two
scaffold types, we can still see collagen infiltration around the implants with the MT staining
(Figures 22A and 23A) In examining the H&E staining (Figures 22B and 23B), immune cells
which typically appear as small darkly stained nuclei from the surrounding tissue, were not
observed. This lack of distinct darkly stained nuclei indicative of immune cells suggests an absence
of inflammation. Similarly, CD45 (Figures 22D and 23D), which specifically labels leukocytes,
showed no positive staining in either scaffold type, further confirming the absence of an immune
response. The combined lack of immune cells in both H&E and CD45 staining suggests that there
was no immune response ongoing at the time of analysis, indicating good biocompatibility of the
scaffolds.

This shows that neither PEGDA alone nor the addition of BY-2 elicits a strong immune
response. However, despite this, the PEGDA scaffolds showed signs of structural degradation over
time, likely due lack of consistent mechanical strength, as discussed in Chapter 2 with Young’s
modulus analysis. In contrast, the PEGDA+ BY-2 scaffold, depicted in MT-stained images (Figure
22A) and close-up images of MT and H&E (Figures 22C and 22D), demonstrated enhanced
scaffold still being intact, cell infiltration and tissue integration. These findings indicate that the
addition of BY-2 plant cells creates a more hydrogel-like structure, providing better mechanical
support and maintaining the scaffold’s shape and porosity, as intended by the 3D printing process.

Overall, the PEGDA+BY-2 scaffold has superior performance in maintaining structural

integrity and promoting cell infiltration. This is consistent with the hypothesis that the inclusion of
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BY-2 cells enhances the scaffold’s mechanical properties and biological compatibility, reducing
the likelihood of scaffold breakage and degradation. The enhanced mechanical properties of the
PEGDA+BY-2 scaffold can be attributed to the hydrogel formation, which improves its durability
and functionality. This makes PEGDA+BY-2 a more promising option for tissue engineering

applications where long-term scaffold integrity and cell integration are crucial.
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Figure 22: Comparison of PEGDA + BY-2 scaffold with different staining approaches.

This figure compares axial sections of representative 3D-printed scaffolds at week 12 post-
implantation. Image A shows the PEGDA+BY-2 scaffold stained with MT, with close-up images
(B-C) illustrating H&E and MT staining. Image D showcases a zoom-in image stained with anti-
CD45 and Image E anti-CD31. Scale bars: B-E = 500 pm.

61



PR @-_' _,v{ ?\\54..4_:: \;&;}) " P -
Figure 23: Comparison of PEGDA scaffold with different staining appro
This figure compares axial sections of representative 3D-printed scaffolds at week 12 post-
implantation. Image A shows the PEGDA scaffold stained with MT, with close-up images (B-C)

illustrating H&E and MT staining. Image D showcases a zoom-in image stained with anti-CD45
and Image E anti-CD31. Scale bars: B-E = 500 um.

aches.
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4.3.3 Observation of Decellularized BY-2

This section aims to show that the decellularized BY-2 plant cells persist within the
scaffold both before and after implantation. Figure 24 illustrates the presence of these BY-2 shapes
in the scaffold through MT staining. Figure 24A presents a scaffold that has been paraftin-
embedded, sectioned, and stained without implantation, serving as a baseline for comparison. The
close-up view in Figure 24C highlights the distinct shapes of the BY-2 cells within the PEGDA
scaffold. The scale bar in both images provides a reference for the size and distribution of these
shapes, confirming that they are indeed the BY-2 cells as we showed in Chapter 1, Figure 7.

After 12 weeks of implantation in the rat, the scaffold was again paraffin-embedded,
sectioned, and stained, as shown in Figure 24B. The close-up in Figure 24D reveals that the BY-
2 shapes remain intact within the scaffold, even after prolonged exposure to the biological
environment of the rat. The arrows in both Figure 24C and 24D indicate the presence of these BY -
2 shapes in both pre-and post-implantation images, with the same scale bar used for reference,
confirming that these structures are indeed decellularized BY-2 cells. This observation supports the
stability and durability of the BY-2 cells within the PEGDA scaffold, suggesting that they can
maintain their structure and potentially contribute to the scaffold’s functionality over extended

periods in vivo.
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Figure 24: Observation of Decellularized BY-2 in scaffolds before and after implantation.

This figure demonstrates the persistence of decellularized BY-2 after implantation in the rat, with
all images stained using MT. Image A showcases a scaffold that has been paraffin-embedded,
sectioned, and stained without implantation. Image C provides a close-up of Image A, revealing
the BY-2 shapes within the scaffold composed solely of PEGDA and decellularized BY-2. Image
B depicts a scaffold implanted in a rat for 12 weeks, then paraffin-embedded, sectioned, and
stained. Image D offers a close-up of Image B, showing the BY-2 shapes within the scaffold after
12 weeks in the rat. Arrows in Images C and D indicate the BY-2 shapes. Scale bars: A-B = 500
pm, C-D =100 pm.
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4.3.4 Biocompatibility and Cell Infiltration of the PEGDA+ BY-2 and PEGDA Scaffolds

Implants.

Scaffold biocompatibility and cell infiltration were examined using H&E staining of fixed
cellulose scaffolds at 4, 8, and 12 weeks following their implantation of the PEGDA scaffold with
decellularized BY-2 plant cells, as shown in Figure 25.

Global views of the longitudinal sections of representative cellulose scaffolds are displayed
in Figure 25A-25C. These views reveal that the scaffold maintains its general shape throughout
the study timeline, with the porous structure designed for 3D printing remaining clearly visible.
Figure 25D-25F shows magnified sections of the scaffold perimeter at each time point,
corresponding to the highlighted areas in Figure 25A-25C. A dense layer of cells infiltrating the
scaffold’s pores is evident, as indicated by the prominent blue-purple staining.

Interestingly, giant cells, which are typically indicative of a foreign body reaction, were
barely observed in the H&E-stained sections**2*, Giant cells are multinucleated cells formed by
the fusion of macrophages in response to a foreign body. They are a hallmark of chronic
inflammation and are often associated with the body’s attempt to isolate and degrade a foreign

239

material that it cannot easily phagocytose™ . The pathologist observed a decrease in giant cells for

the PEGDA+ BY-2 scaffold, with more giant cells at week 8 and fewer at week 12. This decrease
is normal as the body adapts to the new material®*.

In addition to H&E staining for histological analysis, we performed anti-CD45 staining to
evaluate the level of immune cells within the scaffold and the surrounding dermis tissue, as shown
in Figure 25G-I. If the scaffold were causing adverse immune responses, an increase in leukocyte
presence would be expected over time, but this is not observed. This finding, along with the

minimal presence of giant cells in the H&E-stained sections, reinforces the favourable

biocompatibility of the PEGDA+BY-2 scaffolds.
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Figure 26 presents a comparison with PEGDA scaffolds that do not contain decellularized
BY-2 plant cells. This figure shows axial sections of representative 3D-printed scaffolds using the
same stains as Figure 5 (H&E and anti-CD45). Notably, there are still giant cells after 12 weeks,
but it has decreased when we compare them to 4 weeks (evaluated by a pathologist), indicating that
the foreign body reaction is getting better over time, similar to the PEGDA + BY-2 scaffold. The
key difference lies in the scaffold degradation over time, with the PEGDA scaffold showing more
breakdown scaffolds compared to the PEGDA + BY-2 scaffold, which maintains its structure more
effectively. This result is consistent with previous findings that PEGDA is non-toxic in the body**'~

25 Since the PEGDA+BY-2 scaffolds also contain PEGDA, any acute toxicity would have been

evident in both scaffolds for tissue regeneration.

A pathologist reported that no lymphocytes were observed in the scaffold sections for both
the PEGDA and PEGDA + BY-2 scaffolds. This absence of lymphocytes indicates a minimal

immune response, suggesting good biocompatibility for both scaffold types.

For the PEGDA scaffold, the pathologist noted the presence of fibrous plugs with dense
fibrosis, a few giant cells, calcific material and central acellular material within the implant. Dense
fibrosis refers to the thickening and scarring of connective tissue, which is a part of the body's repair
mechanism but can sometimes hinder proper tissue integration. This indicates a negative outcome
as dense fibrosis can impede the scaffold’s ability to integrate seamlessly with the surrounding
tissue, affecting its overall functionality. Calcific material refers to the deposition of calcium salts
within the tissue, indicating that there may be ongoing mineralization processes. The body attempts

to wall off the scaffold and keep it away from living tissues, essentially trying to reject the scaffold.

The PEGDA + BY-2 scaffold, exhibited multiple fibrous plugs within the implant, along
with some calcific material. This response is typical for biomaterials, as the body often recognizes

implanted materials as foreign objects and attempts to isolate them?***’. The formation of fibrous
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plugs and calcific material represents the body's defence mechanism, aiming to protect the
surrounding tissues from the foreign scaffold. This process, while indicative of some level of

integration, also points to an underlying rejection response”*®.

These observations are not uncommon in biomaterial implants and highlight the challenges

faced in achieving perfect biocompatibility**

. While the presence of calcification and fibrosis is
not severe, it does indicate that the body is attempting to isolate and eventually remove the
scaffold®°. Therefore, although the PEGDA + BY-2 scaffold shows enhanced structural stability,

these findings underscore the need for further research to modify scaffold properties to reduce these

negative responses and improve tissue integration.

Overall, these observations suggest that both the PEGDA and PEGDA + BY-2 scaffolds
exhibit a biocompatibility profile with minimal severe immune reaction, as evidenced by the lack
of lymphocytes and only a few giant cells. However, the presence of calcific material and fibrosis
in both scaffold types is an indication of the body’s attempt to reject the implants. The reduced
presence of calcific material in some scaffolds of the PEGDA + BY-2 as well as the PEGDA only
scaffold, where mineralization The reduced presence of giant cells at later stages (week 12) in the
PEGDA + BY-2 and PEGDA scaffolds suggests some degree of long-term biocompatibility and
integration. However, the occurrence of calcification and fibrosis indicates that while the scaffolds
are not causing severe immune responses, they are still being recognized as foreign bodies that the
host tissue is attempting to isolate and remove. This underscores the need for further research to
mitigate these negative responses and improve the overall efficacy and biocompatibility of these

scaffolds for tissue engineering applications.
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Figure 25: Biocompatibility and Cell Infiltration of the PEDGA+ BY-2 Scaffolds Implants.

This figure presents axial sections of representative 3D-printed cellulose-based scaffolds stained
with H&E and anti-CD45 staining. These images illustrate the lack of foreign body reaction at 4
weeks (A) and at 8 weeks (B), followed by assimilation of the cellulose scaffold into the native rat
tissue at 12 weeks (C). Higher magnification regions of interest are shown in Image D-F, as
indicated in the inset in Image A-C, providing detailed observation of cell population dynamics
during biomaterial assimilation processes. The immune response observed with H&E staining is
further confirmed using anti-CD45 antibody, a known marker of leukocytes in Image G-1. Scale
bars: 500 um.
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Figure 26: Biocompatibility and Cell Infiltration of the PEDGA Scaffolds Implants.

This figure presents axial sections of representative 3D-printed scaffolds stained with H&E and
anti-CD45, highlighting the biocompatibility and cell infiltration of the PEGDA scaffold without
decellularized BY-2 plant cells, in contrast to Figure 5. These images illustrate the lack of foreign
body reaction at 4 weeks (A) and at 8 weeks (B), followed by assimilation of the scaffold into the
native rat tissue at 12 weeks (C). The scaffold integrity decreases over time, with noticeable
degradation from week 4 to week 12. Higher magnification regions of interest in Image D-F, as
indicated in the inset in Image A-C, provide detailed observation of cell population dynamics
during biomaterial assimilation processes. The immune response observed with H&E staining is
further confirmed using anti-CD45 antibody, a known marker of leukocytes in Image G-I. Scale
bars: D-1 =100 um.
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4.3.5 Vascularization of PEGDA+ BY-2 Scaffold.

Figure 27 illustrates the vascularization associated with the PEGDA + BY-2 cellulose
scaffold after 12 weeks of implantation. The presence of blood vessels in the surrounding tissues
and around the scaffold, as observed in Figure 27A, indicates that the scaffold supports vascular
integration with the host tissue. The confirmation of angiogenesis within the cellulose scaffold is
demonstrated through multiple vessel cross-sections in the H&E staining (Figure 27B) and

Masson's Trichrome staining micrographs (Figure 27C).

Furthermore, the anti-CD31 staining in Figure 27D highlights the presence of endothelial
cells within the scaffold, confirming the angiogenesis process. CD31, also known as platelet
endothelial cell adhesion molecule (PECAM-1), is a marker specific to endothelial cells that line
blood vessels***. Endothelial cells play an important role in forming the inner lining of blood

vessels and are essential for the development of new blood vessels®'

. The brown staining indicates
these cells, providing clear evidence of new blood vessel formation within the scaffold. The
endothelial cell activity is important for establishing functional vascular networks within
engineered tissues, ensuring adequate nutrient and oxygen supply for cell survival and growth?,
Notably, most of the vascularization occurs within the porous structure of the 3D-printed scaffold,

suggesting that the designed porosity significantly enhances blood vessel infiltration and

integration.

This robust vascularization within the porous regions underscores the scaffold's potential
for supporting tissue regeneration and healing, as the presence of blood vessels is critical for
nutrient delivery and waste removal in regenerating tissues. The data suggests that the 3D-printed
PEGDA + BY-2 scaffold's design effectively promotes angiogenesis, making it a promising

candidate for regenerative medicine applications.
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In comparison, Figures 27E-H illustrate the same staining techniques applied to the
PEGDA scaffold alone. Figure 27E shows the surrounding tissues and the PEGDA scaffold on the
day of euthanasia. Figures 27F-H use H&E, MT, and anti-CD31 staining, respectively, to assess
vascularization within the PEGDA scaffold. The comparison reveals a tendency for fewer blood
vessels in the PEGDA scaffold compared to the PEGDA + BY-2 scaffold, indicating less vascular
integration and angiogenesis. This comparison underscores the importance of the BY-2 cells in
enhancing the scaffold's vascularization capabilities, further highlighting the superiority of the

PEGDA + BY-2 scaffold in supporting tissue regeneration.
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Figure 27: Vascularization of PEGDA + BY-2 scaffold and PEGDA scaffold.

The vascularization of PEGDA + BY-2 scaffolds in Images A-D and PEGDA scaffolds in Images
E-H was assessed 12 weeks post-implantation. Image A shows blood vessels around the PEGDA
+ BY-2 scaffold at euthanasia. Images B and C confirm angiogenesis within the scaffold via H&E
and Masson’s Trichrome staining, respectively. Image D uses anti-CD31 staining to identify
endothelial cells, confirming vascularization. Images E-H illustrate the same staining techniques
for the PEGDA scaffold, showing fewer blood vessels compared to the PEGDA + BY-2 scaffold.
Scale bars: A and E =1 cm, B-D and F-H = 100um. Black arrows indicate blood vessels.
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4.3.6 Extracellular Matrix Deposition in the Scaffolds

253

The most abundant protein in the body is collagen™". The role of collagen in wound healing

is to attract fibroblasts and encourage the deposition of new collagen to the wound bed®*2%¢,
Collagen dressing technology helps stimulate new tissue growth while encouraging autolytic
debridement, angiogenesis, and reepithelialization. Chronic wounds develop excessive matrix
metalloproteinases (MMPs) that interfere with the normal wound healing process. Collagen
dressings bind and inactivate excessive MMPs found within the extracellular matrix (ECM)*’,
The presence of collagen-processing fibroblast cells led us to question if the cellulose
scaffold was acting as a substrate for the deposition of a new extracellular matrix. This was

determined using Masson’s Trichrome (MT) staining of fixed scaffold slides at each time point

following implantation (Figures 28 and 29).

Figure 28 illustrates the extracellular matrix deposition in the PEGDA+BY-2 scaffold. At
4 weeks, collagen deposits are scarce but become more prominent by 8 and 12 weeks, coinciding
with the presence of collagen-processing fibroblast cells. There is no observable difference in
collagen deposition between week 8 and week 12, indicating a plateau in the deposition process
(Figures 28E, 28F, 28H, and 28I). The pathologist noted fine collagen plugs in the implant and at

the periphery suggesting a well-integrated collagen matrix within the scaffold.

Figure 29 shows the extracellular matrix deposition in the PEGDA scaffold. Similar to the
PEGDA+BY-2 scaffold, collagen deposits are scarce at 4 weeks but become more prominent by 8
and 12 weeks. The presence of a collagen network inside the scaffold cavities, coinciding with the
presence of fibroblasts, suggests the scaffold's effectiveness in supporting extracellular matrix
deposition (Figures 29E, 29F, 29H, and 291). The pathologist observed focally dense collagen at

the periphery of the PEGDA scaffold, which may indicate a localized fibrotic response.
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Figure 29, depicting the PEGDA scaffold, shows more intense collagen deposition
compared to Figure 28, which represents the PEGDA+BY-2 scaffold. This is evidenced by the
darker blue staining in Masson's Trichrome, indicating a higher density of collagen fibres and
suggesting greater encapsulation. After 8 weeks, the PEGDA scaffold exhibits significant collagen
deposition, which remains consistent and similarly dense at 12 weeks post-implantation. This
suggests that the scaffold reaches a plateau in collagen infiltration by this time point. The denser
collagen network around the PEGDA scaffold points to a more significant fibrotic response, likely

due to its scaffold composition and architecture®®.

The observed collagen is primarily deposited through the porous structure of both types of
scaffolds, emphasizing the importance of 3D printing technology in scaffold fabrication. The
bioprinting process allows for precise control over the scaffold architecture, including pore size
and distribution, which facilitates cellular infiltration and subsequent extracellular matrix
deposition. This underscores the potential of 3D bioprinted scaffolds in regenerative medicine, as
they provide a tailored environment that enhances tissue regeneration. By customizing scaffold
porosity, it is possible to optimize collagen infiltration, thereby promoting more effective collagen

deposition and improving over tissue repair outcomes.
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Figure 28: Extracellular Matrix Deposition in the PEGDA+ BY-2 Scaffold.

Cross sections of representative PEGDA+BY-2 scaffolds stained with MT are shown in Image A-
C. Image A shows the full scaffold post-implantation. Image D provides a closer view, and Image
G highlights the porous structure where more collagen is observed. By 8 and 12 weeks (Images E,
F, H, I), a collagen network is clearly visible inside the cavities, coinciding with the presence of
activated fibroblasts. Scale bars: D-F = 500pum and G-I = 200um. Black arrows indicate collagen.
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Figure 29: Extracellular Matrix Deposition in the PEGDA Scaffold.
Cross sections of representative PEGDA scaffolds stained with Masson’s Trichrome are shown in
Image A-C. Image A displays the full scaffold post-implantation. Image D provides a closer view,
while Image G focuses on the porous structure of the scaffold where collagen is observed. By &
and 12 weeks (E, F, H, I), a collagen network is clearly visible inside the cavities, coinciding with
the presence of activated fibroblasts. Scale bars: D-I = 200um. Black arrows indicate collagen.
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4.4 Conclusion

The comparison of PEGDA and PEGDA + BY-2 scaffolds highlight the potential benefits
and challenges of incorporating decellularized BY-2 plant cells into 3D-printed scaffolds. At the
12-week time point, PEGDA + BY-2 scaffolds demonstrated enhanced structural integrity and cell
infiltration compared to PEGDA-only scaffolds. H&E staining revealed the presence of calcific
material and fibrosis in both scaffold types, indicating the body's attempt to wall off and reject the
scaffold. Anti-CD45 staining showed minimal immune reactions and good tissue integration for
both scaffold types over the different time points. Additionally, anti-CD31 staining confirmed

improved vascularization in the PEGDA + BY-2 scaffolds.

The mechanical strength of the PEGDA + BY-2 scaffolds, attributed to their hydrogel-like
structure, maintained their shape and porosity over time, aligning with Young’s modulus findings
in Chapter 2. The differences in collagen deposition between PEGDA and PEGDA + BY-2
scaffolds, with PEGDA showing more intense and organized collagen networks, emphasize the
importance of 3D bioprinting in scaffold design for effective tissue regeneration and extracellular

matrix deposition.

Scaffold biocompatibility was further supported by the results of the H&E staining, which
showed some cell infiltration and a decrease in foreign body reaction at each time point. The
persistence of BY-2 cells within the scaffold, before and after implantation, was confirmed by MT
staining, highlighting their structural stability. However, H&E staining also revealed the presence
of calcific material and fibrosis, which are hallmarks of the body's attempt to wall off and reject the

scaffold.

The presence of calcific material indicates the deposition of calcium salts within the tissue,
suggesting ongoing mineralization processes that are not indicative of bone tissue engineering but

rather the body's rejection response. While the PEGDA + BY-2 scaffolds have improved
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mechanical properties and show potential for tissue engineering applications, the occurrence of
calcification and fibrosis highlights the need for further research to address these biocompatibility

challenges.

Overall, while the incorporation of decellularized BY-2 plant cells into PEGDA scaffolds
enhances mechanical properties and cell integration, the occurrence of calcification and fibrosis
suggests that the scaffold is not without challenges. Despite these drawbacks, the PEGDA + BY-2
scaffolds show potential for tissue engineering applications due to their improved structural
stability and partial biocompatibility. Addressing the observed negative responses through further

optimization will be crucial for fully realizing the potential of these scaffolds in tissue engineering.
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Chapter 5

Conclusion

5.1 General Conclusion

This study aimed to assess the integrity, effectiveness and biocompatibility of 3D printed
hydrogel scaffold. The particularity of this model lies in its formulation, which includes PEGDA
mixed with the remaining structural components of decellularized tobacco plant cells, aiming at
enhancing the properties mentioned above. Throughout the chapters, we investigated various
aspects of these scaffolds, from their structural properties to their ability to support cell growth and

extracellular matrix deposition, with scaffolds formulated of PEGDA only as a control.

5.1.1 Summary of Findings

Chapter 1 provided a general introduction to the importance of tissue engineering,
emphasizing the necessity of 3D culture systems for more accurate tissue models. It introduced the
concept of scaffolds and the use of the Lumen-X 3D bioprinter, which enables precise control over
scaffold architecture, including pore size and distribution. The chapter also discussed the process
of decellularizing plant materials, specifically BY-2 cells, to create biocompatible scaffolds that

support tissue regeneration.

Chapter 2 focused on the fabrication and characterization of the scaffolds. It was
established that the addition of decellularized BY-2 plant cells to PEGDA improved the mechanical
properties of the scaffolds, as evidenced by enhanced Young’s modulus measurements. The
structural integrity of the PEGDA+BY-2 scaffolds was maintained throughout the study, which is
crucial for their application in tissue engineering as it ensures the scaffolds can provide stable and

consistent support for cellular growth and tissue development.
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Chapter 3 explored the in vitro biocompatibility of the scaffolds, using NIH 3T3 cells.
The results demonstrated that both scaffold types, PEGDA and PEGDA+BY-2, supported cell
adhesion and proliferation. However, the PEGDA+BY-2 scaffolds showed superior performance
in promoting cell growth and maintaining structural stability, which ensures that the scaffold can
withstand the mechanical forces in the body and support the formation of new tissues. The presence

of active fibroblasts indicated good biocompatibility.

Chapter 4 extended the investigation to in vivo experiments, where the scaffolds were
subcutaneously implanted in rats. Over a 12-week period, the PEGDA+BY-2 scaffolds exhibited
slightly better cell infiltration and enhanced vascularization compared to PEGDA scaffolds.
Histological analysis revealed collagen deposition at the periphery in both scaffold types, with the
PEGDA scaffold showing more intense and organized collagen networks. The observed collagen
deposition through the porous structure of both scaffold types highlights the potential of the
scaffold design. The precise control over scaffold architecture facilitated effective cellular
infiltration and extracellular matrix deposition, which is advantageous for tissue regeneration.
While we cannot definitively attribute the facilitation of these processes solely to 3D printing, the
scaffold design achieved through this technique provides a favourable environment for cellular
activities. Importantly, neither scaffold type elicited a significant immune response, confirming
their biocompatibility. However, some instances of calcification and fibrosis, which are hallmarks
of rejection, were observed in both scaffold types. Despite these occurrences, the overall

biocompatibility of the scaffolds remains promising for future tissue engineering applications.

5.1.2 Comparative Analysis

When comparing the PEGDA and PEGDA+BY-2 scaffolds to other studies in the field,

several key observations can be made. Traditional PEGDA scaffolds have been extensively studied

for their biocompatibility, mechanical properties, and ability to support cell growth®86-233.242-244259

80



For instance, PEGDA scaffolds mixed with other materials, such as chitosan or cellulose
nanofibers, have demonstrated tunable mechanical properties and high biocompatibility, which
aligns with our findings on the PEGDA scaffold's performance’® 2>, However, the addition of

decellularized BY-2 cells appears to confer additional benefits.

Studies on scaffolds incorporating plant-derived components, such as decellularized BY-2
cells, are less common but have shown promise in enhancing scaffold properties. The incorporation
of BY-2 cells into PEGDA scaffolds in our study improved the mechanical properties, as evidenced
by the enhanced Young’s modulus. This finding is supported by similar studies that have shown
improved mechanical strength and stability when plant-derived components are used in scaffold

formulations.

Furthermore, the PEGDA+BY-2 scaffolds exhibited superior cell proliferation and
biocompatibility compared to PEGDA-only scaffolds. This suggests that the inclusion of
decellularized plant cells provides a more conducive environment for cellular activities, possibly
due to the natural micros porous components present in the plant cells. In contrast, PEGDA
scaffolds, while effective, may not provide the same level of biological cues needed for optimal

cell growth and tissue regeneration.

The enhanced vascularization observed in the PEGDA+BY-2 scaffolds during the in vivo
experiments is another significant advantage. This aligns with studies that have highlighted the
importance of vascularization in tissue engineering, as it ensures adequate nutrient and oxygen
supply to the growing tissue. While PEGDA scaffolds alone have shown potential for
vascularization, the addition of decellularized BY-2 cells seems to enhance this process, making

the PEGDA+BY-2 scaffolds more effective for tissue regeneration applications.
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In terms of immune response, both scaffold types did not elicit significant immune
reactions, which is a crucial aspect of biocompatibility. This finding is consistent with other studies
on PEGDA scaffolds, which have generally shown low immunogenicity. The inclusion of
decellularized plant cells did not adversely affect this aspect, further supporting the potential of

PEGDA+BY-2 scaffolds for clinical applications.

5.2 Future Work

The observed collagen deposition through the porous structure of both scaffold types
underscored the benefits of 3D printing technology. The precise control over scaffold architecture
facilitated effective cellular infiltration and extracellular matrix deposition, which are essential for

tissue regeneration’*76:89-221263.264.

While this study has demonstrated the potential of PEGDA+BY-2 scaffolds in tissue
engineering, several avenues for future research remain. Extending the duration of in vivo studies
beyond 12 weeks would provide more comprehensive data on the long-term biocompatibility and
functionality of the scaffolds?*>**. This could help in understanding the scaffold's behaviour over
extended periods and its integration with host tissues. Given the structural integrity and
biocompatibility of the PEGDA+BY-2 scaffolds, future research could explore their application in
bone tissue engineering. The mechanical properties of these scaffolds make them suitable
candidates for supporting bone regeneration’®. Investigating their performance in bone defect
models would be a logical next step. Further studies on the molecular mechanisms underlying
collagen deposition and scaffold integration would provide deeper insights into the scaffold’s
interaction with host tissues®*’?%. This could involve examining the gene expression profiles of

cells interacting with the scaffolds to identify key regulatory pathways** "', Additionally, future
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in vivo studies could include more complex animal models, such as larger mammals like rabbits or
pigs, which provide anatomical and physiological characteristics more similar to humans®’**",
These models would offer a more accurate representation of human tissue environments,
particularly in terms of immune response, vascularization, and tissue regeneration. Such models
could help assess scaffold performance under various physiological conditions, including different
tissue types and mechanical forces, ultimately providing a more comprehensive evaluation of the
scaffold’s biocompatibility, durability, and effectiveness for potential clinical applications®™**7,
3D bioprinting allows for the customization of scaffold properties. Future work could involve
optimizing pore size, shape, and distribution to enhance specific tissue regeneration outcomes.
Additionally, incorporating bioactive molecules or growth factors into the scaffolds could further
improve their regenerative potential”’**”. In conclusion, the PEGDA+BY-2 scaffolds have shown
promising results in supporting regeneration. With further research and optimization, these

scaffolds could be developed into effective tools for regenerative medicine, potentially extending

their application to bone tissue engineering and beyond.
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