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ABSTRACT

A STUDY OF THE EFFECT OF PREPARATION PARAMETERS ON THE MECHANICAL
PROPERTIES OF FREEZE-DRIED GELATIN-ELASTIN-HYALURONATE
SCAFFOLDS

Mansour Qamash

Marquette University, 2024

This thesis is dedicated to a detailed study of changes in the properties of Gelatin-Elastin-
Hyaluronate (GEH) tissue engineering scaffold resulting from changes in preparation parameters.
More specifically, utilizing a combination of foaming and freeze-drying techniques, this research
investigates the effects of different parameters, including agitation speed, duration time, and
chilling temperature on the scaffold’s structural integrity, porosity, and mechanical properties. The
methodology involves a carefully calibrated process in which the scaffold matrix is initially
prepared by incorporating 8% gelatin, 2% elastin, and 0.5% hyaluronate (w/v) into a homogenous
aqueous solution, followed by controlled agitation and subsequent freezing at designated
temperatures. The freeze-drying stage solidifies the foam structure, creating a porous matrix
essential for cell growth and nutrient delivery.

The findings reveal that porosity and mechanical properties, such as compressive Young’s
modulus, of scaffolds are significantly influenced by fabrication parameters, with higher agitation
speeds and longer duration times leading to increased porosity and decreased modulus. Moreover,
the degradation rates of the scaffolds processed at both —20 and —80°C were found to be
comparable, indicating a similar level of preservation in physiological conditions. Morphological
analyses, including laser microscopy and scanning electron microscopy (SEM), indicated optimal
pore sizes (100-300 um) that promote effective cell interaction and tissue regeneration, confirming
the successful application of the freeze-drying and foaming methods in creating highly
interconnected porous structures. Based on the findings, a decrease in chilling temperature
correlates with a slight increase in pore size within the scaffold matrix. The methodical fabrication
process developed in this study emphasizes the control of agitation speed and duration to modulate
scaffold porosity, which is an essential characteristic for cellular infiltration and vascularization in
tissue engineering. The research outcomes demonstrate that scaffold properties can be finely
adjusted through the preparation process, offering the potential to match the structural needs of
specific tissue engineering applications.

The thesis contributes significant advancements in scaffold design, providing a robust
framework for the development of tissue scaffolds with controlled porosity and improved
mechanical properties. By understanding and harnessing the effects of fabrication parameters, this
research offers a pathway to design scaffolds that more accurately replicate the extracellular matrix,
promoting enhanced tissue repair and regeneration.
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CHAPTER 1: INTRODUCTION
1.1. Background

Tissue engineering has emerged as a transformative field at the confluence of biology,
materials science, and engineering, aiming to develop functional substitutes for damaged or
diseased tissues. The concept was formalized in the late 20th century, though its roots trace back to
earlier scientific inquiries into cell culture and regeneration. A pivotal milestone in its evolution
was the development of the first artificial skin in the 1980s, which demonstrated the potential of
engineered tissues in clinical applications [1]. Since then, the field has expanded to include a vast

array of tissues, including bone, cartilage, vascular grafts, and more complex organs.

The progress in tissue engineering has been driven by technological advancements, notably
in biomaterials, scaffold fabrication techniques (such as electrospinning, 3D printing, and freeze-
drying), and bioreactor design [2]. These technologies have enabled the creation of scaffolds that
not only support cell growth and differentiation but also closely replicate the physical, chemical,
and mechanical environments of native tissues. Innovations such as the incorporation of bioactive
molecules and dynamic mechanical stimuli in scaffold designs have further enhanced the
functionality of engineered tissues, moving the field closer to the realization of fully integrated

tissue replacements.

Scaffolds are central to the practice of tissue engineering, serving as the physical substrates
that support the formation of new tissue. Their role is multifaceted, encompassing the provision of
mechanical support, the facilitation of cell attachment and proliferation, and the delivery of
biochemical cues necessary for tissue development [3]. By mimicking the extracellular matrix
(ECM), scaffolds create an environment that is not only structurally beneficial to tissue formation

but also biochemically helpful to cells [4].



The ECM in native tissues provides crucial signals that guide cell behavior, including
differentiation, migration, and extracellular matrix deposition. Similarly, engineered scaffolds are
designed to present cells with cues that influence their function and outcome. This is achieved
through careful selection of scaffold materials and fabrication methods that result in desired
physical properties (such as porosity and stiffness) and biochemical functionalities (such as the

incorporation of growth factors or peptides) [4,5].

The effectiveness of a scaffold in regenerative medicine is largely determined by its ability
to integrate with the host tissue, a process that requires the scaffold to be biocompatible, to possess
mechanical properties that match the target tissue, and to degrade at a rate that matches the
formation of new tissue [5]. Thus, the development of scaffolds involves a delicate balance between
mimicking the natural ECM and tailoring the scaffold’s properties to meet the specific needs of the

engineered tissue.

As mentioned earlier, one of the pivotal aspects of the successful integration of engineered
scaffolds into target tissues involves ensuring their mechanical compatibility, specifically through
aligning the scaffold’s stiffness and elasticity with the native tissue characteristics [6]. Mechanical
properties are fundamental in determining how a scaffold interacts with the biological environment,
influencing not only the physical support it provides but also how it guides cellular behavior and
tissue development [7]. Stiffness, or the scaffold’s resistance to deformation under applied force,
must be carefully tuned to resemble that of the target tissue. A mismatch in stiffness can lead to
inadequate mechanical support or can even cause undesirable cellular responses, affecting the
regeneration process [8]. For example, scaffolds intended for bone tissue engineering require higher
stiffness and strength compared to those used for soft tissue regeneration, such as skin, gingiva, or
vascular tissues [9]. Elasticity, the ability of the scaffold to return to its original shape after
deformation, is equally important, especially for soft tissues. The scaffold’s elasticity affects its

ability to accommodate changes in shape, which is crucial for maintaining normal physiological



functions [10]. Research has shown that the mechanical properties of scaffolds can influence cell
adhesion, proliferation, migration, and differentiation—key processes in tissue regeneration [11].
Cells can sense the mechanical cues from their surrounding matrix, a phenomenon known as
mechanotransduction, and respond in ways that affect the tissue healing process [12]. Therefore,
achieving mechanical compatibility with native tissues is not just a matter of structural support but
also of facilitating the appropriate cellular activities for successful tissue integration and

regeneration.

The mechanical properties of scaffolds are influenced by several parameters, such as
fabrication methods, material selection, and cross-linking, which play a crucial role in determining
their applicability for specific tissue engineering purposes. For instance, the method of scaffold
fabrication significantly impacts the scaffold’s porosity, interconnectivity, and, consequently, its
stiffness and elasticity [13]. Material selection is another critical factor affecting the mechanical
properties of scaffolds. The choice of materials, ranging from natural polymers like gelatin, elastin,
and hyaluronate to synthetic polymers such as polylactic acid (PLA) and polyglycolic acid (PGA),
dictates the scaffold’s biocompatibility, degradation rate, and mechanical behavior [9]. Combining
different materials or incorporating composite structures can enhance scaffold performance by
combining the advantageous properties of each component [14]. Cross-linking density in hydrogel-
based scaffolds, achieved through chemical or physical methods, on the other hand, can modulate
their mechanical stiffness and degradation behavior, allowing for the fine-tuning of scaffold

properties to match those of the target tissue [15].

Optimization of these parameters—fabrication methods, material selection, and cross-
linking density—requires a comprehensive understanding of their effects on the scaffold’s
mechanical and biological properties. Through systematic investigation and adjustment of these
variables, it is possible to develop scaffolds that not only meet the mechanical requirements of the

target tissue but also support the dynamic processes of cell adhesion, proliferation, migration, and



differentiation. This optimization effort is essential for advancing scaffold-based tissue engineering
strategies, moving closer to the realization of scaffolds that effectively mimic the natural

extracellular matrix and facilitate successful tissue regeneration.

Recently, gelatin, elastin, and hyaluronate have emerged as popular choices for use in the
fabrication of scaffolds for soft tissue engineering applications, due to their unique properties that
mimic the natural extracellular matrix (ECM) [16]. Gelatin, derived from collagen, offers excellent
cell adhesion and proliferation properties, making it a staple in scaffold design for its
biocompatibility and ease of processing [17]. Elastin, known for its elasticity, allows scaffolds to
withstand mechanical stresses, enabling the engineered tissues to replicate the dynamic
environments of native tissues [18]. Hyaluronate, a critical component of the ECM, enhances
moisture retention, cell proliferation, and migration, essential attributes for tissue repair and

regeneration [19].

Recently, Tayebi et al. [20], Rasoulianboroujeni et al. [21], and Dehghani et al. [22]
integrated these materials, i.e., gelatin, elastin, and hyaluronate, to develop scaffolds that exhibit
enhanced biological response, facilitating more effective tissue regeneration. Their methodology,
which utilizes a combination of foaming and freeze-drying techniques, has led to the production of
scaffolds with an optimized composition, demonstrating considerable promise particularly in dental
applications. However, the fabrication process they employed involves several critical parameters.
Given the direct impact of these parameters on the mechanical properties of the scaffolds, there is
an acknowledged need for further investigation, particularly concerning chilling temperature, as
well as agitation time and speed. This thesis is focused on studying the properties of these scaffolds
by a detailed investigation into these specific preparation parameters. The project aims to study the
effects of agitation speed, duration time, and chilling temperature on the scaffold, analyzing their

individual and combined influences on structural integrity, porosity, and mechanical strength.



1.2. Research Objectives

This thesis is dedicated to advancing the field of tissue engineering through studies of the
properties of Gelatin-Elastin-Hyaluronate (GEH) scaffolds. With a focus on the precise influence
of specific preparation parameters—namely agitation speed, duration time, and -chilling
temperature—this study aims to investigate how these factors collectively impact the scaffold’s
structural integrity, degradation, porosity, and mechanical properties. The objective is to explore
the complexities involved in scaffold fabrication, enhancing their functionality for soft tissue
engineering applications. By assessing the individual and combined effects of these parameters on
GEH scaffolds, this research seeks to refine the manufacturing process, thereby optimizing scaffold

performance and tailoring its characteristics to better meet the demands of medical applications.

The investigation is structured around a series of detailed objectives, beginning with an
exploration of how agitation speed affects the scaffold’s mechanical properties, which the essential
for ensuring tissue integration and regeneration. It extends to examining the role of duration time
on the scaffold’s stability and degradation rate, alongside the influence of chilling temperature on
its internal structure and mechanical properties. These areas of focus are crucial for understanding
the scaffold’s behavior in a biological context and its potential for tissue engineering applications.
By exploring the synergistic effects of these preparation parameters, the research intends to develop
a more robust fabrication protocol that maximizes the bioactivity and mechanical performance of
GEH scaffolds. Ultimately, this study is set to make significant contributions to regenerative
medicine by enhancing the understanding of the effect preparation parameters on the scaffolds’
properties. Through this comprehensive approach, the thesis endeavors to facilitate the
development and use of freeze-dried scaffolds, thus promoting progress in regenerative medicine

and advancing medical applications that can benefit from improved scaffold design.



1.3. Structure of the Thesis

This thesis is organized into five comprehensive chapters, each designed to systematically
explore the properties of freeze-dried Gelatin-Elastin-Hyaluronate scaffolds, focusing on their
fabrication parameters and their implications for tissue engineering and regenerative medicine. The
structure is laid out as follows to provide a consistent flow from the introduction of the subject to

the presentation of research findings and conclusions:

Following the current chapter, i.e., introduction, the Literature Review chapter
contextualizes the research within the broader scientific dialogue. It presents a comprehensive
review of the scaffold fabrication techniques, particularly focusing on freeze-drying and the
utilization of gelatin, elastin, and hyaluronate. This examination of previous studies lays the basis

for understanding the significance and potential impact of this thesis’s contributions to the field.

In the Materials and Methods section, the thesis details the experimental approach and the
specific methodologies employed in fabricating and analyzing the GEH scaffolds. This chapter is
critical for understanding how the research was conducted and the rationale behind the chosen
preparation parameters, including agitation speed, duration time, and chilling temperature, and their

expected impact on the scaffolds’ properties.

The Results chapter delves into the findings of the current thesis, showcasing the effects of
the varied preparation parameters on the structural and mechanical properties of the GEH scaffolds.
This section meticulously analyzes findings related to porosity, structural integrity, mechanical

strength, and degradation.

Concluding the thesis, the Conclusion chapter presents the research findings, discussing
their implications for regenerative medicine and tissue engineering. It evaluates how the study’s
objectives were met and reflects on the broader significance of GEH scaffolds. Additionally, it

offers directions for future research.



CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

This chapter investigates scaffold fabrication via freeze-drying in tissue engineering,
emphasizing its role in producing porous structures ideal for tissue repair. We start with an overview
of freeze-drying, noting its utility in scaffold creation. The focus then shifts to studies on gelatin,
elastin, and hyaluronate scaffolds, highlighting their biocompatibility and effectiveness. We also
examine the mechanical properties critical to scaffold design, analyzing how material choices and
design impact mechanical stability. Additionally, we explore how preparation parameters, such as
freeze-drying conditions and material concentrations, affect scaffold performance, including
degradation and bioactivity. This review aims to summarize current research on scaffold
development, pointing out significant advancements and future research directions to improve

scaffold function in regenerative medicine.

2.2. Overview of Freeze-Drying as a Scaffold Fabrication Method

Freeze-drying, also known as lyophilization, is identified as a widely used method for the
fabrication of scaffolds in tissue engineering [23,24]. This process involves the sublimation of
water from a frozen sample under vacuum, preserving the structural integrity and porosity of the
scaffold. The freeze-drying process is particularly suitable for the fabrication of gelatin-elastin-
hyaluronate scaffolds due to the hydrophilic nature of these biomaterials [25]. While using this
approach, it should be considered that the process’ parameters, such as freezing rate and primary
and secondary drying conditions, significantly influence the mechanical properties of the resulting

scaffold.



As shown in Figure (2.1), this process begins with the freezing of the scaffold material,
which is typically a solution or suspension of the biomaterials. Following the freezing stage, the
primary drying phase begins, where the ice crystals formed are sublimated under vacuum. The rate
of sublimation depends on the temperature and pressure conditions, as well as the thermal
conductivity of the scaffold material. Higher temperatures increase the sublimation rate but could
also lead to the collapse of the scaffold structure. Therefore, the primary drying conditions need to
be carefully controlled to ensure efficient removal of ice while maintaining the structural integrity
of the scaffold. After the primary drying phase, the secondary drying phase is carried out to remove
the unfrozen water bound to the scaffold material. This stage is typically conducted at higher
temperatures than the primary drying phase. The secondary drying conditions, particularly the final
temperature, could affect the residual moisture content of the scaffold, which could influence its

mechanical properties and degradation rate [23,24].

The freeze-drying process is a versatile and effective method for the fabrication of gelatin-
elastin-hyaluronate scaffolds [25]. However, the process parameters need to be carefully optimized
to achieve a balance between scaffold porosity and mechanical strength [26,27]. Future research
should focus on understanding the relationships between process parameters and scaffold properties

and developing strategies for the precise control of these parameters.
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Figure 2.1: Temperature and pressure across freeze-drying stages [28]



2.3. Previous Studies on Gelatin, Elastin, and Hyaluronate-Based Scaffolds

Previous studies on gelatin, elastin, and hyaluronate-based scaffolds have significantly
contributed to the development of biomaterials for tissue engineering and regenerative medicine.
These biomaterials have been extensively explored for their ability to mimic the extracellular

matrix, support cell attachment, proliferation, and differentiation, and promote tissue regeneration.

Gelatin, derived from collagen, is a vital biomaterial in tissue engineering due to its
biocompatibility, biodegradability, and ability to mimic the extracellular matrix (ECM), facilitating
cell adhesion, proliferation, and differentiation [29]. Its versatility allows for the fabrication of
scaffolds through various methods, including electrospinning, 3D printing, and laser fabrication, to
support the regeneration of diverse tissues [30]. Gelatin scaffolds are particularly favored for their
enzymatic degradation capabilities, which are preserved even after chemical modifications, making
them ideal for transient applications where scaffolds gradually degrade as new tissue forms [31].
These scaffolds have been extensively utilized across various applications, including bone,
cartilage, skin, nerve, and vascular tissue engineering [32]. These scaffolds, especially when
combined with other polymers, display enhanced physicochemical and biomechanical properties
conducive to tissue regeneration [33]. Advanced fabrication techniques have enabled the
development of scaffolds with controlled porosity and mechanical properties, facilitating the
delivery of cells and bioactive molecules to the desired sites, thereby promoting effective tissue

repair and regeneration [34,35].

Specifically, in dental tissue engineering, gelatin-based scaffolds have shown significant
promise in supporting the regeneration of dental tissues, such as periodontal ligaments and alveolar
bone [36]. The adaptability of gelatin scaffolds to various fabrication techniques allows for the
creation of structures that closely mimic the natural environment of dental tissues, thereby
enhancing cell-material interactions and promoting successful tissue integration and function

restoration in dental applications [37,38]. Application of gelatin in the fabrication of scaffolds for
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tissue engineering shows its significant potential across a variety of tissue types, including dental
tissue engineering. The ability of gelatin-based scaffolds to support cell growth, differentiation, and
the regeneration of functional tissues underscores their vital role in advancing the field of tissue

engineering.

In another study about gelatin scaffolds, Rasoulianboroujeni et al. [21] developed dual
porosity gelatin scaffolds with enhanced cell infiltration and proliferation by performing the
foaming step. This research underscores the importance of scaffold architecture and porosity in
promoting cellular activities critical for tissue engineering, such as nutrient transport and waste

removal, while the use of a gelatin provided a conducive environment for tissue growth.

Elastin offers significant promise in tissue engineering due to its unique elastic properties
and biocompatibility. It plays a crucial role in providing resilience and elasticity to tissues, making
it an ideal component in the development of scaffolds that mimic the natural tissue environment.
Through advanced fabrication techniques such as electrospinning and co-electrospinning with other
polymers like collagen and poly(lactic-co-glycolic acid) (PLGA), elastin-based scaffolds have been
engineered to support various tissue engineering applications, offering a balance between

mechanical integrity and biological functionality [39,40].

Elastin’s integration into scaffold materials has facilitated the development of structures
that closely mimic the mechanical and biochemical cues of native tissues. For example, in
cardiovascular tissue engineering, elastin enhances the mechanical properties and
endothelialization of vascular grafts, promoting cell adhesion and proliferation essential for
vascular repair [41,42]. Similarly, in dermal tissue engineering, elastin incorporation has been
shown to improve scaffold elasticity, thereby supporting fibroblast infiltration and collagen

deposition, crucial for skin regeneration [43,44].
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In soft tissue engineering, scaffolds incorporating elastin or elastin-like peptides have been
tailored to replicate the viscoelastic properties of soft tissues such as blood vessels, lung, and skin.
These scaffolds not only support cellular attachment and proliferation but also enable dynamic
mechanical stimulation, promoting tissue-specific cellular responses and matrix deposition. The
development of elastin-based scaffolds that are mechanically robust and biologically active offers
new opportunities for engineering soft tissues with functional properties akin to native tissues
[45,46]. Incorporation of elastin into tissue engineering scaffolds represents a significant
advancement in the field, providing materials that closely mimic the natural tissue environment.
The unique combination of elastin’s biocompatibility, elasticity, and ability to support cellular
functions makes it an invaluable component for developing next-generation scaffolds for tissue

regeneration.

Combining gelatin with elastin in scaffold fabrication merges the biodegradability and cell-
supportive properties of gelatin with the elasticity and resilience of elastin, creating composite
scaffolds that offer enhanced mechanical and biological functionalities for tissue engineering
applications. These composite scaffolds are particularly advantageous in applications requiring
both structural support and flexibility, such as in vascular and skin tissue engineering, where they
facilitate a more dynamic interaction with the biological environment. By leveraging the strengths
of both polymers, researchers aim to closely replicate the complex architecture and mechanical

behavior of native tissues, promoting improved cellular response and tissue integration [39,40].

Research has shown that co-electrospun blends of gelatin and elastin not only support cell
attachment and proliferation but also modulate cell behavior due to the bioactive cues presented by
the composite material. The presence of elastin in these scaffolds enhances their elastic modulus
and tensile strength, making them suitable for applications subjected to mechanical stress, such as
in cardiovascular tissue engineering. Furthermore, the combination of gelatin and elastin has been

found to encourage the deposition of extracellular matrix components by cells cultured on these
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scaffolds, indicating their potential to support the formation of functional tissue constructs [41,42].
The interaction between gelatin and elastin in composite scaffolds represents a forward step in the
design of biomaterials that more accurately mimic the natural extracellular matrix, supporting the

regeneration of tissues with complex mechanical and biological requirements.

Hyaluronic acid (HA), a naturally occurring polysaccharide found within the extracellular
matrix, has gained widespread attention in tissue engineering due to its inherent biocompatibility,
hydrophilicity, and capacity to influence cell behavior. HA-based scaffolds, leveraging these
properties, are designed to provide a conducive environment for cell attachment, proliferation, and
differentiation, crucial for tissue regeneration. Advances in scaffold fabrication technologies, such
as photocrosslinking, have enabled the development of HA hydrogels with tunable mechanical
properties and degradation rates, providing the specific needs of various tissue engineering
applications. These scaffolds have demonstrated promising results, promoting natural wound
healing processes such as angiogenesis, and showing minimal inflammatory response when
implanted, making them suitable for a broad spectrum of regenerative medicine applications,

including soft tissue repair and vascular tissue engineering [47,48].

The versatility of HA scaffolds extends beyond their biocompatibility and hydrophilicity;
their chemical structure allows for easy modification, enabling the incorporation of bioactive
molecules to further guide tissue repair. This functionalization, combined with the scaffold’s
intrinsic properties, supports the design of biomimetic environments that closely replicate the native
tissue’s physical and biochemical cues. Recent developments in HA-based scaffolds have explored
various forms, including hydrogels, sponges, and injectable solutions, highlighting their
adaptability to different tissue engineering challenges. The ability to tailor scaffold properties to
match specific tissue requirements underscores the potential of HA-based materials in advancing

regenerative medicine and improving therapeutic outcomes [49].
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The combination of hyaluronic acid (HA) and gelatin in scaffold fabrication merges the
unique properties of both biomaterials, creating composite scaffolds that offer enhanced
biocompatibility, mechanical strength, and bioactivity. This interaction improves scaffold
performance in tissue engineering by providing a balanced environment that supports cell adhesion,
proliferation, and differentiation while maintaining sufficient structural integrity and flexibility.
These composite scaffolds are particularly beneficial in applications requiring robust yet
biologically active matrices, such as in the engineering of soft tissues where both mechanical

support and cellular interaction are critical [50].

By integrating gelatin, known for its ability to facilitate cell binding through its arginine-
glycine-aspartic (RGD) sequences, with the hydrophilic and biodegradable nature of HA,
researchers have been able to develop scaffolds that not only possess improved mechanical
properties but also exhibit enhanced water retention and degradation characteristics suitable for
tissue repair and regeneration. This combination has been found to encourage a more significant
deposition of extracellular matrix components by cultured cells, thereby facilitating the formation
of functional tissue constructs. The dual presence of HA and gelatin within the scaffold architecture
also presents opportunities for further functionalization with growth factors and other bioactive

molecules, amplifying their regenerative potential [51].

Leveraging the distinct yet complementary properties of HA, gelatin, and elastin,
researchers have embarked on innovative scaffold designs in tissue engineering and regenerative
medicine. This strategic combination of materials utilizes HA’s biocompatibility and moisture
retention, gelatin’s mechanical strength and biodegradability, and elastin’s elasticity, to create
scaffolds that not only support enhanced cell attachment and proliferation but also promise
comprehensive tissue repair across diverse applications. The integration of these biomaterials
represents a significant advancement in fabricating more effective, biomimetic environments for

facilitating tissue regeneration.
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Tayebi et al. [20] explored the potential of 3D-printed membranes for guided tissue
regeneration, utilizing the combination of gelatin, elastin and HA that take advantage of the
mechanical robustness and biodegradability of gelatin and elastin, along with the biocompatibility
and hydrophilicity of HA. The study highlights the ability of these composite scaffolds to support
cell attachment and proliferation, underscoring their suitability for facilitating tissue repair and

regeneration across various applications, including bone and dental reconstruction.

Furthermore, Dehghani et al. [22] applied a 3D-printed membrane composed of HA,
gelatin, and elastin as an alternative to the amniotic membrane for ocular surface/conjunctival
defect reconstruction. The study demonstrates the composite’s ability to support ocular cell
adherence and proliferation, indicating its potential as a versatile scaffold for ocular tissue
engineering. The scaffold’s biocompatibility and similarity to the natural ocular surface
environment make it a promising option for reconstructive surgeries. It's noteworthy that this study,
which was conducted in Dr. Tayebi’s lab, also optimized the composition of gelatin, elastin, and
HA, determining that a formulation of 8% gelatin, 2% elastin, and 0.5% HA (w/v) in an aqueous
solution exhibited the best rheological properties. Consequently, this composition was selected

based on the findings presented in this manuscript.

These studies collectively demonstrate the significant potential of gelatin, elastin, and HA,
as well as their combination in scaffold design for diverse tissue engineering applications. The
synergistic effect of these materials not only enhances the mechanical and biological properties of
the scaffolds but also broadens their applicability across various fields of regenerative medicine,
offering new avenues for the development of biomimetic and functional tissue-engineered

constructs.
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2.4. Exploration of Mechanical Properties in Scaffold Design and Tissue Engineering

The exploration of mechanical properties in scaffold design and tissue engineering is a
critical aspect of biomaterial science [24,52], especially in the context of developing scaffolds like
those composed of gelatin, elastin, and hyaluronate. These materials, when freeze-dried, offer
unique structural and functional characteristics conducive to tissue engineering and regenerative
medicine [53,54]. This section delves into the existing literature to understand how the mechanical

properties of these scaffolds can be optimized through various preparation parameters.

Mechanical properties, including compressive strength, tensile strength, and elasticity, are
paramount in scaffold design as they directly influence the scaffold’s ability to support tissue
formation and integration with the host tissue. The mechanical integrity of a scaffold ensures that
it can withstand physiological forces without degrading or failing structurally before the new tissue
is fully formed and functional. The ideal scaffold should mimic the mechanical properties of the
tissue it aims to replace or support, facilitating cellular attachment, proliferation, and differentiation

[24,52,55].

The freeze-drying technique, commonly employed in the preparation of these scaffolds,
significantly affects their porosity, pore size distribution, and mechanical strength. The parameters
of the freeze-drying process, such as cooling rate, final temperature, and duration of sublimation,
need to be meticulously controlled to optimize the scaffold’s structure and mechanical properties.
Studies have demonstrated that altering freeze-drying parameters can lead to scaffolds with tailored
porosity and mechanical strength, matching the requirements of specific tissue engineering

applications [56].

The interplay between scaffold composition and mechanical properties is another area of
intense research [57,58]. The ratio of gelatin, elastin, and hyaluronate can be varied to fine-tune the

scaffold’s mechanical characteristics. For instance, increasing the proportion of elastin in the
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scaffold composition has been shown to enhance its elasticity, making it more suitable for
engineering tissues that experience dynamic mechanical loads. Conversely, a higher concentration
of gelatin has been found to improve compressive strength, beneficial for load-bearing applications

like cartilage tissue engineering [24,52,57,58].

The mechanical properties of freeze-dried GEH scaffolds are critical determinants of their
suitability for various tissue engineering applications. The preparation parameters, therefore, must
be meticulously optimized to achieve a balance between mechanical robustness and biological
functionality, aiming to replicate the target tissue's mechanical milieu closely. This delicate balance
underscores the significance of understanding the mechanical properties of scaffolds within the
broader context of tissue engineering, where the goal is to create biofunctional scaffolds capable of

supporting successful tissue regeneration and integration with the host tissue.

2.5. Impact of Preparation Parameters on Scaffold Performance

Embarking on the journey to explain the impacts of preparation parameters on the
performance of freeze-dried GEH scaffolds, a rigorous analysis of existing research reveals a
complex landscape where these parameters serve as pivotal modulators of scaffold efficacy and
functionality. The scaffolding process, a foundation in tissue engineering, necessitates a planning
of variables to fabricate constructs that not only support cellular activities but also mimic the

biomechanical and biochemical properties of native tissues.

Among these parameters, the freeze-drying process emerges as a critical determinant,
influencing pore architecture, which in turn dictates nutrient flow, cellular infiltration, and
ultimately, the integration of the scaffold with surrounding tissues [59]. Studies have shown that
the lyophilization parameters, including the initial freezing temperature and the rate of temperature

decrease, significantly affect the size and distribution of pores within the scaffold, with optimal
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conditions leading to uniform pore sizes conducive to homogeneous cell seeding and proliferation

[60].

Moreover, the concentration of the gelatin-elastin-hyaluronate mixture prior to freeze-
drying has been highlighted for its role in determining the mechanical strength and elasticity of the
final scaffold, with higher concentrations typically resulting in denser scaffolds that exhibit

enhanced mechanical properties [61].

Cross-linking, another preparation parameter, greatly impacts scaffold performance by
stabilizing the biomolecular structure, thereby affecting not only mechanical strength but also
degradation rates—a critical factor in ensuring that the scaffold degrades at a rate consistent with
tissue regeneration [62]. Chemical cross-linking methods utilizing agents like glutaraldehyde or
genipin have been explored, with each agent offering distinct advantages in terms of
biocompatibility and mechanical robustness yet also posing potential cytotoxicity challenges that

necessitate careful consideration and balance [63].

The impact of scaffold hydration, a parameter often overlooked, is paramount, as it
influences not only the immediate mechanical properties but also the scaffold’s biological
performance, including cell adhesion, proliferation, and differentiation. The hydrophilic nature of
hyaluronate within the gelatin-elastin-hyaluronate composite plays a vital role in this context,
enhancing water retention and thereby modulating the scaffold’s viscoelastic properties better to
mimic the natural extracellular matrix (ECM) [64]. Additionally, the pH and ionic strength of the
solvent used in scaffold preparation have been found to affect the solubility, and consequently, the
uniformity of the biomaterial distribution within the scaffold, which in turn influences its overall

structural and mechanical integrity.

In synthesizing these insights, it becomes evident that the performance of gelatin-elastin-

hyaluronate scaffolds is intrinsically tied to a complex interplay of preparation parameters. These
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parameters not only define the physical and mechanical attributes of the scaffold but also its
biological efficacy in supporting tissue regeneration. This complete understanding underscores the
importance of a methodical and nuanced approach to scaffold design and fabrication, highlighting
the need for ongoing research to further refine these parameters for the development of optimized

scaffolds tailored to specific tissue engineering applications.

2.6. Conclusion

This chapter has explained the multifaceted nature of scaffold development within the field
of tissue engineering, underscoring the critical role of fabrication parameters to fulfill specific
biomedical objectives. It has showcased the imperative for a collaborative, interdisciplinary
strategy that integrates the principles of materials science, biology, and engineering. This approach
is essential for overcoming the complex challenges associated with designing scaffolds that are
capable of mimicking the natural extracellular matrix and promoting effective tissue repair and
regeneration. The insights derived from this review set the stage for future explorations,
highlighting the need for innovative fabrication techniques and the development of new
biomaterials aimed at addressing the current limitations in regenerative medicine. As research in
this field advances, the vision of creating scaffolds that not only provide structural support but also
actively facilitate the regeneration of damaged tissues moves closer to realization, offering
promising prospects for the evolution of scaffold-based treatments. The forthcoming chapter will
detail the experimental strategies and specific techniques utilized in this research to fabricate and

evaluate the GEH scaffolds, followed by a presentation of the findings derived from this thesis.
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CHAPTER 3: MATERIALS AND METHODS

3.1. Introduction

This chapter provides a detailed description of the experimental framework employed in
the fabrication and characterization of GEH scaffolds. The methodologies outlined herein
encompass the complete spectrum of the research process, from the initial preparation of materials
to the comprehensive analysis of the fabricated scaffolds. Specifically, it defines the precise
protocols followed in the scaffold fabrication process—including the agitation speeds, duration
time, and chilling temperatures—and the subsequent post-processing techniques. Furthermore, this
chapter elaborates on the various characterization methods applied to assess the structural integrity,
porosity, mechanical strength, and degradation rate of the scaffolds. These methods include
mechanical testing to assess elasticity, structural and morphological evaluation of the samples using
laser microscopy and scanning electron microscopy (SEM) methods, and biochemical assays to
determine the scaffolds’ degradation characteristics. By precisely documenting the experimental
approaches and techniques utilized, this chapter aims to provide a comprehensive and replicable
protocol for the fabrication and optimization of GEH scaffolds, thereby contributing to the

advancement of scaffold-based regenerative medicine.

3.2. Fabrication of the Scaffolds

The process of scaffold fabrication is a thorough one, requiring precise control over the
materials and conditions used to ensure the creation of scaffolds that are conducive to tissue
regeneration. This section introduces the materials employed in the fabrication of GEH scaffolds

and outlines the protocol followed to produce them.
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3.2.1. Materials
In the preparation of GEH scaffolds, the following materials were utilized, detailed in

Table (3.1):

»  Qelatin: Sourced from porcine skin, with a bloom strength of approximately 300, indicating its
gelling power and suitability for creating a supportive matrix for cell growth.

= Elastin: Derived from bovine neck ligaments, providing the necessary elasticity to mimic the
mechanical properties of natural tissues.

= Hyaluronic acid (HA): Obtained from a biotechnological process, ensuring high purity and
consistency for supporting cell proliferation and migration.

= Deionized water: Used as the solvent for dissolving the scaffold materials, ensuring a pure and
controlled environment for scaffold formation. Moreover, used for washing steps post-cross-
linking to remove any unreacted substances and prepare the scaffolds for cell culture or storage.

= Hydrochloric acid (HCI): Employed to adjust the pH of the scaffold mixture, facilitating the
proper incorporation of elastin.

= [-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide (NHS):
Used for cross-linking the scaffold materials, enhancing their mechanical stability and
longevity.

= Ethanol: Utilized for cross-linking, rinsing, and storage processes to ensure sterility and remove
residual cross-linkers.

* Phosphate buffered saline (PBS): Used for washing steps post-cross-linking to remove any

unreacted substances and prepare the scaffolds for cell culture or storage.



Table 3.1: List of the materials used in this thesis.
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Material Detail Manufacturer Country
Gelatin from porcine skin powder, gel
strength ~300 g Bloom, Type A, . .
Gelatin BioReagent, for electrophoresis, Slgma-A} drich USA
. Life Science
suitable for cell
culture
. Elastin From bovine neck ligament 95% EPC, Elastin
Elastin . o Products Company, USA
purity, hydrolyzed and lyophilized. Inc
Sodium hyaluronate, 95%, Thermo Thermo Fisher .
HA Scientific Chemicals Scientific China
Hvdrochlori d The
HCl y r°6°N ZEC act VWR Chemicals USA
BDH
PCsH;sCIN3 Oakwood Products, .
EDC powder to crystalline powder to solid Inc China
Alfa Aesar
C4HsNOs .
NHS N-Hydroxysuccinimide, 98+% Johnson Matthey China
Company
Ethanol Ethanol, Alcohol Reagent, anhydrous, Thse(l;rizgtﬁ}lzher USA
denatured, ACS, 94-96%, L
Chemicals
PBS PBS, Phosphate Buffered Saline, 10X Fisher BioReagents USA

Solution

3.2.2. Protocol of the fabrication of the GEH scaffolds

We have chosen a specific composition consisting of 8% gelatin, 2% elastin, and 0.5% HA

(w/v) in an aqueous solution, based on previously published findings, as the most suitable

composition [20,22]. As schematically shown in Figure (3.1), the combination of foaming and

freeze-drying methods was used in this thesis to fabricate the scaffolds [21]. As defined in Table

(3.2), different agitation speeds (0, 500, and 1000 rpm), duration times (0, 5, and 15 min), and

chilling temperatures (-20 and -80°C) were used to fabricate the scaffolds of 20 different groups of

samples. The step-by-step procedure used in this study to fabricate the samples is as follows:

» Heat preparation: 120 ml of deionized water was first heated to 50°C, stirring continuously

with a magnetic stirrer to ensure even temperature distribution.
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Gelatin incorporation: 9.6 gr of gelatin was gradually added to the heated water while
maintaining the temperature at 50°C, ensuring the gelatin dissolves completely and the mixture
becomes homogeneous.

Hyaluronate addition: After the gelatin was fully integrated, 0.6 gr of hyaluronate was slowly
added to the mixture, continuing to maintain the temperature at 50°C. Sufficient time was given
to the solution to achieve complete homogeneity.

pH adjustment for elastin: pH of the mixture was checked. To proceed with adding elastin, pH
was adjusted to approximately 4 using HCI, adding it gradually if the initial pH is above 4.
Elastin integration: 2.4 gr of elastin was slowly incorporated into the mixture, ensuring the
temperature is steady at 50°C and the pH is around 4. The solution was stirred until became
homogeneous.

Agitation: The homogenous solution was agitated by a mechanical mixer (IKA, USA) at the
specified speeds and duration times, based on Table (3.2), keeping the solution at 50°C to form
a foam.

Molding: The foam was transferred into molds for shaping.

Freezing: The molds were placed in a freezer set to either —80°C (Fisherbrand Isotemp Ultra
Low Temperature Freezer, USA) or —20°C (VWR Standard Series Refrigerator and Freezer
Combo Units, USA) and left overnight to solidify.

Freeze-drying: The frozen samples were subjected to freeze-drying at —55°C and a pressure of
1 Pa for 48 hours, removing all moisture without compromising the scaffold’s structure he
specified equipment used was (Labconco FreeZone 2.5 Liter Benchtop Freeze Dryer, USA).
Cross-linking: The scaffolds were treated with a solution of 2 mg/ml EDC and 0.5 mg/ml NHS
in 100% ethanol (v/v) at 4°C overnight to enhance their stability.

Rinsing: The cross-linked scaffolds were rinsed in 100% ethanol to eliminate any residual

cross-linker.
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= PBS wash: The scaffolds were immersed in PBS once to remove ethanol and other soluble
impurities.

=  Water wash: The scaffolds were subsequently immersed in deionized water to further purify
them.

= Secondary freezing: The washed scaffolds were transferred to a —20°C environment and left
overnight to prepare for a second freeze-drying process.

» Final freeze-drying: The scaffolds were freeze dried for an additional 12 hours to ensure
thorough drying.

= The finalized scaffolds were stored in a refrigerator at 4°C until they were ready for further

use.

3.3. Characterization of the Samples

In the comprehensive evaluation of the fabricated GEH scaffolds, a multi-faceted
measurement and analysis approach is meticulously designed to dissect the scaffold’s essential

properties, ensuring a complete understanding of its potential for dental applications.

3.3.1. Morphology, surface roughness, and internal microstructure

As shown in Figure (3.2), a Dino-lite digital microscope camera was employed to obtain
low-magnification photos of the scaffolds after complete preparation. LEXT OLS4000 3D Laser
Measuring Microscopy (Olympus, Japan) was used for imaging of the scaffolds. Moreover, the
surface morphology and roughness were analyzed using the 3D Laser Measuring Microscopy.
Surface roughness was assessed across five distinct regions of each sample, and the arithmetical
mean height of the surface (Sa) was calculated for each area. It is important to note that the Sa value
quantitatively measures the average deviation of the surface height from the mean plane across the
entire measured surface area. This metric is crucial for evaluating and comparing the surface
textures of various materials or manufacturing processes. The results are presented as the mean +

standard deviation (SD) for each sample.
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Figure 3.2: Investigation of the morphology and surface roughness of a typical sample by

laser microscope.



Table 3.2: Sample specification.

No. Name Agitation (rpm) Time (min) Temp (°C)
1 Fo(control) 0 0 =20
2 F1 500 5 —20
3 F2 1000 5 -20
4 Fs 1500 5 —20
5 Fa 500 15 -20
6 Fs 1000 15 20
7 Fe 1500 15 —20
8 Fr 500 25 -20
9 Fs 1000 25 20
10 Fo 1500 25 -20
11 F1o 500 5 —80
12 Fi1 1000 5 —80
13 Fi2 1500 5 —80
14 Fis 500 15 —80
15 Fia 1000 15 —80
16 Fis 1500 15 —80
17 Fie 500 25 —80
18 Fiz 1000 25 —80
19 Fis 1500 25 —80
20 F1a(control) 0 0 —80

25
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The microstructure of the scaffolds was examined using a Scanning Electron Microscope
(SEM, JEOL JSM-6510LV), operating at an acceleration voltage of 15 kV to ensure high-resolution
imaging. This setup allowed for detailed observation of the scaffold’s internal morphology and
porosity, critical for evaluating its suitability for tissue engineering applications. Before imaging,
samples were sputter-coated with gold to enhance conductivity and reduce charging, enabling the
precise capture of the scaffold’s microarchitecture. This SEM analysis provided essential insights
into the interconnectivity between the pores, contributing significantly to the optimization of

scaffold design for improved cellular interactions and tissue integration.

3.3.2. Porosity measurements

The porosity of the samples was measured using Archimedes’ principle at room
temperature. Ethanol was selected as the solvent as it infiltrates into the scaffolds’ pores without
swelling or shrinking the matrix. The porosity of the scaffold was calculated using the following

equation [65]:

Porosity (%) = (W2=W1)/(W>—W3) x 100 (3.1
where Wi, W, and W3 are the dry weight of the samples, weight of the scaffolds saturated with
ethanol, and the weight of the scaffolds suspended in ethanol, respectively. Measurements were

performed for three samples of each group.

3.3.3. Mechanical properties

To measure the compressive Young’s modulus for each scaffold, a universal testing
machine (UTM, AGS-X, Shimadzu) equipped with a 1 kN load cell was employed. Cylinders of ~
6 mm height and ~ 3 mm radius were cut from each sample and used for the measurements. The
experiments were conducted at the constant compression speed of 1 mm/min until failure. The
strain was determined by dividing the change in length by the initial length of the samples. Modulus

were obtained by calculating the slope of the stress-strain curve within the elastic range, measured
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at the strain of 0.020. Measurements were performed in triplicate, averaged, and reported. Figure

(3.3) shows a typical sample under the compression test used in this thesis.

Figure 3.3: A typical sample under compression test.

3.3.4. Degradation

The degradation rate of the samples was evaluated by immersing them in phosphate-
buffered saline (PBS) and storing them in a shaking incubator at 37°C. Initially, the weights of the
samples were accurately determined. Subsequently, at predetermined time intervals (1, 2, 4, 7, 14,
21, and 28), samples were carefully removed and dried in an oven at 37°C for 24 hours, and then
their weights were meticulously recorded. The degradation was quantified as the ratio of the
sample’s weight at each time point to its initial weight, illustrating the weight loss over time.

Measurements were performed for three samples of each group.

3.3.5. Shrinkage monitoring

The shrinkage of the scaffolds after freeze-drying was evaluated to ensure the integrity and
accuracy of the scaffold dimensions, which are critical for their intended application in tissue
engineering. This evaluation involved measuring the scaffolds’ diameter after freeze-drying using
a digital caliper. These measurements were then compared to the original diameter of the mold used
for scaffold fabrication, which was equal to 49.5 mm. The difference in measurements before and

after freeze-drying provided a quantitative assessment of shrinkage, enabling the determination of
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scaffold stability and structural fidelity. This step is crucial for verifying that the scaffolds meet the
specific dimensional requirements necessary for successful integration and function within the
target tissue environment.

3.4. Development of Mathematical Estimators for Scaffolds’ Properties by Statistical
Investigation of the Preparation Parameters

In order to investigate the effect of different preparation parameters on the properties of the
scaffolds, a comprehensive statistical analysis was conducted. This process focused on varying
agitation speeds and duration times across two distinct chilling temperatures. Four separate
statistical analyses employing the Central Composite Design (CCD) and Response Surface
Methodology (RSM) were conducted to explore the intricate effects of these parameters on the

critical scaffold characteristics of mechanical properties and porosity [66].

For each chilling temperature, the study utilized data on the compressive modulus and
porosity observed under different agitation speeds and duration times. These conditions were
systematically examined using a three-level, two-factor fractional factorial CCD approach. This
rigorous methodological framework was designed to examine the complex interactions between

agitation speed and duration time and their collective impact on scaffold performance.

To derive precise mathematical estimators of the scaffold’s behavior under these varied
conditions, a second-order multiple regression analysis was employed on the CCD data. This
analysis, facilitated by the least squares regression methodology, enabled the accurate description

of the system’s dynamics. The results of this analysis were presented as follows:

n n
Y =B +Z,8iXi +ZﬁiiXi2 +Zﬁinin (3.1)
where Y represents the response variables (compressive modulus and porosity), X; and X; denote

the independent variables (agitation speed, duration time, and chilling temperature), S, , B, Bii,
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and f;; signify the model constants, linear coefficients, quadratic coefficients, and interaction

coefficients, respectively.

The employment of such an advanced statistical framework enabled a detailed exploration
of how specific changes in agitation speed and duration time, adjusted for the chilling temperatures
of -20°C and -80°C, influence the desired scaffold properties. This statistical method underscores
the complexity of scaffold fabrication and highlights the necessity for precise control over

fabrication parameters to achieve scaffolds with optimal physical and biological properties.

3.5. Conclusion

In conclusion, Chapter 3 thoroughly presents the comprehensive experimental framework
adopted for the fabrication and characterization of GEH scaffolds, crucial for advancing scaffold-
based regenerative medicine. The detailed protocols for scaffold preparation are pivotal in ensuring
the scaffolds’ suitability for tissue engineering applications. Through rigorous characterization
methods, including mechanical testing, morphological analysis, and degradation studies, this
chapter not only substantiates the potential of GEH scaffolds in dental and soft tissue engineering
but also lays the groundwork for further investigation of the effect of fabrication parameters. This
investigation is essential for tailoring the scaffolds’ mechanical properties and structural integrity,
ensuring their functional compatibility with native tissues. In the next chapter, the findings of this

thesis will be presented.
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CHAPTER 4: RESULTS

4.1. Introduction

This chapter presents the comprehensive findings obtained from the systematic
experimental investigation conducted to evaluate the structural, mechanical, and degradation
properties of GEH scaffolds. These scaffolds, fabricated under varying preparation parameters,
including different agitation speeds, duration times, and chilling temperatures, were subjected to a
series of detailed analyses to ascertain their suitability and effectiveness for tissue engineering

applications.

The investigation was structured to provide insights into the morphology, surface
roughness, and internal microstructure of the scaffolds, offering a foundational understanding of
how these physical attributes contribute to the overall functionality of the scaffold. Porosity
measurements were conducted to assess the scaffold’s ability to facilitate cell infiltration and
nutrient diffusion, critical factors for successful tissue regeneration. Mechanical properties,
including compressive modulus, were evaluated to determine the scaffold’s capacity to withstand
physiological loads while promoting cellular activities. The degradation behavior of the scaffolds
was analyzed to understand their biodegradability and compatibility with tissue healing processes.
Additionally, shrinkage monitoring was performed to ensure the dimensional stability of the

scaffolds post-fabrication, a vital aspect for their practical application in regenerative medicine.

Through studying the preparation parameters, this chapter aims to highlight the significant
influence of fabrication conditions on the performance of GEH scaffolds. The results derived from
this comprehensive study are intended to contribute to the ongoing efforts in the field of tissue
engineering to develop scaffolds that closely mimic the natural extracellular matrix, promoting

effective tissue repair and regeneration.
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4.2. Morphology, Surface Roughness, and Internal Microstructure

Figure (4.1) shows the laser microscope images obtained from the control samples fabricated
at the chilling temperatures of —20 and —80°C. The laser microscope images obtained from the
typical samples fabricated at chilling temperatures of —20 (F; to Fo) and —80°C (Fio to Fig) are
respectively shown in figures (4.2) and (4.3). The SEM images obtained from the control samples
are shown in figure (4.4) without the agitation speed and time changes. Figures (4.5) and (4.6) show
the SEM images of the typical samples fabricated at chilling temperatures of —20 (F; to Fo) and
—80°C (F1o0 to Fi3), respectively. These images show that the pores of the fabricated bone scaffolds
possess appropriate interconnectivity and cohesion. The interconnection and overlap of pores are
among the most crucial characteristics of any tissue engineering scaffold. Indeed, the presence of
interconnected pores within scaffolds is essential to allow cells to grow and infiltrate throughout
the scaffold. Additionally, these porosities play a significant role in nutrient delivery to cells, waste
removal, and angiogenesis. The high volume of open porosities observed within the scaffolds
fabricated in this study is directly attributed to the innovative application of the freeze-drying and
foaming methods during their construction. These processes uniquely contribute to the
development of a highly porous structure. The freeze-drying method effectively sublimates the
solvent, leaving behind an extensive network of interconnected pores, while the foaming technique
introduces gas bubbles that expand and create additional porosity within the scaffold matrix. This
strategic combination ensures the formation of a scaffold with enhanced porosity and
interconnectivity, essential for facilitating cell infiltration, nutrient diffusion, and tissue integration,

thereby significantly improving the scaffold’s performance in tissue engineering applications.

Figures (4.7) show the pore size distribution for different scaffolds fabricated in this project.
To evaluate the pore sizes within the scaffolds, a precise and systematic approach was employed
using a laser microscope. For each scaffold sample, five distinct regions were scrutinized to account

for variability within the scaffold structure. Within each of these regions, five individual pores were
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selected, and their diameters were calculated, totaling twenty-five pore measurements per sample.
This method ensured a comprehensive assessment of the pore sizes across the entire scaffold. Our
findings indicate that the diameters of the majority of pores present in the scaffolds fall within the
range of 100 — 300 um, a dimension considered highly beneficial for tissue engineering purposes.
Pore sizes within this range are optimal as they allow for effective cell interaction, migration, and

nutrient exchange, crucial for tissue regeneration.

Focontrol) F19(contro1)

Figure 4.1: Laser microscope images of the control samples fabricated at —20°C (Fo(contro)) and

—80°C (Fi9(control))- Scale bars are 400 pm.
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1500
rpm

Figure 4.2: Laser microscope images of the typical samples fabricated at the chilling temperature

of —20°C. Scale bars are 400 um.

Pore sizes below this optimal range can severely restrict cell activities, potentially leading
to the demise of cells adhered to the scaffold. Conversely, excessively large pores, surpassing 500
um, reduce the surface area essential for cell attachment and compromise the scaffold’s mechanical

strength by increasing the void volume.
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1000
rpm
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Figure 4.3: Laser microscope images of the typical samples fabricated at the chilling temperature

of —=80°C. Scale bars are 400 um.

Perez and Mestres [67] highlight that the ideal pore size for scaffolds should be between 100
and 400 pm to support efficient cell-scaffold interactions, particularly under static seeding
conditions. Pores exceeding 500 um in size impede effective cell engagement with the scaffold, as
cells may simply pass through without establishing attachment. Research has outlined specific pore

size ranges that are considered optimal for the ingrowth and function of various cell and tissue
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types, including ranges of 70—120 pum for chondrocyte ingrowth [68], 40—150 pum for fibroblast

attachment [69], and 200-350 um for facilitating osteoconduction [70].

To evaluate the effect of fabrication parameters on the pore size of the scaffolds, a series of
one-way ANOVA tests were performed on agitation speed, agitation time, and chilling temperature.
The results from these tests provide a statistical insight into the influence of each factor on the mean

diameter of the pores created within the scaffolds.

For agitation speed, the ANOVA test yielded a p-value of ~ 0.84. Similarly, for agitation time,
a p-value of ~ 0.91 was observed. Both p-values are substantially higher than the conventional
alpha level of 0.05, which is commonly used as a benchmark for statistical significance. This
indicates that within the scope of this study and at the 95% confidence level, neither agitation speed
nor agitation time has a statistically significant effect on the mean diameter of the pores. Therefore,
variations in these parameters do not contribute to meaningful differences in pore size that could

impact the scaffold’s performance in tissue engineering applications.

On the other hand, chilling temperature produced a p-value of ~ 0.06. While this value is still
above the standard threshold of 0.05 for statistical significance, it is marginally close and suggests
a potential trend where temperature might influence the mean pore diameter. This near-significant
p-value points to a possible effect of chilling temperature on pore size, emphasizing further

investigation.
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Figure 4.4: SEM images of the control samples fabricated at —20°C (Fo(contro)) and —80°C

(F 1 9(C0ntrol)) .
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Figure 4.5: SEM images of the typical samples fabricated at the chilling temperature of —20°C.
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Figure 4.6: SEM images of the typical samples fabricated at the chilling temperature of —80°C.

The statistical analysis indicates that chilling temperature may have an impact on the pore
size of the scaffolds, with a p-value marginally above the traditional threshold for significance.
Complementing these findings, a careful examination of the SEM images, specifically figures (4.5)
and (4.6), provides qualitative validation of the statistical data. These images suggest that a decrease
in chilling temperature correlates with a slight increase in pore size within the scaffold matrix. This
morphological trend observed in the SEM analysis resonates with the experimental outcomes
reported by O’Brien et al. [26]. Their research, which meticulously explored the effect of varying
freezing rates on pore sizes, found that a slower freezing process, typically associated with
decreased temperatures, leads to larger pore diameters. However, as shown in figure (4.8), they
noted that a very rapid freezing approach, such as quenching at —40°C, unexpectedly yielded larger

pores—a finding that aligns with our observations where samples quenched at —80°C exhibited an
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increase in pore size. This seeming paradox could be attributed to the complex interplay between
freezing dynamics and ice crystal formation, where extremely rapid freezing might lead to less

uniform ice crystal formation, and thus, larger pore spaces upon sublimation.

500 rpm  ® 1000 rpm = 1500 rpm 500 rpm = 1000 rpm = 1500 rpm

280 280
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5 min 15 min 25 min Control 5 min 15 min 25 min Control
(a) (b)

Figure 4.7: Pore size of the scaffolds at different agitation speeds and duration times fabricated at
chilling temperatures of (a) —20 and (b) —80 °C.

160

CV: 0.146 CV:0.151

CV:0.173
120 - CV:0.128
80
40
0 n T T T
41 0.9 0.7 0.6

Rate of Slurry Freezing, °C/min

Average Pore Diameter, um

Figure 4.8: Average pore size for scaffolds fabricated with the quenching (4.1 °C/min) and
different cooling rates of 0.9 °C, 0.7 °C, and 0.6 °C/min obtained from [26] with permission.
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Figure (4.9) illustrates the surface roughness of control samples fabricated under chilling
temperatures of —20°C and —80°C, with mean roughness values for samples Focontroty and Fio(contror)
recorded at 36.54 pum and 21.29 pum, respectively. The surface roughness for the experimental
groups, represented in samples F; to Fis, is typically shown in figures (4.10) and (4.11). Our
observations indicated that the mean surface roughness for samples prepared at —20°C spanned
from 31.31 pm to 49.29 um. For those fabricated at the lower temperature of —80°C, roughness
values ranged more broadly from 17.65 pum to 51.02 pm. This variance in surface roughness across
different fabrication conditions underscores the impact of chilling temperature on the scaffold’s
textural characteristics. These findings contribute to our understanding of how fabrication
parameters influence scaffold surface properties, which in turn can affect cell adhesion,

proliferation, and overall tissue integration.

It should be noted that the effectiveness of laser microscopes in measuring surface
roughness is compromised when assessing porous materials like foam. These materials feature
uneven surfaces that can significantly distort measurements. Laser microscopes operate by
scanning surfaces with a laser and capturing the reflected light to create a detailed three-
dimensional profile of the surface. This method is highly precise, capturing fine surface details,
which makes it particularly suitable for applications in materials science and manufacturing.
However, given the inherent limitations when applied to porous structures, the results obtained
from such samples may not accurately represent the true surface characteristics. Caution is advised
in interpreting these results, acknowledging the potential discrepancies introduced by the complex

topography of porous materials.
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FO(Control) F 19(Control)

36.54 +8.21 pm 21.29 +£2.00 um

Figure 4.9: Surface roughness of the typical control samples fabricated at —20°C (FO(Control))
and —80°C (F19(Control)).

4.3. Porosity Measurements

The porosity of tissue engineering scaffolds is an important parameter that directly impacts
their performance in biological applications. Figure (4.12) shows the value of the porosity of the
scaffolds at different agitation speeds and duration times fabricated at chilling temperatures of —20
and —80°C. By examining the porosity measurements presented in this figure, we observe the
interplay between agitation speed, time, and chilling temperature during the freeze-drying process
on the resultant porosity of gelatin-elastin-hyaluronate scaffolds. From the analysis of the results,
it is clear that scaffolds fabricated at both —20°C and —80°C generally exhibit increased porosity
with greater agitation speeds and extended agitation times. This pattern indicates that increased
agitation during preparation may enhance the scaffold’s porosity. Specifically, the act of agitating
may lead to the formation of a more open matrix, suggesting a potential refinement of the foam
structure as agitation progresses, possibly due to the enhanced distribution of air pockets. The trend
of higher porosity with increased agitation speed, particularly at 1500 rpm, may be attributed to the
greater energy input, resulting in foam structures with better air incorporation and thus, a higher

porosity.
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5 min 15 min 25 min

500
rpm

49.29 +9.77 um 4436 + 14.31 pm 38.68 + 6.09 um

1000
rpm

3497 +£4.24 uym 41.90 £ 9.38 um 31.96 £5.12 um

1500
rpm

31.31£3.73 um 40.79 £ 2.65 pm 47.97 £5.28 um

Figure 4.10: Surface roughness of the typical samples fabricated at the chilling temperature of

—20°C.
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500
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17.65+3.21 um 23.72 +4.11 um 19.11 £ 1.24 um

1000
rpm

21.03 £4.62 um 26.45+3.93 um 51.02 £2.09 um

1500
rpm

29.15+4.24 uym 36.39 + 6.54 um 35.64 £2.07 um

Figure 4.11: Surface roughness of the typical samples fabricated at the chilling temperature of
—80°C.
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When assessing the impact of chilling temperature, scaffolds processed at the lower
temperature of —80°C exhibit a slightly increased porosity across all agitation parameters in
comparison to the samples fabricated at —20°C. This observation supports the theory that lower
freeze-drying temperatures contribute to the formation of larger ice crystals, which, upon

sublimation, translate into more significant porosity within the scaffold.

Upon qualitative examination of the porosity trends from the scaffold data at —20°C and
—80°C, it seemed that agitation speed plays a more pronounced role in influencing porosity, as
demonstrated by significant changes across varied speeds. However, the impact of agitation time
should not be overlooked, as there is a discernible increase in porosity corresponding to longer
agitation periods. This observation underscores the importance of both factors in the scaffold’s
structural configuration, with speed seemingly exerting a stronger influence within the
experimental scope. The consistency in these trends, regardless of the chilling temperatures,
underscores a steadfast correlation between the chosen agitation parameters and the scaffold’s
porosity. This insight is crucial for tailoring scaffold architecture to meet the specific demands of

biological applications in tissue engineering.

Overall, the analysis of these findings underscores the vital role that fabrication parameters
play in determining the porosity of GEH scaffolds. Achieving optimal porosity is imperative to
support cellular activities and mechanical stability, both of which are essential for the scaffold’s
function within a biological setting. The data emphasizes the necessity of refining preparation
parameters to fine-tune the scaffold’s porosity to meet the specific demands of tissue regeneration

applications.
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Figure 4.12: The value of the porosity of the scaffolds at different agitation speeds and duration
times fabricated at chilling temperatures of (a) —20 and (b) —80 °C.

4.4. Mechanical Properties

The mechanical properties of tissue-engineered scaffolds are one of the most important
factors that affect their performance in vivo. To ascertain the compression resistance of GEH
scaffolds, compression tests were performed on the fabricated scaffolds. Figure (4.13) shows the
results obtained from the compression test of a typical sample. Moreover, figure (4.14)
demonstrates the value of the compressive Young’s modulus of the scaffolds under different

fabrication conditions.

Our findings showed that the mechanical properties of the samples were fundamentally
influenced by the processing parameters, notably the agitation speed and duration during the pre-
freeze mixing phase. The results suggest a complex interplay between these parameters and the
resultant mechanical properties, highlighting a trend that suggests an increase in the agitation speed
results in scaffolds with lower Young's modulus, pointing towards a less stiff structure. Moreover,
prolonged agitation times, particularly at the highest speed of 1500 rpm, displayed a decrease in

modulus, potentially implicating a degradation of structural integrity due to excessive porosity.
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From the findings, generally, increasing the agitation speed and duration leads to an increase in

porosity values, subsequently causing a decrease in compressive modulus.

These insights into the mechanical behavior of scaffolds are critical as they directly impact
the design and application of tissue-engineered products. These results are important, not only to
mimic the native mechanical properties of tissues but also to ensure that the scaffolds can withstand
the physiological loads they will encounter post-implantation. In fact, this mechanical
characterization study of GEH scaffolds provides a vital link between scaffold design parameters
and their functional performance. It paves the way for the systematic optimization of tissue-
engineered scaffolds, ensuring their mechanical robustness and, by extension, their success in

clinical applications.

Stress (Mpa)

0.00 0.20 0.40 0.60 0.80 1.00
Strain (%)

Figure 4.13: Three typical results (three repetitions) obtained from the compression test of sample
F10.
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Figure 4.14: The value of the compressive Young’s modulus of the scaffolds at different agitation
speeds and duration times fabricated at chilling temperatures of (a) —20 and (b) —80 °C.

4.5. Degradation

In the investigation of scaffold degradation, samples from 18 experimental groups (F; to
Fi3) along with two control groups (Fo and Fi9) prepared under varying conditions of agitation,
time, and temperature were analyzed to quantify their degradation over time. Tests were performed
on three samples from each group, and the degradation was assessed at specific intervals: Day 0,

Day 1, Day 2, Day 4, Day 7, and Day 14.

Figures (4.15) to (4.17) show the results obtained for the degradation analysis of the
samples. The initial weight of each sample at Day 0 served as a reference for subsequent
measurements. The relative weight of the samples at each time point was normalized by dividing
the weight observed on a given day by the initial weight. This normalization process facilitated a

comparative analysis of degradation rates across different groups.

Average weight percentages and standard deviations were calculated for each group at the
specified time intervals to quantify the degradation behavior. The analysis showed that, generally,
groups processed at —80°C (F o to Fis) exhibited a slower degradation rate than those processed at
—20°C (F: to Fo), underscoring the protective effect of lower temperatures against scaffold

degradation.



47

This comprehensive degradation study provides valuable insights into the stability and
longevity of scaffolds under various conditions, highlighting the importance of carefully selecting

processing parameters to optimize scaffold performance for biomedical applications.

4.6. Shrinkage Monitoring

Maintaining the dimensional integrity of scaffolds following the freeze-drying process is
crucial for their practical application in tissue engineering. However, in freeze-dried scaffolds,
some shrinkage happens because of the capillary forces exerted on the scaffold’s porous structure
during the sublimation of ice. Indeed, as the ice sublimates into vapor, the porous structure
previously supported by ice crystals collapses to a degree, leading to a reduction in overall
dimensions. To evaluate this aspect, the shrinkage of the scaffolds was carefully measured against
the original mold diameter of 49.5 mm. These post-processing measurements provided a
quantitative assessment of the scaffold’s ability to retain its intended dimensions, a critical factor

for ensuring proper fit and function within the target tissue environment.

The assessment of scaffold shrinkage revealed that the samples exhibited a range of
dimensional changes, as depicted in Tables (4.1) and (4.2). These values suggest that the scaffolds
are relatively stable, with the majority experiencing only moderate shrinkage, which is within the
acceptable limits for tissue engineering scaffolds. The findings indicate that while there is an
expected degree of shrinkage due to the freeze-drying process, the scaffolds largely retain their
dimensional properties with a minimum shrinkage of 5.9 % and a maximum of 18 %. This stability
is essential for ensuring that the scaffolds meet the specific dimensional requirements necessary for
successful integration and functionality within the biological setting. The collected data and
subsequent analysis underscore the success of the freeze-drying protocol in maintaining scaffold
integrity. The controlled shrinkage observed points to the efficacy of the chosen fabrication

methods and conditions, reinforcing the scaffolds’ suitability for tissue engineering purposes.
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Figure 4.15: Degradation investigation for the control samples fabricated at —20°C (Fo(contro)) and

—80°C (F 19(C0ntrol)) .
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Figure 4.17: Degradation investigation for the samples fabricated at the chilling temperature of
—80°C.

Table 4.1: The shrinkage values for the samples fabricated at —20 °C.
FO(Control) Fl F2 F3 F4 F5 F6 F7 Fg F9

FD 1 42.1 42.5 41 406 | 41.7 | 439 | 41.8 | 423 | 415 433
FD 2 41.8 41.5 | 415 | 415 42 44 422 | 41.7 | 427 43.1
DC 1 14.9 14.1 172 | 18.0 | 158 | 113 156 | 145 | 16.2 12.5
DC2 15.5 162 | 162 | 162 | 152 | 11.1 147 | 15.8 | 137 12.9

FD 1 and FD 2 are the Final Diameter of samples 1 and 2 in mm, respectively. DC 1 and DC 2 are
Diameter Change of samples 1 and 2 in %, respectively.
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Table 4.2: The shrinkage values for the samples fabricated at —80 °C.

Fio Fu Fi2 Fis Fi4 Fis Fis Fi7 Fis | Fiocontron

FD 1 41.9 415 | 423 | 426 | 46.6 | 432 | 419 | 43.7 | 43.6 41.7
FD?2 41.5 412 | 419 42 455 | 435 | 422 | 435 | 432 41.6
DC1 15.4 162 | 145 | 139 59 127 | 154 | 11.7 | 11.9 15.8
DC2 16.2 16.8 | 154 | 152 8.1 12.1 14.7 | 12.1 12.7 16.0

FD 1 and FD 2 are the Final Diameters of samples 1 and 2 in mm, respectively. DC 1 and DC 2
are the Diameter Changes of samples 1 and 2 in %, respectively.

4.7. Mathematical Estimators for Scaffolds’ Properties

In the realm of tissue engineering, the development of scaffolds with precise mechanical
properties and porosity is a nuanced process that necessitates intricate planning and validation.
Utilizing the robust capabilities of statistical analysis software like MATLAB and R, we sought to
extrapolate empirical relationships that could accurately predict these critical parameters based on

our experimental data.

Our data set included measurements of Young’s modulus and porosity for scaffolds
processed at chilling temperatures of —20 and —80°C. By employing regression analysis, we
extracted estimators that described the relationship between our independent variables—time and
speed of agitation—and our dependent variables, namely, the modulus and porosity at the two

chilling temperatures.

The estimators were structured to capture the nonlinearities and interactions between the
factors, providing a refined model for prediction. For instance, the estimators for modulus at —20
and —80°C revealed that, while both agitation speed and time influence the modulus, the speed has
a more pronounced effect at both temperatures. This is crucial for scaffold development, as it
emphasizes the need to optimize the mechanical mixing input during fabrication to achieve the
desired mechanical strength. Similarly, the porosity estimators highlighted the nuanced effect of

both variables on the porosity of the scaffolds. Our models suggest a fine balance is required
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between agitation speed and time to ensure the scaffold possesses the necessary pore structure to

support cell ingrowth and nutrient transport while maintaining its structural integrity.

While the scope of this thesis did not encompass a full optimization study, the obtained
statistical estimators provide a gateway for predictive modeling in scaffold fabrication. They serve
as a decision-making tool for selecting processing parameters that would yield a scaffold within
the desired property range. These estimators are stepping stones towards a more extensive
optimization framework that can accommodate the dynamic and multifaceted nature of scaffold

development.

As mentioned before, a general formulation for our analysis could be considered as a linear

model:
Property = By + BT + BV + B3 T2 + B,V2 + BTV + € 4.1)

where property is either modulus or porosity at the specified chilling temperatures, T is duration of
agitation, V is time of agitation, and £y, 1, B2, B3, Pa, and S5 are coefficients which should be

obtained from regression fitting. € represents the error term accounting for randomness in the data.

Figure (4.18) shows the results obtained from the statistical model. Moreover, Table (4.3)
reports the values obtained for coefficients calculated through regression analysis. Examination of
these coefficients reveals that not all exert a statistically significant influence on the dependent
variables, identified by p-values greater than 0.05. Based on these findings, and after discarding
coefficients that lack statistical significance, we have refined our models to yield the following

empirical estimators for modulus and porosity across the two chilling temperatures:
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E_50 =9.47972 — 1.66895T — 3.9414V — 2.03813V?, R?=0.99 (4.2)
E_go = 5.3079 — 1.0655T — 3.8576V + 2.1152V?, R?=0.98 4.3)
D_0 = 89.67964 + 0.86910T + 1.82147V, R?=0.95 (4.4)
@_go = 90.96153 + 1.27855T + 1.9665V, R?>=0.93 (4.5)

where E_,q, E_gg, D_2¢, and @_gg shows modulus at —20°C, modulus at —80°C, porosity at —20°C,

and porosity at —80°C, respectively.
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Figure 4.18: Curve fitting results for scaffold modulus and porosity at chilling temperatures of
—20 and —80°C.
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Table 4.3: Regression coefficients and P-values (in parentheses) for the prediction of
scaffold modulus and porosity at different chilling temperatures. Values defined by * are
not significant (P-value < 0.05).

Bo B B, Bs Ba Bs
047972 | -166895 | -3.94140 | -0.09458 | -203813 | -0.17377

E-20 | (0.000183) | (0.005192) | (0.000416) | (0.82530)* | (0.013917) | (0.576049)*
5.3079 -1.0655 -3.8576 -0.9869 2.1152 0.1813

E_go | (0.00305) | (0.04791) | (0.00133) | (0.18174)* | (0.03400) | (0.68320)*
89.67964 | 0.86910 1.82147 | 0.11133 1.19023 0.05743

®_20 | (3.16e-07) | (0.04304) | (0.00578) | (0.81865)* | (0.07544)* | (0.86687)*

90.96153 | 1.27855 1.96650 0.06855 0.14360 0.19497
@_so | (7.92¢-07) | (0.0365) | (0.0115) | (0.9181)* | (0.8300)* | (0.6836)*

4.8. Conclusion

This investigation highlights the importance of fabrication parameters to the overall
performance of tissue engineering scaffolds. Through meticulous experimentation, it was revealed
that variables such as agitation speed and time, as well as chilling temperature crucially dictate the
scaffold’s pore structure, porosity, mechanical properties, and degradation behavior, which are
fundamental to their effectiveness in tissue regeneration. The outcomes from this study emphasize
the necessity of considering proper fabrication processes to tailor scaffold properties toward
specific tissue engineering needs. Ultimately, these findings contribute significantly to our
understanding of scaffold design, offering a foundation for future research aimed at advancing
regenerative medicine technologies. The subsequent chapter will delineate the conclusions drawn
from this study and propose directions for future research, thereby contributing to the progression

of scaffold-based therapeutic approaches.
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CHAPTER 5: CONCLUSIONS

5.1. Introduction

This thesis explored the effects of fabrication parameters—agitation speed, duration time,
and chilling temperature—on the physical and mechanical properties of gelatin-elastin-hyaluronate
(GEH) scaffolds. The results enhance our understanding of scaffold design and contribute to
advancing tissue engineering. This concluding chapter summarizes the key findings and identifies

potential areas for future research in scaffold-based therapies.

5.2. Conclusions

Gelatin-elastin-hyaluronate (GEH) scaffolds have shown a significant development in
scaffold-based approaches for soft tissue engineering. The hypothesis of this research was that the
physical and mechanical properties of these scaffolds could be significantly influenced by the
conditions under which they are fabricated. This investigation focused on how factors such as
agitation speed, duration time, and chilling temperature affect the properties of these scaffolds.
Through an array of experimental designs, this study confirmed the hypothesis that these

parameters are crucial in determining scaffold performance.

The findings from this work reveal that agitation speed and time do not have a significant
effect on the size of the pores. However, chilling temperature slightly effects the pore size of the
scaffolds, with quenching at lower temperatures favoring increased pore size. This enhancement in
scaffold structure is important for facilitating cell infiltration, nutrient diffusion, and, ultimately,
the regeneration of soft tissues. Meanwhile, scaffolds fabricated at both —20°C and —80°C exhibit
increased porosity with greater agitation speeds and extended agitation times. Our results showed
that higher agitation speed and duration time lead to lower Young's modulus, because of the

increased porosity.
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According to the results, samples with higher values of porosity degrade faster in both
chilling temperatures. The degradation behavior of the samples assessed in this study points to their
stability over time. This attribute is indicative of the scaffolds’ ability to provide a temporary matrix
for cell proliferation and differentiation, underscoring their potential for integration into the host

tissue and subsequent replacement by natural tissue.

This research provides a foundation for the design and development of scaffolds with
enhanced physical and mechanical properties, suitable for soft tissue engineering applications. The
systematic approach adopted in this thesis, which carefully balances various fabrication parameters,
paves the way for the creation of scaffolds that closely mimic the natural extracellular matrix,
promoting effective tissue repair and regeneration. As the field of tissue engineering continues to
evolve, the insights gained from this study will undoubtedly contribute to the ongoing efforts to
develop more sophisticated and effective scaffold-based therapies. The research underscores the
complexity of scaffold fabrication and highlights the critical need for precision in the design process

to achieve the desired outcomes.

In conclusion, this research provides a basis for the development of scaffolds with improved
physical and mechanical properties for soft tissue engineering. The systematic approach used in
this thesis balances various fabrication parameters to develop scaffolds that simulate the natural

extracellular matrix, facilitating effective tissue repair and regeneration.

5.3. Suggestions for Future Research

The research presented in this thesis provides a substantial foundation for the development
of scaffolds in soft tissue engineering. However, the exploration into gelatin-elastin-hyaluronate
(GEH) scaffolds also opens up several avenues for future investigation that could further enhance
the efficacy and application of scaffold-based regenerative therapies. The following suggestions

are proposed to extend the current understanding and application of tissue engineering scaffolds:
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Incorporation of bioactive molecules: Future studies should explore the integration of bioactive
molecules, such as growth factors or peptides, into the GEH scaffolds. Investigating the effects
of these molecules on cellular behavior, such as migration, proliferation, and differentiation,
could provide insights into enhancing tissue regeneration. Additionally, examining the release
kinetics of these molecules from the scaffolds would be crucial for ensuring their sustained
bioactivity and effectiveness in promoting tissue repait.

Advanced fabrication techniques: The adoption of novel fabrication techniques, such as 3D
bioprinting, could offer greater precision in scaffold design and architecture. Future research
could explore the use of these advanced techniques to fabricate scaffolds with complex, tissue-
specific architectures that more closely mimic the natural extracellular matrix. This approach
could improve the integration of scaffolds into target tissues and enhance their functional
performance.

Mechanical property optimization: While this thesis has highlighted the impact of fabrication
parameters on the mechanical properties of scaffolds, there is a need for further optimization.
Future work should aim to fine-tune these properties to match those of the target tissue more
closely. This could involve exploring a wider range of fabrication parameters or combining
different materials to achieve the desired mechanical characteristics.

In-vivo studies: To validate the findings from in vitro experiments, future research should
include in vivo studies assessing the performance of optimized scaffolds in animal models.
Such studies would provide valuable information on the scaffolds' biocompatibility,
degradation behavior, and efficacy in promoting tissue regeneration within a living organism.
This step is critical for translating scaffold technologies from the laboratory to clinical
applications.

Longitudinal studies on scaffold degradation and tissue integration: Further investigation into

the long-term behavior of scaffolds in a biological environment is necessary. Longitudinal
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studies examining scaffold degradation, tissue integration, and regeneration over extended
periods would offer insights into the lasting impact of scaffold-based therapies on tissue repair
processes.

o Customization for specific tissue types: The potential for customizing scaffolds for the
regeneration of specific tissue types represents an exciting area for future research. Tailoring
scaffold properties, such as porosity, mechanical strength, and bioactivity, to meet the unique
requirements of different tissues could significantly enhance the versatility and effectiveness

of scaffold-based tissue engineering strategies.

By addressing these suggestions for future research, the field of tissue engineering can
continue to advance toward the development of more sophisticated and effective scaffold-based
therapies. The ultimate goal is to realize the full potential of regenerative medicine in restoring,

maintaining, or improving tissue function and health in patients worldwide.



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

58

BIBLIOGRAPHY

R. Langer, VacantiJP: Tissue engineering, Science (1979) 260 (1993) 920-926.

L.G. Griffith, G. Naughton, Tissue engineering--current challenges and expanding
opportunities, Science (1979) 295 (2002) 1009-1014.

F.J. O’brien, Biomaterials & scaffolds for tissue engineering, Materials Today 14 (2011)
88-95.

P.X. Ma, Biomimetic materials for tissue engineering, Adv Drug Deliv Rev 60 (2008) 184—
198.

S.F. Badylak, D.O. Freytes, T.W. Gilbert, Extracellular matrix as a biological scaffold
material: Structure and function, Acta Biomater 5 (2009) 1-13.

D.E. Discher, P. Janmey, Y. Wang, Tissue cells feel and respond to the stiffness of their
substrate, Science (1979) 310 (2005) 1139-1143.

A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem cell lineage
specification, Cell 126 (2006) 677—689.

M. Guvendiren, J.A. Burdick, Engineering synthetic hydrogel microenvironments to
instruct stem cells, Curr Opin Biotechnol 24 (2013) 841-846.

J.T. Butcher, R.M. Nerem, Valvular endothelial cells regulate the phenotype of interstitial
cells in co-culture: effects of steady shear stress, Tissue Eng 12 (2006) 905-915.

C.H. Lee, A. Singla, Y. Lee, Biomedical applications of collagen, Int J Pharm 221 (2001)
1-22.

R.J. Pelham Jr, Y. Wang, Cell locomotion and focal adhesions are regulated by substrate
flexibility, Proceedings of the National Academy of Sciences 94 (1997) 13661-13665.

P.A. Janmey, R.T. Miller, Mechanisms of mechanical signaling in development and disease,
J Cell Sci 124 (2011) 9-18.

A.G. Mikos, A.J. Thorsen, L.A. Czerwonka, Y. Bao, R. Langer, D.N. Winslow, J.P. Vacanti,
Preparation and characterization of poly (L-lactic acid) foams, Polymer (Guildf) 35 (1994)
1068-1077.

K.Y. Lee, D.J. Mooney, Hydrogels for tissue engineering, Chem Rev 101 (2001) 1869—
1880.

N. Annabi, A. Tamayol, J.A. Uquillas, M. Akbari, L.E. Bertassoni, C. Cha, G. Camci-Unal,
M.R. Dokmeci, N.A. Peppas, A. Khademhosseini, 25th anniversary article: Rational design
and applications of hydrogels in regenerative medicine, Advanced Materials 26 (2014) 85—
124.

H.-Y. Cheung, K.-T. Lau, T.-P. Lu, D. Hui, A critical review on polymer-based bio-
engineered materials for scaffold development, Compos B Eng 38 (2007) 291-300.



[17]

[18]
[19]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

59

K. Yue, G. Truyjillo-de Santiago, M.M. Alvarez, A. Tamayol, N. Annabi, A. Khademhosseini,
Synthesis, properties, and biomedical applications of gelatin methacryloyl (GelMA)
hydrogels, Biomaterials 73 (2015) 254-271.

S.M. Mithieux, A.S. Weiss, Elastin, Adv Protein Chem 70 (2005) 437—461.

J.A. Burdick, G.D. Prestwich, Hyaluronic acid hydrogels for biomedical applications,
Advanced Materials 23 (2011) H41-H56.

L. Tayebi, M. Rasoulianboroujeni, K. Moharamzadeh, T.K.D. Almela, Z. Cui, H. Ye, 3D-
printed membrane for guided tissue regeneration, Materials Science and Engineering: C 84
(2018) 148-158.

M. Rasoulianboroujeni, N. Kiaie, F.S. Tabatabaei, A. Yadegari, F. Fahimipour, K. Khoshroo,
L. Tayebi, Dual porosity protein-based scaffolds with enhanced cell infiltration and
proliferation, Sci Rep 8 (2018) 14889.

S. Dehghani, M. Rasoulianboroujeni, H. Ghasemi, S.H. Keshel, Z. Nozarian, M.N.
Hashemian, M. Zarei-Ghanavati, G. Latifi, R. Ghaffari, Z. Cui, 3D-Printed membrane as an
alternative to amniotic membrane for ocular surface/conjunctival defect reconstruction: An
in vitro & in vivo study, Biomaterials 174 (2018) 95-112.

E. Capuana, F. Lopresti, F. Carfi Pavia, V. Brucato, V. La Carrubba, Solution-based
processing for scaffold fabrication in tissue engineering applications: A brief review,
Polymers (Basel) 13 (2021) 2041.

A. Eltom, G. Zhong, A. Muhammad, Scaffold techniques and designs in tissue engineering
functions and purposes: a review, Advances in Materials Science and Engineering 2019
(2019).

V. Shabafrooz, M. Mozafari, G.A. Kohler, S. Assefa, D. Vashaee, L. Tayebi, The effect of
hyaluronic acid on biofunctionality of gelatin—collagen intestine tissue engineering
scaffolds, J Biomed Mater Res A 102 (2014) 3130-3139.

F.J. O’Brien, B.A. Harley, I. V Yannas, L. Gibson, Influence of freezing rate on pore
structure in freeze-dried collagen-GAG scaffolds, Biomaterials 25 (2004) 1077—-1086.

P. Levin, V. Meunier, U. Kessler, S. Heinrich, Influence of freezing parameters on the
formation of internal porous structure and its impact on freeze-drying kinetics, Processes 9
(2021) 1273.

A.R. do Vale Morais, E. do Nascimento Alencar, F.H.X. Janior, C.M. De Oliveira, H.R.
Marcelino, G. Barratt, H. Fessi, E.S.T. Do Egito, A. Elaissari, Freeze-drying of emulsified
systems: A review, Int J Pharm 503 (2016) 102-114.

A. Ovsianikov, A. Deiwick, S. Van Vlierberghe, P. Dubruel, L. Moller, G. Dréager, B.
Chichkov, Laser fabrication of three-dimensional CAD scaffolds from photosensitive
gelatin for applications in tissue engineering, Biomacromolecules 12 (2011) 851-858.

A.A. Aldana, G.A. Abraham, Current advances in electrospun gelatin-based scaffolds for
tissue engineering applications, Int J Pharm 523 (2017) 441-453.



[31]

[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

[41]

[42]

60

H. Kim, G.H. Yang, C.H. Choi, Y.S. Cho, G. Kim, Gelatin/PVA scaffolds fabricated using a
3D-printing process employed with a low-temperature plate for hard tissue regeneration:
Fabrication and characterizations, Int J Biol Macromol 120 (2018) 119-127.

L. Ghasemi-Mobarakeh, M.P. Prabhakaran, M. Morshed, M.-H. Nasr-Esfahani, S.
Ramakrishna, Electrospun poly (e-caprolactone)/gelatin nanofibrous scaffolds for nerve
tissue engineering, Biomaterials 29 (2008) 4532—4539.

S. Gautam, A.K. Dinda, N.C. Mishra, Fabrication and characterization of PCL/gelatin
composite nanofibrous scaffold for tissue engineering applications by electrospinning
method, Materials Science and Engineering: C 33 (2013) 1228-1235.

T. Agarwal, R. Narayan, S. Maji, S. Behera, S. Kulanthaivel, T.K. Maiti, I. Banerjee, K. Pal,
S. Giri, Gelatin/Carboxymethyl chitosan based scaffolds for dermal tissue engineering
applications, Int J Biol Macromol 93 (2016) 1499-1506.

M. Kharaziha, M. Nikkhah, S.-R. Shin, N. Annabi, N. Masoumi, A.K. Gaharwar, G. Camci-
Unal, A. Khademhosseini, PGS: Gelatin nanofibrous scaffolds with tunable mechanical and
structural properties for engineering cardiac tissues, Biomaterials 34 (2013) 6355-6366.

C.W. Yung, L.Q. Wu, J.A. Tullman, G.F. Payne, W.E. Bentley, T.A. Barbari,
Transglutaminase crosslinked gelatin as a tissue engineering scaffold, Journal of Biomedical
Materials Research Part A: An Official Journal of The Society for Biomaterials, The
Japanese Society for Biomaterials, and The Australian Society for Biomaterials and the
Korean Society for Biomaterials 83 (2007) 1039-1046.

L. Mattii, B. Battolla, D. D’ Alessandro, L. Trombi, S. Pacini, M.G. Cascone, L. Lazzeri, N.
Bernardini, A. Dolfi, S. Galimberti, Gelatin/PLLA sponge-like scaffolds allow proliferation

and osteogenic differentiation of human mesenchymal stromal cells, Macromol Biosci 8
(2008) 819-826.

S. Baiguera, C. Del Gaudio, E. Lucatelli, E. Kuevda, M. Boieri, B. Mazzanti, A. Bianco, P.
Macchiarini, Electrospun gelatin scaffolds incorporating rat decellularized brain
extracellular matrix for neural tissue engineering, Biomaterials 35 (2014) 1205-1214.

J. Rnjak-Kovacina, S.G. Wise, Z. Li, PK.M. Maitz, C.J. Young, Y. Wang, A.S. Weiss,
Electrospun synthetic human elastin: collagen composite scaffolds for dermal tissue
engineering, Acta Biomater 8 (2012) 3714-3722.

M. Li, M.J. Mondrinos, X. Chen, M.R. Gandhi, F.K. Ko, P.I. Lelkes, Co-electrospun poly
(lactide-co-glycolide), gelatin, and elastin blends for tissue engineering scaffolds, J Biomed
Mater Res A 79 (2006) 963-973.

Q. Lu, K. Ganesan, D.T. Simionescu, N.R. Vyavahare, Novel porous aortic elastin and
collagen scaffolds for tissue engineering, Biomaterials 25 (2004) 5227-5237.

X. Wang, W. Zhai, C. Wu, B. Ma, J. Zhang, H. Zhang, Z. Zhu, J. Chang, Procyanidins-
crosslinked aortic elastin scaffolds with distinctive anti-calcification and biological
properties, Acta Biomater 16 (2015) 81-93.



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

61

M.J. Glassman, R.K. Avery, A. Khademhosseini, B.D. Olsen, Toughening of
thermoresponsive arrested networks of elastin-like polypeptides to engineer cytocompatible
tissue scaffolds, Biomacromolecules 17 (2016) 415—426.

N. Ozturk, A. Girotti, G.T. Kose, J.C. Rodriguez-Cabello, V. Hasirci, Dynamic cell culturing
and its application to micropatterned, -elastin-like protein-modified poly (N-
isopropylacrylamide) scaffolds, Biomaterials 30 (2009) 5417-5426.

L. Nivison-Smith, J. Rnjak, A.S. Weiss, Synthetic human elastin microfibers: stable cross-
linked tropoelastin and cell interactive constructs for tissue engineering applications, Acta
Biomater 6 (2010) 354-359.

J. Han, P. Lazarovici, C. Pomerantz, X. Chen, Y. Wei, P.I. Lelkes, Co-electrospun blends of
PLGA, gelatin, and elastin as potential nonthrombogenic scaffolds for vascular tissue
engineering, Biomacromolecules 12 (2011) 399-408.

J. Baier Leach, K.A. Bivens, C.W. Patrick Jr, C.E. Schmidt, Photocrosslinked hyaluronic
acid hydrogels: natural, biodegradable tissue engineering scaffolds, Biotechnol Bioeng 82
(2003) 578-589.

M.N. Collins, C. Birkinshaw, Hyaluronic acid based scaffolds for tissue engineering—A
review, Carbohydr Polym 92 (2013) 1262—-1279.

C. Chircov, A.M. Grumezescu, L.E. Bejenaru, Hyaluronic acid-based scaffolds for tissue
engineering, Rom. J. Morphol. Embryol 59 (2018) 71-76.

S. Gokila, T. Gomathi, K. Vijayalakshmi, A. Sukumaran, P.N. Sudha, Development of 3D
scaffolds using nanochitosan/silk-fibroin/hyaluronic acid biomaterials for tissue
engineering applications, Int J Biol Macromol 120 (2018) 876—885.

H.S. Yoo, E.A. Lee, J.J. Yoon, T.G. Park, Hyaluronic acid modified biodegradable scaffolds
for cartilage tissue engineering, Biomaterials 26 (2005) 1925-1933.

J.-W. Jang, K.-E. Min, C. Kim, J. Shin, J. Lee, S. Yi, Scaffold characteristics, fabrication
methods, and biomaterials for the bone tissue engineering, International Journal of Precision
Engineering and Manufacturing 24 (2023) 511-529.

B. Velasco-Rodriguez, T. Diaz-Vidal, L.C. Rosales-Rivera, C.A. Garcia-Gonzalez, C.
Alvarez-Lorenzo, A. Al-Modlej, V. Dominguez-Arca, G. Prieto, S. Barbosa, J.F.A. Soltero
Martinez, Hybrid methacrylated gelatin and hyaluronic acid hydrogel scaffolds. Preparation
and systematic characterization for prospective tissue engineering applications, Int J Mol
Sci 22 (2021) 6758.

Z. Zhou, Z. Yang, T. Huang, L. Liu, Q. Liu, W. Zeng, D. Cao, S. Ma, Characterization of
biocompatible scaffolds based on gelatin and hyaluronic acid for fibroblasts culture,
Polymers and Polymer Composites 20 (2012) 791-796.

B.P. Chan, K.W. Leong, Scaffolding in tissue engineering: general approaches and tissue-
specific considerations, European Spine Journal 17 (2008) 467-479.



[56]

[57]

[58]

[59]

[63]

[64]

[65]

[66]

62

E. Capuana, F. Lopresti, F. Carfi Pavia, V. Brucato, V. La Carrubba, Solution-based
processing for scaffold fabrication in tissue engineering applications: A brief review,
Polymers (Basel) 13 (2021) 2041.

A. Bruyas, F. Lou, A.M. Stahl, M. Gardner, W. Maloney, S. Goodman, Y.P. Yang, Systematic
characterization of 3D-printed PCL/B-TCP scaffolds for biomedical devices and bone tissue
engineering: Influence of composition and porosity, J Mater Res 33 (2018) 1948—-1959.

S. Pentlavalli, H.O. McCarthy, N.J. Dunne, The Mechanical Properties of the Scaffolds
Reinforced by Fibres or Tubes for Tissue Repair, Tissue Repair: Reinforced Scaffolds
(2017) 79-111.

A. Elhelw, M. El-Henawy, R. Mandour, M. El-Tonsy, The Effect of Processing Physical
Parameters on the Mechanical, Microstructure, and Porosity of Gelatin-HA Scaffolds
Produced by Freeze-Drying Technique for Biomedical Applications, Egypt J Chem 66
(2023) 43-52.

A. Abbott, M.E. Gravina, M. Vandadi, N. Rahbar, J.M. Coburn, Influence of lyophilization
primary drying time and temperature on porous silk scaffold fabrication for biomedical
applications, J Biomed Mater Res A 111 (2023) 118-131.

K. Choi, C.Y. Park, J.S. Choi, Y.-J. Kim, S. Chung, S. Lee, C.-H. Kim, S.J. Park, The effect
of the mechanical properties of the 3D printed gelatin/hyaluronic acid scaffolds on hMSCs
differentiation towards chondrogenesis, Tissue Eng Regen Med 20 (2023) 593-605.

A.S. Vaziri, E. Vasheghani-Farahani, S. Hosseinzadeh, F. Bagheri, M. Biichner, D.W.
Schubert, A.R. Boccaccini, Genipin-Cross-Linked Silk Fibroin/Alginate Dialdehyde
Hydrogel with Tunable Gelation Kinetics, Degradability, and Mechanical Properties: A
Potential Candidate for Tissue Regeneration, Biomacromolecules (2024).

J. Maitra, V.K. Shukla, Cross-linking in hydrogels-a review, Am. J. Polym. Sci 4 (2014) 25—
31.

S. Salinas-Fernandez, O. Garcia, D.J. Kelly, C.T. Buckley, The influence of pH and salt
concentration on the microstructure and mechanical properties of meniscus extracellular
matrix-derived implants, J Biomed Mater Res A 112 (2024) 359-372.

Z. Wu, Q. Li, Y. Pan, Y. Yao, S. Tang, J. Su, J.-W. Shin, J. Wei, J. Zhao, Nanoporosity
improved water absorption, in vitro degradability, mineralization, osteoblast responses and
drug release of poly (butylene succinate)-based composite scaffolds containing nanoporous
magnesium silicate compared with magnesium silicate, Int J Nanomedicine (2017) 3637—
3651.

M. Hashemi, A. Yadegari, G. Yazdanpanah, M. Omidi, S. Jabbehdari, F. Haghiralsadat, F.
Yazdian, L. Tayebi, Normalization of doxorubicin release from graphene oxide: New
approach for optimization of effective parameters on drug loading, Biotechnol Appl
Biochem 64 (2017) 433-442.

R.A. Perez, G. Mestres, Role of pore size and morphology in musculo-skeletal tissue
regeneration, Materials Science and Engineering: C 61 (2016) 922-939.



63

[68] S.H. Oh, S.G. Kang, E.S. Kim, S.H. Cho, J.H. Lee, Fabrication and characterization of
hydrophilic poly (lactic-co-glycolic acid)/poly (vinyl alcohol) blend cell scaffolds by melt-
molding particulate-leaching method, Biomaterials 24 (2003) 4011-4021.

[69] A.K. Salem, R. Stevens, R.G. Pearson, M.C. Davies, S.J.B. Tendler, C.J. Roberts, P.M.
Williams, K.M. Shakesheff, Interactions of 3T3 fibroblasts and endothelial cells with
defined pore features, Journal of Biomedical Materials Research: An Official Journal of The
Society for Biomaterials, The Japanese Society for Biomaterials, and The Australian Society
for Biomaterials and the Korean Society for Biomaterials 61 (2002) 212-217.

[70] K. Whang, K.E. Healy, D.R. Elenz, E.K. Nam, D.C. Tsai, C.H. Thomas, G.W. Nuber, F.H.
Glorieux, R. Travers, S.M. Sprague, Engineering bone regeneration with bioabsorbable
scaffolds with novel microarchitecture, Tissue Eng 5 (1999) 35-51.



	A STUDY OF THE EFFECT OF PREPARATION PARAMETERS ON THE MECHANICAL PROPERTIES OF FREEZE-DRIED GELATIN-ELASTIN-HYALURONATE SCAFFOLDS
	Recommended Citation

	tmp.1715374804.pdf.D95m7

