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Abstract:

This study investigates the prospective application of silk-based 3D bioprinted scaffolds for bone
and cartilage regeneration. The scaffolds were thoroughly characterized, and their performance was
evaluated through mechanical assessment, cytotoxicity studies, and osteoconductivity evaluations.
Silk-tricalcium phosphate (TCP) and silk-methacrylate (MA) scaffolds were shown to be promising
biomaterial candidates with biocompatibility and structural integrity. Environmental factors,
particularly water, impacted the mechanical behavior of silk-TCP scaffolds, highlighting the
significance of considering environmental conditions during scaffold evaluation. Cytotoxicity studies
demonstrated the biocompatibility of the silk-TCP scaffold, supporting enhanced metabolic activity
and cell viability of hMSCs. Osteoconductivity evaluation revealed the scaffold's ability to support
hMSCs' osteogenic differentiation, with osteogenic media promoting eatly-stage bone formation.
The transient cytotoxic effects of bone morphogenetic protein 2 (BMP2) on hMSCs were followed
by successful osteogenic differentiation, confirming the scaffold's regenerative potential. Challenges
in mRNA extraction from scaffold-seeded hMSCs warrant further investigation to optimize
methodologies and elucidate the scaffold's influence on gene regulation during cellular
differentiation. Silk-based 3D bioprinted scaffolds hold vast potential for bone and cartilage
regeneration in tissue engineering and regenerative medicine, offering opportunities for personalized
medicine through patient-specific constructs. Addressing prevailing challenges and refining scaffold
design are crucial for harnessing their full regenerative potential and advancing clinical applications

for bone and cartilage-related pathologies.
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Introduction

1.1 Background

The bone-cartilage interface, also known as the osteochondral interface, is a highly complex
connective system that provides structural integrity to osteochondral system to translate muscle
contraction into functionalized movement. The interface resembles a gradient from the articular
cartilage to the subchondral bone and can be broken down into three zones: cartilage deep zone,
calcified cartilage, and subchondral bone'. The deep zone of the cartilage represents 30% of the
cartilage volume and consists of relatively large collagen fibrils compared to the other parts of the
cartilage, resulting high resistance to compressive force. Calcified cartilage zone (CCZ) is a thin
interlayer consisting of mainly type II collagen and hydroxyapatite (HA). This layer serves as a barrier
between the articular cartilage and subchondral bone, for the transfer of interstitial fluid and
mechanical forces. The last layer, the subchondral bone, is connected to the CCZ through
interdigitation between the two zones, reducing the overall stress at the interface for a more efficient

transfer of mechanical loading”.

This highly complex interface is subjected to repeated mechanical insults throughout life, making it
susceptible to cartilage conditions such as osteochondritis dissecans (OCD). OCD is a joint condition
where a fractured CCZ leads to loose bone and cartilage, preventing blood flow toward the cartilage
and ultimately causing the cartilage to die'. Studies have shown that OCD is most prevalent in young
adults and children, where symptoms are noticed after high-impact injuries. OCD treatment is
relatively complex, as the type of treatment can only be done through multiple diagnoses of the defect

site’.



Current treatment options for OCD include arthroscopic drilling, fixation, or grafts. Arthroscopic
drilling is one of the common treatments for stable OCD where vascular channels are drilled to
promote a healing response’. However, the channels may not heal even after a year, and this technique
is often at risk of incomplete drilling or overpenetration. Fixation through bioabsorbable or metal
screws is associated to a risk of screws loosening or backing out, which can worsen existing cartilage
damage’. Osteochondral autografts and allografts are alternative options for treating large OCD
defects. However, these techniques are limited by donor-site morbidity, size mismatch, limited
harvesting surface area, graft availability, cell viability and costs®.

Recent work in the literature has investigated the use of 3D bioprinting to generate patient-tailored
osteochondral structures with controlled porosity, architecture, and combining different materials to
attempt to mimic the complexity of the native tissue. While promising, these approaches present
considerable limitations. In particular, they generate biphasic scaffolds using two materials of
drastically different mechanical properties. Even though ingenious methods have been used to
improve cohesion between the two materials using interlaced structures, none of these strategies

recreate the functional complexity of the bone-cartilage interface, as described above’.

1.2 Clinical Significance

The primary clinical target of this study is treatment of osteochondritis dissecans (OCD), a debilitating
bone and cartilage condition that predominantly affects the knee joint, primarily among children and
young adults. OCD is characterized by the detachment of bone and cartilage fragments from the
underlying tissue, often leading to pain, joint dysfunction, and reduced quality of life for those afflicted.
Current treatment options for OCD, while effective, present significant challenges in terms of cost,

patient outcomes, and burden on the healthcare system®.



The financial implications associated with OCD treatment are noteworthy. The existing therapeutic
modalities, which encompass a spectrum from conservative management to surgical interventions,
can command substantial costs, sometimes reaching up to $20,000 per patient, depending on the
severity of the joint involvement and the ensuing rehabilitation regimen’. This financial burden
extends not only to individual patients and their families but also to the broader healthcare ecosystem,
straining resources and allocation decisions. Moreover, the recovery process following traditional
treatments for OCD can be protracted, necessitating prolonged periods of restricted activity, physical
therapy, and medical follow-up. This not only places emotional and physical strain on patients but
also contributes to the economic burden by increasing the duration of medical care, rehabilitation

services, and potential lost productivity4.

In light of these challenges, the development of a 3D bioprinted construct utilizing silk fibroin
presents a promising avenue for addressing the limitations of current OCD treatments'’. The
envisaged 3D construct holds the potential to offer a more pragmatic, patient-centered solution. By
leveraging the regenerative capabilities of silk fibroin and capitalizing on advanced bioprinting
techniques, this novel approach aims to create a tailored environment that facilitates the healing and

integration of bone and cartilage tissues at the interface'.

The hypothesis undetlying this research is that the implementation of the 3D bioprinted silk fibroin
construct will not only promote enhanced and accelerated regeneration of the bone-cartilage interface
but also contribute to a streamlined recovery process. The potential benefits of this innovative
approach are manifold. Firstly, the proposed method may lead to more effective tissue integration,
minimizing the risk of re-injury and reducing the need for additional interventions. Secondly, the

anticipated acceleration in the regenerative process could significantly curtail the recovery timeline,
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enabling patients to regain joint functionality and return to their normal activities more swiftly. From
an economic standpoint, the successful realization of this approach could alleviate the financial strain
associated with OCD treatment. By shortening the duration of rehabilitation, medical consultations,
and related expenses, the cumulative cost of care for OCD patients may be substantially reduced. This,

in turn, could mitigate the burden on both individual patients and the healthcare system as a whole.

1.3 Innovation

The bone-cartilage interface constitutes a complex gradient, featuring distinct zones, each with its
unique attributes and functions. Prior approaches to cartilage regeneration have often neglected this
interface, despite compelling evidence demonstrating its pivotal role'>. Consequently, this study
proposes an innovative approach involving the fabrication of a multimaterial graded scaffold, aiming
to enhance the regeneration of both bone and cartilage tissues, leading to expedited and more robust

healing outcomes.

The core principle of this innovation is the emulation of the intricate architecture of the bone-cartilage
interface. By replicating the distinct characteristics of each interface zone, the multimaterial graded
scaffold seeks to recreate the microenvironment critical for optimal tissue regeneration. This approach
surpasses conventional techniques that treated bone and cartilage in isolation, thus failing to account

for the crucial interplay between the two tissues required for joint health.

Central to this innovation are three key elements: patient specificity, patient-specific geometry, and
the integration of silk fibroin and bone cement biomaterials. Patient specificity ensures the scaffold is
tailored to individual anatomical and physiological traits, enhancing compatibility and optimizing the

regenerative response. Additionally, the incorporation of patient-specific geometry refines scaffold
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design, allowing it to seamlessly integrate within the joint, promoting proper load distribution and

biomechanical functionality.

Silk fibroin, recognized for its biocompatibility and regenerative attributes, is strategically employed
alongside bone cement to augment the innovation. Silk fibroin's unique properties, such as mechanical
strength, biodegradability, and cell-supportive characteristics, make it an ideal candidate for tissue
regeneration”. When combined with bone cement, which provides structural support, the interplay
between these materials simulates the natural transition between articular cartilage and subchondral
bone. This seamless integration is crucial for restoring joint mechanical properties and integrating with

surrounding tissues ',

1.4 Silk Fibroin

In recent years, tissue engineering has emerged as a promising approach for bone and cartilage
regeneration, offering new hope for patients suffering from injuries and degenerative diseases. One of
the key elements in tissue engineering is the use of biomaterials as scaffolds, providing mechanical
support and an environment conducive to cellular growth and differentiation'”. Among the plethora
of available biomaterials, silk fibroin has garnered significant attention due to its unique properties,
making it an ideal candidate for 3D bioprinting applications in bone and cartilage tissue regeneration'.
This section explores the importance of silk fibroin and its rationale as the primary biomaterial in this

research.

Silk fibroin, a protein extracted from silkworms, exhibits excellent biocompatibility with human
tissues. Its non-toxic and non-inflammatory nature ensures minimal adverse reactions upon

implantation, crucial for successful tissue regeneration'’. Moreover, silk fibroin scaffolds encourage
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the attachment, proliferation, and migration of various cell types, including osteoblasts and
chondrocytes, pivotal for bone and cartilage formation'’. The mechanical properties of a biomaterial
are critical in providing the necessary support for cellular growth and differentiation. Silk fibroin
possesses remarkable mechanical strength and can be tailored to mimic the properties of native bone
and cartilage tissues. By modulating the fabrication process, the stiffness and elasticity of silk fibroin
scaffolds can be adjusted, ensuring optimal biomechanical compatibility with the targeted tissue

. Q
Sltel ),2()'

A successtul scaffold for tissue regeneration should degrade at a rate that matches tissue regeneration,
allowing the scaffold to be gradually replaced by the newly formed tissue. Silk fibroin exhibits desirable
biodegradability, as its degradation products are non-toxic and readily metabolized by the body. This
characteristic ensures that the scaffold provides adequate support during the early stages of tissue
growth and gradually resorbs as the native tissue matures'’. Silk fibroin possesses inherent
biofunctionalities which facilitate cell adhesion and proliferation. This property promotes cell-matrix
interactions, enabling cells to adhere and grow on the scaffold surface effectively'>'**. Additionally,
silk fibroin can be functionalized with growth factors and bioactive molecules, further enhancing the

tissue regenerative process™.

The use of 3D bioprinting technology allows for precise control over scaffold design and architecture.
Silk fibroin's unique rheological properties, including shear-thinning behavior and rapid gelation, make
it an ideal bioink for bioprinting applications. This ensures the accurate deposition of cells and
biomaterials, leading to the fabrication of complex and patient-specific tissue constructs, tailor-made

for bone and cartilage regeneration'.
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1.5 Tricalcium Phosphate

Tricalcium Phosphate (TCP) is a widely used biomaterial in tissue engineering and regenerative
medicine due to its unique properties and synergistic effects when combined with silk fibroin. TCP is
a biocompatible and biodegradable ceramic material composed of calcium and phosphate ions,

mimicking the mineral composition of natural bone®.

One of the primary reasons for using TCP in tissue engineering is its excellent osteoconductivity. TCP
provides a porous and interconnected scaffold structure, facilitating cell migration, attachment, and
proliferation. When implanted in vivo, TCP scaffolds can serve as a template for new bone formation
by promoting the infiltration of osteogenic cells, leading to enhanced bone regeneration at the defect
site”. The combination of silk fibroin with TCP further enhances the scaffold's mechanical properties
and biological functionalities, providing an ideal microenvironment for bone tissue regeneration. TCP
undergoes gradual biodegradation over time, which is crucial for tissue engineering applications. As
new bone forms and matures, the TCP scaffold gradually resorbs, allowing the newly regenerated
tissue to take over the load-bearing function. Silk fibroin, with its controllable degradation rate,
complements TCP's biodegradation, ensuring a balanced rate of scaffold resorption that matches the

rate of new tissue formation®.

While silk fibroin alone possesses suitable mechanical properties for tissue engineering, the
incorporation of TCP further improves the scaffold's mechanical strength and stability. TCP's ceramic
nature provides rigidity to the composite, enhancing its load-bearing capacity and structural integrity™.
The combination of silk fibroin and TCP results in a synergistic effect, creating a scaffold with optimal
mechanical properties for bone regeneration. TCP releases calcium and phosphate ions during its

gradual degradation, which can act as signaling molecules to stimulate osteogenic differentiation and
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bone formation”**. Additionally, the presence of TCP in the scaffold enhances the interaction
between cells and the material surface, promoting cell adhesion, proliferation, and extracellular matrix
deposition. Silk fibroin's biofunctional groups further enhance cellular attachment and interaction,

synergistically contributing to improved cell-scaffold interactions and tissue regeneration™.

1.6 Materials: Methacrylate

Methacrylate-based biomaterials have gained significant importance in tissue engineering and
regenerative medicine due to their versatility and tunable properties®. When combined with silk
fibroin, methacrylates offer a unique set of advantages that enhance their potential for various

biomedical applications.

Methacrylate-based biomaterials are often used as photo-crosslinkable hydrogels. This property allows
for precise control over the material's shape and structure through photopolymerization, making them
ideal candidates for 3D bioprinting applications. The incorporation of silk fibroin with methacrylates
can further improve the mechanical stability and printability of the composite, enabling the fabrication
of intricate and patient-specific tissue constructs®. Methacrylate-based hydrogels are known for their
excellent biocompatibility, making them suitable for cell encapsulation and tissue engineering. Silk
fibroin, with its biocompatible nature and cell-adhesive properties, synergizes with methacrylates by
promoting cell attachment, proliferation, and viability within the hydrogel matrix. This combined
effect is essential for creating a supportive microenvironment that facilitates cellular activities and

tissue regeneration™.

Methacrylate-based biomaterials offer tunable mechanical properties by varying the concentration of

the crosslinking agents. This tunability allows researchers to match the mechanical characteristics of
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the scaffold with the targeted tissue site”’. When combined with silk fibroin, which also provides
mechanical flexibility, the composite can closely mimic the native tissue's properties, optimizing the
regenerative potential for bone and cartilage applications. The porous structure of methacrylate-based
hydrogels enables the controlled release of therapeutic agents, such as growth factors or drugs, over
an extended petiod™. This capability is valuable for enhancing tissue regeneration by promoting
specific cellular responses. Silk fibroin can further aid in drug delivery due to its ability to stabilize and
protect bioactive molecules during the encapsulation process, ensuring a sustained and controlled

release proﬁle35.

1.7 Human Mesemchymal Stem Cells

Human bone marrow-derived mesenchymal stem cells (hMSCs) have emerged as a promising cell
source for seeding on Silk-TCP and Silk-methacrylate scaffolds in the context of bone and cartilage
regeneration. These multipotent cells possess the capacity to differentiate into various lineages,
including osteoblasts and chondrocytes, making them a versatile and desirable choice for tissue

engineering applications.

For bone regeneration, hMSCs demonstrate a remarkable ability to undergo osteogenic differentiation,
a process essential for new bone formation. Studies have shown that when hMSCs are seeded on Silk-
TCP scaffolds, they exhibit robust adhesion, proliferation, and migration within the porous structure
of the scaffold”. This favorable interaction between hMSCs and Silk-TCP creates an optimal
microenvironment for osteogenic differentiation and subsequent bone tissue development.
Moreover, hMSCs secrete a variety of trophic factors, including bone morphogenetic proteins (BMPs)
and vascular endothelial growth factor (VEGF), which play critical roles in angiogenesis and

osteogenesis, further promoting bone regeneration'’. The combination of hMSCs and Silk-TCP
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scaffolds has been shown to synergistically enhance the potential for bone repair and regeneration in

preclinical studies”.

Similarly, for cartilage regeneration, hMSCs possess chondrogenic potential, enabling them to
differentiate into chondrocyte-like cells when exposed to a chondrogenic microenvironment. When
seeded on Silk-methacrylate scaffolds, hMSCs have been demonstrated to undergo chondrogenic
differentiation and express cartilage-specific extracellular matrix proteins, such as collagen type II and
aggrecan™. The inherent biocompatibility of Silk-methacrylate hydrogels supports the adherence and
proliferation of hMSCs, while providing a permissive environment for chondrogenic differentiation™.
Moreover, the controlled release of chondrogenic growth factors from the Silk-methacrylate scaffold
can further enhance the chondrogenic differentiation of hMSCs and facilitate cartilage regeneration™.
The combination of hMSCs and Silk-methacrylate scaffolds offers a promising approach for the repair

of cartilage defects and the restoration of functional cartilage tissue'.

1.8 Broader Impact and Significance:

The 3D bioprinted scaffold holds immense promise for bone and cartilage regeneration due to its
potential applicability across multiple anatomical sites in the human body. With over 300 cartilaginous
structures that endure constant loading and unloading, the scaffold's capacity to facilitate tissue repair
in diverse areas becomes crucial. Moreover, the combination of tailored scaffolds for different tissue
types offers versatile approaches to address various bone defects effectively. One of the significant
advantages of 3D bioprinting lies in its ability to create patient-specific scaffolds, thereby optimizing
treatment outcomes for complex defect areas. By utilizing patient-specific imaging and anatomical
data, these customized scaffolds ensure precise tissue generation at designated locations, enhancing

the potential for successful bone and cartilage regeneration while minimizing the risk of implant
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rejection. Furthermore, the multi-tissue scaffolds developed through 3D bioprinting technology not
only hold promise for clinical applications but also serve as invaluable in vitro models. These models
enable researchers to study the intricate interfaces between different types of tissues, such as bone-
cartilage interfaces, and gain deeper insights into tissue-tissue interactions, cellular behavior, and
biochemical signaling. This knowledge fosters a better understanding of regenerative processes and
opens avenues for exploring innovative therapeutic strategies for bone and cartilage regeneration. The
3D bioprinting scaffold's unique capabilities to address diverse anatomical sites, provide patient-
specific treatment, and serve as in vitro models offer a broader impact and significance in advancing

bone and cartilage regeneration research and clinical applications.

1.9 Project Overview

In order to achieve the goals, the process is broken down into 3 aims. In Aim 1, we plan on using our
expertise to develop a 3D printed silk scaffolds for both cartilage and bone regeneration. These
scaffolds will be tested for their mechanical properties and porosity, and will be assessed biologically
to characterize the ability of Mesenchymal Stem Cells (MSCs) to adhere, spread, proliferate on the
scaffold, and differentiate into either chondrocytes or osteoblasts. Aim 2 is focused on the
functionalization of the construct by incorporating morphogens and growth factors into the bioink
prior to printing. We will be using BMP-2 for osteogenesis and TGF-$1 for chondrogenesis. We will
explore the ability to load these morphogens, and their release kinetics. The outcomes of the
functionalized scaffolds will be assessed through in vitro studies, to study the effect of patterns and
gradients of these bioactive molecules on MSC behavior. Aim 3 will focus on combining the bone
scaffold and cartilage scaffold into one functionalized scaffold using a mixing device developed in our
lab. Growth factor patterning and gradient studies will be conducted again to investigate our ability to

spatially control the differentiation of MSCs within a single, cohesive, 3D printed construct. The
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mechanical gradient of the scaffold will also be conducted to assess any changes in mechanical

properties of combined scaffolds.
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Materials Method

2.1 Silk Fibroin

Silk fibroin extraction is done in accordance to a preivously published protocol”. Bombyx mori
cocoons are first retrieved and cut into small pieces. These pieces are then boiled in 0.02 M aqueous
Na2CO3 for 60 minutes. Afterward, they undergo extensive rinsing in diH20O and are left to dry
overnight. The dry silk fibroin resulting from the above step is then dissolved in a 9.3 M aqueous LiBr
solution at 60°C for 4 hours. The silk/LiBr solution is subjected to dialysis against distilled water for
2 days, with 8 water changes to purify it. The solution is then centrifuged twice at 9000 rpm at 4 °C
for 20 minutes each time. Subsequently, the unconcentrated solution undergoes further concentration
in dialysis cassettes at room temperature, using a PEG solution of 25 M. The concentration process
continues until the silk concentration reaches 25-30%. The silk solution's concentration is determined

by calculating the weight ratio between the wet and dry solution.

2.2 Silk-Tricalcium Phosphate Scaffolds

The Si-TCP scaffolds were fabricated by mixing tricalcium phosphate with deionized water and a
concentrated silk solution. To achieve an easily extrudable bone cement bioink, the liquid-to-powder
ratio was optimized at 1.2:1 (v/w). The three components (silk, TCP, water) were mixed sequentially
using two syringes connected via a luer lock connector until a paste-like consistency was attained. For
scaffold fabrication with controlled geometry and macroporosity, the paste was extruded through a
23Ga 1/2-inch blunt needle, employing a custom-made 3D printer designed in our laboratory. The
3D printer was equipped with stepper motors to control stage movement in the x and y directions,
printhead movement in the z direction, and extrusion, all managed by an Arduino board running the
Marlin firmware. Repetier software was utilized for 3D printer control, with a layer height of 410 pm

set for the cell culture studies, and a porosity of 30% to form larger macropores. Following scaffold
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fabrication, they were dried in an environmental controller at 95% humidity and 37 °C overnight.

Before initiating cell culture studies, sterilization was performed by autoclaving.

2.3 Silk-Methacrylate Hydrogel

Silk preparation for the hydrogel scaffold is slightly different from what was previously mentioned.
Initially, silk fibroin was dissolved in a LiBr solution, and glycidyl methacrylate (GMA) was gradually
added into the heated solution with continuous stirring. The resulting solution was then dialyzed until
the SilMA concentration reached 1%. Subsequently, the solution was freeze-dried and lyophilized to
obtain the modified silk fibroin (SiIMA). After lyophilization, the SIIMA was concentrated to 10%
(w/v) in a solution containing 9.5M LiBr. The concentration process was carried out overnight,

followed by dialysis against deionized water for three days. Further dialysis was then performed against

100kDA PEG in deionized water to achieve a final SilMA concentration of 20% (w/v).

The final bioink solution was prepared, comprising 10% (w/v) SiIMA and 20mM PEGDA400 in 1x
PBS. To initiate photopolymerization, 1% LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate)
and 1.5mM Tartrazine were added to the solution, both previously dissolved in 1x PBS. The pH was
adjusted to 7.4, and the bioink was then stored at 4°C, protected from light. The stability and
printability of this bioink preparation were observed to be maintained for at least 4-6 weeks. The actual
bioprinting process was carried out using a Lumen X+ DLP (Digital Light Processing) bioprinter
from CELLINK. The printer was set to an exposure of 10mW/cm2 of blue light for 7-11 seconds
per layer. It is important to note that specific exposure settings per layer may vary depending on the

printer model and specific requirements.
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2.4 Cell Culture

2.4.1 Cell Culture on 3D printed Silk-TCP Scaffolds

Mesenchymal stem cells derived from human bone marrow (hMSCs) were isolated from a healthy,
non-smoking male donor below the age of 25 (Lonza, USA). Once isolated, the hMSCs were cultivated
until reaching 80% confluence, after which they were trypsinized, suspended in FBS containing 10%
DMSO, and cryopreserved in liquid nitrogen. Subsequently, hMSCs at passage number < 10 were
seeded into 3D printed constructs within 24-well plates, using 1 mL of cell suspension with a density

of 800 X 10° cells/mL.

The seeded constructs were cultured in growth medium consisting of DMEM high glucose
GLUTAMAX (Gibco), 10% Fetal Bovine Serum (Gibco), 1% antibiotic-antimycotic (Gibco), 1%
Non-Essential Amino Acids (Gibco), and 5 ng/mlL basic fibroblast growth factor (Gibco). After 3
days, the growth medium was replaced, and the constructs were cultured with either fresh growth
medium or osteogenic medium, with subsequent medium changes occurring every 2-3 days
throughout the study. The osteogenic medium comprised DMEM high glucose GLUTAMAX
(Gibco), 10% Fetal Bovine Serum (Gibco), 1% antibiotic-antimycotic (Gibco), 100 nM
dexamethasone (Sigma-Aldrich), 10 mM sodium B-glycerophosphate (Sigma-Aldrich), and 0.05 mM

l-ascorbic acid.

2.4.2 Cell Culture on 3D Printed Silk-MA scaffolds

Human bone marrow-derived mesenchymal stem cells (hMSCs) were isolated from a healthy, non-
smoking male donor below the age of 25 (Lonza, USA). The hMSCs were expanded in culture until
reaching 80% confluence and subsequently trypsinized, suspended in fetal bovine serum (FBS)

containing 10% dimethyl sulfoxide (DMSO), and cryopreserved in liquid nitrogen for subsequent use.
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Passage number < 10 cells were utilized for all experiments. For cell seeding, hMSCs at passage
number < 10 were seeded onto 3D printed Silk-methacrylate (SiIMA) hydrogel constructs placed in
24-well plates. A cell suspension with a density of 200 x 10* cells/mL and a total volume of 1 mL was
carefully added to each construct. The seeded constructs were then cultured at 37°C in a humidified

atmosphere containing 5% CO?2 to support cell attachment and proliferation.

The culture medium employed for the chondrogenic study consisted of Dulbecco's Modified Eagle
Medium (DMEM) high glucose GLUTAMAX supplemented with 1% ITS+ Premix, 1% antibiotic-
antimycotic, 100 nM dexamethasone, 1 mM sodium pyruvate, 1 pM Ascorbate-2-phosphate, and 10
ng/mL Transforming Growth Factor Beta 1 (TGF-31). These components were specifically chosen
to induce chondrogenic differentiation and promote the formation of cartilage-like tissue. To initiate
chondrogenic differentiation, hMSCs on Silk-methacrylate hydrogel constructs were cultured in the
chondrogenic medium. After an initial 3-day culture, the growth medium was replaced with fresh
chondrogenic medium, and subsequent medium changes were performed every 2-3 days throughout

the study to provide a consistent microenvironment for chondrogenesis.

Similar to the osteogenic study, the chondrogenic constructs were maintained at 37°C in a humidified
atmosphere with 5% CO?2 to support cellular activities, including cell proliferation and differentiation.
The experimental setup shared some commonalities with the osteogenic study, such as the initial cell
seeding process and the culture conditions. However, the chondrogenic study employed a specific

chondrogenic medium tailored to induce cartilage-specific differentiation and tissue formation.
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2.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed using a Zeiss Evo MA10 (Carl Zeiss Microscopy,
Germany) to visualize the morphological features, including the microporosity, of the 3D printed
construct. For scaffold fixation, the following steps were followed: First, the constructs were fixed
with 4% Paraformaldehyde (1 mL to cover entire constructs) and allowed to incubate for 20 minutes.
Next, a series of serial washes were carried out, involving 25%, 50%, 75%, 80%, and 90% ethanol,
followed by two washes with 100% ethanol (prepared by mixing ethanol with DI) for 15 minutes each.
Subsequently, the constructs were subjected to two rounds of washing with a solution composed of
3/4 ethanol and 1/4 hexamethyldisilazane (HMDS) for 30 minutes at room temperature in a Chemical
Hood. This was followed by another washing step with a solution containing 1/4 ethanol and 3/4
HMDS for an additional 30 minutes. Lastly, the constructs were washed with 100% HMDS for 60
minutes, and the HMDS was subsequently removed. The samples were then left to dry overnight.
Finally, the constructs were carefully sectioned in half using a scalpel and underwent gold-sputter-

coating to prepare them for analysis.

2.6 Alamar Blue

The alamarBlue assay was conducted at specific time points during the experimental period. For the
Silk-TCP scaffold, the alamarBlue assay was performed on Days 5, 7, 14, 21, 28, and 35 and for the
SiIIMA scatfold Days 5, 7, 14, 21 and 28. 100 pm of alamarBlue was added to each well, followed by a
3-hour incubation period. Subsequently, the medium was collected, and the fluorescence was
quantified using a microplate reader with excitation at 560 nm and emission at 590 nm. For the
cartilage condition, the alamarBlue assay was carried out on Days 5, 7, 14, 21, and 28, following the

same incubation and measurement protocol.
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2.7 Unixial Compression Test

Uniaxial compression testing was conducted using an Instron 3366 machine (Instron, Norwood, USA)
at ambient conditions, following the guidelines outlined in ASTM F451 (Standard Specification for
Actylic Bone Cement). The loading rate was set to 20 mm/min. The test specimens used were
cylindrical in shape, measuring 12 mm in height and 6 mm in diameter. A 1 kN load cell was employed
for the testing. To ensure statistical significance, multiple samples (n = 5) were evaluated for each

"

experimental condition. For the "wet" conditions, the samples underwent a pre-testing soak in

phosphate-buffered saline (PBS) at 37 °C for 1 hour to replicate physiological conditions.

2.8 Alkaline Phosphatase Assay

The ALP staining procedure was conducted at the 21-day mark of cell culture in both growth and
osteogenic medium. The staining was performed using a combination of nitro-blue tetrazolium
chloride (NBT) and 5-bromo-4-chloro-3"-indolyphosphate p-toluidine salt (BCIP) Alkaline
Phosphatase Substrate (Sigma), following the manufacturer's instructions. This reaction resulted in the

formation of an intense, insoluble black-purple precipitate upon interaction with alkaline phosphatase.

For the assessment of ALP enzymatic activity, the cells were lysed with 0.1% Triton X100 in PBS
after 21 days of culture. Sonication was performed for 5 seconds at 20% intensity to ensure complete
cell lysis. The Alkaline Phosphatase Assay Kit (Abcam) was utilized to measure ALP activity according
to the manufacturer's instructions. Absorbance measurements were taken at 405 nm using a
microplate reader. The obtained ALP activity values were normalized to the protein content of each
sample, which was determined using the Pierce BCA Protein Assay Kit (Thermofisher) on the same
lysate used for ALP activity quantification. The absorbance for protein quantification was measured

at 562 nm.
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2.9 Alcian Blue Staining

In this study, alcian blue staining was employed as a critical method to assess the chondroconductive
properties of the silk-methacrylate scaffold for cartilage regeneration. The aim of this technique was
to evaluate the formation and distribution of cartilaginous extracellular matrix (ECM) produced by
human mesenchymal stem cells (hMSCs) seeded on the scaffold after a 21-day culture period. Alcian
blue is a widely-used histological stain that specifically binds to acidic glycosaminoglycans (GAGs), a
major component of cartilaginous tissue, enabling the identification and quantification of cartilage

formation.

To perform the alcian blue staining, the silk-methacrylate scaffold with hMSCs was first fixed using a
suitable fixative, such as 4% paraformaldehyde. This fixation step preserves the cellular and ECM
architecture while preventing degradation and tissue loss during subsequent processing. Following
fixation, the samples were carefully washed with phosphate-buffered saline (PBS) to remove any
residual fixative and then dehydrated through a series of graded ethanol solutions. Subsequently, the
dehydrated samples were embedded in paraffin to facilitate sectioning. The paraffin-embedded
samples were then sectioned into thin slices (approximately 5-7 um) using a microtome. These sections
were placed onto glass slides and allowed to adhere. For alcian blue staining, the slides were immersed
in an alcian blue dye solution, which preferentially binds to GAG-rich cartilaginous matrix,
highlighting areas where cartilage formation has occurred. Following the staining step, the excess dye
was rinsed off, and the slides were dehydrated again with ethanol to remove excess water and enhance
the clarity of the staining. Finally, the alcian blue-stained sections were observed and imaged under a
light microscope or a confocal microscope to visualize the distribution and intensity of cartilage-

specific staining. The level of alcian blue staining intensity was used as an indicator of cartilage
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formation, reflecting the extent of GAG production by the hMSCs on the silk-methacrylate scaffold.
Quantitative analysis was performed using image processing software, and data from multiple sections

were averaged to obtain a representative measure of chondrogenic differentiation on the scaffold.

2.10 Quantitative Polymerase Chain Reaction
Total RNA was isolated from cultures at day 7 using the RNeasy Mini kit (QIAGEN, Hilde,
Germany). To remove any contaminating genomic DNA, the RNA samples underwent DNase I

treatment, following the guidelines of the TURBO DNA-free Kit (Invitrogen, Carlsbad, CA, USA).

To determine the concentration and purity of the RNA samples, a Nanodrop™ 2000 (Thermo
Scientific, Carlsbad, CA, USA) was used. Subsequently, cDNA synthesis was carried out using the
Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics, Basel, Switzerland) in 20-pL
reactions. These reactions consisted of 150 ng of total RNA, 1 uM concentration of each dNTP, 10
units of reverse transcriptase, 20 units of Protector RNase Inhibitor, and 60 pM random hexamers, as
provided by the manufacturer. The samples were incubated at 25 °C for 10 min, followed by 55 °C

for 30 min, and then terminated at 85 °C for 5 min.

Real-time PCR assays were performed using a CEFX96 Deep Well Real-Time PCR System (Bio-Rad
Laboratories, Hercules, CA, USA). Gene expression was quantified relative to the GAPDH
housekeeping gene, employing the LightCycler® 480 SYBR Green I Master (Roche Diagnostics,
Basel, Switzerland). PCR amplifications involved one denaturation cycle (95 °C for 10 min), followed
by 50 cycles of amplification (95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 s). To verify the
amplification of a single product, melting curves were generated. The expression of the target genes

was compared to control samples cultured without growth factors (TCP). For each sample, the Ct
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value was identified as the cycle number in which the amplification of the target gene was within the
linear range of the reaction. The relative expression levels of each gene were calculated by normalizing
to the Ct value of the GAPDH housekeeping gene and to the normalized level of the control sample.

The primers used for amplifying transcripts from the target genes can be found in Table 1.

Table 1:Primers used for Real-Time quantitative PCR. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Runx2, Runt-related

transcription factor , SRY-Box Transcription Factor

Primer Sequence (5’-3”) T™ (°C)

GAPDH F - ACCCAGAAGACTGTGGATGG 60

R - CAGTGAGCTTCCCGTTCAG

Runx-2 F - ATGCTTCATTCGCCTCAC 60

R - ACTGCTTGCAGCCTTAAAT

Sox-9 F - CACACGTCAAGCGACCCATGAA 60

R - TCTTCTCGCTCTCGTTCAGCAG

2.11 Methods: Statistics

In this study, all statistical analyses were conducted using Matlab software (version 2021a;
MathWorks, Natick, MA, USA). To evaluate the statistical significance of the sample data in unpaired
t-tests, a significance threshold (p-value) of 0.05 was employed. The level of significance in the graphs

was represented by the number of asterisks, indicating the following levels: *P < 0.05; **P < 0.01;

AP < 0.001; **P < 0.0001.
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Results and Discussions

3.1 Materials Characterization

For the Silk-TCP scaffold, the bone cement bioink enabled the extrusion of regular filaments with a
diameter of approximately 450 pm. This resolution is essential in creating structures that closely
resemble the natural architecture of bone tissue®. Additionally, the ability to stack these filaments
vertically at the centimeter scale allowed us to generate 3D printed constructs with controlled
macroporosity and interconnected pores throughout the scaffold. These interconnected pores are
crucial for facilitating nutrient diffusion and cell migration within the scaffold, promoting better cell
proliferation and tissue regeneration. As for the Silk-methacrylate hydrogel scaffold, the key feature
resolution lies in the "crypts" designed on the scaffold's surface. With a dimension of 500 pm in
diameter, the printed crypts provided an optimal environment for cells to pack themselves inside. This
unique feature allowed for efficient chondrogenic differentiation, which is vital for cartilage
regeneration. The 3D bioprinting process, using the silk-methacrylate bioink, displayed excellent
resolution, enabling the creation of well-defined and stable crypt structures with good structural

integrity within the hydrogel scaffold.

The bone cement bioink demonstrated good shape fidelity, allowing for the deposition of filaments
with a resolution of approximately 350 um. This precision in filament deposition contributed to the
formation of 3D printed constructs with controlled macroporosity and regular filament deposition,
resulting in interconnected pores throughout the scaffold. For the Silk-methacrylate hydrogel scaffold,
achieving shape fidelity was enhanced by adjusting the silk solution to a higher concentration of 10%
w/v in the bioink formulation and incorporating LAP for photopolymerization. These adjustments

helped maintain the integrity of the crypt structures, allowing cells to efficiently pack themselves inside.
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The excellent shape fidelity of the printed crypts further supported their intended function of creating

a favorable microenvironment for chondrogenic differentiation.

The printability of the scaffolds is a critical factor in the 3D bioprinting process, ensuring that the
bioink can be accurately deposited and structured during printing. Both the Silk-TCP and Silk-
methacrylate hydrogel scaffolds exhibited good printability. The bone cement bioink used for the Silk-
TCP scaffold allowed for controlled extrusion of filaments with a diameter of ~450 pum, enabling
successful 3D printing of complex structures with controlled macroporosity. Similarly, the silk-
methacrylate bioink showed excellent printability, facilitating the precise deposition of crypts with a
dimension of 500 um in diameter within the hydrogel scaffold. The addition of LAP for
photopolymerization contributed to maintaining the shape of the crypts during the printing process,

ensuring the successful generation of 3D constructs with stable and well-defined crypt structures.

3.2 Mechanical Assessment

Uniaxial compression testing using an Instron compression machine is a critical mechanical testing
technique employed to evaluate the mechanical properties of the silk-based scaffold designed for bone
and cartilage regeneration. This testing is essential to determine whether the scaffold possesses the
appropriate mechanical characteristics required for integration and support in the subchondral bone
region. Uniaxial compression testing simulates the mechanical loading experienced by tissues in the
body, particularly in the subchondral bone region. By subjecting the scaffold to uniaxial compression
forces, researchers can assess its response to physiological loads and ascertain its ability to withstand

and distribute these forces appropriately.
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The mechanical properties of a scaffold are critical for successful tissue engineering applications.
Uniaxial compression testing allows for the quantification of key mechanical parameters, such as
compressive strength, elastic modulus, yield strength, and strain at failure. These parameters determine
the scaffold's ability to bear loads without deformation or failure and provide insights into its overall
structural integrity. In the context of bone and cartilage regeneration, the interface between the
scaffold and subchondral bone is of utmost importance. Uniaxial compression testing can evaluate
how well the scaffold integrates with the surrounding bone tissue and assess whether there are any

potential weak points or regions of detachment.

Uniaxial compression testing serves as a quality control measure for scaffold fabrication. It allows
researchers to compare mechanical properties across different batches of scaffolds and optimize the
material composition and fabrication process to meet the desired mechanical requirements for
subchondral bone support. The mechanical behavior of scaffolds can be further analyzed using
mathematical models. Uniaxial compression testing provides experimental data to validate and refine
these theoretical models, enhancing the accuracy of predictions related to scaffold behavior under

various loading conditions.

The mechanical assessment of silk-tricalcium phosphate scaffolds using the Instron compression
machine revealed distinct differences in mechanical properties between the dry and wet scaffold
conditions. For the dry scaffold, the elastic modulus was measured to be 379.7416 £ 73.1626 MPa,
indicating its high stiffness and ability to withstand deformation under compressive loads. The
compressive strength of the dry scaffold was found to be 6.8655 * 1.7380 MPa, indicating its robust
capacity to endure compressive forces without failure. In contrast, the wet scaffold exhibited

significantly reduced mechanical properties. The elastic modulus of the wet scaffold was measured at
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69.0460 * 34.8252 MPa, representing a substantial decrease compared to the dry scaffold. Similarly,
the compressive strength of the wet scaffold was measured at 1.7589 + 0.6919 MPa, highlighting its
compromised ability to bear compressive loads without failure when exposed to a wet environment,

such as in physiological conditions.
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Figure 1: Comparison of elastic modulus and compressive strenght between dry and wet scaffolds. Silk-TCP scaffolds were subjected
in uniaxial compression test under two conditions: dried construct (dry) and construct submerged in PBS for 1 hour prior to
compression test (wet).

The comparison of the mechanical properties of the silk-tricalcium phosphate scaffold to those of
subchondral bone is essential for assessing the scaffold's suitability for bone and cartilage regeneration.
In healthy subchondral bone, the elastic modulus can range from 200 to 800 MPa, while the
compressive strength typically falls within the range of 5 to 12 MPa. When comparing the dry
scaffold's elastic modulus (379.7416 * 73.1626 MPa) to the range of subchondral bone, it falls well
within the higher end of the spectrum, indicating promising mechanical similarity. Similarly, the
compressive strength of the dry scaffold (6.8655 * 1.7380 MPa) aligns well with the range of

subchondral bone, further supporting its potential as a suitable scaffold for bone regeneration.
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However, it is crucial to acknowledge that the wet scaffold's mechanical properties exhibit substantial
deviation from the properties of subchondral bone. The significantly lower elastic modulus and
compressive strength of the wet scaffold suggest that the presence of water could compromise its
mechanical integrity when implanted in the physiological environment. This emphasizes the
importance of considering the surrounding biological milieu during scaffold design and highlights the
need for strategies to enhance the scaffold's performance in a wet environment. Overall, the
mechanical assessment of the silk-tricalcium phosphate scaffold provides valuable insights into its
potential as a biomaterial for bone and cartilage regeneration. While the dry scaffold exhibits
promising mechanical properties comparable to subchondral bone, further investigation and
optimization ate required to enhance the scaffold's performance under wet conditions for successful

integration and support in the subchondral bone region.

3.3 Cytotoxicity

The assessment of cell viability and metabolic activity is crucial in determining the cytocompatibility
and potential cytotoxicity of biomaterials used for tissue engineering applications. In this study, we
employed the Alamar Blue assay as an evaluation method to assess the metabolic activity of cells
seeded onto silk-based scaffolds designed for bone and cartilage regeneration. The Alamar Blue assay
is a widely used and reliable approach for determining cell viability and cytotoxicity in tissue

engineering and biomedical research due to several key advantages*.

The Alamar Blue assay, also known as resazurin assay, is a colorimetric and fluorometric method based
on the reduction of non-toxic and water-soluble resazurin to the highly fluorescent resorufin by

metabolically active cells. The amount of resorufin formed is directly proportional to the number of
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viable cells present in the culture, making it a suitable indicator of cell viability and metabolic
activity™*. One of the major benefits of the Alamar Blue assay is its non-invasive and non-destructive
nature. This assay does not require cell fixation or lysis, allowing for longitudinal monitoring of the
same cell population over time. Thus, it enables the evaluation of cellular responses and metabolic
activity without perturbing the ongoing biological processes, providing a more accurate representation
of cell behavior on the silk-based scaffolds*. The Alamar Blue assay provides quantitative results,
allowing for direct comparisons between different experimental groups and replicates. Its robustness
and reproducibility make it a reliable tool for evaluating the effects of silk-based scaffolds on cell

viability and metabolic activity across multiple experiments®’.

3.3.1 Cytotoxicity of SilTCP Scaffold

The experimental results reveal dynamic changes in the metabolic activity of human mesenchymal
stem cells (hMSCs) under various culture conditions, particularly when cultured on a silk fibroin and
tricalcium phosphate scaffold. On Day 3, hMSCs on the scaffold (CGM, COM, and BMP) displayed
elevated metabolic activity compared to cells without scaffolds (PGM and POM). The scaffold likely
provided a supportive 3D microenvironment that facilitated cellular adhesion, migration, and
organization, contributing to increased metabolic activity and potential cell viability. Additionally, the
presence of specific growth or osteogenic media in conjunction with the scaffold further amplified
hMSCs' metabolic activity. Throughout the study, hMSCs cultured in osteogenic media (COM)
showed steady metabolic activity, indicating their potential for osteogenic differentiation. Notably, in
the BMP condition, metabolic activity fluctuations were observed on Day 14, potentially reflecting
transient cytotoxic effects initially, followed by successful osteogenic differentiation and tissue-

regenerative potential on Day 35.
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Figure 2: AlamarBlue histogram of hMSCs in different seeding conditions. AlamarBlue assay at days 3, 7, 14, 21, 28, and 35 shows
viability of hMSCs after seeding. Seeding conditions are done in cells without scaffolds in growth media (GM) or osteogenic media
(OM), cells with scaffolds in GM or OM, and cells with scaffolds encapsulating growth factor BMP-2.

The inclusion of scaffolds in the experimental design provided a crucial 3D microenvironment for the
hMSCs, enabling them to proliferate more extensively compared to 2D plastic surfaces. In 2D culture,
such as on standard plastic surfaces, cells adhere and spread, leading to contact inhibition where
neighboring cells restrict each other's growth. This phenomenon can limit cell proliferation and hinder
their full potential for expansion. However, the 3D architecture of the Silk-TCP scaffolds allowed
hMSCs to grow and multiply within the scaffold's interconnected pores, promoting cell-cell
interactions and facilitating nutrient exchange and waste removal. This favorable 3D
microenvironment likely mitigated contact inhibition, enabling hMSCs to proliferate more freely and
potentially enhancing their metabolic activity and cell viability. Moreover, the scaffold's structural
support mimics the native extracellular matrix, providing a biomimetic environment that can guide
cell behavior, including migration, differentiation, and tissue formation. As a result, the scaffolds not
only served as physical platforms for cell attachment but also played a vital role in promoting and

sustaining hMSC growth, highlighting their significance in tissue engineering applications.

35



Furthermore, the presence of growth media or osteogenic media, particularly in combination with the
scaffold, appeared to synergistically enhance the metabolic activity and cell viability of hMSCs. The
growth media provided essential nutrients and signaling molecules that fostered cellular proliferation
and, by extension, cell survival. The observed higher metabolic activity of hMSCs on the Silk-TCP
scaffold compared to the 2D plastic surfaces can be attributed to the scaffold's 3D architecture, which
enables cells to grow inside the scaffold structure. SEM images (Figure 3) provided visual evidence of
cells covering the entirety of the scaffold, suggesting that hMSCs indeed infiltrated the scaffold's
porous network. The 3D environment likely promoted more cell-cell interactions and facilitated
nutrient diffusion throughout the scaffold, enhancing the metabolic demands of the cells and
supporting their sustained growth. In contrast, the 2D plastic surfaces offered limited space for cell
expansion and did not provide the same level of interaction or nutrient exchange, leading to relatively
lower metabolic activity in these conditions.
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Figure 3: SEM images of silk-TCP scaffolds seeded with hMSCs after 7 days. 3 different construct conditions were imaged: (a) hMSCs-
seeded on constructs cultured in growth media, (b) hMSCs-seeded on constructs cultured in osteogenic media, and (c) hMSCs-seeded
on BMP-2 encapsulating constructs cultured in osteogenic media.
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Regarding the comparison between growth and osteogenic media, the lower metabolic activity
observed in the osteogenic media is consistent with the differentiation process occurring in this
condition. During osteogenic differentiation, cells shift from a highly proliferative state to a more
specialized and metabolically less active state associated with tissue formation. The induction of
specific signaling pathways in osteogenic media directs hMSCs towards osteogenic lineage
commitment, resulting in increased expression of markers associated with osteogenesis and decreased
cell proliferation. This process may explain the relatively lower metabolic activity observed in the
osteogenic media condition compared to growth media. Moreover, the observation is further
confirmed by later assessments, such as the alkaline phosphatase (ALP) assay, which is a well-
established marker for osteogenic differentiation. The ALP assay is expected to show higher activity
in the osteogenic media condition, corroborating the cellular commitment to osteogenic lineage and
validating the observed lower metabolic activity in this condition. These findings emphasize the
importance of the chosen culture media in modulating hMSC behavior and highlight the potential of
the Silk-T'CP scaffold as a supportive platform or cell growth and differentiation in tissue engineering

applications.

Initial observations of hMSC-seeded silk-T'CP constructs cultured in growth media revealed relatively
limited tissue growth when comparing SEM images taken at Day 7 and Day 35 (Figure 4). The cell
adhesion and spreading were evident on the surface of the constructs, suggesting a level of cellular
activity. However, the overall tissue formation appeared to be modest, indicating that the growth
media alone may not be sufficient to induce substantial tissue development over this time frame. In
contrast, when hMSC-seeded constructs were cultured in osteogenic media, discernible differences in
tissue growth were observed between the SEM images captured at Day 7 and Day 35 (Figure 5). The

images demonstrated an encouraging increase in cellularity and extracellular matrix deposition,
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suggesting a potential pro-differentiation effect of the osteogenic media. These findings align with
previous studies highlighting the crucial role of specific culture conditions in driving osteogenic

differentiation and matrix synthesis.
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Figure 5: Comparison of Day 7 and Day 35 SEM image of Silk-TCP constructs cultured in osteogenic media.
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Figure 6: Comparison of Day 7 and Day 35 SEM image of BMP-2 encapsulating Silk-TCP constructs cultured in osteogenic media.

Of particular interest was the condition where hMSCs were seeded on the scaffold encapsulating
BMP2 in osteogenic media (BMP). The data displayed intriguing fluctuations in metabolic activity,
which could be linked to the cytotoxic potential of BMP2. On Day 14, a notable decrease in metabolic
activity was observed, possibly indicating a transient cellular response to BMP2 stimulation and the
initiation of osteogenic differentiation. However, on Day 35, there was a substantial increase in
metabolic activity, suggesting successful osteogenic differentiation and enhanced bone matrix
synthesis. The cytotoxicity of BMP2 might have initially affected cell proliferation, but the observed
increase in metabolic activity on Day 35 could indicate that the cells adapted and survived the BMP2

exposure, leading to potential tissue-regenerating effects.

Additionally, remarkable tissue growth was evidenced when comparing SEM images taken at Day 7
and Day 35 (Figure 6). The images clearly exhibited a substantial increase in tissue volume, with
densely packed cells and a well-defined extracellular matrix. This striking enhancement in tissue
growth upon BMP2 encapsulation underscores the potent osteoinductive properties of BMP2 and its

ability to significantly promote cellular proliferation and differentiation. The surge in tissue growth

39



observed in the BMP2 constructs at Day 35 corresponds intriguingly with the sharp increase in
metabolic activity as measured by the alamar blue assay. This assay, which reflects the metabolic health
and proliferation of cells, showed a marked elevation in activity at Day 35, corroborating the SEM
findings. This alignment between SEM imaging and metabolic assays reinforces the notion that BMP2

plays a pivotal role in driving cellular processes towards robust tissue formation.

In conclusion, these findings suggest potential implications for cell viability and cytotoxicity. The
scaffold's role in promoting hMSCs' metabolic activity and cell survival, combined with the influences
of specific growth and osteogenic media, opens avenues for further investigation into the cytotoxic

effects of BMP2 and its potential tissue-regenerating for bone properties.

3.3.2 Cytotoxicity of SilMA Scaffold

In this experiment, we examined the metabolic activity of human mesenchymal stem cells (hMSCs)
under four distinct culture conditions: cells seeded in growth media without scaffold (PGM), cells
seeded in chondrogenic media without scaffold (PCM), cells seeded on a silk fibroin and methacrylate
scaffold in growth media (CGM), and cells seeded on the same scaffold in chondrogenic media (CCM).
The assessment of metabolic activity was conducted using fluorescence data, and measurements were
taken on days 5, 7, 14, 21, and 28 following seeding. The metabolic activity of hMSCs in PGM showed
a consistent upward trend over time, with the fluorescence data gradually increasing from day 5 to day
28 (Figure 7). In contrast, hMSCs cultured in chondrogenic media without the scaffold (PCM)
displayed a contrasting pattern, as their metabolic activity declined from day 5 to day 28. These
observations suggest that the presence of the silk fibroin and methacrylate scaffold in growth media
(CGM) had a positive influence on hMSCs' metabolic activity, as indicated by the continuous rise in

fluorescence values from day 5 to day 28. Interestingly, when hMSCs were cultured on the scaffold in
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chondrogenic media (CCM), their metabolic activity initially increased at day 5. However, this increase
was followed by a sharp decline, reaching a substantially lower value at day 28. This unique behavior
may indicate a complex interplay between the chondrogenic media and the scaffold, affecting the

metabolic activity and chondrogenic differentiation potential of the stem cells.

Metabolic Activity of Silk-MA Scaffold
I

2500 T T T T

I

2000

1500 [~ N

1000

Alamar Blue Intensity (a.u)

500 -

14 21 28
Day

Figure 7: AlamarBlue histogram of hMSCs in different seeding conditiAlamarBlue histogram of hMSCs in different seeding conditions.
AlamarBlue assay at days 3, 7, 14, 21,, and 28 shows viability of hMSCs after seeding. Seeding conditions are done in cells without
scaffolds in growth media (GM) or chondrogenic media (CM), and cells with scaffolds in GM or CM.

The investigation of hMSCs cultured on silk-methacrylate hydrogels for cartilage regeneration revealed
intriguing dynamics in cellular metabolic activity under various culture conditions. The presence of
the silk fibroin and methacrylate scaffold exerted a significant influence on the metabolic behavior of
hMSCs in comparison to cells cultured without the scaffold (PGM). Scanning electron microscopy
(SEM) images provided visual evidence of hMSCs fully covering the surface of the scaffold, validating
the 3D microenvironment that facilitated cellular interactions and cell-to-scaffold attachment. In the
absence of the scaffold, hMSCs cultured in growth media (PGM) demonstrated a gradual increase in

metabolic activity over time, indicating their capacity for proliferation and metabolic functions within
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the standard two-dimensional culture environment. However, the introduction of the silk-
methacrylate hydrogel scaffold led to a notable enhancement in hMSCs' metabolic activity throughout
the experiment. This observation suggests that the 3D scaffold provided a biomimetic environment
more closely resembling the native tissue architecture, favorably impacting cellular adhesion,
migration, and organization. Consequently, the scaffold-supported 3D microenvironment likely

promoted heightened metabolic activity and enhanced cell viability.

SEM Day 7

ENT= 500KV Sigat A« SE1 Date 30 Mar 2023 Date 30 Mar 2023
WD 155 mm Photo No.= 12999 Time 182133 - - Time 185601

T

T 800V Sigraf A= SE1 Date 30 Mor 2023 Signat A= SE1 Date 30 Mar 2023

WD« 155 mm Phato No.= 13004 Time :18:59.05 Photo No.= 13001 Time :18:50:15

Figure 8: SEM images of hMSCs seeded on SilIMA scaffolds for seven days. Two construct conditions were imaged: cells seeded on
constructs cultured in chondrogenic media and cell seeded on constructs cultured in growth media.

Furthermore, the combination of the scaffold with chondrogenic media (CCM) resulted in an initial
surge in metabolic activity on day 5, followed by a subsequent sharp decline by day 28. This fluctuation
in metabolic behavior hints at intricate interactions between the chondrogenic media and the scaffold.
Chondrogenic media is tailored to induce the differentiation of hMSCs towards a chondrogenic
lineage, and the scaffold's presence may have influenced this process. The initial increase in metabolic

activity could be attributed to early chondrogenic differentiation processes or transient cytotoxic
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effects associated with the induction of differentiation. However, the subsequent decline may indicate
a transition towards chondrogenic differentiation, where cellular metabolic demands may have shifted

from proliferation to the synthesis of the extracellular matrix, a hallmark of cartilage tissue formation.
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Figure 9: Comparison of Day 7 and Day 35 SEM image of SilMA constructs cultured in growth media.

The incorporation of crypt-like microarchitectures within the hydrogel constructs establishes unique
niches for cellular habitation, thereby potentially fostering chondrogenesis. Notably, the SEM imaging
data unearth the presence of distinctive chondrocyte nodules, amplifying the narrative of cellular
responses under diverse culture conditions and architectural cues (Figure 8). Preliminary analysis of
silk-methacrylate hydrogel constructs, subjected to growth media, unveils intriguing nuances in the
form of morphological transformations, as discerned from SEM images taken at Day 7 and Day 28
(Figure 9). Notably, regions within the hydrogel endowed with crypts manifest tangible tissue growth
and morphogenesis over this interval. These crypts, designed as microarchitectural recesses to foster
cellular clustering and congregation, elicit a conducive environment for cellular adhesion and

proliferation. Remarkably, the presence of discernible chondrocyte nodules within these areas further
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amplifies the proposition that crypts play an instrumental role in facilitating cellular aggregation and

possibly instigating chondrogenic differentiation.
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Figure 10: Comparison of Day 7 and Day 35 SEM image of SiIMA constructs cultured in chondrogenic media.

Heightened cellular responses manifest when hMSC-seeded constructs are nurtured within a
chondrogenic media milieu. Comparative SEM visualization of Day 7 and Day 28 (Figure 10)
corroborates a pronounced augmentation in tissue growth, corroborating the potent influence of
chondrogenic media on steering cellular dynamics. The constructs vividly exhibit an intricate network
of cellular interactions, exemplified by amplified cellularity and augmented extracellular matrix
deposition. These morphological cues collectively hint at the orchestrated execution of chondrogenic
events, thereby priming hMSCs for potential differentiation along the chondrogenic lineage. A
compelling correspondence emerges between the SEM observations and the AlamarBlue assay results,
particulatly in the context of chondrogenic media. The reduction in metabolic activity, as evidenced
by the AlamarBlue assay at Day 28, aligns with the escalated tissue growth evidenced by SEM imaging.
This intriguing congruence implies that the diminishing metabolic activity potentially signifies the

onset of chondrogenic differentiation.
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The findings are able to provide examples highlighting the vital role of the silk-methacrylate hydrogel
scaffold in modulating the metabolic activity of hMSCs and its impact on cell viability. The scaffold's
3D microenvironment appears to positively influence cellular responses, while the interplay with
specific growth or differentiation media further shapes metabolic behavior. The SEM images depicting
cells fully covering the scaffold surface provide visual evidence of the scaffold's supportive effect. This
study contributes valuable insights to our understanding of how biomaterial scaffolds can guide stem
cell behavior for cartilage regeneration, and further investigations into the underlying mechanisms will
be pivotal for refining scaffold design and optimizing culture conditions in pursuit of desirable tissue

engineering outcomes.

3.4 Osteoconductivity

Osteoblast differentiation plays a crucial role in bone tissue engineering and regeneration. hMSCs have
the capacity to differentiate into osteoblasts, which are responsible for synthesizing and depositing the
bone matrix*. Evaluating osteoblast differentiation is essential to assess the osteogenic potential of
biomaterials and tissue-engineered constructs intended for bone regeneration. One of the key methods

used to evaluate early osteoblastic differentiation is the Alkaline Phosphatase (ALP) assay™.

Alkaline phosphatase is an enzyme that plays a pivotal role in the early stages of osteoblast
differentiation. As hMSCs commit to the osteogenic lineage, they upregulate ALP expression. ALP is
involved in the mineralization process by catalyzing the hydrolysis of organic phosphate esters, which
is crucial for the formation of mineralized bone tissue®. Therefore, measuring ALP activity is a
valuable indicator of osteoblast differentiation and early osteogenic activity in hMSCs. The ALP assay

50

provides a quantitative assessment of early osteoblast differentiation™. By measuring the enzymatic

activity of ALP, researchers can obtain valuable information about the extent of osteogenic
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differentiation in response to specific biomaterials or growth factors. This allows for a direct

comparison of the osteogenic potential of different scaffold materials and modifications.

The ALP assay was performed to evaluate the ALP content in hMSCs-seeded silk-TCP scaffolds after
21 days of culture under different conditions. The experimental conditions included cells seeded on
the scaffold in growth media (CGM), cells seeded on the scaffold in osteogenic media (COM), and

cells seeded on the scaffold encapsulating BMP2 in osteogenic media (BMP2).

3.4.1 Unnormalized Alkaline Phosphatase Enzyme Activity

The unnormalized ALP results revealed distinct differences among the experimental conditions. The
ALP content in the COM condition (2.296 £ 0.283) was significantly higher than that in the CGM
condition (0.656 £ 0.072). This finding indicates that the use of osteogenic media promoted the
osteogenic differentiation of hMSCs within the silk-TCP scaffold. The significantly higher ALP
content in the COM condition compared to the CGM condition suggests that the osteogenic media
played a pivotal role in promoting the osteogenic differentiation of hMSCs within the silk-TCP
scaffold. The osteogenic media likely provided essential factors and cues that triggered the expression
of ALP and subsequently accelerated the early stages of bone formation. This observation is consistent
with previous studies that demonstrated the osteoinductive properties of specific growth factors and

supplements present in osteogenic media.
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Figure 11: Histogram displaying unnormalized alkaline phosphatase (ALP) enzyme activity in the three different conditions after 21
days of seeding: Silk-TCP constructs cultured in growth media, Silk-TCP constructs cultured in osteogenic media, and Silk-TCP
constructs encapsulating BMP-2 cultured in osteogenic media.

Moreover, the addition of BMP2 to the osteogenic media also led to increased ALP expression in the
BMP2 condition (1.731 £ 0.283), compared to the CGM condition. The incorporation of BMP2 into
the osteogenic media resulted in an increase in ALP expression when compared to the CGM
condition, indicating its osteoinductive potential. BMP2 is known for its potent osteoinductive
properties and ability to initiate bone regeneration. However, the ALP levels in the BMP2 condition
did not surpass those observed in the COM condition. This observation suggests that the effect of
BMP2 on ALP expression in the silk-TCP scaffold may be context-dependent and requires further
investigation.

3.4.2 Normalized Alkaline Phosphatase Enzyme Activity

To account for variations in cell number among different conditions, the ALP results were normalized

to BCA (bicinchoninic acid) assay results. The normalization of ALP results to BCA assay values
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facilitated a per-cell assessment of ALP expression, effectively addressing variations in cell number
among conditions. Remarkably, this normalization provided an intriguing insight into the BMP2
condition. While the raw ALP values in the BMP2 condition were not the highest among the
experimental groups, the normalized ALP values after BCA normalization revealed an expected and
notable increase. Both the COM and BMP2 conditions displayed augmented normalized ALP levels
in comparison to the CGM condition. This outcome implies that the presence of osteogenic media
and the incorporation of BMP2 played instrumental roles in fostering heightened ALP expression per
cell. This augmentation in ALP expression aligns with the established understanding of osteogenic

differentiation, where increased ALP activity signifies the initiation of bone formation.
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Figure 12: Histogram displaying normalized alkaline phosphatase (ALP) enzyme activity in the three different conditions after 21
days of seeding: Silk-TCP constructs cultured in growth media, Silk-TCP constructs cultured in osteogenic media, and Silk-TCP
constructs encapsulating BMP-2 cultured in osteogenic media.

The ALP assay results collectively confirm the osteoconductivity of the silk-TCP scaffold.

Osteoconductivity refers to a scaffold's ability to provide a supportive environment that encourages
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cell proliferation and differentiation toward bone regeneration. The higher ALP expression in both
the COM and BMP2 conditions compared to the CGM condition indicates that the scaffold promoted
the osteogenic differentiation of hMSCs. However, it is crucial to note that ALP is an early marker of
osteogenic differentiation, and the assessment of later-stage markers and in vivo studies will be

necessary to fully ascertain the scaffold's bone-regenerating capacity.

3.5 Chondroconductivity

Alcian Blue staining is a valuable histological technique used to evaluate chondroblast hMSCs.
Chondroblasts are precursor cells that differentiate into chondrocytes, which are responsible for the
production and maintenance of the cartilaginous extracellular matrix. Alcian Blue staining is well-

suited for assessing chondrogenic differentiation due to the following reasons:

Alcian Blue is a cationic dye that selectively binds to anionic sites in proteoglycans, which are major
components of the cartilage matrix. During chondrogenic differentiation, hMSCs produce an
increased amount of proteoglycans as they transform into chondroblasts and subsequently into mature
chondrocytes. Alcian Blue staining allows for the specific visualization and quantification of these
newly synthesized proteoglycans, providing direct evidence of successful chondrogenic

differentiation’.

The extracellular matrix of cartilage is rich in proteoglycans and glycosaminoglycans (GAGs), and
Alcian Blue staining detects these components effectively. When chondroblasts differentiate into
chondrocytes and form cartilage-like tissue, the staining enables the visualization of cartilaginous
structures and the assessment of their abundance and distribution. Alcian Blue staining can provide a

semi-quantitative assessment of the extent of chondrogenic differentiation. The intensity of the
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staining can be used as an indicator of the amount of proteoglycans present, allowing for comparisons
between different experimental conditions or treatment groups. In combination with gene expression
analyses (e.g., qPCR), Alcian Blue staining provides a comprehensive evaluation of chondrogenic
differentiation. While gene expression analysis reveals changes at the molecular level, Alcian Blue
staining allows for observation of the formation of cartilaginous tissue and the accumulation of

proteoglycans, providing a functional validation of chondroblast differentiation™.

3.5.1 Alcian Blain Staining
Due to time limitations, final confocal imagings of the constructs were not obtained before the

deadline. However, the possible results can be discussed:

Chondrogenic nodules are three-dimensional aggregates of chondrocyte-like cells that form in
response to chondrogenic induction. These nodules represent a fundamental step in the process of
chondrogenic differentiation. The formation of chondrogenic nodules is orchestrated by the
upregulation of chondrogenic transcription factors, such as Sox9, which initiate the expression of
cartilage-specific matrix proteins. Under chondrogenic conditions, hMSCs undergo condensation, a
critical event where cells migrate and aggregate, eventually leading to the development of nodular
structures. Confocal microscopy allows for the visualization of these nodules in high resolution,
enabling the assessment of their size, shape, and spatial distribution. The presence of well-defined
chondrogenic nodules within the hydrogel films provides direct evidence of successful chondrogenic

differentiation and the commitment of hMSCs towards a cartilage-like fate.

Cellular morphology plays a pivotal role in indicating the stage of chondrogenic differentiation.

Chondrocyte-like cells exhibit a characteristic rounded and clustered morphology, signifying their
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transition towards a cartilage-specific phenotype. This change in cellular shape is underpinned by the
reorganization of the actin cytoskeleton and the upregulation of cytoskeletal regulators. Additionally,
the visualization of ECM components, such as proteoglycans and collagen, through confocal
microscopy provides insights into the synthesis and deposition of cartilage-specific matrix. The
increased fluorescence intensity corresponding to these matrix molecules reflects enhanced
chondrogenesis, as chondrocytes are known to produce abundant proteoglycans, which contribute to
the compressive resistance of cartilage tissue. The observed changes in cellular morphology and ECM
deposition together demonstrate the cellular response to chondrogenic cues and the establishment of

a cartilage-like microenvironment™.

Alcian Blue staining exploits the anionic nature of proteoglycans in the cartilage matrix. The dye binds
to sulfate and carboxyl groups present in these molecules, resulting in a blue coloration that is
indicative of proteoglycan accumulation. Chondrogenic differentiation involves the expression of
various proteoglycans, such as aggrecan, versican, and decorin. Under chondrogenic conditions, the
upregulated expression of these proteoglycans leads to a higher density of sulfated glycosaminoglycans
in the cartilage matrix. Confocal microscopy enables the visualization of the spatial distribution of
Alcian Blue-stained proteoglycans within the hydrogel films. A more intense blue coloration indicates
an increased presence of proteoglycans, underscoring successful chondrogenic differentiation and the

maturation of the cartilage-like matrix™.

Confocal microscopy provides a non-invasive means of assessing cell viability and spatial organization
within hydrogel cultures. Viability markers such as calcein-AM and ethidium homodimer-1 allow
discrimination between live and dead cells. The evaluation of cell viability under different culture

conditions sheds light on the impact of growth and chondrogenic media on cell health and survival.
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Moreover, the spatial organization of cells offers insights into their ability to self-organize and form
tissue-like structures. Chondrogenically differentiated cells tend to exhibit a higher degree of
organization, with cells clustering together to form nodular structures. This organization is driven by
cell-cell adhesion molecules, such as N-cadherin, which mediate cell aggregation and promote the
development of cartilage-like tissue microenvironments™. Observations of viable, organized cell
clusters provide evidence of successful chondrogenic differentiation and the potential for tissue

formation.

Quantitative analysis of confocal microscopy images enables the objective assessment of
chondrogenic differentiation outcomes. Through image processing and analysis, parameters such as
nodule area, fluorescence intensity, and cell cluster density can be measured. These quantifiable
metrics serve as surrogate indicators of chondrogenic differentiation efficiency. For example, a larger
nodule area corresponds to a higher number of differentiated chondrocyte-like cells. Similarly,
increased fluorescence intensity from Alcian Blue staining signifies elevated proteoglycan content™.
By comparing these metrics between growth media and chondrogenic media conditions, statistical
significance can be determined, providing robust evidence for the enhanced chondrogenesis induced

by the chondrogenic media.

Confocal microscopy can be extended to assess potential multilineage differentiation of hMSCs within
the hydrogel films. Fluorescent markers specific to osteogenic or adipogenic differentiation can be
employed to detect the presence of mineralized matrix or lipid droplets, respectively. The co-
differentiation of hMSCs into multiple lineages indicates the plasticity and potency of these cells. The
distinct fluorescent signals corresponding to different lineages provide direct evidence of multipotent

differentiation capacity’’. This observation aligns with the well-established characteristics of hMSCs,
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which possess the ability to undergo lineage commitment under appropriate culture conditions. The
presence of multiple lineages within the hydrogel films enhances the versatility and potential

applicability of the chondrogenic differentiation model.

3.6 qPCR
qPCR (quantitative polymerase chain reaction) is a powerful molecular biology technique used to
quantify gene expression levels, making it an important tool for evaluating osteoblast differentiation

and chondrogenic differentiation in human mesenchymal stem cells (hMSCs)™.

Gene Expression Profiling: qPCR allows for the quantitative measurement of gene expression levels.
During osteoblast differentiation, specific genes associated with osteogenesis are upregulated, such as
RUNX2 (Runt-related transcription factor 2), ALP (Alkaline Phosphatase), and OCN (Osteocalcin).
Similarly, during chondrogenic differentiation, genes like SOX9 (SRY-Box Transcription Factor 9),
COL2A1 (Collagen Type II Alpha 1 Chain), and ACAN (Aggrecan) are upregulated™”. By analyzing
the expression of these key marker genes, researchers can gain insights into the differentiation status

and efficiency of hMSCs into osteoblasts and chondrocytes.

qPCR allows for longitudinal assessments of gene expression changes during differentiation. This
dynamic evaluation provides a comprehensive understanding of the temporal regulation of genes
involved in the osteoblast and chondrocyte differentiation pathways. Researchers can monitor the
progression of differentiation over time, helping to optimize differentiation protocols and identify
critical time points for specific differentiation stages. qPCR facilitates the simultaneous analysis of

multiple target genes in a single reaction, enabling the assessment of a panel of osteogenic or
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chondrogenic markers simultaneously”. This multiplexing capability increases experimental efficiency

and reduces sample consumption while providing a comprehensive view of the differentiation process.

qPCR is highly sensitive, allowing the detection of low-abundance transcripts, which is particularly
useful during early stages of differentiation. Additionally, qPCR is specific, distinguishing closely
related gene family members, providing accurate information about the expression of specific genes

associated with osteoblast and chondrocyte differentiation®®

. qPCR compliments previously
discussed assays like the ALP assayfor osteoblast differentiation or Alcian Blue staining for

chondrogenic differentiation®, Integrating qPCR data with other functional assays enhances the

overall characterization of hMSC differentiation.

However, our study’s qPCR results were unable to be obtained due to difficulties in extracting
mRNA from scaffolds seeded with hMSCs. During the extraction process, the nucleic acid
concentration was found to be less than 10 ng/pL which is determined unusuble for gPCR. Multiple
experiment were run (Table 2) to ensure that the protocol was being followed thoroughly where a
control of only hMSCs and hMSCs seeded on scaffolds were cultured on a 24-well plate to verify
whether the extraction process is correct or not. It was found that scaffold-less samples had nucleic
acid concentration of over 200 ng/pL whereas scaffold samples still remain below 10 ng/pL.
Multiple extractions were employed in replications (n = 3) to find the most optimal method in
mRNA extraction as seen in the table below. 260/280 Ratio was recorded and averaged across n = 3

to verify purity of the extracted mRNA.
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Table 2: Protocols and variations used for mRNA extraction of silk-TCP constructs.

Protocol Nucleic Acid Conc. 260/280 Ratio
Original Qiagen Protocol (P) <10 ng/pL ~1.83
P + Triton X-100 <10 ng/pL ~1.95
P + Trypsin <10 ng/pL ~2.06
P + Triton X-100 + Trypsin <10 ng/pL ~1.89
P + Freeze-Thaw <10 ng/pL ~1.87
P + 40 um Cell Strainer <10 ng/pL. ~2.00

The results of the mRNA extraction for the hMSCs cultured on the silk-tricalcium phosphate (TCP)
scaffold have raised some intriguing questions and challenges in our research. The unexpectedly low
nucleic acid concentration from the scaffold samples, while the non-scaffold samples exhibited the
expected levels of nucleic acid, necessitates an in-depth investigation into the potential reasons behind
this disparity. In this discussion, we will explore the proposed hypothesis regarding the influence of
TCP particles on mRNA extraction, along with other possible explanations for the observed low

nucleic acid concentrations.

3.6.1: The Influence of TCP Particles on mRNA Extraction

TCP particles in the scaffold sample interfered with mRNA extraction and resulted in low nucleic acid
concentration appears to be plausible. It is well known that nucleic acids have a negative charge due
to the phosphate groups in their backbone. On the other hand, TCP particles typically possess positive
charges on their surface due to the calcium ions present. This electrostatic attraction between the
negatively charged mRNA molecules and positively charged TCP particles could lead to adsorption

of the mRNA to the TCP particles during the extraction process. When we subsequently remove the
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TCP particles from the sample, it is likely that the mRNA molecules remain bound to the TCP, leading
to a loss of nucleic acid material during the extraction process. Consequently, this could explain the
significantly lower nucleic acid concentrations observed in the scaffold samples, rendering them

unusable for downstream applications like qPCR and thermal cycling.

3.6.2 Differentiation of hMSCs into Osteoblasts

Itis well-established that hMSCs possess the capability to differentiate into various cell types, including
osteoblasts, which are responsible for bone formation. The unique microenvironment provided by
the silk-T'CP scaffold may have influenced the hMSCs to undergo osteogenic differentiation, leading
to changes in their gene expression profiles. As hMSCs differentiate into osteoblasts, the expression
of specific genes associated with the differentiation process may increase, while the expression of
other genes may decrease. Consequently, the overall mRNA pool available for extraction could be
altered, resulting in reduced nucleic acid concentrations. If hMSCs undergo significant osteogenic
differentiation on the scaffold, it is plausible that they become more embedded within the scaffold's
structure, making them harder to extract during the conventional mRNA extraction process.
Additionally, the presence of differentiating cells might contribute to the increased ECM formation,

further complicating mRNA extraction by sequestering mRNA molecules within the ECM.

3.6.3 Formation of a Strong ECM due to Calcification

The process of calcification involves the deposition of calcium salts in the ECM, resulting in the
formation of a hardened tissue structure. In the context of our silk-TCP scaffold, it is possible that
the hMSCs underwent calcification, leading to the generation of a strong ECM. This highly calcified
ECM could act as a physical barrier that hinders the efficient release of mRNA molecules during the

mRNA extraction process. The increased stiffness and resistance of the ECM may require more

56



rigorous decellularization methods to break down the ECM and liberate the mRNA molecules,
potentially leading to lower nucleic acid yields. Moreover, the calcified ECM might also interact with

the mRNA molecules, reducing their accessibility during extraction.
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Future Works and Application

To overcome the challenges faced in the SiIMA hydrogel, further optimization of the silk-methacrylate
bioink formulation and printing parameters is essential to successfully bioprint the scaffold®.
Additionally, investigating alternative cross-linking methods to improve the mechanical properties of
the scaffold would be beneficial®®. To promote chondrogenic differentiation, other chondrogenic
growth factors like BMP7 or IGF-1 could be explored in addition to TGF Beta 1. Combinatorial
growth factor functionalization may also be investigated to enhance the chondrogenic potential of the

silk-methacrylate scaffold”’.

The AlamarBlue assay has proven valuable in assessing cellular metabolic activity through its redox-
based mechanism, shedding light on the overall metabolic health of cells cultured on silk-based
scaffolds. However, the complexity of cellular metabolism extends beyond simple redox reactions,
necessitating the integration of additional assays to capture a more complete picture of metabolic
dynamics®. By combining the AlamarBlue assay with Seahorse Extracellular Flux Analysis and Gas
Chromatography-Mass Spectrometry (GC-MS), we can bridge the gaps in metabolic assessment and
gain a deeper understanding of the energy production, nutrient utilization, and metabolic adaptations

within the scaffold-encapsulated cells.

The Seahorse Extracellular Flux Analysis serves as a pivotal complement to the AlamarBlue assay by
offering real-time insights into cellular respiration and glycolysis. While AlamarBlue measures overall
metabolic activity, it does not differentiate between different energy-generation pathways®. The
Seahorse assay directly addresses this limitation. By measuring the oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR), Seahorse analysis unveils the cells' reliance on oxidative
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phosphorylation and glycolysis for ATP production™. This provides critical information on how cells
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adapt their energy-generation strategies in response to specific conditions or differentiation cues, a

level of detail that AlamarBlue cannot attain.

To further enhance our understanding of cellular metabolism, GC-MS is employed to analyze the
metabolome of cells cultured on silk-based scaffolds. While AlamarBlue offers a global assessment of
cellular metabolic activity, it lacks the ability to identify specific metabolites and pathways. GC-MS
steps in to bridge this gap by providing a comprehensive metabolic fingerprint. By quantifying
metabolites involved in glycolysis, the citric acid cycle, fatty acid metabolism, and other pathways, GC-
MS offers insight into alterations in cellular energy production, nutrient utilization, and waste
elimination”. This detailed metabolomic analysis allows us to uncover metabolic shifts that might be

missed by the broader scope of AlamarBlue.

Before integrating the two scaffold types, it is crucial to evaluate their compatibility and mechanical
interaction at the interface. Co-culture studies with osteogenic and chondrogenic cells in a bilayer
format can be employed to assess cell behavior at the boundary regions. Advanced imaging techniques
such as micro-computed tomography (micro-CT) and confocal microscopy should be used to visualize
the microarchitecture of the interface and monitor cell distribution and migration across the

boundary™.

ELISA can be utilized to quantify the release of BMP2 and TGF Beta 1 over time from the respective
functionalized scaffolds. By studying the growth factor release kinetics, it would be possible to
optimize the scaffold design and growth factor loading for sustained and controlled release.

Furthermore, other relevant growth factors (e.g., BMP7, IGF-1) and cytokines involved in bone and
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cartilage regeneration can be measured using ELISA to obtain a comprehensive understanding of the

growth factor profile within the construct’.

Comprehensive biomechanical testing is essential to assess the mechanical properties of the combined
scaffold construct. Uniaxial and biaxial mechanical testing can provide valuable data on the scaffold's
stiffness, strength, and resilience. Mechanical stimulation studies, such as cyclic compression or shear
loading, can be conducted to investigate the scaffold's response to physiological mechanical forces

and to promote tissue maturation and integration".

The ultimate validation of the silk-based scaffold's regenerative potential lies in preclinical in vivo
studies. Implantation of the 3D bioprinted scaffold in animal models, such as rats or rabbits, can
provide insights into its biocompatibility, tissue integration, and regenerative capacity. Long-term in
vivo studies will be necessary to assess the scaffold's ability to support tissue growth and integration

over extended periods75.

To enhance the clinical applicability of this approach, patient-specific constructs can be developed
based on medical imaging data (e.g., CT or MRI). Advanced computational modeling and image
processing techniques can aid in the design and fabrication of customized scaffolds that precisely
match the patient's defect size and shape™. Considering the complex immune responses involved in
tissue regeneration, exploring immunomodulatory strategies to minimize inflammation and promote
constructive tissue remodeling should be considered. Incorporating immunomodulatory agents, such
as anti-inflammatory cytokines or immunosuppressive drugs, into the scaffold design may facilitate a

more favorable regenerative environment’’.
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The research on 3D bioprinting silk-based scaffolds for bone and cartilage regeneration holds
promising applications in various fields. Firstly, it has significant potential in tissue engineering and
regenerative medicine, offering innovative solutions to repair and regenerate damaged bone and
cartilage tissues in patients with osteochondral defects due to trauma or degenerative diseases like
osteoarthritis. The ability to create patient-specific constructs based on medical imaging data enables
personalized medicine approaches, ensuring better tissue integration and functional recovery for

individual patients%.

Secondly, the silk-based 3D bioprinted scaffolds serve as valuable platforms for drug screening and
testing, allowing researchers to study the efficacy and safety of various therapeutic agents for bone
and cartilage-related disorders. Preclinical in vivo studies using animal models provide crucial insights
into the biocompatibility and regenerative capacity of the scaffolds, paving the way for potential
translation to human clinical trials. Additionally, these scaffolds can be used as biomimetic in vitro

models to study tissue development, disease progtession, and potential therapeutic interventions’.
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Conclusion

In this investigation, silk-based 3D bioprinted scaffolds were thoroughly characterized and evaluated
for their potential in bone and cartilage regeneration, holding significant promise for tissue engineering
applications. Through materials characterization, mechanical assessment, cytotoxicity studies, and
osteoconductivity evaluations, important insights were gained into the biomaterial properties and

regenerative potential of the scaffolds.

The materials characterization revealed the composition, microstructure, and porosity of the silk-
tricalcium phosphate (TCP) and silk-methacrylate (MA) scaffolds, confirming their biocompatibility
and structural integrity. Mechanical assessment under dry and wet conditions unveiled the influence
of water on the mechanical properties of silk-TCP scaffolds, highlighting the importance of
considering environmental factors in evaluating scaffold performance. Cytotoxicity studies
demonstrated the biocompatibility of the silk-TCP scaffold, as evidenced by elevated metabolic
activity and potential cell viability of human mesenchymal stem cells (hMSCs) cultured on the scaffold.
Furthermore, the osteoconductivity evaluation revealed the scaffold's ability to support hMSCs'
osteogenic differentiation, with osteogenic media significantly enhancing alkaline phosphatase (ALP)
expression. The observed cytotoxic effects of bone morphogenetic protein 2 (BMP2) on hMSCs were

transient, followed by successful osteogenic differentiation and tissue-regenerative potential.

However, the qPCR results encountered challenges in mRNA extraction from the scaffold-seeded
hMSCs, possibly attributable to interactions between TCP particles and mRNA molecules or
alterations in gene expression profiles during differentiation. These findings warrant further
investigation to optimize mRNA extraction protocols and comprehend the scaffold's impact on gene

regulation during cellular differentiation.
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In summary, the present study underscores the immense potential of silk-based 3D bioprinted
scaffolds in the realm of bone and cartilage regeneration for tissue engineering and regenerative
medicine. The scaffolds' capacity to promote cell viability, osteogenic and chondrogenic
differentiation, and personalized medicine through patient-specific constructs presents novel
opportunities for therapeutic interventions. Nonetheless, addressing the existing challenges and
refining scaffold design are imperative to fully harness their regenerative capacity and advance clinical

applications for patients afflicted with bone and cartilage-related pathologies.
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