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Introduction Chapter 1

Introduction and Literature Review

1.1 Introduction
1.1.1 The structure

The osteochondral unit is present in the articulating joints and consists majorly of articular
cartilage and a subchondral bone. The articular cartilage is hyaline cartilage, 2-4 mm thick,
avascular, alymphatic, and aneural tissue with a dense extracellular matrix (ECM) and sparsely
distributed chondrocytes which constitute around 2% of the total cartilage volume [1]. The
osteochondral tissue possesses a discrete zonal structure where each zone has a unique ECM
composition, collagen fiber orientation, and chondrocyte number, and morphology [2]. These
zones arranged from the articulating cartilage surface to the inner bone are termed: the superficial
zone (SZ), middle zone (MZ), deep zone (DZ), a tidemark, calcified zone (CZ), and finally the
subchondral bone section separated by the cement line [3], as shown in Figure 1.1. The unique
zonal arrangement specifically modulates the functioning of the osteochondral tissue. The topmost
SZ (10-20%) has collagen fibrils aligned parallel to the articular surface and consists of squamous
chondrocytes. The thin and densely packed collagen fibrils of this layer provide strength and
resistance to shear through articulation and control fluid permeability. The MZ (40-60%) has the
highest proteoglycan content with obliquely arranged collagen fibers and rounded chondrocytes.
The DZ (30%) has collagen fibrils that are organized perpendicular to the articular surface and
have vertical columns of chondrocytes. These collagen fibrils strengthen the bonding between
cartilage and bone. The next layer is CZ which is separated from the DZ by a discrete band of
mineralized cartilage called the “tidemark”. The CZ is the point of transition from the soft cartilage
to the stiff subchondral bone and functionally cements the non-calcified cartilage to bone.
Chondrocytes present here are bigger and more widely dispersed with an increased tendency
towards hypertrophy. The vertical collagen fibrils that extend from the DZ to the calcified cartilage
via the tidemark play a crucial role in transitioning mechanical forces and providing mechanical
stability to the tissue [1]. Directly underneath the CZ lies a subchondral bone plate consisting of a
bony lamella (cortical endplate, 1-3 mm thick), which is separated by a “cement line” from the
calcified cartilage. Along with the trabeculae and subarticular spongiosa, they form the

subchondral bone unit [4].
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Figure 1.1. Schematic representation of osteochondral tissue structure. SZ, superficial zone; MZ,
middle zone; DZ, deep zone; CZ, calcified zone; SB, subchondral bone plate; and TB, subchondral
trabecular bone.

The osteochondral tissue has unique biomechanical properties owing to its unique structure [3],
where the articular cartilage is made up of ECM (95%-99% total volume, 80% water, and 20%
solid contents), majorly composed of collagen and proteoglycans. Among the collagens, type 1l
collagen is predominant in articular cartilage, where it accounts for approximately 90% of the total
collagen [5]. Collagen fibers are arranged in a hierarchical manner formed due to the assembly of
procollagen monomers resulting in fibrils [6] with an anisotropic depth-dependent arcade-like
organization. The fibers are organized parallelly and densely packed at the superficial zone while
perpendicular at the deep regions with considerably more isotropically organized small fibers in
the middle zones. Additionally, the fiber diameter also increases with depth with ~ 20-50 nm in
the superficial zone and ~ 110 nm in the deep zones [7]. Other collagens are found in lower

quantities, such as type I (mainly found in fibrocartilaginous tissue) present in the superficial zone,
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while type 1X, and type XI help in the crosslinking between fibrils, and communication with other
biological molecules [5]. Collagen X is another crucial component present in the deep and calcified
zones and involved in the mineralization procedure in the osteochondral tissue [8]. This variation
in the structure, organization and collagen type in the osteochondral unit is responsible for the
innate mechanical strength of the tissue giving it load-bearing capabilities. Proteoglycans
(mucoproteins) are other major ECM components of the articular cartilage, composed of a core
protein and covalently attached glycosaminoglycans (GAGs). GAGs are highly negatively charged
linear polysaccharides with building blocks (disaccharides) involving an amino sugar (either N-
Acetylglucosamine or N-Acetylgalactosamine) and a uronic acid (glucuronic acid and iduronic
acid) [9]. The amount of proteoglycans and GAGs varies with depth in articular cartilage with the
maximum presence in the middle zone [10]. Aggrecan is a key proteoglycan attached to GAGs,
keratan sulphate, and chondroitin sulphate. These bind to hyaluronic acid (HA) backbone to form
negatively charged aggrecan-hyaluronan aggregates which cause an osmotic pressure, the Donnan
effect, created as water is entrapped inside causing swelling [11]. This causes high tensile stress
on the neighboring collagen network due to the turgidity and the structural detention provided by
the collagen fibers which limits dislocation of the GAGs and proteoglycans providing cartilage

with the high mechanical load-bearing capability to transfer and distribute loads efficiently.

The transition from cartilage to subchondral bone is another critical component consisting of the
subchondral bone plate which is a dense bony lamella that fuses into a network of trabecular bone
named the subarticular spongiosa [12]. The collagen fibers in the radial zone outspread to the
tidemark zone into calcified cartilage. The thickness of the subchondral plate differs according to
the biomechanical force it experiences and also on the joint geometry, loading conditions, and
reasons such as age, weight, and exercise [13]. The subchondral plate undergoes remodeling due
to altered biomechanics as a result of joint damage or injury to adjoining cartilage. As opposed to
cartilage, the subchondral bone contains blood vessels, thus providing nutrients to itself and the
overlaying cartilage [12]. The concentric lamellar layers around osteons and flat layers are
indicative of new bone development. The subchondral bone also functions to anchorage the
collagen fibrils and helps in the maintenance of the joint. The cortical region of the subchondral
layer shows high stiffness, low porosity (5-30%), and vascularity, while the trabecular region
exhibits randomly oriented trabeculae with higher porosity (30-90%) [14]. Most of the porous
regions in the subchondral bone are occupied by vessels and nerve fibers that provide bone cells

5
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with nutrients and disposes the generated waste. Cellular constituent of subchondral bone includes
osteoblasts, osteocytes, and osteoclasts that modulate the tissue remodeling. The hematopoietic
(HSCs) and mesenchymal stem cells (MSCs), along with adipose depot in the trabecular pores
occupied with bone marrow support the process of regeneration.

The specifically arranged ECM components of the cartilage and subchondral bone tissues
determine their strength with a depth-dependent variation in compressive modulus from the top
cartilage to the deep zone with values of 0.079, 2.1, and 320 MPa of superficial, middle, and deep
zones, respectively [15]. The organic and inorganic components of the bone impart its anisotropic
properties with a compressive modulus of subchondral bone being 5.7 GPa, which is higher than
that of cartilage, while the tensile modulus is ~2 GPa [16, 17]. Trabecular bone shows better
performance under compression than tension, and its compressive elastic modulus and
compressive strength are in the range of 1-900 MPa and 1-10 MPa, respectively [14, 18]. Thus,
the varied compositions and mechanical characteristics of bone and cartilage direct the complexity
of these tissues and their interface, representing a major challenge for the fabrication of tissue-
engineered scaffolds for OC joint repair.

1.1.2 The function

The articular cartilage and subchondral bone tissues are linked by an interface allowing them to
work together to help the entire osteochondral unit perform its functions and to maintain healthy
joint homeostasis. Damage to any one of these subunits modifies the fine mechanical and
biochemical balance prevailing within the tissue, leading to more complex conditions if left
unattended. The osteochondral tissue performs mainly structural and biomechanical roles majorly
as load-bearing with tribological functions such as lubrication, and reduced friction and wear-and-
tear of the tissue [1]. The articular cartilage is a specialized connective tissue with viscoelastic
properties which can withstand high cyclic loads with prime function to provide a smooth,
lubricated surface for low friction articulation and transfer of load to the subchondral bone [1, 19].
The compressive properties are a result of a combination of viscoelasticity and permeability. The
matrix of articular cartilage can be considered to be a biphasic medium with a fluid phase (water
with inorganic ions), and a solid phase composed of the ECM [11, 20]. The articular cartilage
exhibit both creep (due to constant loading) and stress relaxation behaviour which are two

important characteristics of a viscoelastic material. As cartilage undergoes compression, it
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undergoes a constant deformation and responds with high initial stress which decreases until an
equilibrium is reached. This time-dependent stress response is stress-relaxation [11]. Due to its
viscoelastic nature, the stiffness of cartilage depends directly on the compressive force applied to
it, forming a stiffer matrix when a force applied is rapid.

Compression in the joint causes cartilage to deform and produce a bulk flow of water from the
ECM into the synovial space [21]. This ability of the ECM to limit water permeability imparts its
resistance to compression [22], which is ideal in healthy cartilage where the water flow can
dissipate most of the energy imparted onto the tissue during compression. However in the case of
damaged cartilage, there is less restriction in movement of water movement, and more of the
compression force is imparted to ECM, which leads to degeneration [13]. Thus, the resistance to
water flow is regulated by viscosity, osmolarity, and interstitial pressure of the ECM. Collagen
type Il and proteoglycans (notable aggrecan) are two major ECM molecules that play a crucial role
in the load-bearing property. The interaction between these highly negatively charged cartilage
molecules provides the compressive and tensile strength of the tissue [23]. Furthermore, the
complex gradient organization of cartilage in terms of collagen fibrils and ECM in the middle zone
plays a significant role in its shear-resistant properties while the stretching of the randomly

dispersed collagen fibrils offers cartilage with its shear stress response [24].

The compressive force experienced by cartilage is passed to the stiffer underlying bone via the
interface. During physiological loading, most of the tissue deformation happens in the superficial
layer of cartilage, with very little compression occurring in the radial zone near the cartilage/bone
interface. This interface provides anchorage of cartilage to the underlying bone and conducts force
transfer from cartilage to subchondral bone. The subchondral bone serves to provide mechanical
strength, nutrition, and nociception (the detection of pain stimulus). It is vital to the functioning
and homeostasis of the joint as it enhances the load-bearing capacity by attenuating the majority
of the load. The subchondral bone attenuates about 30% of the overall load of the joint while only
1-3% is attenuated through cartilage [4]. The tensile and shear properties also play a crucial role
in the proper functioning of the tissue. Thus, all components of the osteochondral tissue must
remain healthy for the proper functioning of the unit. Any damage to it, warrants its repair on time,

as if left untreated it advances into complex conditions such as osteoarthritis.
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1.1.3 The clinical condition — “Osteoarthritis”

The clinical condition associated with the damage of cartilage and osteochondral tissue is called
as osteoarthritis (OA). OA is the most common form of arthritis and a chronic degenerative joint
disease. This musculoskeletal disorder affects millions of people globally making it one of the
prominent causes of disability worldwide, particularly in the aging population. OA has a
considerable impact and economic burden on the individual patient and society. Its prevalence
reached a soaring 303 million people globally in 2017 [25], and is predicted to touch 350 million
by 2025. Factors such as the fast-growing older population, along with an increasingly sedentary
lifestyle, are expected to establish OA as the most common form of the musculoskeletal disease
by 2040. In December 2016, the Osteoarthritis Research Society International (OARSI) submitted
a White Paper entitled “Osteoarthritis: A Serious Disease” to the U.S. Food and Drug
Administration, advocating OA as a severe condition with no known cure, and no interventions to

halt its progression or manage its symptoms with an acceptable benefit-risk profile [26].

The etiology of OA is complex and multifactorial; thus, its prevention and treatment remain
challenging. OA can affect any joint, but the most common are the knee, hands, hip, and spine.
The joint is a multi-tissue organ composed of articular cartilage, subchondral bone, and the
synovial membrane, and its effective functioning relies on the sustenance of joint homeostasis,
which is a dynamic balance among the anabolic and catabolic processes [27]. Increasing evidence
illustrates a complex interplay between the components of the joint, making our understanding of
OA pathogenesis ever more challenging [28]. The clinical symptoms of OA include thinning of
cartilage causing the bone ends to rub together creating stiffness, inflammation, pain, and impaired
movement. Old age, lack of physical activity, high impact sports, genetic predisposition,
occupational injury, obesity, trauma, bone density, and gender are some factors involved in its
development [29]. Amending these factors may well decrease the risk of OA and avert subsequent

pain and disability.

The signs and symptoms of OA include pain, swelling, stiffness, bone spurs, tenderness, loss of
flexibility, grating sensation, crepitus, loss of function, and joint deformity. The diagnosis is
performed using imaging tests and other laboratory tests. Imaging tests such as X-rays and MRI
are most commonly used. The use of X-ray images doesn't directly image cartilage, but cartilage
loss is revealed by visible bone spurs and a narrowed space between the end of long bones.
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However, MRI gives a detailed analysis of both the bone and soft tissues, including cartilage. The
laboratory test includes analyzing the blood or joint fluid for OA markers. An appropriate and
early-stage diagnosis helps better management of OA. Based on the severity, there are different
stages of knee OA. Stage 1 is “Minor” where patients develop bone spurs and minor wear-and-
tear of the cartilage and can be treated using supplements such as glucosamine and chondroitin
sulfate. Stage 2 is “Mild” where diagnosis indicates more bone spur growth in the knee joints, with
increased wear-and-tear of the cartilage initiating pain in the joint. The cartilage and soft tissues
may look healthy but the breakdown of the cartilage matrix has been initiated and treatment
includes different nonpharmacologic therapies to help relieve the pain and discomfort. Stage 3 is
“Moderate” where clear erosion of the cartilage surface with a narrowing gap between the end of
long bones. The broken collagen and proteoglycan fragments increase in the synovial fluid as the
disease progresses, with prominent and rougher bone spurs along with joint, pain, stiffness, and
inflammation. Treatments include NSAIDs, intra-articular injection of hyaluronic acid, and other
pain-relief therapies. Stage 4 is “Severe” where the space between the end of bones in the joint is
considerably reduced, causing the cartilage of the end of long bones to rub against each other
causing them to wear off, leaving the joint stiff and painful. The cartilage breakdown products
further lead to chronic inflammation, with decreased synovial fluid that causes friction, greater
pain, and discomfort in joint movement. This is accompanied by increased production of synovial
MMPs, and cytokines which cause further damage and inflammation of the joint tissues.
Treatments include performing osteotomy or bone realignment surgery which protects the joint by
shifting the weight of the body away from the site of bone damage. In most severe cases, total knee
replacement, or arthroplasty is the only available option where the damaged or arthritic joint is
surgically replaced with a plastic, metal, or ceramic prosthesis. However, this is an expensive and
technically demanding surgery with disadvantages such as wearing out of the prosthesis over time,

wound healing issues, difficulties with some movements, and numbness of the site.

Being a load-bearing tissue, the osteochondral unit is subjected to a lot of stress and therefore is
more prone to damage. The caused injuries, if left untreated may eventually lead to the
development of OA with progression over time, where the osteochondral tissues undergo
significant alterations in terms of structure and function. This OA is marked by loss of articular
cartilage, remodeling of subchondral bone, and thickening of the articular joint capsule (Figure
1.2) [30]. Current data from medical sources indicate that OA is also caused by mechanically
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induced conditions with a complex etiology contributed by both genetic and acquired (due to
environmental factors) [31]. Despite the initial dilemma over the progression of OA, whether first
lesions are changes in the articular cartilage or the underlying bone; growing evidence clearly
demands inclusion of OA among degenerative diseased conditions prevalent in the whole joint in
general and OC tissue in particular. The involvement of both bone and cartilage in OA

degeneration, renders their unrelated investigations inconclusive [32].
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Figure 1.2. Overview of different stages of osteoarthritis with their characteristic traits and
plausible intervention stages using structure modifying and disease-modifying OA drugs.

1.1.4 Current treatment strategies

In the clinic, the current approaches to treat osteochondral lesions can be classified into palliative,
reparative, and restorative techniques [33]. Palliative procedures include articular debridement and
lavage for the relief of the patient’s symptoms. The early stages of OA are usually dominated by
symptoms such as pain and stiffness, with treatment strategies such as physical therapy, analgesics,
and NSAIDs aimed to reduce the pain and stiffness and to resist the structural deterioration of the
damaged tissue [34]. Methods such as the intra-articular injection of long-acting glucocorticoids
is an effective treatment in managing the inflammation. Hyaluronic acid has shown improved
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results in the management of knee pain when used as intra-articular injections for the treatment of
OA [35].

Reparative procedures including arthroscopic abrasion arthroplasty, abrasion chondroplasty, and
microfracture are bone marrow stimulating techniques and the next level of treatment. The
microfracture (MF) marrow stimulation has shown to be a beneficial treatment especially in the
case of smaller cartilage defect areas. MF is a minimally invasive technique where the injured
cartilage is removed and the underlying bone surface is drilled to allow blood and bone marrow
along with MSCs to come through to the osteochondral interface and contribute to the formation
and repair of the osteochondral tissue [4]. However, in most cases, the regenerated cartilage is
mainly fibrocartilage which has lower durability as compared to the hyaline cartilage.
Fibrocartilage majorly consists of collagen type | with a disorganized matrix that does not possess
the required viscoelastic and biomechanical characteristics of normal hyaline cartilage and can
fatigue due to high shear forces experienced in the joint, aggravating to articular surface

irregularity and further arthritic damage [36].

Other treatment strategies for the treatment of osteochondral defects include osteochondral
autograft procedures such as the osteochondral autograft transfer system (OATS), which involves
the transplantation of osteochondral plugs taken from low weight-bearing joint areas to fill the
defect site. The technique is advantageous in terms of repairing the defect with mature hyaline
cartilage with the possibility to treat the entire osteochondral unit [37]. However, it is most feasible
only for focal chondral defects diagnosed during the early stages of OA. Also, depending on the
requirement, osteochondral allograft (OCA) transplantation for the knee has been performed in the
treatment of large chondral or osteochondral defects. OCA transplantation includes the transfer of
a natural, matching piece of mature, viable hyaline cartilage tissue to the recipient's defect site
[38]. However, the risk of disease transmission from the allograft is a major challenge with OCA
and this is not recommended for OA. Taking advantage of being a one-step autologous strategy
and decreasing the risk associated with donor site morbidity, the cartilage paste grafting technique
is another procedure [39]. It involves taking the patient's marrow-based stem cells, pieces of bone,
and cartilage from non-weight bearing intercondylar notch of the knee, and grinding it into a paste,
and implanting back into the defect. The favorable environment resulting from the interaction of

bone marrow stem cells with the combination of osteochondral matrix and live chondrocytes
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stimulates the repair of cartilage. However, limitations include the chances of delamination, the
graft remains fragile for several months after the procedure, chances of more pain, stiffness, loss

of motion, and generation of fibrous tissue.

Finally, restorative methods that make use of bioengineering techniques to develop hyaline
cartilage tissue such as autologous chondrocyte implant (ACI) have become important surgical
alternatives in the treatment of chondral lesions of the knee. ACI as a technique has evolved for
the betterment and could be understood in 4 generations [40]. The first-generation ACI involved
inoculation of expanded chondrocytes under a membrane flap but was associated with periosteal
graft hypertrophy, delamination, and technical difficulties in fixating the flap in addition to
immune reaction, large surgical exposition, and time-consuming. In the second-generation ACl, a
porcine collagen membrane (ACI-C) was used to cover the treated lesion thereby decreasing the
operating time and reducing the graft complications. The third-generation ACI used a matrix
(commonly referred to as MACI, matrix-assisted chondrocyte implantation) seeded with
autologous chondrocytes for cartilage repair. The matrix has chondro-inductive or chondro-
conductive properties and a specific mechanical profile that allows for better distribution and
growth of the chondrocytes. The fourth-generation ACI used a matrix (MASI, matrix-induced
autologous stem-cell implantation) seeded with stem cells to treat the cartilage lesion. Most of
these ACI procedures have shown good clinical outcomes as compared to other previously
described techniques, however, these improvements are not always statistically significant.
Overall, it could be said that the partial success of current treatments has been handicapped by the
need for complicated surgical procedures, donor site morbidity, lack of donors, risk of infections,
poor integration with the surrounding tissue, and formation of mechanically and chemically
inferior fibrocartilage instead of hyaline cartilage. Therefore, viable alternatives to develop
strategies that repair and restore the incapacitated osteochondral tissue function, are vital to

clinicians and their patients.

The pharmacological management of OA includes controlling the inflammation through the use
of non-steroidal anti-inflammatory drugs (NSAIDs), which are inhibitors of cyclooxygenase-2,
and intra-articular corticosteroid injections [41]. However, these treatments do not restore the
damaged tissues and joints to normal functional health. As the molecular mechanisms associated

with the initiation and progression of OA are not well understood, it is quite challenging to develop
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appropriate therapeutic interventions for the restoration of degraded OC tissue and to decelerate
OA progression. Several therapeutic approaches include drugs to target inflammation modulators
like nitric oxide (NO) or reactive oxygen species (ROS); inhibitors of pro-inflammatory cytokines
such as IL-1 or TNF; and matrix metalloproteinases (MMPs) that degrade the cartilage
morphology [30]. Several reports from genetic mouse models promote growth factors such as
Whnt3a, transforming growth factor-p (TGF-f) and Indian hedgehog, and signaling molecules, such
as P-catenin, Smad3, and hypoxia inducing factor-2o. (HIF-2a), are associated with the
development of OA [42-44]. Often RunX2, vital to regulating genes coding for matrix breakdown
articular chondrocytes is found to be upregulated [45]. Parallel to these changes in cartilage,
increased cellular activity in the subchondral bone stimulates subchondral bone sclerosis
accompanied by cortical plate enlargement, considerable trabecular restructuring, and osteophyte
regeneration at the outer edges of the joint [46]. A detailed understanding of these molecular
mechanisms will enhance the growth of newer approaches for OA prophylaxis. Additionally,

emerging techniques such as tissue engineering are being explored as an alternative treatment.
1.1.5 Tissue engineering

Tissue engineering, as defined by Langer & Vacanti, 1993 is ‘an interdisciplinary field that applies
the principles of engineering and life sciences toward the development of biological substitutes
that restore, maintain, or improve tissue function or a whole organ’ [47]. The strategy utilizes
scaffold matrices to provide structural support to the cells and to deliver growth factors and/or
cells that eventually form tissue substitutes for implantation. The process of tissue engineering
typically involves three major components: cells, signals, and scaffolds, which represent the “triad
of tissue engineering”. Much research is currently focused on developing improving and finding

the best-suited option of the triad for a specific application.

Cells: The selection of the most suitable cell source is very important in the development of a
functional tissue-engineered model. Factors such as the availability of tissue-specific cellular
phenotypes, able to mimic the native tissue, and the cellular density in the model should be
carefully considered to ensure a physiologically relevant tissue model [48]. The use of cells from
human sources to develop in vitro models would help in bridging the gap between animal models
and clinical trials. Currently, adult primary cells isolated from patients are commonly used,

however, they possess limited life span, low proliferation rate, and turnover, and their isolation

13
TH-2917_146106044



Introduction Chapter 1

procedure is complex [49]. The use of stem cells could help overcome these limitations. The
characteristics of stem cells such as the ability to self-renew and the capability to differentiate into
other specialized cells have encouraged their application. However, concerns such as the capability
to manage cell differentiation toward the desired cell lineages, and the possibility of resultant
immature cell phenotype remain unresolved. Nonetheless, human stem cells are predominantly
used in the development of new in vitro systems for regeneration and drug screening applications.
Additionally, the induced pluripotent stem cells (iPSCs) obtained from differentiated somatic cells
by overexpression of specific transcription factors have recently emerged as cells of choice due to
their ability to use cells from the patient avoiding graft rejection and do not involve ethical
concerns [50]. The iPSCs have characteristics similar to pluripotent embryonic stem cells and,
possess the ability to differentiate into various phenotypes. Furthermore, iPSCs obtained from
patients affected by a specific pathological condition, allow for the development of in vitro model

of different stages of the disease to study the intricate mechanisms of its onset and progression.

Signals: The signaling or bioactive molecules, such as peptides, growth factors, cytokines,
therapeutic molecules, etc. play a crucial role in regulating the microenvironment in vivo. These
can be incorporated into the scaffolds or provided directly. They provide the fundamental
molecular cues that direct cell behavior influencing cellular morphology, division, proliferation,
apoptosis, and secretion of ECM components which is essential to successfully engineer tissues.
The inclusion of chemical (growth factors/bioactive molecules/therapeutic agents), and
mechanical signals are essential to avoid local concentrations limitation and to overcome the
diffusion limits to obtain a functional engineered tissue [51]. Moreover, depending on the type of
tissue, the cells respond to cues, such as dynamic stimulation, electric stimulation, osmotic and
hydrostatic pressure, stress/strain, and fluid flow [52]. Specifically designed bioreactors have been
used to provide mechanical stimuli to tissue-engineered constructs, especially in cartilage and

osteochondral tissue engineering, where the native conditions include load-bearing properties.

Scaffolds: The scaffold must be designed to mimic the native architecture of the tissue, where the
matrix allows cell adherence, spreading, proliferation, differentiation, maturation, and production
of ECM. The selection of the most suitable biomaterial for scaffold fabrication is very crucial as
it greatly influences biological functions. Thus, biomaterials should be carefully chosen based on
the tissue/organ to be modeled, as an artificial ECM that interacts with cells at the molecular level,
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inducing cell functions and driving the complex cellular interactions, that result in the fabrication
of an efficient and functional in vitro engineered tissue model. The selection of biomaterial
selection is also dependent on the mechanical properties of the tissue, as it is important to match
the native properties of the healthy or diseased tissue to model it. Owing to their high mechanical
and load-bearing properties, ceramics and their composites are typically used in the engineering
of hard tissues, while polymers are mainly used in the engineering of soft tissues [53].
Additionally, material surface properties are crucial in guiding cell fate including integrin-binding
RGD peptide modifications for enhanced cell attachment. The scaffold should also possess a high
porosity, interconnected pores, and pore dimension suitable for cell migration and growth for a
specific application. The porous structure allows homogenous distribution of cells by helping them
migrate to the inner parts of the 3D construct along with allowing nutrient exchange, oxygen
diffusion, and waste removal [54]. For designing tissue-engineered constructs, both top-down and
bottom-up approaches have been used. The top-down method involves culturing of cells on
scaffolds designed to mimic the native tissue-like conditions in terms of strength and structure.
Whereas, the bottom-up approach involves mimicking and replicating the functional unit of tissue
and creating modular scaffolds fabricated using microencapsulation and microfabrication

techniques along with the cellular components [55].

The biomaterial used to fabricate the scaffold may be of natural/synthetic source and include a
variety of formats such as hydrogels, films, mesh, nanoparticles, mats, etc. The scaffold serves as
a transient ECM until cells mature and produce their matrix, eventually replacing the scaffold.
Accordingly, scaffold architecture is indispensable for the actualization of osteochondral tissue
engineering, regulating cell migration, proliferation, and ECM generation. Ideally, the scaffold for
regeneration of tissues such as cartilage and bone depend on porosity, greatly enhanced
biocompatibility, mechanical stability, competent to induce cell proliferation and differentiation,
degradable in response to the neo-tissue formation, and compatible for integration with
endogenous tissue. These mentioned scaffold characteristics are responsible for the level of
resistance to mechanical loading and the regenerative capacity of tissues. Therefore, research is
focused on engineering scaffold/matrix systems for osteochondral tissue with similar structural
and mechanical profiles as that of native cartilage—bone interface, which would allow effective

osteochondral tissue regeneration. Diverse forms of matrices such as porous scaffolds, fibers, and
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hydrogels have been designed to restore cartilage, intermediate calcified cartilage, and bone tissues

concurrently [56-59].

The goal of cartilage and osteochondral tissue engineering is to find and innovate novel solutions
to replace the diseased joint tissues with a functional counterpart. The implanted engineered
construct is envisaged to degrade over time while facilitating neo-tissue formation. One of the
most critical aspects of tissue-engineered osteochondral units is maintaining the complex hierarchy
and the mechanical resilience of the tissue. An ideal biomaterial fulfilling these pre-requisites
should support tunable biodegradation, suitable mechanical strength, and biocompatibility, among

others, to allow implant remodeling (Figure 1.3).
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Figure 1.3. Schematic diagram of various vital parameters in terms of assessment of scaffolds for
cartilage and osteochondral tissue engineering applications.

1.1.6 Conventional to advanced scaffold manufacturing techniques

Several scaffold techniques have evolved over the years in terms of polymers processing and
fabrication of different types and formats of scaffolds. Both, manual or conventional, as well as

new advanced technologies, are widely used for scaffold fabrication as shown in Figure 1.4. The
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manual methods include techniques such as solvent casting and particulate leaching, melt molding,
gas foaming, freeze-drying, etc. and advanced techniques include electrospinning,
stereolithography, selective laser sintering, fused deposition modeling, and 3D bioprinting for
fabricating composite scaffolds using both natural as well as synthetic polymers [60]. Scaffold
fabrication using polymers has evolved in complexity and feasibility with developments in the
field of tissue engineering; with a shift from using a combination of traditional and modern
fabrication methods to eventually more advanced techniques due to their advantages. Figure 1.4
describes some of the basic challenges of the conventional fabrication technique and the
advantages of the advanced methods. Briefly, the conventional/manual techniques for scaffold
fabrication may not be sufficient for creating complex scaffolds with precisely controlled
microarchitecture and properties; specifically, they have limitations such as longer processing
time, low scale production, poor reproducibility, higher cost, and seeding multiple cells in a
spatially uncontrolled manner [61]. With the advancement in 3D fabrication techniques, most of
these limitations are overcome. Towards this end, 3D bioprinting has gained vast attention recently
due to its ability to fabricate patient-specific, and anatomically relevant shapes/constructs in a
rapid, automatic, high-throughput, high scalable manner, with better reproducibility as desired by
pharma companies involving drug screening studies. Therefore, it is essential to perform an initial
assessment of scaffold fabrication techniques considering the potential advantages and
disadvantages of each technique, and the required final product properties as per the needs of
specific tissues to be regenerated.
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Figure 1.4. The conventional technologies, their limitations, the advanced technologies, and their
advantages for scaffold fabrication.

1.2 Literature review

The clinical need for better treatment options for patients with cartilage and osteochondral damage
has inspired tissue engineers towards in vitro development of acellular or cell-based substitutes;
or implants with improved functional properties such as the ability for load-bearing and better
integration with the host tissues. The advances in tissue engineering approaches involve factors
such as improving the mechanical properties, and mimicking the native tissue hierarchical gradient
environment, to allow the development of tissue constructs that can meet the implantation
demands. To achieve tissue functionality, several biomaterials, scaffold matrices, cells, and
bioactive molecules have been explored for successful cartilage and osteochondral repair and
regeneration. Table 1.1 lists the advantages and limitations of some commonly used polymers

used for osteochondral tissue engineering.
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Table 1.1. Properties of some commonly used polymers for osteochondral tissue engineering.

Polymer Advantages Limitations Ref.
Collagen ECM component, cytocompatibility, | Potential of immunogenicity [62,
high structural integrity, highly through presentation of 63]
bioresorbable telopeptides, lack of inherent
rigidity, low mechanical strength,
expensive
Gelatin Low cost, low immunogenicity in Low mechanical strength, [64-66]
comparison to collagen, highly thermosensitivity and poor stability
biocompatible, ease of processing of aqueous gelatin preparations
and functionalization
Chitosan Chondroprotective; structurally Limited solubility at physiological [67,
similar to glycosaminoglycans pH, polycationic and hemostatic 68]
(GAGsS), antibacterial properties, properties, inferior mechanical
temperature-controlled phase properties
transition
Hyaluronic | ECM component, good hydration Poor mechanical strength, faster [65,
acid capacity, good cellular degradation 69]
encapsulation, promotes
angiogenesis
Heparin Ease of chemical modifications, Poor cellular infiltration [70,
anticoagulation, anti-inflammatory 71]
Alginate High functionality, chelating ability, | Limited in vivo degradation, poor [72,
pH-sensitive cell adhesion, mechanically weak 73]
Silk fibroin | Biocompatibility, bioresorbability, Source variability, dissolution of [74-76]
low immunogenicity, mechanical silk fibers and low yield of non-
resilience, ease of processing and mulberry silk fibroin
functionalization
Chondroitin | ECM component, anti-inflammatory, | Rapid degradation in contact with [77-79]
sulphate role in cell recognition and signaling | bodily fluids, poor thermal
resistance, poor mechanical
properties
PLGA Hydrophilic and biodegradable, low | Limited bioactivity, generates acidic | [80,
immunogenicity, FDA approval in degradation by-products 81]
various biomedical applications
PEG/PEO | High biocompatibility, versatility in | Bio-inert, non-biodegradable [82,
functionalization and processing, 83]
resistant to protein adsorption (anti-
fouling), FDA approval in various
biomedical applications
PVA Ease of aqueous processing, good Poor cell adhesion [84]
mechanical properties
PPF High strength, injectability Limited bioactivity [85,
86]
PNIPAmM Thermosensitive, ease in grafting Poor cell affinity [87,
bioactive additives 88]
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1.2.1 Hydrogels

Towards gaining an improved functionality of implants, agarose has shown promising results.
Agarose is a clear, thermoreversible polysaccharide hydrogel that can be modified to melt and gel
at a variety of temperatures [89], used widely for maintaining lasting chondrocyte cultures, and
has been a part of clinical trials in Europe as a composite with alginate for cartilage repair [90].
Benya et al. showed that dedifferentiated chondrocytes recovered their original differentiated
chondrogenic phenotype when encapsulated and cultured in 0.5% agarose gels indicated by the
increased proteoglycan and collagen levels [91]. Buschmann et al. showed the capability of
agarose gel to form and assemble a mechanically functional cartilage-like ECM using a high
density of chondrocytes from calf articular cartilage [92]. Mauck et al. reported a custom-made
bioreactor to dynamically culture chondrocyte-seeded agarose disks in unconfined compression
which resulted in a sixfold rise in the equilibrium aggregate modulus along with a greater increase
in SGAG and collagen content [93]. Rennerfeldt et al. reported an enhancement in the mechanical
performance of interpenetrating networks (IPNs) of PEG-DA and agarose with good viability of
encapsulated chondrocytes and GAG content [94]. Cigan et al. used agarose scaffold to
encapsulate human chondrocyte where the engineered construct mimicked the native human
cartilage with compressive Young’s and dynamic moduli of about 250 and 950 kPa, respectively
along with the formation of 5.7% (w/w) of GAG and 1.5% (w/w) collagen [95]. Factors such as
the lack of attachment sites, hydrophilicity, and electrical neutrality are reported to contribute to
the efficacy of agarose. Although, known as a “gold standard” material for in vitro cartilage tissue
engineering as it allows to maintain the chondrocyte morphology, and formation of higher GAG,
and supports greater chondrogenesis compared to other natural hydrogels [96], agarose can be
immunogenic, nondegradable, and its structure, composition, and mechanical properties cannot be

customized, restricting its wide usage.
1.2.2 Fiber-reinforced scaffolds

The native matrix microenvironment of most soft tissues is usually a fiber network and
microstructure with multiple constituents. For example, articular cartilage ECM is composed of
collagen fibers embedded in a proteoglycan matrix. The collagen fibers in the ECM provide the
compressive stiffness and strength in tension, while the hydrogel-like proteoglycans develop a

mechanism to overcome and distribute the compressive load by establishing a fluid pressure [97].
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In the direction of scaffold-based cartilage tissue engineering, a diverse range of biomaterials have
been explored, however, most of them are unable to meet the required features of resilience and
mechanical strength. The strength of articular cartilage is depth-dependent and varies from 1.5
MPa up to even 30 MPa in the deep regions with high fiber presence. To achieve the required
mechanical strength, the use of fiber-reinforced strategies has achieved impressive outcomes in
several developed scaffold approaches. Agrawal et al. reported the development of a cartilage-like
structure using a fiber-reinforced hydrogel composite consisting of elastic polyurethanes fibers in
an epoxy-amine hydrogel. The results showed that the parallel arrangement of fibers to the stress
axis, increased the elastic modulus by 2-fold with higher fracture strain [98]. This work showed
that fiber reinforcement could provide the required enhanced strength of the native cartilage tissue,
however, the use of polyurethane had drawbacks such as the inability to be degraded and absorbed
rapidly in the body, which may cause adverse reactions. Moving towards the use of natural
polymers, Mirahmadi et al. reinforced electrospun silk fibers and degummed silk fibers to the
thermosensitive chitosan/glycerophosphate hydrogels for cartilage regeneration. The fiber-
reinforcement resulted in the increased formation of proteoglycan and collagen type Il and
improved the mechanical properties of the hydrogel, however, the native-like compressive
modulus could not be reached. Yodmuang et al. reported fiber-reinforced hydrogel scaffolds,
where silk fiber-hydrogel composites made from silk microfibers and silk hydrogels were
investigated for cartilage tissue engineering. The results demonstrated good chondrocyte viability
of the reinforced gels supporting deposition and localization of GAG and collagen, around the
fibers with improved mechanical characteristics [99]. Visser et al. reinforced gelatin
methacrylamide (GelMA) hydrogels with organized, high-porosity PCL microfibres based on the
melt-electrospinning writing technology. This significantly increased the stiffness of the
reinforced scaffold by 54-fold, reaching that of native articular cartilage. In addition, the cultured
chondrocytes retained their round morphology and survived in vitro under a physiological
compression load, indicating their potential for articular cartilage repair [100]. Thus, the use of
fiber-reinforced scaffolds has been shown to improve the mechanical properties required for load-

bearing tissues such as cartilage along with the improved formation of neo-cartilage matrix.
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1.2.3 Multilayer scaffolds

Being a load-bearing tissue, cartilage is very much prone to damage and if left untreated results in
damage of the subchondral bone ultimately progressing to osteochondral defect and OA. Given
the proximities and intimate involvement of the articular cartilage and subchondral bone, it is
essential to understand the regeneration of the entire osteochondral tissue (consisting of cartilage,
subchondral bone, and the interface between them), and study the crosstalk among them.
Additionally, the interface between both tissues plays a very crucial role in the health and disease
of the osteochondral tissue. Therefore, the treatment of osteochondral defect requires a hierarchical
continuous graded scaffold to support the simultaneous reconstruction of both cartilage and bone
phases with a connecting interface. An osteochondral ECM is characterized by gradual changes in
composition, mechanics, and structure. In its composition, there is a gradient of proteoglycans,
collagen type Il, water content, and mineral concentration. Water and collagen type Il content
increase, whereas mineral content decreases from osseous to chondral surface. In bone, collagen
fibers are highly insoluble due to numerous intra- and intermolecular cross-links, in contrast to the
relatively soluble fibers in cartilage [101]. Regarding the mechanics, the compressive modulus of
ECM also diminishes from osseous to chondral face [102]. The compressive modulus of trabecular
bone is 4.4 to 229 MPa, whereas the modulus of articular cartilage varies between 1.36 MPa to
39.2 MPa[101, 103, 104]. From a structural viewpoint, porosity and pore size decrease from bony
to cartilaginous ECM [102]. These smooth deviations between vascular/mineralized bone and non-
vascular/non-mineralized cartilage are crucial to preserving cartilage-to-bone stability. Various
approaches for the fabrication of osteochondral constructs include: (i) a single homogenous
scaffold for both cartilage and bone; (ii) different scaffolds for the bone and the cartilage
components combined using sealant; (iii) a single but heterogeneous composite scaffold. These
scaffolds may be seeded with primary cells for both cartilage and bone or using mesenchymal stem

cells endowed with both chondrogenic and osteogenic differentiation capacity [56].

Several studies report the use of multi-layered cartilage and osteochondral constructs made up of
a single homogenous material. Towards this end, Waldman et al. reported developing tissue-
engineered cartilage in vitro, consisting of a layer of cartilaginous tissue attached to a
biodegradable calcium polyphosphate (CPP) substrate for the better anchorage of the cartilage
upon its implantation. The CPP substrate supported chondrocyte culture and deposited a
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continuous layer of native-like cartilaginous tissue with increased proteoglycans and type Il
collagen, that unified with the substrate [105]. Further, Kandel et al. from the same group used the
developed CPP-based constructs for implantation into full-thickness osteochondral defects in the
trochlear groove of the sheep knee. As opposed to the ceramic-only control implants which showed
fibrous tissue on the articulating surface post-implantation, the composite constructs maintained
ECM contents over the 9 months, while enhancing the mechanical characteristics [106]. However,
a single homogenous scaffold is unable to mimic the distinctly different structural and functional
properties of the cartilage and bone phases of the osteochondral tissue.

Thus, research progressed into using two separate layers, each with specifically distinct
characteristics to the native cartilage and bone. Towards this end, Gao et al. fabricated a bilayered
scaffold composed of a hyaluronan derivative (HYAFF®-11) sponge for engineering cartilage
tissue and a calcium phosphate ceramic sponge for bone regeneration. MSC-loaded HYAFF-11
sponge and ceramic sponge were joined together with fibrin sealant (Tisseel) to form a composite
osteochondral graft. After 6 weeks of in vivo culture in subcutaneous pockets of syngeneic rats,
immature fibrocartilage in the upper layer and bone development in the lower layer was observed
[107]. Later, Filardo et al. investigated the integrity of 2-layer and 3-layer collagen-hydroxyapatite
(C-HAp) osteochondral scaffolds in a human cadaveric knee. The results showed that the use of
fibrin glue stabilized the multi-layer scaffolds regardless of lesion location. However, depending
on the defect size, the scaffold involved and the experienced stress on the implant, this arrangement
of assembly of multilayers dependent on an external glue is always prone to delamination and

dislodgement.

Thus, single but heterogenous composite scaffolds with a continuous and stable interface became
the preferred strategy for osteochondral repair and regeneration. Towards this, Galperin et al.
reported a sphere-templating method to develop an integrated bi-layered scaffold using pHEMA
hydrogel, where the cartilage layer had a larger pore size and was coated with hyaluronan, while
the bone layer had smaller pores and coated with hydroxyapatite particles. The scaffold supported
the growth and ECM deposition by the cultured chondrocytes and primary human MSCs indicating
its potential for osteochondral tissue engineering [108]. Oliveira et al. reported fabricating
hydroxyapatite (HAp)/chitosan (CS) 2-layer scaffolds utilizing sintering/freeze-drying techniques
for osteochondral tissue-engineering applications. The compressive modulus for the HAp and CS
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dry scaffold individually was found to be 153 + 12 and 2.9 + 0.4 MPa, respectively which is
suitable for bone and cartilage tissue engineering. Results showed no cytotoxic effect of the
scaffolds and that the HAp and CS layers, supported the growth and differentiation of goat marrow
stromal cells into osteoblasts and chondrocytes, respectively [109]. Li et al. developed a biphasic
scaffold where the 2 phases possessed different pore morphologies to match the cartilage and bone
phases of osteochondral tissue, using a flexible and robust silk scaffold for the cartilage phase and
a mechanically strong and bioactive SHG-silk scaffold for the bone phase. The results showed that
the mechanical properties of the two phases mimicked the load-bearing property of native
osteochondral tissue with similar compressive properties. Further, the biphasic scaffold directed
in vitro preferential chondrogenic or osteogenic differentiation of human MSCs [110]. The multi-
layered scaffolds showed promising results in terms of osteochondral repair and regeneration,
however, most of the approaches involved the use of manual or conventional fabrication
techniques, limiting its facile and wide applicability, thus, warranting advanced, automated,

biomimetic, and rapid fabrication techniques.
1.2.4 3D bioprinted constructs

3D bioprinting is an additive manufacturing (AM) technique that involves 3D biofabrication of
tissues via a layer-by-layer deposition of bioink composed of biomaterials, cells, and growth
factors [111]. It allows for custom design of complex patient-specific geometries recapitulating
the native tissue for implantation, or development of in vitro models for therapeutic screening of
drugs. 3D bioprinting has gained wide attraction recently due to easy, rapid, and high-throughput
fabrication of complex tissues, in addition to providing a potential answer to organ shortages and
the replacement of animal models. Bioprinting can recapitulate native tissue conditions and
develop biomimetic 3D constructs with uniform or graded cell distribution, allowing dynamic cell-
cell, and cell-ECM interactions. It starts with a model of the structure to be printed, which is
generally a computed tomography (CT), a magnetic resonance imaging (MRI) scan, a computer-
generated design (CAD) file or even downloaded from several online tools. This model is further
sliced and stored as a g-code file, which is sent to the bioprinter for printing using the bioink. Over
the years, numerous bioprinting technologies have been developed and classified as per the
working mechanism behind them. Among these, the pressure-assisted (extrusion-based) being

low-cost is the most commonly available and used technique especially for cartilage tissue
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engineering (Table 1.2). Other strategies include thermal-assisted, acoustic-assisted, laser-
assisted, piezo-assisted, and microfluidic driven bioprinting [111, 112]. These techniques require
different physical and rheological properties for effective ink, and can be used alone or in
combination to achieve the desired tissue fabrication. Bioinks play a crucial role in successfully
bioprinting 3D constructs, thus their development and optimization is an area of intense research
globally. Certain criteria that the bioinks need to fulfill include biocompatibility, printability, and
mechanical stability, along with a cell-friendly microenvironment to support cell metabolism and
tissue formation via new ECM deposition [113, 114].

Sherwood et al. reported constructing integrated bi-layered scaffolds using a 3D printing process
and salt leaching technique, to produce a 90% porous cartilage phase composed of PLGA/PLA
and 55% porous bone phase composed of and PLGA/TCP, with a transition region between the
two phases. The chondrocytes favored the cartilage layer of the construct with new ECM formation
and the tensile strength of the bone layer reached that of the native cancellous human bone [115].
Cui et al. reported a thermal inkjet-based bioprinting approach using PEGDMA, encapsulating
human articular chondrocytes in a layer-by-layer manner into a cartilage defect within an
osteochondral plug for cartilage repair. The printed construct showed a compressive modulus of
395.73 + 80.40 kPa and supported chondrocyte viability along with the formation of neo-cartilage
ECM and expression of cartilage gene markers [116]. Xu et al. described a hybrid inkjet
printing/electrospinning system for engineering cartilage tissue. A 5-layer tissue construct was
fabricated using alternating electrospun PCL fibers and printing fibrin—collagen hydrogel
encapsulating rabbit elastic chondrocytes. The results showed that the hybrid construct supported
chondrocyte viability, demonstrated enhanced mechanical properties, and formed cartilaginous
tissues both in vitro and in vivo as demonstrated by the deposition of collagen type 1l and GAGs
[117]. Kundu et al. reported an additive manufacturing approach to fabricate 3D printed scaffolds
using layer-by-layer deposition of PCL and chondrocyte embedded alginate hydrogel. The PCL—
alginate gels with growth factors showed higher ECM formation both in vitro and in vivo [118].
Pati et al. established a decellularized extracellular matrix (lECM) based bioink for bioprinting of
tissues such as cartilage. The capability of dECM to support differentiation of human inferior
turbinate-tissue derived MSCs into the chondrogenic lineage was established by the formation of
cartilage matrix as indicated by the synthesized collagen type Il and gene expression of cartilage
markers [119].
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Initially, 3D printing was used in combination with traditional scaffold fabrication techniques,
such as freeze-drying and particulate leaching, to obtain bi-layered constructs. Most such cases
report the use of a polymeric scaffold for the cartilage tissue, and a ceramic scaffold for the
subchondral bone phase [120]. Towards this, Schek et al. explored image-based design (IBD) and
solid free-form (SFF) approach using PLA/HAp to fabricate biphasic composite scaffolds which
were seeded with differentiated chondrocytes in the polymeric phase and modified fibroblasts in
the ceramic phase. The in vivo analysis indicated the formation of cartilage, bone, and a
mineralized interface tissue [121]. Zhang et al. explored the stereolithography process to 3D print
biphasic composites using PEG hydrogel and B-TCP ceramic. The implanted constructs in rabbit
trochlea within a critical size defect model in a year-long study showed the formation of hyaline-
like cartilage along with repaired subchondral bone [122]. Using fused deposition modelling
(FDM), Cao et al. fabricated a honey-comb-like PCL scaffold to create anisotropic structures by
coculturing osteogenic cells and chondrogenic cells [123]. Yang et al. reported a 3D plotting
system for fabricating a biphasic graft using PLGA and alginate along with additives such as
cartilage-derived ECM (cECM) or Hap; with human cartilage-derived progenitor cells in the
cartilage or subchondral bone layer for engineering osteochondral defects. The biphasic graft
showed good integration between cartilage and subchondral bone layers with ECM formation and

no visible toxicity [124].
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Table 1.2. Extrusion-based 3D bioprinting approaches for cartilage and osteochondral tissue

engineering.
Type Components Cells Sources Construct | Ref.
(Pure/Hybrid) Type
Single hydrogel | Alginate, Calcium chloride | Human MSCs, Human | OC [125]
Blend articular chondrocytes
Hybrid PCL, Alginate Human nasal septum | OC [126]
chondrocytes +MG63
Hybrid PCL, (Alginate/Alginate + | Human nasal septum | Cartilage [127]
growth factor) chondrocytes
Hybrid PCL, dECM Human turbinate Cartilage [128]
MSCs
Hybrid GelMA, Gellan Gum, PLA | Rat BMMSCs oC [129]
microcarriers
functionalized with
Collagen |
Single hydrogel | HA-NIPAAM, HAMA Bovine chondrocytes | Cartilage [130]
blend
Single hydrogel | Alginate + (CS/AEMA/ BMMSCs Neo- [131]
blend (1 coaxial | GeIMA/HAMA), Calcium Cartilage
print head) chloride
Single hydrogel | GelIMA, HAMA Allogenic ADMSCs Cartilage [132,
blend (handheld 133]
coaxial)
Single hydrogel | Nanofibrillated cellulose, | Human BMMSCs Cartilage [134]
blend Calcium chloride
Multiple GelMA, Gellan, HAMA Chondrocytes/Equine | Cartilage [135]
hydrogel blends metacarpophalangeal
cells/Equine
BMMSCs
Hybrid PCL, Alginate/Collagen | | Rabbit tracheal Tracheal [136]
chondrocytes Cartilage
Single hydrogel | Bacterial Nanocellulose, Human nasal Cartilage [137]
blend Mannitol chondrocytes
Single hydrogel | Alginate, Pluronic F127 Human BMMSCs Cartilage [138]
blend
Single hydrogel | Silk fibroin, gelatin Procine auricular Cartilage [139]
blend chondrocytes
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Hybrid PCL, BMSC hydrogel, Rabbit BMMSCs Cartilage [140]
GDF5 hydrogel
(hydrogel = Gelatin,
Fibrinogen, HA, glycerol)
Single hydrogel | Nanofibrillated cellulose, | Human nasal Neocartilag | [141]
blend Alginate chondrocytes/ Human | e
BMMSCs/ co-culture
of both
Hybrid PEG/Alginate/Thrombin Human MSCs Cartilage [142]
bath, Fibrin for cells
Single hydrogel | Nanocellulose, Alginate Human iPSCs Cartilage [143]
blend
Hybrid Supporting Scaffold: PCL, | Human ADMSCs Nasal [144]
Photopolymer Cartilage
Bioink: dECM of articular
cartilage
Single hydrogel | Norborene, Hyaluronic Bovine MSCs Cartilage [145]
blend acid
Single hydrogel | Gelatin, Alginate, Human BMMSCs Cartilage [146]
blend Fibrinogen
Two  hydrogel | Bone: PVP, Silk fibroin, Porcine ADMSCs oC [147]
blends Nano apatite
Cartilage: PVP, Silk
fibroin
Single hydrogel | Silk, Platelet rich plasma | Rabbit chondrocytes | Cartilage [148]
blend
Hybrid PCL, GeIMA Sheep articular Cartilage [149]
chondrocytes
Single hydrogel | HAMA+4arm PEG Cell-free Cartilage [150]
blend

Abbreviations: - PCL: Polycaprolactone; OC: Osteochondral; dECM: decellularized extracellular
matrix; GeIMA: Gelatin methacryloyl; PLA: Polylactic Acid; NIPAAM: N-Isopropylacrylamide;
HAMA: Hyaluronic acid methacrylate; CS/AEMA: chondroitin sulfate amino ethyl methacrylate;
GDF5: Growth differentiation factor 5; PEG: Polyethylene glycol; PVP: Polyvinylpyrrolidone.
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1.2.5 Osteoarthritis models

The therapeutics for any particular pathological condition required a good understanding of its
underlying cellular and molecular mechanisms. Towards this, various 2D monolayer cultures and
animal models are some of the highly used methods. In the case of OA, both in vivo and in vitro
models have been used in the past and each has its advantages and limitations. The in vivo models
may reflect the native-like pathological conditions to an extent, however, the ease of manipulating
an in vitro system, as well as a shift towards the 3R philosophy of refining, reducing, and replacing
the use of animals in research, make in vitro disease models advantageous. Methods such as
enzymatic treatment, injury-based, extreme mechanical loads to cartilage to initiate/induce damage
have been used. For example, De Vries-van Melle et al. developed an in vitro osteochondral model
to study cartilage repair mechanisms by producing defects of different depths using a dermal
biopsy punch and scalpel [151]. Towards studying the effect of surface damage on the mechanical
properties of articular cartilage, Grenier et al. developed an in vitro cartilage degradation model
targeting early-stage OA using collagenase-treated cartilage explants. The enzymatic degradation
indicated reduced proteoglycans content and increased cartilage deformation and degeneration
[152]. However, utmost care and caution need to be taken while establishing the relevance of in
vitro models to clinical disease. Various research groups including De chant et al. have
investigated the varying dosages of glucosamine and chondroitin sulphate on normal and
interleukin-1a conditioned equine cartilage explants, and reported that the combination of
glucosamine and chondroitin sulphate is more effective in preventing or treating OA in horses
[153]. However, this understanding did not hold effective under in vivo trials. Sawitzke et al.
showed beneficial but not significant trends when evaluating the efficacy and safety of
glucosamine and chondroitin sulphate, alone or in combination, as well as celecoxib and placebo

on painful knee OA over 2 years [154].

The main pathways involved in the development of pathological conditions and repair of the
cartilage matrix are mostly mediated through cytokines and chemokines. Models of OA which use
cytokines for induction of OA-like conditions are very common, generally well understood,
typically cost-effective, and easily customizable. The extensive cell expansion ability allows the
possibility of many replicates, permitting multiple hypotheses to be tested from single sources of
tissue [155]. The predominant proinflammatory cytokines interleukin-1p (IL-1f) and tumor
necrosis factor-o. (TNF-a) are synthesized during the OA process and are used for induction of
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OA-like conditions [156]. Maccoux et al. investigated the cytokine expression levels in different
articular tissues from the healthy and OA joints of dogs. The results showed increased levels of
IL-1B, IL-6, and IL-10 in OA synovial membrane, increased levels of IL-1f and IL-6 in ruptured
(OA) ligament, and reduced levels of IL-8 in OA synovial membrane [157]. Liacini et al. showed
that TNF-a can induce catabolism (induction of MMP-13) and inhibit anabolic pathways mediated
by MAP kinases, AP-1, and NF-«B transcription factors in joint tissues and articular chondrocytes
[158]. Cytokine-induced proteolytic enzyme release is regulated by inflammatory mediators such
as nitric oxide, PGE2, and ROS. The ECM proteins cleaved by the activated proteases further

induce both proinflammatory cytokines and matrix proteases leading to greater damage [159].

Due to their capability to recapitulate the tissue microenvironment, 3D in vitro models offer a more
realistic approach with higher utility in exploring disease development and drug screening. Cortial
et al. developed an in vitro cartilage model, using bovine articular chondrocytes cultured in a
collagen scaffold with or without IL-1pB, to induce cartilage degradation. IL-1p treatment
upregulated the catabolic MMP1 and MMP3 and downregulated the ECM proteins collagen type
Il and aggrecan [160]. This 3D system allowed study of the responses of chondrocytes due to
inflammatory cytokines; however, it did not test the feasibility of the system to study the effect of
anti-inflammatory drugs, and did not include the effect of inflammatory immune cells. Sun et al.
developed an early-stage in vitro 3D OA system using silk scaffold seeded with primary
chondrocytes, along with treatment with cytokines (IL-1 and TNF-a) or the use of macrophage
conditioned media (MCM). The addition of the cytokines or MCM increased the expression of
MMP-1 and MMP-3, in agreement with native inflamed cartilage conditions [161]. However, the
study did not test the feasibility of the platform to evaluate the efficacy of anti-inflammatory drugs.
Aydin et al. developed a 3D in vitro model of OA using doxycycline and doxycycline-chondroitin
sulfate (D-CS) loaded PCL microspheres (MS). A significant reduction in MMP-13 and GAG
levels were observed upon drug treatment in both microspheres compared to untreated OA-
chondrocytes. The promising results of injection of MS to rabbit knee in hyaluronic acid (HA) also
indicated the effectiveness for OA therapeutics [162]. Cross-linked hyaluronic acid (cHA)
hydrogel and dexamethasone (Dex) have been used in the clinic to treat knee OA owing to their
chondroprotective and anti-inflammatory effects, respectively. Zhang et al. compared the

treatment effects of the cHA gel combined with/without Dex in a surgery-induced OA model in
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rats. The results indicated increased proteoglycan and type Il collagen levels and less cartilage

damage in the cHA-Dex gel group with reduced inflammatory cell infiltration [163].

There are increasing reports involving 3D bioprinting of cartilage, bone, and the osteochondral
tissue with an immense research on the development of new bioinks, the integration of diverse 3D
printing methods, the development of more complex devices able to mimic native tissues, and
moving towards an integration of advanced techniques such as 3D bioprinting. However, currently,
the literature reports no 3D bioprinted model for screening anti-inflammatory OA drugs. Thus,
there are expectations of new humanized models based on 3D printing with the ability to replicate

the inflamed osteochondral unit of the joint and to screen drugs towards OA therapeutics.
1.2.6 Clinical status and commercial products

Many scaffolds/constructs have been designed, developed, and explored in bone, cartilage, and
osteochondral tissue engineering. Of those, only a few have been progressed to clinical trials [164].
In the case of articular cartilage, the focal and degenerative lesions significantly decrease the
quality of the patient’s life. Despite the progress in several therapies, including surgical treatment,
a definitive treatment strategy towards cartilage repair is not yet known [165]. The regeneration
and formation of fibrocartilage instead of the desired hyaline cartilage of the neo-tissue is a
significant challenge for clinicians. There is a constant requirement of new and improved strategies
with the best cost-effective treatment for cartilage regeneration, with high-quality randomized
clinical trials. Biomimetic ceramics and composites have recently garnered success in bone
regeneration therapies in patients [166, 167]. A recent comprehensive review by Oryan et al.
reports the status of the various commercially available bone graft substitutes and their clinical
applications [168], and states that autografts remain as the gold standard for bone regeneration by
functioning better to the tissue engineering scaffolds. Therefore, much understanding and
advancements are required to fabricate clinically relevant constructs that mimic the natural bone.
Similarly, in the case of osteochondral tissue, several multilayer scaffolds and composite
constructs have been explored with a focus on the specific anatomical details of each tissue layer.
These constructs are investigated comprehensively in osteoarthritic patients for repair and
regeneration of osteochondral defects, with some of them achieving limited success and
commercially available in the market [164]. The preclinical and clinical trials help us to understand

where we stand, create the correct strategies towards better and efficient tissue repair with
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improved cost-benefit ratios. Towards clinical translation of grafts, most of the pre-clinical studies
are either ongoing or are waiting to undergo clinical trials, with the results from several current
trials of bone, cartilage and osteochondral grafts showing promising results for future clinical

applications.

In the global market for tissue engineering, the field of Orthopedics, Musculoskeletal & Spine
applications constitute the largest share in terms of application, which is estimated at 60.5% or
US$13.5 billion in 2018 and is projected to reach US$34.7 billion by 2024 at a CAGR of 17.1%.
Over the past decade, research and advancement in the field of tissue engineering and regenerative
medicine have resulted in several clinically approved products. The role of biomaterials in tissue
regeneration to fabricate scaffolds is crucial to support the growth of cells that will regenerate the
defective site by creating new tissue while the scaffold itself biodegrades out of the system. In
osteochondral regeneration, several formats of materials have been employed as templates to
supports ECM and new matrix formation, however, the most commonly used technique consists
in designing bilayered scaffolds able to regenerate both cartilage and subchondral bone, seeded
with autologous chondrocytes for the application of implantation. Inspired from Bicho et al. [169],

Table 1.3 lists some of the current commercial products in the market.

Table 1.3. List of some commercial products used for the repair and regeneration of bone,

cartilage, and OC defects.

Product Manufacturer Composition Applications
Chondromimetic™ | TiGenix NV Collagen, GAG, and CaP OoC
Trufit™ Smith & Nephew Calcium sulfate, PLGA/ PGA | OC
MaioRegen® Med&Care Collagen type I and oC
magnesium enriched-HAp
OsseoFit® plug Type I collagen, and 80% B- | OC
TCP + 20% PLA
BST-Cargel® Piramal Life Sciences | Chitosan gel, OoC

glycerophosphate, and

autologous blood

32
TH-2917_146106044



Literature review Chapter 1

Bioseed®-C Biotissue Technologies | PLA/PGA OoC
GmbH
Agili-C™ CartiHeal Calcium carbonate and OoC
aragonite with hyaluronic
acid
Collagraft® Nuecoll Inc Collagen with granules of OoC
HAp and B-TCP
Chondrotissue® Biotissue PGA/hyaluronan Cartilage
HYAFF® 11 Anika Therapeutics Hyaluronan Cartilage and
oC
Chondrocushion Advanced Bio | Polyurethane Cartilage
Surfaces, Inc
BST-Cargel® Piramal Life Sciences | Chitosan with glycerol Cartilage
phosphate and autologous
blood
SaluCartilage™ SaluMedica Polyvinyl alcohol hydrogel Cartilage
Gel-One® Zimmer Hyaluronic acid Knee OA

Abbreviations: OC- osteochondral, OA- osteoarthritis, GAG- glycosaminoglycans, CaP- calcium
phosphates, PLGA- poly(lactic-co-glycolic) acid, HAp- hydroxyapatite, PLA- polylactic acid,
PGA- polyglycolic acid.

As reviewed above from the current literature, several natural and artificial biomaterials have been
studied and of these the natural polymers have proven to be the preferred sources. Of the natural
polymers, silk fibroin has gained immense attention for use as a biomaterial in tissue engineering

applications due to its characteristics.

1.2.7 Silk fibroin

Silk is a natural fibrous biopolymer that has gained worldwide attention and has been in use for
centuries in diverse applications including textiles, optics, electronics, food industry,
environmental engineering, and biomedicine [170]. Owing to its high biocompatibility, it has been

widely used as suturing material in clinical settings for over a century [171]. In recent times, silk
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has been extensively explored for biomedical applications and is FDA approved for use as
biomedical sutures (Wax coated, Ethicon Inc. and others), surgical mesh (SERI-surgical scaffolds
for soft tissue regeneration by Sofregen Medical, Inc., Medford, MA, USA), and hydrogel (Silk
Voice for augmenting vocal fold tissue by Sofregen Medical, Inc., Medford, MA, USA) [171].
Silk is produced by arthropods namely spiders, scorpions, mites, and lepidopteran insects such as
silkworms. Among the silkworms, silk from the domesticated Bombyx mori (mulberry) of the
Bombycidae family is found globally and is well studied, however, the Indian wild varieties (non-
mulberry) such as Antheraea assamensis (commonly known as Muga), Antheraea mylitta
(commonly known as Tasar), and Philosamia ricini (commonly known as Eri) of Saturniid family
are relatively untapped. Silk from silkworm is composed of the core silk fibroin (SF) protein that
forms the structural fibers and silk sericin (SS) which is a gum coating the fibers. Post-processing,
the biocompatible silk fibroin is collected and used for various applications while the water-soluble
sericin is discarded. The different silk has distinct physicochemical characteristics mostly due to
their varied amino acid composition [172]. In the case of spiders, the orb-weaving spiders (Nephila
clavipes and Araneus diadematus) are well studied, especially the female orb-weaving spiders that
yield up to seven different silk types from different glands and spinnerets situated at the posterior
abdomen side. Among these, the major ampullate silk (dragline silk), which has superior tensile
strength and toughness and is made by the major ampullate glands has been investigated in most
detail [173]. The silkworm silk is synthesized in the posterior part of the silk gland, concentrated
and stored in the middle part, and then transported to the anterior segment before being spun into
fibers when it comes in contact with the air, drawn into cocoons. Both SF and SS proteins are
involved in cocoon formation. Towards its application, the 2 silk proteins have been reported to
be used individually but not together due to biocompatibility issues [174]. SF is a widely explored
biomaterial due to its favourable biocompatibility, tunable degradation rates, adjustable molecular
structure, remarkable mechanical properties, and the ability to be fabricated into several formats
of matrices [175, 176].

Structurally, SF from B. mori is composed of light (L) and heavy (H) chain polypeptide linked by
a disulphide bond. The H-chain is made of hydrophobic region with ordered amino acid sequence
repeats, eventually organizing the SF into [-sheet (crystalline structures) via inter- or
intramolecular forces such as the hydrogen bonds, hydrophobic interactions, and van der Waals
forces [177]. In general, the presence of larger hydrophobic crystallite domains interspersed with
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smaller hydrophilic amorphous domains allows the assembly of SF and imparts silk its strength
and resilience. The chemical structure of these silk varieties differs from each other and is highly
influenced by their amino acid composition [172]. Additionally, SF can exist in 4 different
morphologies (silk I, silk 11, silk 111, and random coil), under different stages and conditions. Silk
I consist of alternating a-helix and B-sheets (mainly is SF solution), silk II consists of dominant [3-
sheet content (present in hydrogels), while silk III is dominantly a-helix structure, while the
random coil form exists in the SF solution [178]. The properties of SF can be tuned by regulating
its crystalline and amorphous domains which makes this protein attractive to explore. The
chemical structure of these silks differs from each other and is highly influenced by the varying
amino acid contents. The amino-acid composition of B. mori SF includes multiple repeats of (Gly-
Ala-Gly-Ser-Gly-Ala), conferring crystallinity to the structure [179]. Concurrently, the amino acid
structure of non-mulberry silk consists of poly-alanine (Ala), repeats and is responsible for the
higher crystallinity in non-mulberry silks as compared to mulberry. Crystallinity is a vital
parameter for the in vivo biodegradability of SF matrices, which can be tuned using various
treatments. The wild silk has been reported to show improved physicochemical, thermal, and
mechanical stability [180, 181]. Another advantage that the wild non-mulberry variety possesses
over the mulberry silk is the presence of cell binding tripeptide Arg-Gly-Asp (RGD), which are
integrin-binding receptors for cell adhesion mediating better cell-material interaction [182]. The
ease of processing and ability of SF solution to be fabricated into various formats such as sponges,
mats, hydrogels, films, and nanoparticles is another desired characteristic. The suitable properties
make it a favourable contender for tissue engineering applications including complex

osteochondral tissues.

Preparation of 2D hydrogel films or coatings and 3D porous scaffolds and sponges using silk
fibroin hydrogels has been adapted for strengthening the hydrogels and ensuring their presence in
the targeted volume of repair and regeneration. Moreover, they ensure the sustained delivery of
biological factors while acting as a harbour for the housing and proliferation of cells. Silk fibroin
hydrogel scaffolds have been repurposed for osteochondral repair either in a reinforced state or in
a blended state (Table 1.4).
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Table 1.4. Silk hydrogel-based delivery vehicles for osteochondral repair.

Delivery Format Delivered Cargo Application Ref.
(Biomolecule/Cell)
Nanospheres Kartogenin/E7 In situ osteochondral [183]
Peptide/Rhodamine B regeneration
Nanoparticles and Hydroxyapatite Bone regeneration [184]
nanofibers
Hydrogel miR-675 containing Prevention of vascular [185]
exosomes dysfunction in mouse hind limb
Hydrogel Chondrocytes Cartilage repair in rabbit model | [186]
Hydrogel Bioactive glass nanoparticles | In situ bone formation in [187]
calvarial defect model
Hydrogel Mature chondrocyte Cartilage regeneration [188]
embedded Silk elastin-like
recombinamers
Hydrogel Betamethasone Anti-inflammatory action for [189]
prevention of rheumatoid
arthritis
Hydrogel RGD sequences (Gelatin) and | Cartilage tissue regeneration [190]
porcine chondrocytes
Hydrogel RGD sequences (non- Intervertebral disc degeneration | [191]
mulberry silk fibroin) and therapy
annulus fibrosus cells
Hydrogel Horseradish Peroxidase asa | Cartilage regeneration [192]
model drug loaded into applications
Sericin methacrylate
Hydrogel scaffolds | Chitosan nanoparticles Articular cartilage defect repair | [193]
Hydrogel/Microfiber | Chondrocytes Cartilage tissue repair [99]
scaffolds
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Multilayered Growth factor microspheres | Osteochondral defect repair [194]
hydrogel scaffolds containing rhBMP-2 or

rhTGF-$3,
nanohydroxyapatite
Hydrogel constructs | Tricalcium phosphate Osteochondral tissue [195]
regeneration
Hydrogel constructs | Zinc, Strontium and Osteochondral tissue [196]
Tricalcium phosphate regeneration with antibacterial
properties
Electrospun Bioactive glass Osteochondral interface [197]
hydrogel constructs regeneration
Nanotextured Hydroxyapatite Osteochondral defect repair [198]
Hydrogel membrane
Hydrogel constructs | Bioactive glass Patient specific bone defect [199]
repair
Composite hydrogel | Kartogenin, stem cells, and Osteochondral defect repair [200]
scaffolds BMP-2-derived peptides
Composite hydrogel | Chondroitin sulphate Articular cartilage repair [201]
Composite Chitosan and Magnesium Antimicrobial active [202]
hydrogels hydroxide osteochondral repair substitute
Hydrogel constructs | Platelet-rich plasma Cartilage regeneration [203]
Hybrid hydrogel | L-ascorbic acid and Platelet | Chondrogenic differentiation of | [204]
scaffolds rich plasma Wharton's jelly derived
mesenchymal stromal cells
Hydrogel scaffolds | Platelet rich plasma Bone tissue engineering [205]

SF has been developed into a bioink or biomaterial ink in addition to several other polymers for
the fabrication of cartilage tissue. Table 1.5 summarizes the various silk-based bioinks and
biomaterial inks, the bioprinting parameters, and the various cell types used in the formulation of

the bioink for cartilage and OC tissue fabrication.
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Table 1.5. Detailed characteristics of silk-based bioinks and bioprinting parameters for cartilage

and osteochondral tissue engineering.

. B|0|n'k/ . Crosslinking Construct Cell Printing
Biomaterial ink type/ Ref.
. parameters . sources process
composition Applications
SF + PRP + PEG Chemical mediated: | Cartilage, Rabbit EBB [148]
PEG Model cylinder | chondrocyte
scaffolds
BMSF + GMA + Photopolymerization | Trachea Rabbit DLP [206]
LAP LAP (photoinitiator) chondrocyte
BMSF + PRSF + Physical Cartilage, Porcine EBB [139]
Gelatin entanglement and Model grid auricular
self-gelling scaffold, Ear chondrocyte
Silk Fibroin + Chemical mediated: | Cartilage Wistar EBP [207]
Collagen/Chitosan | Ethanol rats BM
(without cells) MSCs
BMSF + cartilage | Chemical mediated: | Cartilage Rabbit EBP [208]
acellular matrix Methanol BMMSCs
(Without cells) Or EDC and NHS
BMSF + Gelatin + | Chemical mediated: | Cartilage SD rats Indirect | [209]
BMSC-specific Ethanol and Genipin BMMSCs | AM
affinity peptide E7
(without cells)
BMSF + PVA Physical Cartilage SD rats Indirect | [210]
(without cells) crosslinking: auricular AM
Freeze-thaw cycle chondrocyte
BMSF (without Chemical mediated: | Cartilage Porcine Indirect | [211]
cells) Ethanol articular AM
chondrocyte
Cartilage Ink: Enzyme mediated: Osteochondral | Porcine EBB [147]
BMSF + AASF + | HRP and H.0> ADMSCs
PVP; Bone Ink:
BMSF + AASF +
PVP + strontium
doped nano HAp
BMSF + AASF + | Physical Fibrocartilage | Primary EBP [212]
Gelatin (without entanglement and Grid infill porcine
cells) self-gelling behavior | scaffolds; meniscal
Chemical mediated:
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EDC and NHS Tri-layered fibrochondr
meniscus ocytes
BMSF Enzyme mediated: Fibrocartilage | Human EBP [213]
HRP and H>O> Cylinder ADMSCs
Chemical mediated: | scaffolds;
Ethanol Meniscus
BMSF + Elastin Enzyme mediated: Fibrocartilage | Human EBP [214]
(without cells) HRP and H.0> Model ADMSCs
Chemical mediated: | scaffolds
Ethanol (cube); AF
BMSF + Gelatin+ | Chemical mediated: | Cartilage L929 cells | EBP [215]
Glycerol + BCNF | Ethanol and Genipin | Model square
(without cells) blocks;
Meniscus

Abbreviations: SF: Silk fibroin; SD: Sprague Dawley; PRP: Platelet-rich plasma; PEG:
Polyethylene glycol; BMSF: Bombyx mori silk fibroin; PRSF: Philosamia ricini silk fibroin;
AASF: Antheraea assama silk fibroin; GMA: Glycidyl Methacrylate; LAP: Lithium phenyl (2,4,6-
trimethylbenzoyl) phosphinate; EBP: Extrusion-based Printing; EBB: Extrusion-based
Bioprinting; DLP: Digital Light Processing; EDC: 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride; NHS: N-hydroxysuccinimide; PVA: Polyvinyl Alcohol; PVP:
Polyvinylpyrrolidone; HRP: Horse Radish Peroxidase; H202: hydrogen peroxide; AF: Annulus
Fibrosus; AM: additive manufacturing; BCNF: bacterial cellulose nanofibers; BM-MSCs: Bone
marrow derived mesenchymal stem cells; AD-MSCs: Adipose derived mesenchymal stem cells;

Sl: Subcutaneous implantation.

39
TH-2917_146106044



40

TH-2917_146106044



MOTIVATION AND OBJECTIVES OF
THE PRESENT INVESTIGATION

41
TH-2917 146106044



42

TH-2917_146106044



Motivation and objectives

MOTIVATION AND OBJECTIVES OF THE PRESENT INVESTIGATION

Osteoarthritis (OA), characterized by deterioration of osteochondral tissue (consisting of articular
cartilage, subchondral bone, and an interface) in the articular joints, is a common chronic health
disorder with more than 100 million people suffering from OA globally. The articular cartilage,
central to OA etiology, functions as a biomechanical, load-bearing, and friction reducing tissue.
Structurally, the cartilage is a dense, avascular, aneural, and alymphatic connective tissue, with
low self-regeneration capacity. Hence, on injury, it affects the entire osteochondral tissue,
degenerates into OA, and limits the effective functioning of the entire joint. The current repair
strategies often prove insufficient in sustaining long-term restoration of normal or at least,
functional physiology. The development of alternative treatment strategies with promising
therapeutic outcomes, thus become imperative. The research work carried out current thesis is
aimed to explore the emerging techniques of tissue engineering, develop suitable matrices, and
reinforce scaffold-based regeneration of cartilage and osteochondral tissue. Fabrication of
scaffolds using natural and synthetic polymers, to support cell proliferation, differentiation and
provide biological cues and have been investigated. The advantage of using natural polymers lies
in their inherent bioactivity that supports graft regeneration and acceptance. The natural polymers
like collagen, fibrin, elastin, gelatin, and agarose, though widely used in tissue engineering are also

expensive, have low mechanical properties, and require complex isolation/extraction methods.

Silk fibroin, a natural polymer has garnered good traction in tissue engineering, endorsed by a
wealth of positive attributes. Fibroin displays biocompatibility, tunable biodegradability to amino
acids, robust mechanical properties, ease of processing, affordable, and ability to undergo aqueous
processing into different formats such as gels, films, powder, and sponges. Silk fibroin has
therefore been extensively explored for biomedical applications and is FDA approved for use in
some formats. Silk fibroin from silkworms such as Bombyx mori (mulberry silk) silkworms is the
most commonly explored silk type. Recently, SF from non-mulberry wild species such as
Antheraea assamensis, Antheraea mylitta, and Philosamia ricini silkworms have become the focus
of attention, backed by their notable mechanical properties and presence of intrinsic cell-binding
arginine—glycine—aspartic acid (RGD) tripeptide. Consequently, their SF has been considered

suitable for development of matrices as part of the objectives of this thesis. The abovementioned
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characteristics of silk render it suitable for the development of matrices in the current thesis,

discussed as follows:

Agarose hydrogel is considered a gold standard matrix for cartilage tissue engineering by its ability
to maintain the morphology of chondrocytes and encourage good ECM secretion. Our ability to
explore the mechanisms underlying cartilage formation using agarose is cut back by its
composition, immunogenic reactions, non-degradability in sync with structure, and mechanical
properties not conducive to customization. Thus, in Objective 1, the aim was to blend agarose with
silk fibroin to form a hydrogel that retained the positive attributes of the agarose standard and
nullified its negatives. In addition, a load bearing robustness was required of the hydrogel implant
to withstand the stress characteristic of an articular joint. Thus, in Objective 2, the aim was to
fabricate fiber-reinforced scaffolds with enhanced mechanical strength for the repair and
regeneration of cartilage. Further, the structural proximities of articular cartilage and subchondral
bone implicate their combined role in OA, and call for regeneration of entire osteochondral unit,
inclusive of articular cartilage and underlying bone. Therefore, in Objective 3, the aim was to
fabricate a biphasic silk scaffold with a spongy fiber-free phase attributed to cartilage and a fiber-
reinforced phase for bone revival. The continuous biphasic scaffold was also directed to overcome
the common problems with the 2 phases fabrication methods where each phase is developed

separately and then glued together.

The matrices developed so far used conventional and manual fabrication methods such as freeze-
drying. These methods are handicapped by long duration, low reproducibility, unpredictable pore
morphology and spatial distribution, and higher cost burden. Therefore, 3D bioprinting, an
advanced manufacturing technology was used to fabricate anatomically generated relevant shapes,
that allowed patient-specific fitting on the site of implantation, in a high-throughput, automated,
and cost-effective manner, using a suitable and crucial bioink. Inspired by recent reports of silk
self-assembly in blends of mulberry and non-mulberry, in Objective 4, the aim was to understand
the possible mechanism for this gelation and further investigate its usage as bioink for 3D
bioprinting application. Therefore, in Objective 5, the aim was to use the suitable silk blends from

our learning from objective 4 for developing the bioink for cartilage 3D bioprinting. Importantly,
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the aim also was to develop a crosslinker-free approach to make the bioink, thus avoiding the

possible toxicity and cost burden associated with using crosslinkers.

Finally, the development of therapeutics for OA requires an understanding of the molecular
mechanisms of OA initiation and progression. Towards this, several disease models such as animal
models have been explored but they lack the biomimetic human pathophysiological conditions,
require a longer timeline, and have associated ethical concerns. To overcome the limitations of 2D
monolayers and animal models, and with no existing inflamed 3D bioprinted model so far, we
aimed to develop an inflamed 3D bioprinted physiologically relevant in vitro model in Objective
6, to cater to the demand for a robust, high-throughput platform for screening novel anti-

inflammatory drugs used in OA therapeutics.

Thus, with the enormous potential of scaffold-based matrices in tissue engineering of cartilage and
osteochondral tissue, the current thesis aims to use silk fibroin polymer as a biomaterial to develop
various 3D matrices with progress in biomimicry, biofunctionality, and mechanical properties and
transitioning from conventional methods of scaffold fabrication to the advanced techniques. The

said hypothetical strategies were designed and investigated through the following objectives:

Objectives:

1. Potential of agarose/silk fibroin blended hydrogel for in vitro cartilage tissue engineering

2. Silk fiber reinforcement modulates in vitro chondrogenesis in 3D composite scaffolds

3. Hierarchically structured seamless silk scaffolds for osteochondral interface tissue
engineering

4. Wild silks enable controlled gelation and increase silk hydrogel composite performance
3D bioprinting of cross-linker free silk-gelatin bioink for cartilage tissue engineering

6. Mimicking early-stage osteoarthritis in vitro by 3D bioprinting inflamed osteochondral unit

for high-throughput anti-inflammatory drug screening applications
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Potential of Agarose/Silk Fibroin Blended Hydrogel for In
Vitro Cartilage Tissue Engineering

The present work aimed at bringing together the innate advantages of agarose and mulberry/non-
mulberry SF to fabricate a blended hydrogel for application in cartilage reconstruction. The
physicochemical properties such as swelling behavior, degradation, structural conformation, and
rheological properties of the blend hydrogel were studied. The fabricated hydrogels were evaluated
with porcine auricular chondrocytes for cellular, biochemical, histological properties, and gene

expression studies for cartilage-specific markers.

AG-SF BLEND XXV
= Ethanol

Treatment
Chondrocytes
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—_—
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The work embodied in this chapter is published as follows:

Yogendra Pratap Singh, Nandana Bhardwaj, and Biman B. Mandal. "Potential of agarose/silk
fibroin blended hydrogel for in vitro cartilage tissue engineering.” ACS Applied Materials &
Interfaces 8(33), 2016: 21236-21249.
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ABSTRACT

Osteoarthritis pandemic has accelerated exploration of various biomaterials for cartilage
reconstruction with special emphasis on silk fibroin from mulberry (Bombyx mori) and non-
mulberry (Antheraea assamensis) silk worms. Retention of positive attributes of the agarose
standard and nullification of its negatives are central to the current agarose - silk fibroin hydrogel
design. In this study, hydrogels of mulberry and non-mulberry silk fibroin blended with agarose
were fabricated and evaluated in vitro for 2 weeks for cartilaginous tissue formation. The
fabricated hydrogels were physico-chemically characterized and analyzed for cell viability,
proliferation and ECM deposition. The amalgamation of silk fibroin with agarose impacted the
pore size as illustrated by FESEM studies, swelling behaviour and in vitro degradation of the
hydrogels. FTIR results indicated the blend formation and confirmed the presence of both
components in the fabricated hydrogels. Rheological studies demonstrated enhanced elasticity of
blended hydrogels with G">G". Biochemical analysis revealed significantly higher levels of
sulphated glycosaminoglycans (SGAGs) and collagen (p < 0.01) in blended hydrogels. More
specifically, non-mulberry silk fibroin blend showed higher sGAG and collagen content (~1.5-
fold) than mulberry blend (p < 0.05). Histological and immunohistochemical analyses further
validated the enhanced deposition of SGAG and collagen indicating maintenance of chondrogenic
phenotype within constructs after 2 weeks of culture. Real-time PCR analysis further confirmed
up-regulation of cartilage specific aggrecan and Sox-9 (~1.5-fold) and collagen type Il (~2-fold)
marker genes (p <0.01) in blended hydrogels. The hydrogels demonstrated immunocompatibility,
which was evidenced by minimal in vitro secretion of tumour necrosis factor-o. (TNF-0)) by murine
macrophages. Taken together, the results suggested promising attributes of blended hydrogels and
particularly the non-mulberry silk fibroin-agarose blends as alternative biomaterial for cartilage

tissue engineering.
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2.1 Introduction

Osteoarthritis (OA) characterized by deterioration of cartilage in articular joints is a common
chronic health disorder that has attained pandemic status. Globally, 100 million people suffer from
OA, making it the eighth leading cause of disability [216], with the rate in women (18%) double
than that of men (9.6%) in the age group of > 60 years [217]. The articular cartilage is central to
this pandemic playing important biomechanical roles as a load-bearing tissue and reducing joint
friction. Unfortunately, this avascular, aneural and alymphatic dense connective tissue is
structurally predisposed to low self-regeneration capacity. The latter stems from sparse population
of differentiated and non-dividing chondrocytes, slow matrix turnover, and low availability of
progenitor cells which is aggravated by vasculature paucity [218]. Contemporary cartilage repair
strategies include arthroscopic repair, soft tissue grafts, osteochondral transplantation of autogenic
and allogeneic tissues, autologous chondrocyte implantation (ACI) and others procedures [219,
220]. However, these treatment options are often insufficient in maintaining the long term
restoration of normal physiological function and thus necessitating imperative development of
alternative treatment strategies with promising therapeutic ramifications [220]. The development
of chondral construct to replace diseased and/or damaged native cartilage is dependent on
scaffolds, available functional cell sources and growth factors which facilitates cell proliferation
and generation of ECM [221, 222].

In tissue engineering approach, hydrogels have played crucial roles as platforms to chaperon
nascent tissue formation. The optimal functioning of any hydrogel is dictated by physical
parameters of degradation, swelling, mechanical strength and biological performance parameters
of cell attachment, proliferation and secretion [223]. Though the hydrogel based methodologies
have taken on vital roles endorsed by their biochemical resemblance with the highly hydrated
glycosaminoglycans (GAGs) components of connective tissues [224], the story is far from being
comprehensively complete. The agarose polysaccharide is transparent, neutrally charged and
thermoreversible [225]. It has been used extensively in cartilage tissue engineering and human
clinical trials as a scaffolding material for autologous chondrocyte implantation strategy [226].
Several features such as effect of mechanical loading and cell-seeding density have been studied
extensively using agarose hydrogels for cartilaginous tissue formation [227, 228]. It is considered
a gold standard biomaterial for in vitro tissue engineering of cartilage as it provides superior base

for chondrogenesis and higher GAG deposition to yield constructs with functional properties
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approaching those of native articular cartilage [99, 229]. Chondrocytes cultured in agarose
hydrogel maintain the gene expression of aggrecan and collagen 1l [91]. Agarose hydrogel helps
the formation of a mechanically functional cartilage-like matrix upon long term culturing of
chondrocyte [92]. However, agarose can be immunogenic, non-degradable with structure,
composition and mechanical properties not conducive to customization, thus curtails our ability to
explore the mechanisms underlying cartilage formation in agarose [230]. Along with the
aforestated reasons, agarose shows significantly low cell adhesiveness, cell proliferation [231] and
low graft integration with the host tissue, thereby limiting its study in animal models [232].
Therefore, blending with other polymers such as chitosan and gelatin, in order to overcome the
valid drawbacks has escalated in recent years [233, 234].

Conversely, silk fibroin (SF) is a natural fibrous protein showing immense potential in the field of
tissue engineering. Besides being biodegradable and biocompatible, it also exhibits ease of
processing, fabrication into various formats (fiber, film, porous scaffold, hydrogel, electrospun
mats etc.) and tunable mechanical characteristics [235, 236]. The reported low inflammatory
response of SF [237] is supportive of its use in biomedical applications. SF has been extensively
utilized in in vitro studies as a scaffolding material for bone [238], ligament [239], adipose tissues
[240], and cartilage [241]. Subsequently, it has been examined in vivo in bone [242], blood vessels
[243], adipose [244], cartilage [211], and osteochondral tissue [59]. Recently, FDA approval was
granted to Serica Technologies, Inc. for the use of silk scaffolds (SeriScaffold™) in soft tissue
repair. Owing to its natural ECM like aqueous environment, silk hydrogels have shown promising
results in tissue engineering applications [99, 230]. Mulberry SF from Bombyx mori has been
studied extensively in comparison to non-mulberry SF (Antheraea assamensis) for its use in
cartilage repair. It is reported that silk fibroin matrices from the two species of silkworms are
divergent in their morphology, degradation and bioactivity [236, 245, 246]. A recent study
provided an insight into the molecular architecture of A. assamensis fibroin, reporting arginine-
glycine-aspartic acid (RGD) tripeptide towards N and C-termini of the Gc motif [247]. RGD is an
integrin binding site that aids in cell attachment, proliferation and differentiation [182, 248].
Another unique feature of A. assamensis SF is that it has uninterrupted polyalanine stretches unlike
other saturniid family SF where serine residues break up polyalanine stretches. This hallmark
delivers superior tensile strength and mechanical properties of A. assamensis SF over B. mori SF

[247, 249]. SF-based scaffolds of A. assamensis have displayed suitable cytocompatibility with
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desirable cell adhesion, spreading, and migration, which enhances its applicability in tissue

engineering and regenerative medicine [245, 250, 251].

Consequently, the present work is aimed at bringing together the innate advantages of agarose and
mulberry/non-mulberry SF in order to fabricate a blended hydrogel for prospective application in
cartilage reconstruction using auricular chondrocytes as a cell source. Previous reports supported
that auricular source demonstrate higher chondrocyte yield with comparable morphology and gene
expressions to the articular source, which indicates the potential of porcine auricular chondrocytes
for cartilage repair [252]. The physicochemical properties such as swelling behaviour, degradation,
structural conformation, and rheological properties of the blend hydrogel were studied. The
fabricated hydrogels were evaluated with porcine auricular chondrocytes for cellular, biochemical,
histological properties and gene expression studies for cartilage specific markers. Simultaneously,

pure agarose (“gold standard”) hydrogels were taken as control for comparison.
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Figure 2.1. (A) Schematic representation of fabrication of hydrogels and (B) macroscopic
appearance of the hydrogels.
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2.2 Materials and methods

2.2.1 Materials

Silk cocoons (Bombyx mori) and matured 5" instar larvae of non-mulberry silkworm (Antheraea
assamensis) were collected from Mangaldoi Silk Farm, Assam, India. Chemicals for cell culture
such as Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin—-EDTA
and amphotericin B were acquired from Gibco BRL Rockville, USA. Protease XIV from
Strepyomyces griseus, sodium azide, collagenase (type 1-A), 1, 9-Dimethylmethylene blue, Alcian
blue, Hoechst 33342, Dexamethasone and low-melt agarose (Type VII) were obtained from
Sigma-Aldrich, USA. PicoGreen dye (Invitrogen), SYBR Green (Invitrogen), TNF-a kit
(Invitrogen), Anti-collagen Il monoclonal antibody (Abcam), Vectastain universal elite kit (\Vector
Laboratories), TMB substrate (Vector Laboratories), live/dead assay kit (Molecular Probes) and
other chemicals used were of analytical grade.

2.2.2 Extraction of silk fibroin

Silk fibroin was extracted from cocoons of mulberry B. mori silkworm and silk glands of A.
assamensis silkworm as per earlier established protocols [236, 251, 253, 254]. Briefly, cocoons of
B. mori were cut into pieces, degummed in boiling 0.02 M Na>COs3 solution, washed in distilled
water and air dried. The degummed fibres were dissolved in 9.3 M LiBr and dialyzed against milli-
Q water using 12 kDa molecular weight cut-off dialysis membrane for 48 h. In parallel, silk fibroin
protein of A. assamensis was extracted from silk gland of fifth-instar matured larva of silkworm.
Silk protein from cocoons of non-mulberry silkworms fail to dissolve in conventional LiBr or any
other chaotropic solvent, thus it was isolated from the silk glands of the silkworms. Protein was
squeezed out from the isolated glands and dissolved in 1% SDS followed by its extensive dialysis.
The concentration of obtained silk fibroin solution was determined by gravimetric method and

adjusted to a final concentration of 2% (w/v) in water for further studies.

2.2.3 Preparation of hydrogel

The agarose/silk fibroin blended hydrogels (AG-SF) were prepared by addition of SF solution to
dissolved agarose solution. 2% (w/v) solution of each component was used for hydrogel
fabrication. The components were mixed gently and allowed to gel; thereafter a 6 mm round
disposable (Acuderm Inc) biopsy punch was used to get hydrogels of 6 mm diameter and 2 mm
thickness. These punched hydrogels were then frozen at -20 °C for 12 h followed by lyophilization
in a freeze drier for 24 h. The lyophilized hydrogels were further treated with 70% (v/v) ethanol
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for 4-6 h in order to induce [-sheet in SF protein. The macroscopic appearance of the hydrogels is

shown in Figure 2.1B.

2.2.4 Morphological analysis of hydrogels

The surface morphology, pore size and interconnectivity of pores were examined using field
emission scanning electron microscope (FESEM) (Zeiss, Sigma, USA). The hydrogels were freeze
dried and sputter coated with gold followed by scanning analysis. The pore size was determined
by taking 20 random pores followed by analysis using Image J software (NIH, USA).

2.2.5 Swelling behaviour
Swelling property of the hydrogels was studied using conventional gravimetric method. Briefly,
the dry weight of hydrogels was recorded and then immersed in phosphate buffered saline (PBS,
pH 7.4) at 37 °C till they attained equilibrium. The swelled weight of hydrogels was taken at
various time intervals. The experiment was conducted in sets of three (n = 3) under identical
conditions and percent swelling was calculated using the equation:

Swelling (%) = [(Ws — Wd)/Wd] X 100
where, Ws is the swelled weight and Wd is the dry weight of the hydrogel (mg).

2.2.6 In vitro enzymatic degradation
The in vitro enzymatic degradation of hydrogel was assessed using protease XIV from S. griseus
with an activity of >3.5 units/mg. The hydrogels were immersed in ImL PBS (pH 7.4) having 2U
of protease XIV enzyme and incubated at 37 °C. Enzyme solution was replaced every 3 days for
a period of 28 days. 0.05% sodium azide was added to solution in order to prevent microbial
growth. Samples without the protease enzyme (i.e., only PBS) were taken as control. The
experiment was conducted in sets of three (n = 3) under identical conditions. Weight loss was
calculated using the equation:

S = [(Wo — W1)/W;] X 100
where, S is percentage solubility, Wo is initial weight of hydrogel (mg) and W1 is the final weight
of the hydrogel (mg).

2.2.7 Fourier transform infrared spectroscopy (FTIR)
FTIR study was carried out using an FTIR spectrophotometer (Perkin EImer BX) and spectra was

recorded in the range of 400-4000 cm™ by accumulation of 32 scans with a resolution of 4 cm™.

54
TH-2917 146106044



Materials and methods Chapter 2

Background readings were subtracted from sample readings. All spectra were recorded at room
temperature and analyzed using Microcal origin version 8.0.

2.2.8 Rheological characterization

Rheological experiments of hydrogels were carried out using Physica MCR 101 (Anton Paar).
Amplitude sweep and frequency sweep were executed using stainless steel (25 mm diameter)
parallel plate. For each measurement, the preformed hydrogel (20 mm diameter) was placed on
the lower plate of the rheometer and the gap between the plates was maintained at 1.4 mm.
Frequency sweep was carried out in the range of 0.01-100 Hz at a constant strain of 5% to get
storage modulus (G’), loss modulus (G") and complex viscosity (n). The amplitude sweep was
done between 0.01-100% strain (y) to obtain the yielding point of the gel. All experiments were
performed at 25 °C.

2.2.9 Isolation of porcine auricular chondrocytes

Auricular chondrocytes were harvested from the ear of freshly slaughtered pig obtained from a
local abattoir. Porcine ear was cleaned and dissected free of skin using sterile scalpels. The
obtained cartilage was cut in small fragments and rinsed with sterile PBS (pH 7.4). The obtained
fragments were treated with antibiotic solution (Invitrogen) before digestion with 0.2% protease
(type XIV, >3.5 U/mg). Further digestion with 0.05% collagenase (type I-A, >125 collagen
digestion units/mg) in high glucose DMEM supplemented with 10% fetal bovine serum (FBS)
media was carried out overnight at 37 °C with 95% relative humidity and 5% CO.. The auricular
chondrocytes were centrifuged (2000 rpm for 5 min) and the resultant cell pellet was washed 2-3
times with high glucose DMEM media (Figure 2.2). The viability of cells was determined by
trypan blue dye (Sigma-Aldrich, USA) followed by culture in high glucose DMEM media. For in

vitro experiments, passage three (P3) chondrocytes were used.
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Figure 2.2. Schematics of isolation of primary chondrocytes from porcine ear.

2.2.10 Cell seeding and culture

The fabricated pure agarose and blended hydrogels (6 mm in diameter and 2 mm thick) were
preconditioned in complete medium for 2 h before cell seeding. The preconditioned hydrogels in
24 well plates were seeded with 0.5 million cells per 6 mm hydrogel construct and incubated at 37
°C, 5% CO- for 3 h for initial cell attachment to the hydrogel. Further, 2 mL of fresh high glucose
DMEM was added to all the wells. After 3 h, hydrogels were shifted to fresh wells containing
chondrogenic media. The chondrogenic media was constituted with high glucose DMEM, 10%
FBS, 1% antibiotic-antimycotic solution, 100 nM dexamethasone, 50 mg/mL ascorbic acid, 1 X
ITS +3 (contains 1.0 mg/mL insulin from bovine pancreas, 0.55 mg/mL human transferrin, 0.5
pg/mL sodium selenite, 470 pg/mL linoleic acid, 470 pg/mL oleic acid and 50 pg/mL bovine
serum albumin) and 40 pg/mL L-proline. The cultures were further maintained in complete

chondrogenic media and changed every 3 days for a period of 14 days.

2.2.11 Cell viability assay

Chondrocytes viability was assessed using live dead assay kit. Briefly, the cell seeded hydrogels
were washed with PBS (pH 7.4) and incubated in 4 mM calcein-AM (stains live cells) and 2 mM
ethidium homodimer (stains dead cells) in PBS for 15-20 min at 37 °C. Constructs were pre washed

with PBS (2-3 times) prior to visualization using a fluorescent microscope (EVOS FL, Life
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Technologies). Viable cells are identified by the green fluorescence produced as a result of
intracellular esterase activity which converts calcein-AM to calcein. Concurrently, dead cells are
recognized by the entry of ethidium homodimer into cells through damaged membrane and it’s
binding to DNA resulting in red fluorescence. Further, to visualize cellular arrangement, nuclei
were stained with Hoechst 33342 for 30 min under dark condition followed by imaging under

fluorescent microscope (EVOS FL, Life Technologies).

2.2.12 Biochemical analysis

The hydrogels for estimation of DNA and sGAG were digested by papain solution (125 mg/mL
papain, 5 mM L-cysteine, 100 mM Na2HPOs, and 5 mM EDTA, pH 6.2) at 60 °C for 16 h. DNA
content was measured according to manufacturer’s protocol using PicoGreen DNA assay Kit
(Invitrogen). Briefly, the digested samples were centrifuged and 25 pL of supernatant was taken
in 96 well-plate having 75 pL of 1X TE buffer. To each well, 100 mL of Quant-iT PicoGreen
reagent (1:200 dilution) was added and fluorescence was measured using microplate reader (Tecan
infinite M200 PRQO) with an excitation and emission wavelength of 480 and 528 nm, respectively.
Lambda phage DNA (0-10 pg/mL) was used to generate a standard curve for DNA measurement.
For estimation of total sulfated GAG (sGAG), 1,9-dimethylmethylene blue (DMMB) assay was
used [255] where, 200 uL of DMMB reagent was added to 50 pL of papain digested sample and
absorbance was recorded at 525 nm. Additionally, SGAG secreted in the media from spent culture
medium was assessed using similar protocols. Chondroitin sulfate (Sigma-Aldrich, USA) in the
range of 0-100 pg/mL was used to prepare standard for GAG estimation. Collagen content was
measured using a modified Hride Tullberg-Reinert method [256]. Briefly, the samples were
digested using pepsin cocktail (1 mg/mL pepsin, pH 3.0) at 4 °C for 48 h and dried at 37 °C for 24
h in a 96 well plate followed by addition of 100 pL of Sirius red dye solution (prepared in picric
acid—saturated solution to a final concentration of 1 mg/mL) for 1 h with mild shaking. Sample
containing wells were then washed three times with 0.01 normality HCI followed by resolution of
dye sample complex using 0.1 normality NaOH. The absorbance was recorded at 550 nm. Total
collagen content was estimated using a standard curve prepared with rat tail collagen type |
(Sigma-Aldrich, USA). Hydrogel without cells were used as control. GAG and collagen contents
were normalized against DNA content and hydrogel weight in order to avoid variations from cell

numbers and hydrogel sizes.
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2.2.13 Histology and immunohistochemistry (IHC)

For histological examination the chondrocyte seeded hydrogels were fixed in 10% neutral buffered
formalin (NBF) for 24 h. These fixed samples were dehydrated, cleared and embedded in paraffin
wax. The paraffinized hydrogels were sectioned (3 pum thick) using microtome (Leica) and stained
using hematoxylin and eosin (H&E) for cell morphology and 1% Alcian blue (Sigma-Aldrich,
USA) (prepared in 3% acetic acid solution, pH 2.5) for sulphated proteoglycan.
Immunohistochemistry (IHC) was done for localization of type Il collagen, which is a bulk
component of the cartilage ECM. Herein, the paraffinized slide was deparaffinised, cleared and
rehydrated. Following this, it was stained as per manufacturer’s protocol using Vectastain Elite
Universal ABC kit (Vector laboratories). Briefly, samples were incubated with normal horse serum
(blocking serum) for 20 min and further treated with monoclonal antibody (Abcam) against Col Il
(1: 300) for 30 min, followed by incubation with biotinylated universal antibody. The samples
were then reacted with ABC reagent provided with the kit, and finally developed using TMB
substrate kit for peroxidase (Vector laboratories) to get a soluble blue reaction product. Stained
sections were visualized by photo-microscopy using bright-field illumination (EVOS FL, Life

Technologies).

2.2.14 Real time PCR analysis

Total RNA was extracted from cell seeded hydrogels using TRIzol (Sigma-Aldrich, USA) and
RNeasy mini-spin columns (Qiagen) following manufacturer’s instruction [67, 257]. Briefly,
hydrogels with cultured cells were taken in 2 mL tubes and 1 mL TRI reagent was added to it
followed by its chopping with micro scissors on ice and centrifugation at 12,000 g for 10 min/4
°C. The obtained supernatant was taken in a fresh tube and incubated for 10 min in 200 pL of
chloroform followed by centrifugation at 12,000 g/4 °C for 15 min. The upper aqueous layer was
carefully transferred to a RNeasy mini-spin column. RNA was washed and eluted according to
manufacturer’s protocol. The obtained RNA was then quantified using Nanodrop (Eppendorf) and
further cDNA was prepared using high-capacity cDNA reverse transcription kit (Applied
Biosystems) according to manufacturer’s protocol in PCR thermal cycler (Takara). Real time PCR
was performed using SYBR Green dye (Invitrogen) in a 7500 real time PCR system (Applied
Biosystems). SYBR Green mix, forward primer, reverse primer and cDNA was added to make a
reaction volume of 20 pL and run under the set conditions of holding stage (2 min at 50 °C, 10

min at 95 °C) and cycling stage (40 cycles of 95 °C for 15 s, and 60 °C for 45 s). Cartilage specific
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genes namely aggrecan, Sox-9 and collagen type Il were quantified. The obtained results were
analyzed through comparative Ct method (2"24¢") and normalized to an endogenous housekeeping
gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). All samples were analyzed in
triplicates (n = 3). Table 2.1 lists the primers used.

Table 2.1. Sequence of primers for real time PCR.

Gene Sequence Accession No.
Aggrecan F 5'-CCCAACCAGCCTGACAACTT-3’ NM_001164652.1
R 5'-CCTTCTCGTGCCAGATCATCA-3’
Sox-9 F 5'-TTCCGCGACGTGGACAT-3' NM_213843.1
R 5'-GGCGGCAGGTACTGGTCAAACTC-3’
Collagen Il F 5'-CAGGTGAAGGTGGGAAACCA-3’ AF201724.1
R 5'-ACCCACGAGGCCAGGA-3'
GAPDH F 5'-TCGGAGTGAACGGATTTGG-3' NM_001206359.1
R 5'-CCAGAGTTAAAAGCAGCCCT-3'

2.2.15 Macrophage stimulation and determination of TNF-a release

The murine macrophage cell line RAW 264.7 was grown in DMEM containing 10% FBS, 1%
antibiotic-antimycotic solution at 37 °C and 5% CO-. Cells were plated at 1 x 10° cells per well in
12-well plate and incubated overnight. The next day, hydrogels were added to the cell containing
wells. After 12 h and 24 h of incubation the medium was collected and assayed for tumor necrosis
factor alpha (TNF-a) release. Medium without hydrogel was used as negative control, while
lipopolysaccharide (500 ng/mL) (LPS from Escherichia coli, Sigma-Aldrich, USA) was taken as
positive control. The level of TNF-o was measured by ELISA as per manufacturer’s protocol
(Invitrogen). Briefly, the diluted samples (2-fold with standard diluent buffer) were taken in 8-well
strip and 50 pL of biotinylated secondary antibody was added to it followed by incubation for 90
min at room temperature (RT). Post incubation, the wells were washed 4 times followed by
addition of 100 pL of strepavidin-HRP working solution and its incubation for 30 min at RT. After
washing, 100 uL of stabilized chromogen solution was added to each well and incubated in dark
for 30 min. Final steps included addition of 100 pL stop solution and measuring its absorbance at
450 nm. The amount of TNF-a secreted was calculated using standard curve values plotted in the
range of 0-1000 pg/mL TNF-a.
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2.2.16 Digital image analysis

Color de-convolution technique was used for semi-automated digital analysis of Alcian blue
stained images [250]. Briefly, image thresholding was done followed by color de-convolution
technique for creating a complementary image. Herein, the range of pixel intensities was from 0
to 255, where the darkest and lightest shade color in the image were represented by 0 and 255
respectively. Further, the histogram profile, which represents the number of pixels of a specific
intensity value vs. their respective intensity of every image was acquired using Image J plugin
with assignment of automated score (high positive, positive and negative) to each image depending

upon the intensity.

2.2.17 Statistical analysis

All experimental data are reported as mean + standard deviation (n = 3). Statistical analysis was
performed by one way analysis of variance (ANOVA) using Sigma Plot 11.0 and Holm-Sidak test
was carried out to assess variance across groups. The differences between groups of *p < 0.05

were considered statistically significant and **p < 0.01 as highly significant.

2.3 Results

2.3.1 Morphological analysis of hydrogels

Blended hydrogels were fabricated using 2% (w/v) each of agarose and SF solution in a 1:1 ratio.
The preparation scheme is presented in 2.A. Fabricated hydrogels had a translucent appearance in
the hydrated state without any noticeable phase separation, as shown in Figure 2.1B.
Microstructure of the hydrogels as examined by FESEM images revealed interconnected
heterogeneously porous structures in all hydrogels (Figure 2.3A). Herein, freeze drying technique
was utilized to create porous structure of hydrogels and the range of pore size is presented in
Figure 2.3B. The pore size of the agarose (AG) hydrogels was 138 + 26 um, whereas that of
agarose-B. mori silk fibroin (AG-BM) and agarose-A. assamensis silk fibroin (AG-AA) blended
hydrogels were 158 + 26 um and 170 £ 23 um, respectively. Pore size of blended hydrogels were
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bigger as compared to pure agarose hydrogels. The AG-AA hydrogel exhibited significantly larger
pore size as compared to AG (p < 0.05).

Pore size (
D E;
o DD

Figure 2.3. (A) FESEM images of the hydrogels; () pure agarose (AG), (Il) agarose - B. mori
(AG-BM) and (111) agarose - A. assamensis (AG-AA) hydrogels. (B) Average pore size of the
hydrogels, (*p < 0.05). Scale bar represents 200 um.

2.3.2 Swelling behaviour

Absorption and retention of large quantities of water is cardinal to 3D polymeric networks such as
hydrogels. Thus, assessment of its swelling ability is an important characterizing feature. The
degree of swelling in various hydrogels after immersing in PBS and weighing at predefined time
points is shown in Figure 2.4A. All samples exhibited swelling behaviour and reached equilibrium
within 3 h. Rapid maximal swelling was observed within first 30 min with a swelling ratio of 30.
Higher swelling (~1.2 times) was observed in AG hydrogel as compared to the blends (p < 0.05).
Among the blends, AG-BM hydrogel showed higher swelling compared to AG-AA.
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2.3.3 Enzymatic degradation

The in vitro enzymatic degradation assessed by monitoring the weight loss of the hydrogel post 28
days of incubation with protease XIV solution is shown in Figure 2.4B. PBS (pH 7.4) was used
as a control. The control hydrogels showed no significant degradation over the 28 days. The
enzyme treated AG-BM blended hydrogel showed a maximum of 45% reduction in mass followed
by AG-AA blend, showing approx. 35% reduction in mass after 28 days (p < 0.01). However, pure
agarose hydrogels did not show any significant degradation in PBS (pH 7.4) or in protease solution.
The results indicated that degradation rate of AG-BM was higher (~1.2-fold) than AG-AA (p <
0.05).

2.3.4 Fourier transform infrared spectroscopy (FTIR) analysis

The structural conformation of the fabricated hydrogels using FTIR spectra is shown in Figure
2.4C. Pure agarose showed its characteristic peaks at 1071 cm™ (C-O, axial deformation), 930 cm-
1 (3, 6-anhydro-galactose), and 891 cm™ (C-H, angular deformation of p anomeric carbon). FTIR
spectra of only silk fibroin (both B. mori and A. assamensis) showed absorption peaks at 1630 cm™
(amide 1) and 1520 cm™ (amide II) which corresponds with the B-sheet conformation. Another
peak at 1235 cm ™t indicates the amide 111 region. In blended hydrogels, characteristic peaks of both
agarose and silk fibroin were recorded, which confirmed the blend formation. However, there was

slight shift in amide | and amide |1 peaks in case of blends.
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Figure 2.4. (A) Swelling ratio (B) degradation behaviour and (C) FTIR spectra of the pure agarose
and blended hydrogels. Data are plotted as mean + standard deviation, n = 3. (*» < 0.05, **p <
0.01).

2.3.5 Rheological characterization

Amplitude sweep was performed to analyze the physical nature of the gel. Figure 2.5A shows
storage modulus (G') and loss modulus (G") representing elastic and viscous behaviour of the
hydrogels, respectively. Linear Viscoelastic Region (LVER) was determined using shear strain
(0.01 —100%). As the strain increased at fixed o, the storage modulus decreased and the loss
modulus peaks at the onset before dipping finally. At a particular strain the G’ and G” intersect
each other. The intersection was at a strain amplitude of about 2.5% for pure agarose, 10% for
AG-BM and 9% for AG-AA. The frequency sweep revealed G’ to be higher than G” in all
hydrogels and were dependent on frequency (Figure 2.5B). Along with high G’ values, the blend
hydrogels showed higher difference between G’ and G”. Table 2.2 displays G" and G”, and loss
angle (tan 6 = G"/G') data at a fixed frequency of 0.1 Hz for the hydrogels.
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Figure 2.5. Amplitude sweep (A) and frequency sweep (B) of the hydrogels. (1) Pure agarose, (1)
AG-BM and (1) AG-A44 displaying storage modulus (G') and loss modulus (G").

Table 2.2. Storage modulus (G’), loss modulus (G") and loss angle (tan &) of the hydrogels.

AG AG-BM AG-AA
G’ (KPa) 4.52 13.20 13.30
G" (KPa) 2.51 4.69 6.51
tan o 0.55 0.35 0.48
3 (°) 7w ~19° ~25°

2.3.6 Cell viability

Live-dead assay demonstrated the cellularity and localization of porcine chondrocytes in
hydrogels. The fluorescent images obtained showed live (green) chondrocytes when cultured on
hydrogels over a period of 14 days (Figure 2.6A). All hydrogels showed uniform distribution and
displayed a spherical morphology of cells throughout the culture conditions. No cell death was
observed within hydrogels. The uniform cellular distribution was further confirmed by Hoechst
33342 staining, which stains the nucleus (Figure 2.6B).
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Figure 2.6. (A) Live/dead staining and (B) Hoechst staining of chondrocytes on hydrogels after
14 days of culture. (1) AG, (11) AG-BM and (111) AG-AA. Scale bars = 400 pum.

2.3.7 Biochemical analysis

Biochemical analysis of the hydrogels post 14 days of chondrocyte culture was performed to
quantify DNA, secreted sGAG and collagen content. DNA content increased significantly in all
the hydrogels on day 14 as compared to day 1 (p < 0.01) (Figure 2.7A). More specifically, the
DNA content increased ~1.5-fold,~1.8-fold and ~2-fold in AG, AG-BM and AG-AA, respectively
on day 14 (p <0.01). The blended hydrogels showed higher total DNA content (~200 ng) than the
pure agarose hydrogel (~150 ng) (p < 0.01). Similar trend was observed when total DNA was
normalized with hydrogel mass, showing~2-fold increase on 14" day as compared to day 1 (p <
0.05).

The total SGAG content (both in hydrogel and media) indicated increase in all hydrogels, reaching
approx. 110 ug at day 14 compared to 15 ug at day 1 (~7-fold increase) (p < 0.01). On day 14,
sGAG content of the blended hydrogels was higher compared to the AG hydrogel (p < 0.05).
Among the blends, AG-AA hydrogel showed higher (~1.5-fold) secretion of SGAG as compared
to AG-BM (p < 0.05). sGAG in medium constituted 25-30% of the total secreted SGAG (Figure
2.7B). To minimize the discrepancies due to cell seeding, total SGAG was normalized per unit
DNA which showed an increment (~4-fold) on day 14 as compared to day 1. On day 14, sGAG
content per DNA in AG-AA was significantly higher (~1.2-fold) in comparison to AG (p <0.01).

Individual hydrogel mass effect on the growth and maturation of chondrocytes was assessed by
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normalizing total SGAG content with hydrogel mass. SGAG content normalized to hydrogel mass
showed similar trend, where blended hydrogels showed significantly higher content on day 14 as
compared to pure agarose hydrogels (p < 0.05). Overall, the AG-AA blend hydrogel showed
significantly higher sGAG content than AG-BM hydrogel.

Total collagen content in all hydrogels increased from 60 pg on day 1 to 250 ug (~4-fold) on day
14 (p <0.01). Collagen content in blended hydrogels was higher (~1.5-fold) as compared to pure
agarose hydrogel (Figure 2.7C) (p <0.01). Among the blends, AG-AA hydrogel exhibited higher
total collagen content than AG-BM (p < 0.05). Normalized collagen content per DNA showed ~2-
fold increase on day 14 as compared to day 1 (p <0.001). On day 14, AG-AA hydrogel exhibited
significantly higher collagen per DNA as compared to AG (p < 0.05). Similarly, on normalization
with hydrogel mass, AG-AA hydrogel exhibited higher collagen content (~1.2-fold) as compared
to AG-BM (p < 0.05).
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Figure 2.7. Biochemical assay showing (A) DNA content, (B) GAG and (C) Collagen content in
the hydrogels cultured with chondrocytes for 14 days. Data are depicted as mean + standard
deviation, n = 3. (*p <0.05, **p <0.01).

2.3.8 Histology and immunohistochemistry (IHC)

The histological assessment was done by H&E staining and Alcian blue staining post 14 days
culture period. H&E-stained images showed growth of cells in all constructs with the nuclei-
stained blue by hematoxylin (Figure 2.8A). The cartilage-specific SGAG was stained positive by
Alcian blue staining (Figure 2.8B), giving an intense blue colour, which is a hallmark of SGAG
deposition, suggesting the presence of SGAGs in the ECM. AG-AA blended hydrogel showed
more SGAG deposition as compared to other hydrogels. With collagen type Il being the focal ECM
protein of cartilage, analysis of IHC displayed positive staining for Col 1l in all hydrogels after 14
days of culture (Figure 2.8C). In contrast, non-seeded hydrogels exhibited minimal or no staining
for Col 1l staining. The AG-AA blended hydrogel exhibited most intense staining and growth of
cells than other hydrogels.
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Figure 2.8. (A) Images of H&E staining, (B) Alcian blue staining and (C) IHC staining showing
growth of chondrocytes on hydrogel and ECM formation in chondrogenic medium after 14 days
of culture. (1) AG, (11) AG-BM and (111) AG-AA. Scale bar represents 200 pm.

Additionally, the color de-convolution plugin of Image J software was used for data analysis of
Alcian blue stained images with higher magnification. The analysis showed the histogram profile
of pixel against the intensity of Alcian blue stained images and their respective score (Figure 2.9).
The AG hydrogel showed a “positive” score, whereas the AG-BM and AG-AA hydrogels

indicated a “high positive” score.

Alcian blue stained 3D surface plot

Color deconvolution Image profile

Pixel Count: 1447680
Percentage contribution of High Positive: 14.1714
Percentage contridution of Positive: 15469
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Pixel value

50 100 150 200 250
Pixel value

Pixel Count: 1062720

100 150 200 250
Pixel value

Figure 2.9. Micrographs showing Alcian blue stained images, their 3D surface plot indicating the
deposition of SGAGs in the hydrogels, their color de-convoluted images and pixel analysis data
with scores post 14 days of in vitro culture. Data was analyzed using Image J (NIH, USA.)
software.
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2.3.9 Real time PCR analysis of chondrogenic marker genes

Chondrogenic markers genes namely ACAN, Col-Il, and early chondrogenic transcription factor
Sox-9 were analyzed post 14 days of culture period by real-time PCR (Figure 2.10). Results
showed an upregulation of the genes for all hydrogels on day 14 as compared to day 1. The blended
hydrogels showed significantly higher expression levels of ACAN and Sox-9 (~1.5-fold) and Col-
Il (~2-fold) as compared to pure agarose (p < 0.05 and p <0.01). Among blended hydrogels, AG-
AA showed significantly higher expression for ACAN gene (~1.2-fold) (p < 0.05). For Sox-9 and
Col-I1 gene, the blended hydrogels did not exhibit any significant difference.
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Figure 2.10. Real time PCR results showing transcript level of cartilage related genes after 14
days of chondrocytes culture (A) ACAN, (B) Sox-9 and (C) collagen type Il. The genes were
normalized to GAPDH and expressed as relative values to day 1. Data are shown as mean +
standard deviation, n = 3. (*p < 0.05 and **p <0.01).

2.3.10 Macrophage stimulation and concomitant TNF-a release

Macrophages are primary source of pro-inflammatory mediators like IL-1 and TNF-a and regulate
the immune responses and inflammation. The propensity of the fabricated hydrogels to stimulate
the production of TNF-o was examined using RAW 264.7 (murine macrophage cells). After 12 h
and 24 h of incubation, the blended hydrogels showed significantly lower (~1.5-fold) secretion of
TNF-a as compared to positive control lipopolysaccharide (LPS) (p < 0.01) (Figure 2.11). The
secretion of TNF-a for blended hydrogels were comparable with the negative control, tissue
culture plate (TCP) (p > 0.05).
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Figure 2.11. ELISA based determination of TNF-a release induced by hydrogels from mouse
macrophage cell line RAW 264.7. TCP and LPS were used as negative and positive control,
respectively. The data are represented as mean + SD (n = 2). (**p <0.01 and %p > 0.05).

2.4 Discussion

The intrinsic low regeneration capacity of cartilage significantly impedes orthopaedics cartilage
malfunction management. The cartilage tissue containing only chondrocytes was initially
considered to be an easy goal; however, recurrent hurdles are the norm instead of being one-time
exceptions. Generating tissue engineered cartilage requires successful cellular response of
chondrocytes within a suitable biomaterial construct with functional properties that mimic native
conditions to unlock the full biological potential of the chondrocytes. Consequently, natural
biomaterials are gaining ground as their biochemical activities are in sync with a variety of cellular
processes. Agarose, a “gold standard” for cartilage tissue engineering [229] is handicapped by
non-biodegradability and immunogenicity upon implantation making viable augmentation of its
functionality as constant domain of research. Analogous to agarose, silk fibroin hydrogels maintain
a hydrophilic, neutral ambience essential for sustaining chondrocyte phenotype [230]. Silk offers
the advantages of biodegradability, minimal immunogenicity and ease of aqueous-based solvent
matrix fabrication [237, 238]. Silk fibroin from mulberry silkworm (B. mori) is well explored for

its application in regenerative medicine but fibroin of Indian non-mulberry silkworm (A.
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assamensis) is far less explored. The latter is known to possess RGD tripeptide that promotes cell
attachment and proliferation. Although silk fibroin and agarose have been studied separately for
in vitro chondrogenesis [91, 230], the influence of agarose/silk fibroin blended hydrogels on
chondrocyte morphology and function has not been studied yet. In the present study, we evaluated
the formation of cartilaginous tissue by culturing porcine chondrocytes on agarose/SF blend
hydrogels. Herein, we have developed a novel blended hydrogel system using two natural
polymers, silk fibroin and agarose, which in theory would overcome the shortcomings of agarose
hydrogels. The addition of silk fibroin to agarose showed improved functionality and encouraged
appraisal of its potential for cartilage tissue engineering. The developed blended hydrogels were
tested in parallel with pure agarose for physico-chemical characteristics such as pore size, swelling,
degradation, structural composition, rheological studies and the viability and proliferation of
chondrocytes. It was further optimized and studied for cellular viability, attachment, ECM

constituent secretion and chondrogenesis specific gene expression analysis.

The blended hydrogel developed in this study is a porous matrix with internal interconnected pores,
formed as a result of freeze drying. The increased interconnectivity between pores could enhance
migration of cells toward internal pores. The SEM studies revealed larger pore size in the blended
hydrogels compared to the only agarose hydrogel. Among the blended hydrogels, the AG-BM
exhibited smaller pore size (158 + 26 um) compared to AG-AA (170 + 23 um). The pure agarose
hydrogel had the smallest pore size (138 + 26 um). Earlier reports suggest that pore size in the
range of 100-500 um greatly supports chondrogenesis and promotes better ECM production and
gene expression [68, 258]. The microporosity of hydrogel are central to oxygen and nutrient
delivery, allowing better cell attachment and proliferation. The volume of ECM secretion shows
concomitant rise with larger pore size between 150 to 300 um than that of < 150 um [258]. The
results of our study also concurred that AG-AA blended hydrogels by virtue of their larger pores
exhibited higher ECM production as compared to AG-BM and AG hydrogels.

The swelling ability of the hydrogel is testimony to its ability to retain medium, which is necessary
for cell growth [259]. The prepared hydrogels retained their shape after being immersed in aqueous
solution, which is vital during cell culture or implantation process. The swelling study results
showed that the blended hydrogels swelled less than pure agarose hydrogels. This was in contrast

to the earlier reports, where scaffolds with larger pore size showed higher water absorption ability
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[259]. Thus, it is safe to assume that swelling behaviour of a matrix is intrinsic to polymer property
and not dependent on pore size alone. The reason for high swelling ability of AG hydrogels is
probably enhanced by presence of hydroxyl groups on the agarose monosaccharide units, making
it highly hydrophilic [260]. In contrast, the recurring hydrophobic regions of alanine and glycine
residues in SF form B-sheet structure resulting in its high strength and rigidity [261]. The higher
percentage of non-polyalanine repeats with lower percentage of polar residues possibly contributes
to the higher hydrophobicity of non-mulberry SF [247]. Therefore, among the blends, AG-AA
hydrogel with larger pore size showed less swelling as compared to AG-BM. Biodegradability is
an important feature of biomaterial for use in tissue engineering. Rate of degradation defined by
crystalline structure quantity in fibroin and specific sequence of crystalline-amorphous region;
should in function ideally mirror the rate of tissue healing [259]. If the biomaterial degrades faster,
it may lead to its collapse and may not serve the purpose. For cartilage tissue engineering, a slow
degrading hydrogel is an essential criterion as it would give the implanted construct ample time
for repair process. The fact that protease XIV could cleave silk non-discriminately at multiple
locations along the length of the protein [262] along with earlier evidences [250, 263] supported
its choice in our study. The AG-BM hydrogels showed highest weight reduction (45%) in 28 days
followed by AG-AA (35%). The abundant repeats of (—Ala—)n, very compact crystal structure,
high a-helix content and B-sheet structure in SF of A. assamensis possibly makes it more
hydrophobic with increased tensile strength in comparison to B. mori silk [247], which
consequently imparts more resistance to enzymatic attack [264]. Pure agarose hydrogel did not
show any degradation as it lacked the peptide bonds, the sites where protease cleaves [265]. FTIR
spectroscopy provided information on the structural composition of blend and therefore helped in
better understanding of the blended hydrogels. The shifting of SF amide peaks (I and II) after
blending with agarose is indicative of intermolecular interaction between the hydrogel
constituents. Our results were in agreement with previous studies showing FTIR spectroscopy of

various polymer blends [266, 267].

Furthermore, the mechanical characteristics of hydrogels were evaluated by oscillatory rheological
studies. Rheological studies showed that G">G" for all hydrogels indicating predominantly elastic
nature of the fabricated hydrogels. The intersection of G’ and G” corresponds to the moment where
the applied mechanical force overtakes the molecular forces and the material starts to yield or flow

and there is a transition from a solid-like (elastic) behaviour where G'>G" to a fluid-like (viscous)
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behaviour where G">G'. The results indicated that blended hydrogels are relatively stronger and
therefore yield at a higher amplitude strain as compared to pure agarose. Among the blends, both
the hydrogels showed a similar yielding behaviour at an amplitude strain of around 10%. The
rigidity of a gel system network is defined by its elastic modulus (G’). Reports indicate that an
increase between 1% to 4% (w/v) in the concentration of agarose gels translates into a sixfold
increase of G’ [268]. Thus, our results were in agreement with the above values with the 2% pure
agarose showing G' of 1 x 10*Pa and the blends showing G' of 1.2 x 10*to 1.6 x 10*Pa. The higher
difference between value of the G'and G" in blended hydrogels compared to pure agarose indicated
that they are more stable. Goff et al. [269] showed that the critical strain of the nano whisker filled
hydrogels decreases in comparison to pure agarose hydrogel (4%), indicative of a more fragile
system. However, our results indicate the formation of a more stable and stiffer hydrogel system
on blending which are suitable for load bearing tissues such as cartilage. After conducting the
strain sweeps, a strain of 5% was chosen for subsequent frequency sweep test because it was
clearly in the LVE region of all hydrogels. The frequency sweep showed modulus as a function of
frequency (Hz) for the hydrogels. It was observed that in all the hydrogels G’ is higher than the
G", which indicated a predominantly elastic behaviour of the gel system. In addition, as frequency
increased, the G’ and G” values also increased and were nearly parallel to each other showing a
frequency dependent viscoelastic moduli, a characteristic of a solid-like viscoelastic behaviour
[269]. However, the values of the viscoelastic moduli, G’ and G" were about~2.5 times higher in
case of blend hydrogels as compared to pure agarose, indicating a more stable system. At 0.1 Hz,
modulus of blended hydrogels was higher compared to pure agarose hydrogel, indicating a positive
strengthening of the hydrogels on blending. Furthermore, the loss angle for all the hydrogels were
in between 19° to 29°. This indicated that hydrogels are of solid dominating nature along with a
liquid component (8 = 0° for purely solid and & = 90° for purely liquid). The results were in
agreement to a study by Priya et al. [270] which showed phase angle values between 4° and 6° for

chitin-agarose composite hydrogels

The cartilage reconstruction is generally described using macroscopic morphological outcome
parameters such as cellularity, biochemical analysis, histological and IHC staining. We have
utilized porcine auricular chondrocytes to assess the potential of blended hydrogel for cartilage
regeneration. Cellular studies included assessment of chondrocytes for their attachment and

viability. Chondrocytes retained their spherical morphology after 14 days of culture in all the
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hydrogels, which was quite evident from the live/dead staining and Hoechst staining results. The
results of this study showed that AG-AA blended hydrogels provided suitable microenvironment
for chondrocytes suggesting that larger pore size favours chondrogenesis by allowing cells to
migrate through the matrix and facilitate their proliferation. Matsiko et al. in a report showed that
larger mean pore sizes stimulated significantly higher cell proliferation, chondrogenic gene
expression and cartilage-like matrix deposition [271]. In another recent study, Han et al. showed
that silk fibroin scaffolds with pore sizes in the range of 90-250 um provided the best environment
for adhesion and proliferation of chondrocytes [272]. The cellular proliferation was assessed by
studying the DNA content of the hydrogels. The results showed higher DNA content for the
blended hydrogels as compared to pure agarose. The AG-AA blend showed the highest DNA
content indicating higher cell proliferation. This enhanced proliferation index of the AG-AA blend
can be credited to synergistic effect of both AG and AA, where AG provides a suitable
microenvironment for the chondrocytes to maintain their morphology and also the presence of
intrinsic RGD motif of AA blend facilitated enhanced cellular attachment thus improving their
proliferation and functionality [91, 182, 251]. A similar study by Sakai et al. showed that agarose-
gelatin conjugate gel displayed enhanced attachment and proliferation of cells compared to control

agarose [273].

The ECM comprising mainly of collagen fibers and proteoglycan, is an important component of
the cartilage matrix that provides suitable microenvironment to chondrocytes. For cartilage repair,
the construct should be capable of supporting the secretion and deposition of cartilage specific
matrix. Thus, blended hydrogels were further assessed for cartilaginous tissue formation by
biochemical analysis. Herein, the contents of sulphated GAG and collagen produced by the porcine
chondrocytes after their in vitro culture on the hydrogels for 14 days were analyzed. Results
indicated that the blended hydrogels showed significantly higher sGAG and collagen content than
AG hydrogel. Among the blends, AG-AA produced significantly higher ECM components than
AG-BM. This was in agreement with earlier reports showing that larger pores facilitated
chondrogenesis and accumulation of ECM [258]. In earlier study, Bhardwaj et al. also
demonstrated higher GAG and collagen content in the SF-chitosan blended scaffolds cultured with
bovine chondrocytes [68]. In yet another recent report, Bhardwaj et al. showed significantly higher
production of SGAGs and type 1l collagen in A. assamensis silk fibroin scaffolds compared to B.

mori scaffolds [250]. Furthermore, histological and IHC analysis of the sectioned hydrogel
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demonstrated that blended hydrogels had significantly higher ECM deposition (GAG and collagen
content) with more extensive immunostaining for collagen I1. Additionally, the data analysis of
Alcian blue stained images by color de-convolution plugin of Image J software also revealed a
“high positive” score of the blends as compared to the “positive” score of pure agarose. These
results were in accordance with the cell viability, cell proliferation and biochemical studies
indicating that the blended hydrogels supported the chondrogenesis of chondrocytes through

increased cellular proliferation and cartilaginous matrix production.

The higher level of matrix production, as seen via histology and staining or total biochemical
analyses in the blends were consistent with the upregulation of most common markers of cartilage
specific genes namely aggrecan, collagen type Il and sox-9. Aggrecan, a major proteoglycan
component of the ECM consists of core protein and GAGs binds to it. Thus, its expression also
reflects the overall GAG content. Collagen Il is the chief collagen expressed in cartilage tissues
and sox-9 is a transcription factor that binds directly to the promoters of collagen Il and aggrecan
serving as a master regulator of chondrogenesis [274]. Thus, the higher gene expression of the
cartilage specific markers for the chondrocytes cultured for 14 days on the blended hydrogels
showed their ability to support and stimulate cell growth and matrix synthesis. Zhang et al. in a
recent study showed that upon in vivo implantation, a scaffold with a pore size of 150-250 um
promoted the expression and production of type Il collagen and aggrecan leading to increased

cartilage formation with suitable mechanical characteristics [275].

Macrophages are the first cells to identify invading pathogens. Following contact with foreign
elements, macrophages release cytokines such as IL-1 and TNF-a. The results of our study
indicated that the level of TNF-o production was comparable to TCP and significantly lower to
positive control LPS. Thus, it can be safely assumed that the fabricated blended hydrogels show
minimal inflammatory activity. Agarose, a polysaccharide may trigger an immune response [276],
on the other hand SF has previously reported to elicit minimal or no immune response [174]. The
fabricated hydrogels in this study intends to minimize chances of an immune response by curtailing

the use of agarose and blending it with non-immunogenic SF.
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2.5 Significant findings

1.

Blended hydrogel with agarose and silk fibroin from mulberry (B. mori) and non-mulberry
(A. assamensis) silkworms were fabricated.

The physico-chemical characterization of the hydrogels revealed a porous structure with water
retention and degradation capability. The degradation capability of blended hydrogel
circumvents the drawbacks of the otherwise non-degradable pure agarose. The blending of SF
to agarose forms a more stable, stiffer, and biocompatible hydrogel system.

The cellular studies demonstrated good viability and proliferation of chondrocytes on the
blended hydrogels.

The biochemical analysis indicated enhanced GAG and collagen production as compared to
pure agarose hydrogels. The non-mulberry SF blends with larger pores showed higher ECM
production as compared to mulberry blends, which was also confirmed via histological and
IHC studies.

Upregulation of the common cartilage specific marker genes in the blended hydrogels further
affirmed their innate suitability for cartilage repair applications.

Altogether, the results suggest that the blended hydrogels showed enhanced cellular
proliferation and ECM production as compared to pure agarose hydrogels.

Non-mulberry blends in particular displayed superior qualities that clearly designate them as

potential alternatives for cartilage repair.
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Silk Fiber Reinforcement Modulates In Vitro Chondrogenesis
in 3D Composite Scaffolds

In this study, silk fiber-reinforced composite scaffolds based out of mulberry and non-mulberry
silk were fabricated to evaluate their role as a matrix for cartilage tissue engineering using primary
porcine chondrocytes as a cell source. The fabricated composites were physico-chemically
characterized for surface morphology, porosity, swelling, degradation and mechanical properties.
Further, the suitability of the composite was evaluated through the cellular properties such as
viability, proliferation, biochemical evaluation along with ECM formation using histology,

immunohistochemistry and gene expression analysis. Additionally, the immuno-compatibility of

the scaffolds was evaluated by in vitro TNF-a released using murine macrophages.

SILK SOLUTION FIBER REINFORCED COMPOSITE CARTILAGE CONSTRUCT

SILK FIBERS

The work embodied in this chapter is published as follows:

Yogendra Pratap Singh, Mimi Adhikary, Nandana Bhardwaj, Bibhas Kumar Bhunia, and Biman
B. Mandal. "Silk fiber reinforcement modulates in vitro chondrogenesis in 3D composite
scaffolds.” Biomedical Materials 12(4), 2017: 045012.
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ABSTRACT

The limited self-regenerative capacity of adult cartilage has steered the upsurge in tissue
engineered replacements to combat the problem of osteoarthritis. In the present study, the potential
of fiber-reinforced silk composites from mulberry (Bombyx mori) and non-mulberry (Antheraea
assamensis) silk has been investigated for cartilage tissue engineering. The fabricated composites
were physico-chemically characterized and analyzed for cellular viability, proliferation,
extracellular matrix (ECM) formation and immunocompatibility. Both mulberry and non-mulberry
silk composites showed effective swelling (25-30%) and degradation (10-30%) behaviour, owing
to their interconnected porous nature. The non-mulberry fiber-reinforced composite scaffolds
showed slower degradation (~90% mass remaining) than mulberry silk over a period of 28 days.
The reinforcement of silk fibers within silk solution resulted in an increased compressive modulus
and stiffness (nearly 8-fold). The biochemical analysis revealed significant increase in DNA
content, sulphated glycosaminoglycan (SGAG) (~1.5 fold) and collagen (~1.4 fold) in reinforced
composites as compared to pure solution scaffolds (p<0.01). Histological and
immunohistochemical (IHC) staining corroborated enhanced deposition of SGAG and localization
of collagen type Il in fiber-reinforced composites. This was further substantiated by gene
expression studies, which indicated an up-regulation (~1.5 fold) of cartilage-specific gene markers
namely collagen type Il, Sox-9 and aggrecan. The minimal secretion of TNF-o by murine
macrophages further demonstrated in vitro immunocompatibility of the scaffolds. Taken together,
the results signified the potential of silk fiber-reinforced composite (particularly non-mulberry, A.

assamensis) scaffolds as viable alternative biomaterial for cartilage tissue engineering.
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3.1 Introduction

Articular cartilage is a specialized connective tissue found in synovial joints where the surfaces of
limb bones articulate. It has a limited capacity for intrinsic healing and repair mainly due to low
matrix turnover, inadequate supply of progenitor cells and insufficient vasculature [218].
Therefore, maintaining the sustained health of the articular cartilage is mandatory for lifelong
functional endurance. However, the cartilage is prone to damages by traumatic injuries to the joint,
abnormal joint loading, and degenerative joint diseases like OA. OA is the most prevalent disorder
of articulating joints in humans, which affects almost half of the world’s population aged 65 years
or older and presents a major healthcare burden [277]. Current therapies to repair damaged
cartilage include subchondral drilling, abrasion arthroplasty, prosthetic joint replacement and
autologous chondrocytes or tissue transplants [278]. Unfortunately, these methods do not
sufficiently restore the normal cartilage functional physiology, durability and full load-bearing
properties. In addition, formation of dense fibrocartilage is often encountered instead of the
functional hydrated hyaline cartilage when these strategies are employed [56, 279]. Therefore, the
lack of a benchmark procedure for cartilage repair and the mediocre efficacy of the current surgical

procedures demands a viable alternative.

Cartilage tissue engineering has transpired as an encouraging approach for joint repair. The
properties of mechanical strength and structural resilience are incumbent for scaffold fabrication
in cartilage tissue engineering [280]. A variety of techniques such as freeze-drying, salt leaching
and gas foaming have been used to fabricate porous 3-D matrices from natural and synthetic
polymers [281-284]. Scaffolds from natural polymers possesses potential advantages of
biodegradability, biocompatibility, bioactivity, intrinsic cellular interactions and versatility of
chemistry [285]. Furthermore, in order to augment appropriate mechanical properties, a number
of chemical and physical alterations have been offered, which includes reinforcement of fibers or
other particulates and/or cross-linking using physical and chemical methods [99, 286-288].
Polymers from synthetic sources often augment higher mechanical properties to biomaterials being
utilized in tissue engineering applications. However, many of these polymers are limited by non-
degradability under physiological conditions and lack of biological cues inherent in cell-binding

motifs of natural materials [285].
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Silk is a natural protein polymer produced by silkworms and spiders. It is basically composed of
two major protein components namely hydrophobic fibroin and a glue like, hydrophilic, sericin
[235]. Silk fibroin (SF) from B. mori silkworm has been utilized extensively as a scaffold material
for a variety of tissue engineering applications including cartilage [67, 230, 238, 289]. The interest
in SF based matrices has escalated as a natural consequence of their superior biocompatibility,
biodegradation and mechanical strength. In addition, minimal inflammatory reaction in situ and
the ease of processing into various material formats like mats, fibers, porous scaffolds, films,
particles and hydrogels has extended further advantage [290]. SF from A. assamensis silkworm
has also been investigated as a promising biomaterial for cartilage tissue engineering in recent
years [291, 292]. In a recent study, Gupta et al. reported presence of arginine-glycine-aspartic acid
(RGD) tripeptide towards N and C-termini of the Gc motif of A. assamensis silk fibroin [247].
RGD is a known integrin binding site that facilitates better cellular attachment and proliferation
[182]. Additionally, A. assamensis SF has uninterrupted polyalanine stretches, unlike other
saturniid family SF where serine residues break up polyalanine stretches, which confer it superior
tensile strength and mechanical properties [247, 249]. A. assamensis SF scaffolds have displayed
suitable cytocompatibility with desirable cell adhesion, spreading, and migration, which enhances
its applicability in tissue engineering and regenerative medicine [291, 292]. Recent investigation
of Bhardwaj et al. focused on fabrication of 3D porous silk fibroin scaffolds using non-mulberry
(A. assamensis) SF and assessment of their ability to support cartilage tissue formation. The
scaffolds displayed improved attachment of chondrocyte followed by enhanced proliferation with
enhanced production of cartilaginous ECM; sGAGs and collagen type Il. Additionally, the
subcutaneous implantation of the scaffolds in a rat model manifested in vivo biocompatibility and
good integration properties with host after 8 weeks of implantation [292].

In recent years, fiber-reinforced composite scaffolds have achieved a good measure of success for
their application in biomedical applications [238, 293]. The approach of blending fibers with the
matrix material might improve the mechanical properties to a remarkable degree. In a recent study,
Li et al. demonstrated significant enhancement in tensile strength and burst performance of the
silk scaffolds by reinforcement with silk microfibers [294]. In another study, Yodmuang et al.
demonstrated the versatility of silk fiber-hydrogel composites as functional cartilage constructs in
cartilage tissue repair [99]. Furthermore, Subramanian et al. reported that the increased stiffness

of cross-linked chitosan scaffolds seemed to augment articular canine chondrocyte growth and
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proliferation with additional mechanical stimulus [286]. Among the spectrum of biomimetic
materials, the fiber-reinforced composites are being used for fabricating mechanically robust
scaffolds where a polymer matrix is embedded with high-strength biocompatible fibers, including
fibers of silk [99, 238, 295].

In the present study, silk fiber-reinforced composite scaffolds based out of mulberry and non-
mulberry silk were fabricated to evaluate their role as a matrix for cartilage tissue engineering
using primary porcine chondrocytes as a cell source. A schematic representation of the fabrication
of the fiber-reinforced composite scaffolds is shown in Figure 3.1. The fabricated composites were
physico-chemically characterized for surface morphology, porosity, swelling, degradation
behaviour and mechanical properties. Further, the suitability of the composite was evaluated
through the cellular properties such as viability, proliferation, biochemical evaluation along with
ECM formation using histology, immunohistochemistry and gene expression analysis.
Additionally, the immuno-compatibility of the scaffolds was evaluated by in vitro TNF-a. released
using murine macrophages. Our study concurrently includes a comparative assessment of
mulberry (B. mori) and non-mulberry (A. assamensis) silk in all parameters investigated for
studying their implication in cartilage tissue engineering. Herein, pure SF solution scaffolds were

used as controls throughout the study.
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3.2 Materials and methods

3.2.1 Materials

Silk cocoons of mulberry silkworm (B. mori) and matured 5 instar larvae of non-mulberry
silkworm (A. assamensis) were obtained from Mangaldoi Silk Farm, Assam, India. Cell culture
grade chemicals such as Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), trypsin—EDTA were obtained from Gibco BRL, Rockville, USA. 1,9-Dimethylmethylene
blue (DMMB), protease XIV from Streptomyces greiseus, sodium azide, collagenase (type I-A),
alcian blue, Hoechst 33342, calcein-AM were obtained from Sigma-Aldrich, USA. Rhodamine
phalloidin, alamar blue, 100X antibiotic-antimycotic solution, PicoGreen dye, SYBR Green dye,
tumor necrosis factor alpha (TNF-a) ELISA kit were obtained from Invitrogen, USA. Anti-
collagen type Il monoclonal antibody (Abcam, USA), Vectastain universal elite kit (Vector
Laboratories), 3,3'-diaminobenzidine (DAB) substrate (\VVector Laboratories), and other chemicals

used were of analytical grade.

3.2.2 Isolation of silk fibroin and fibers

Silk fibroin was isolated from the cocoons of B. mori and matured larvae of A. assamensis
silkworms as previously reported [236, 291]. Briefly, the cocoons of B. mori were cut into pieces
and degummed in a boiling 0.02 M Na,COs solution for 30 min. The degummed fibers were rinsed
in milli-Q water and air dried. Dried fibers were dissolved in 9.3 M LiBr (Sigma-Aldrich, USA)
followed by extensive dialysis against milli-Q water using dialysis membrane of 12 kDa molecular
weight cut off. Concurrently, 5" instar matured larvae of A. assamensis, were dissected just before
spinning and silk glands were isolated. Silk fibroin was extruded from the glands using fine
forceps. The isolated silk protein was subsequently dissolved in 1% SDS followed by dialysis
against milli-Q water. The resultant concentration of regenerated silk solution was determined by
gravimetric method. Herein, finely chopped fibers from both B. mori and A. assamensis cocoons
were used for reinforcement. Briefly, pieces of cocoons were degummed using 0.02 M Na>CO3
for 30 min to remove sericin. The obtained silk fibers were dried and finely chopped with scissors
for further use. The length of chopped fibers showed a heterogeneous distribution and ranged

between 0.5 and 2.5 mm, as observed under bright field microscope [296].
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3.2.3 Fabrication of scaffolds

The composite scaffolds were fabricated using finely chopped silk fibers and regenerated silk
fibroin solution (2%, w/v). The finely chopped silk fibers were packed into a cylindrical mould
(20 mm X 10 mm) and silk fibroin solution was added to it in the ratio of 2:1 (w/w, 40 mg of silk
fibers to 20 mg of regenerated silk), respectively [296]. The moulds were frozen at -20 °C for 12
h followed by freeze drying for 24 h. The freeze-dried scaffolds were treated with 70% (v/v)
ethanol to induce B-sheets. The fabricated composite scaffolds were designated as BSBF and
ASAF; where BSBF represents B. mori solution with B. mori fibers, and ASAF represents A.
assamensis solution with A. assamensis fibers. Pure B. mori solution (BS) and A. assamensis

solution (AS) based scaffolds without any fiber were used for comparison.

3.2.4 Field emission scanning electron microscopy (FESEM)

The surface morphology and pore size of the freeze-dried composites were examined using
FESEM (Zeiss, Germany). The freeze-dried composites were sputter coated with gold and
analysed using FESEM. The pore size of the composites was determined by analyzing 20 random
pores using ImageJ 1.48v software (NIH, USA).

3.2.5 Porosity measurement

Porosity of fabricated scaffolds was measured using hexane through a liquid displacement method
[297]. Hexane is a non-solvent liquid for silk that permeates easily through the interconnected
scaffold pores without causing much swelling or shrinkage. The scaffolds were immersed in a
graduated cylinder holding a known volume (V1) of hexane. Further, the total volume of hexane
and hexane-impregnated scaffold was noted (V2). Lastly, the residual volume of hexane in the
cylinder after removal of hexane-impregnated scaffold was noted (V3) and the porosity of the
scaffolds was determined using the formula:

% Porosity = [(V1-V3)/(V2-V3)] x 100

3.2.6 Swelling behaviour of scaffolds

Swelling potential of the scaffolds was determined using conventional gravimetric procedure
[298]. The dry weight of the lyophilized composite scaffolds was noted followed by its immersion
in phosphate buffered saline (PBS, pH 7.4). At predetermined time points, composites were

carefully taken out and the amount of water absorbed was determined by weighing the scaffold in

84
TH-2917_146106044



Materials and methods Chapter 3

the swollen condition. The experiment was conducted in triplicates (n = 3) under identical
conditions and the percentage swelling was determined using the equation:

% Swelling = [(Ws — Wd)/Wd] x 100
where, Ws is the swelled weight and Wd is the dry weight of the scaffolds (mg).

3.2.7 In vitro degradation pattern of the scaffolds

The in vitro degradation of the scaffolds was studied using protease X1V enzyme from S. griseus
possessing an activity of >3.5 U/mg [299]. Scaffolds were treated with 2 U/mg protease enzyme
in 1 mL of PBS and incubated at 37 °C. The enzyme solution was changed after every 3 days.
Sodium azide (0.05 wt%) was supplemented to the solution in order to prevent microbial growth.
For control, the samples treated in PBS without enzyme under similar conditions were used. The
experiment was conducted in triplicates (n = 3) under identical conditions and the weight loss was
determined using the equation:

% Degradation = [(Wo — W1)/Wq] x 100
where, Wy is the initial weight of the scaffold (mg) and W4 is the final weight of the scaffold (mg).

3.2.8 Mechanical testing

Mechanical properties of fiber-reinforced composite scaffolds (n=3) were analyzed using a
Universal Testing Machine (UTM, Instron 5944, USA) fitted with a 100 N load cell. Compression
tests were conducted under hydrated conditions in a BioPuls temperature-controlled bath
containing PBS at 37 °C. A displacement control mode with a crosshead speed of 1 mm/min was
used. A line was drawn parallel to the initial linear region of the stress—strain curve with an offset
of 0.5% and the compressive modulus was calculated as the slope of the curve. The compressive

modulus was determined using Bluehill version 3.66 software.

3.2.9 Isolation and culture of porcine chondrocytes

Auricular chondrocytes were harvested from the ear of freshly slaughtered pig obtained from a
local abattoir, as described previously [291]. Briefly, the ear was cleansed and dissected free of
skin. The obtained cartilage was cut into small fragments and treated with 1% antibiotic-
antimycotic solution followed by sequential digestion with protease and collagenase enzyme for
overnight at 37 °C with 95% relative humidity and 5% CO.. Auricular chondrocytes were collected
by centrifugation (2000 rpm for 5 min) with the resultant cell pellet washed 2-3 times with DMEM

media. Trypan blue exclusion test was done to assess the viability of cells before cell seeding.
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3.2.10 Cell seeding and culture

Each scaffold (6 mm in diameter and 2 mm thick) was carefully seeded with 0.5 million cells in
24 well plate and kept at 37 °C in a humidified incubator with 5% CO- to allow the cells to diffuse
into and adhere to the scaffold. After 2 h, 1 mL of chondrogenic media containing DMEM, 10%
FBS, 1% antibiotic-antimycotic solution, 100 nM dexamethasone, 40 pg/mL proline, 50 mg/mL
ascorbic acid and 1X ITS+3 (comprising of 1.0 mg/mL insulin from bovine pancreas, 0.55 mg/mL
human transferrin, 0.5 pg/mL sodium selenite, 470 pg/mL oleic acid, 470 pg/mL linoleic acid and
50 mg/mL bovine serum albumin) was added to each well. Spent media was replaced after every
3 days and scaffolds with cultured cells were harvested after 4 weeks. For biochemical assessment,
the spent media was collected and stored at -20 °C until its assessment. Normal DMEM media
supplemented with 10% FBS and 1% antibiotic-antimycotic solution was used for cell viability
and proliferation assays.

3.2.11 Cell proliferation assay

Cell proliferation was examined by alamar blue dye reduction assay according to manufacturers’
protocol. Briefly, cell seeded composite scaffolds were incubated in high glucose DMEM media
containing 10% (v/v) alamar blue dye at 37 °C incubator for 3 h. 200 pL of dye containing medium
from each sample was taken and absorbance was recorded at 570 nm and 600 nm using a multiplate
reader (Tecan Infinite M200Pro, Switzerland). For control, non-seeded scaffolds supplemented
with 10% alamar blue dye were used. The obtained values were normalized and plotted using
OriginPro 8 (OriginLab, USA).

3.2.12 Fluorescence imaging

In vitro analysis of chondrocyte attachment and viability was performed using calcein-AM based
staining. Briefly, a working staining solution containing 4 uM calcein-AM (stains live cells) were
prepared in PBS (pH 7.4). The chondrocyte seeded composites were incubated in the staining
solution for 15-20 min at 37 °C. The samples were prewashed with PBS (pH 7.4) prior to
visualization using an excitation filter of 450-490 nm under fluorescence microscope (EVOS FL,
Life Technologies, USA).

3.2.13 Biochemical analysis
The chondrocyte cultured scaffolds were biochemically assayed for quantification of DNA

content, SGAG and collagen content. For measuring DNA and sGAG content, the samples were
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digested using papain solution (125 ug/mL papain, 5 mM L-cysteine, 100 mM Na;HPO4, and 5
mM EDTA, pH 6.2) at 60 °C for 16 h. Following digestion, the samples were centrifuged and
DNA content was estimated in the supernatant using a PicoGreen DNA assay kit following the
manufacturer’s protocol. Briefly, 25 uL of supernatant was taken in a 96 well-plate having 75 uL
of 1X TE buffer. To this, 100 uL of Quant-iT PicoGreen reagent (1:200 dilution) was added, and
fluorescence was measured using a microplate reader (Tecan infinite M200Pro, Switzerland) at
excitation and emission wavelengths of 480 nm and 528 nm, respectively. Lambda phage DNA
(0—10 pg/mL) was used to prepare the standard curve. For estimation of SGAG content, 1,9-
dimethylmethylene blue (DMMB) assay was used [255]. For this, 50 uL of a papain-digested
sample was added to 200 uL. of DMMB reagent and absorbance was recorded at 525 nm.
Additionally, sGAG secreted in media was assessed using similar protocol. Chondroitin sulfate
(Sigma-Aldrich, USA) in the range of 0—100 pg/mL was used to prepare the standard for SGAG
estimation. Collagen content was estimated using Hride Tullberg-Reinert method [256]. Briefly,
the samples were digested using pepsin solution (1 mg/mL, pH 3.0) at 4 °C for 48 h, centrifuged
and the supernatant was dried at 37 °C for 24 h. Further, 100 pL of a Sirius red dye solution (1
mg/mL, prepared in picric acid-saturated solution) was added to the wells and kept for 1 h with
mild shaking. The wells were washed with 0.01 normality HCI and the dye sample complex was
resolved using 0.1 normality NaOH. The absorbance was recorded at 550 nm. Rat tail collagen
type I (0—1 mg/mL, Sigma-Aldrich, USA) was used to generate the standard curve for collagen
estimation. In order to avoid disparity due to scaffold sizes and cell numbers, SGAG and collagen

values were normalized against scaffold weight and DNA content.

3.2.14 Histological and immunohistochemical (IHC) assessment

For histological analysis of the chondrocyte seeded scaffolds, they were fixed in 10% neutral
buffered formalin (NBF) followed by dehydration, clearing and embedding in paraffin wax. Cross-
section of 5 um thickness were prepared using a microtome (Leica, Germany) and stained with
hematoxylin and eosin (H&E, Sigma-Aldrich, USA) for chondrocyte distribution and 1% alcian
blue (prepared in 3% acetic acid solution, pH 2.5) for sulfated proteoglycan. For IHC analysis, the
slide with scaffold sections were deparaffinised, cleared, rehydrated and immunostained for the
detection of collagen type Il using Vectastain Elite Universal kit (\Vector Laboratories) following
manufacturer’s protocol. Briefly, sections were incubated with blocking serum for 20 min and
treated with monoclonal antibody against collagen type 11 (1:300) for 30 min followed by
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incubation with biotinylated universal secondary antibody. Stained sections were developed using
DAB peroxidase (HRP) substrate kit (\Vector Laboratories) to get a brown reaction product. The
stained sections were observed using bright-field microscope (EVOS FL, Life Technologies,
USA).

3.2.15 Digital image analysis

A color deconvolution technique was used for semi-automated digital analysis of alcian blue and
IHC stained images [291, 292]. Briefly, the different alcian blue and DAB-stained zones were
identified and image thresholding was done in order to create a complementary image. The pixel
intensities ranged from O to 255, where O represented the darkest shades of the color and 255
represented the lightest shade. The obtained histogram profile represents the number of pixels of
a specific intensity value for their respective intensity of every image. Depending on the color
intensity, an automated score was assigned to each image and designated as high positive, positive,
low positive and negative. Standard ImageJ 1.48v (NIH, USA) program with color deconvolution

and IHC profiler plugins were used for analysis.

3.2.16 Gene expression analysis

RNA was harvested from the chondrocyte cultured scaffolds using trizol-chloroform-isopropanol
extraction method [300] after 4 weeks of culture. Briefly, chondrocytes cultured scaffolds were
fragmented and transferred to tubes containing 1 mL TRIzol. After 30 min of incubation, the
fragmented scaffolds were centrifuged at 13,000 rpm for 10 min at 4 °C. The obtained supernatant
was transferred to a fresh tube containing 200 puL of Chloroform and incubated for 15 min. The
solution was centrifuged at 13,000 rpm for 15 min and the upper aqueous layer containing RNA
was transferred carefully to a new tube containing 500 pL of Isopropanol (Sigma-Aldrich, USA).
Post 30 min of incubation, the RNA precipitate was obtained using centrifugation. Finally, the
pellet was washed with 70% ethanol and stored at -20 °C in 20 uL RNase-free water. The isolated
RNA was reverse transcribed into cDNA using reverse transcription kit (Applied Biosystems).
Real-time PCR reactions were performed using the SYBR Green PCR mastermix in an ABI 7500
fast real-time system (Applied Biosystems). A reaction volume of 20 pulL was prepared using SYBR
Green mix, forward primer, reverse primer, cDNA and PCR-water. The level of expression of each
target gene was further calculated using primers listed in Table 3.1. For all the genes, the PCR
conditions were as follows: pre-denaturation at 95 °C for 2 min, denaturation at 95 °C for 15 s and
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annealing/extension at 60 °C for 60 s, for 40 cycles. PCR products were quantified by the cycle
threshold (Ct) value. Differential expression (fold change) of marker genes was calculated
according to the 244t method.

Table 3.1. Primer sequences used in real-time PCR.

Genes Primer Sequences (Forward & Reverse) Accession no.
Aggrecan F. 5'- CCCAACCAGCCTGACAACTT -3 NM_001164652.1
R:5-CCTTCTCGTGCCAGATCATCA -3
Sox-9 F: 5'- TTCCGCGACGTGGACAT -3 NM_213843.1
R: 5'- GGCGGCAGGTACTGGTCAAACTC -3'
Collagen-11 F.5- CAGGTGAAGGTGGGAAACCA -3' AF201724.1
R: 5'- ACCCACGAGGCCAGGA -3'
GAPDH F: 5-TCGGAGTGAACGGATTTGG -3 NM _001206359.1
R: 5'- CCAGAGTTAAAAGCAGCCCT -3'

3.2.17 Macrophage stimulation and TNF-a release

For macrophage stimulation, the murine macrophage cell line RAW 264.7 was grown in DMEM
containing 10% FBS, 1% antibiotic-antimycotic solution at 37 °C and 5% CO.. Macrophages were
plated at 1 x 10° cells per well in 12-well plate and incubated overnight followed by the placing
of scaffolds to the wells. After 12 h of incubation, the medium was collected and the TNF-a release
was estimated. Lipopolysaccharide (1000 ng/mL) (LPS from Escherichia coli, Sigma-Aldrich,
USA) was taken as a positive control and medium without scaffolds was used as negative control.
The released TNF-o was measured by enzyme-linked immunosorbent assay (ELISA) according to
the manufacturer’s protocol (Invitrogen, USA). Briefly, the diluted samples (4-fold with standard
diluent buffer) were taken in an 8-well strip and 50 pL of biotinylated secondary antibody was
added to it followed by incubation for 90 min at room temperature (RT). The wells were washed
4 times and 100 pL of strepavidin-HRP working solution was added to it followed by its incubation
for 30 min at RT. The wells were washed and 100 pL of stabilized chromogen solution was added
to each well and incubated for 30 min under dark conditions. The terminating step includes the
addition of 100 uL of the stop solution and reading the absorbance at 450 nm. A standard curve

was plotted in the range of 0—1000 pg/mL TNF-a for the determination of TNF-a released.
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3.2.18 Statistical analysis

The data were represented as mean + standard deviation (SD) (n = 3). Statistical analysis was
performed by a one-way analysis of variance (ANOVA) using Sigma Plot 11.0 and a Holm—Sidak
test was carried out to assess variance across groups. The differences between groups of *p < 0.05

were considered statistically significant and **p < 0.01, and ***p < 0.001 as highly significant.

3.3 Results

3.3.1 Microarchitecture and porosity of the scaffolds

The micro architecture of the scaffolds visualized by FESEM images revealed an interconnected
porous structure (Figure 3.2). The fiber-reinforced composite scaffolds exhibited comparatively
smaller and heterogeneous pore sizes ranging from 20-80 um compared to pure solution-based
scaffolds. The fibers were seen to be well integrated with the solution matrix without any phase
separation. The size of reinforced fibers was ~10 um in diameter and 0.5-2.5 mm in length. In
contrast, BS scaffolds showed pore size of 90 £ 12 um compared to that of AS which was 130 +
18 um under similar fabrication conditions. The porosity percentage of the scaffolds ranged from
86-95% as shown in Table 3.2. The BSBF composite showed porosity of 86.5 = 3.0% and the
ASAF composite showed porosity of 87.8 + 3.2%. The pure solution scaffolds showed a porosity
of 93.6 + 2.4% and 94.3 £ 1.1% for BS and AS, respectively.
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Figure 3.2. Field emission scanning electron micrographs of scaffolds reinforced with silk
microfibers. The microarchitecture of freeze-dried scaffolds: (A) BS scaffold, (B) AS scaffold, (C)
BSBF fiber-reinforced composite and (D) ASAF fiber-reinforced composite. Scale bar represents
100 pm.

Table 3.2. Porosity of different types of scaffolds.

Scaffold type Porosity %
B. mori solution, B. mori fiber (BSBF) 86.5+ 3.0
A. assamensis solution, A. assamensis fiber 87.8+3.2
(ASAF)
B. mori solution (BS) 936+24
A. assamensis solution (AS) 943+1.1
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3.3.2 Swelling and degradation behaviour of the scaffold

Swelling behaviour of the composites was determined by immersing the scaffolds in PBS (pH 7.4)
and weighing at defined time points. The scaffolds imbibed liquid within 15 min and reached
swelling equilibrium within 90 min (Figure 3.3A). All the scaffolds showed swelling behaviour
however, the pure solution scaffolds swelled significantly more (~2.4 times) than the fiber-
reinforced composites (p < 0.01). The swelling ratio of BSBF and ASAF composites were ~25%
and ~30%, respectively. The swelling study results underlined the liquid retention ability of
scaffolds with the potential to serve as a nutrient reserve for the cells when seeded on the scaffolds.
The in vitro degradation study showed that the BSBF composite scaffolds lost ~30% of the mass
whereas the ASAF composite scaffolds showed ~10% mass loss after 28 days of protease
treatment. The BS and AS scaffolds without any fiber-reinforcement showed higher degradation
with 90% and 45% of mass loss, respectively. There was insignificant weight change observed
with scaffolds incubated in PBS (Figure 3.3B).

3.3.3 Mechanical properties

To assess the intrinsic mechanical properties of the composites, the compressive modulus was
analyzed and compared to the pure solution scaffolds (Figure 3.3C). The pure SF solution
scaffolds showed a lower compressive modulus of ~5 kPa and ~10 kPa for BS and AS scaffolds,
respectively. The silk fiber-reinforced composite scaffolds showed significantly higher
compressive modulus as compared to pure solution scaffold (p < 0.001). The BSBF and ASAF
composite scaffolds showed a compressive modulus of ~38 kPa and ~65 kPa, respectively. The
ASAF composite scaffolds showed significantly higher modulus (~1.7 fold) than BSBF (p <0.01).
Thus, the reinforcement of silk fiber to the porous silk solution matrix increased the compressive
modulus of the scaffolds nearly 8-fold in BSBF and nearly 6.5-fold in ASAF.

92
TH-2917_146106044



Results Chapter 3

B 100 -
()}
.£ 804
%%k .E
©
£ 60-
-
—m—BSBF Enzyme
A 40| —e—BsBFeBS
BS [+ —a— ASAF Enzyme 5
- —w—ASAF PBS
AS E —d&—BS Enzyme <
o
—A—BSBF X 204, gspes L
—¥—ASAF —9—AS Enzyme :
0. T T T T /’/l T Y T 4 1 0 +AS.PBS T T T T T
0 100 T'200 1'200t 1400 1600 0 5 10 15 20 25 30
ime (minute) Time (Days)
c po— . *k Xk
©
o 704 I *%
5 4
v 604
3 |
5 504
3 50
b1 |
£ 404
o d
2 301
) .
& 204
s 1 *k
£ 104
° e
O o
BS AS BSBF ASAF

Figure 3.3. (A) Swelling ratio, (B) degradation behaviour and (C) compressive modulus of the
different types of scaffolds. Data are plotted as mean + SD (n = 3). *** and ** shows significant
differences between groups at p < 0.001 and p < 0.01, respectively.

3.3.4 Chondrocyte proliferation and viability within the scaffolds

In order to study the cell proliferation on composite scaffolds, alamar blue assay was performed at
different time points for a period of 28 days. Reduction in alamar blue corresponds to cell
metabolism which co-relates directly to the number of cells. Throughout the culture period, all the
scaffolds showed enhanced chondrocyte proliferation with time, which was significantly higher in
ASAF as compared to BSBF (p < 0.01) (Figure 3.4A). The fiber-reinforced composite scaffolds
showed significantly higher chondrocyte proliferation as compared to the solution scaffolds (p <
0.01). Among the pure solution scaffolds, AS showed significantly higher proliferation as
compared to BS (p < 0.05). Calcein-AM dye was used to assess the viability of chondrocytes.
Calcein-AM penetrates and retain into the cytoplasm of living cells giving bright green
fluorescence. All the scaffolds-maintained cellularity and demonstrated homogenous chondrocyte
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distribution throughout the culture period. Representative images of the stained cells from culture
are shown in Figure 3.4B. The results showed that most of the cells were attached along the fiber

surfaces in case of the composite scaffolds.
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Figure 3.4. (A) Alamar blue assay showing proliferation of primary porcine chondrocytes on
different scaffold types for 28 days. (B) Calcein-AM staining of the chondrocytes in the scaffolds
(i) BS scaffold, (ii) AS scaffold, (iii) BSBF fiber-reinforced composite and (iv) ASAF fiber-
reinforced composite. Data are plotted as mean + SD (n = 3). ** and * represent significant
differences between groups at p < 0.01 and p < 0.05, respectively. Scale bar represents 400 um.

94
TH-2917_146106044



Results Chapter 3

3.3.5 Biochemical assessment

3.3.5.1 DNA content of the construct

The DNA content of the constructs increased ~2.5 fold after 28 days of culture in chondrogenic
medium when compared against day 1 (p <0.01) (Figure 3.5A). The fiber-reinforced composites
showed significantly higher DNA content as compared to the pure solution scaffolds (p < 0.01).
Among the composites, the ASAF (~180 ng) showed markedly higher DNA content than BSBF
(~165 ng) (p < 0.01). Similarly, among the pure solution scaffolds, AS exhibited significantly
higher DNA in comparison to BS (p < 0.05). Similar trend was observed upon normalization of

total DNA content with the scaffold mass.

3.3.5.2 Sulphated glycosaminoglycans (SGAGS) content

The total SGAG content as assessed in scaffolds and released in media showed increment in all
scaffolds on day 28 in comparison to day 1 (p < 0.01) (Figure 3.5B). The fiber-reinforced
composites showed significant increase (p < 0.01) in total sSGAG content after 4 weeks of culture.
Among the composites, the ASAF (~70 pg) exhibited significantly higher sGAG content as
compared to BSBF (~55 pg) (p < 0.05). On normalization with DNA content, the SGAG content
showed a similar trend with the fiber-reinforced composites with significantly higher sGAG
production as compared to the pure silk solution scaffolds (p < 0.01). Upon normalization with
scaffold mass, the composites showed significantly higher SGAG content in comparison to the

pure solution scaffolds (p < 0.05).

3.3.5.3 Collagen content

The total collagen content in all the scaffolds was seen to be significantly higher on day 28 in
comparison to day 1 (p < 0.01) (Figure 3.5C). The fiber-reinforced composites showed
significantly higher collagen content in comparison to the pure solution scaffolds (p < 0.01).
Among the composites, ASAF (~175 ug) showed significantly higher collagen content when
compared to the BSBF (~160 pg) (p < 0.05). Among the pure solution scaffolds, AS showed
significantly higher collagen content in comparison to BS (p <0.01). Collagen content normalized
with DNA content increased ~1.2 fold in composites on day 28 in comparison with pure solution
scaffolds. Upon normalization with scaffold mass, the collagen content showed ~1.2-fold

increment in composite scaffolds as compared to the pure solution scaffolds (p < 0.01). Among
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the pure solution scaffolds, AS displayed significantly higher collagen content as compared to the

BS (p < 0.05).
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Figure 3.5. Biochemical assay results showing (A) DNA content [i. total DNA, ii. DNA/scaffold
mass); (B) GAG content [i. total GAG, ii. GAG/DNA, iii. GAG/scaffold mass] and (C) collagen
content [i. total collagen, ii. collagen/DNA, iii. collagen/scaffold mass] in scaffolds seeded with
primary porcine chondrocytes in chondrogenic medium after day 1 and 28. Data represents mean
+ SD (n = 4). ** and * represent significant differences between groups at p < 0.01 and p <0.05,
respectively.

3.3.6 Histology, IHC and digital image analysis

H&E-stained images showed homogenous distribution of chondrocytes in all constructs with the
nuclei-stained blue by hematoxylin (Figure 3.6A-D). The ASAF composites showed the highest
intensity of H&E staining indicating maximal presence of chondrocytes. AS scaffolds showed
higher intensity-stained images as compared to BS scaffolds. Alcian blue staining of the sectioned
scaffolds revealed abundant deposition of cartilage specific ECM component SGAG (Figure 3.6E-
H). The composite scaffolds revealed higher sGAG deposition than the pure solution scaffolds.
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Among the composites, ASAF showed more intense staining for alcian blue when compared to
BSBF. AS scaffolds showed more intense staining for SGAG when compared to BS scaffolds. IHC
showed the homogenous localization of collagen type Il in the ECM (Figure 3.61-L). Similar to
SGAG profile, the composites revealed higher collagen type Il deposition as compared to the
solution scaffolds. The ASAF composites, showed the highest collagen type Il localization as
evident from the immunohistochemical staining. The AS scaffolds showed more intense

immunostaining for collagen type 11 as compared to BS scaffolds.
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Figure 3.6. H&E staining of scaffolds showing the distribution of chondrocytes (A-D), alcian blue
staining for glycosaminoglycan deposition (E-H) and immunohistochemical staining of the
scaffolds for localization of collagen type Il (I-L), post 28 days of culturing the constructs. Scale
bar represents 400 pm.

Additionally, the color deconvolution plugin of ImageJ 1.48v software was used for data analysis
of alcian blue and IHC stained images. The analysis revealed the histogram profile of pixels against
the intensity of alcian blue or IHC stained images and their respective scores. The analysis of alcian
blue stained images (Figure 3.7) revealed a low positive score for BS, positive score for AS, low
positive score for BSBF and high positive score for ASAF. The high positive score for ASAF
composite showed high intensity alcian blue staining for the composite. On the other hand, the
analysis of IHC stained images (Figure 3.8) revealed a positive score for BS and high positive
score for AS, BSBF and ASAF.
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Figure 3.7. Micrographs showing Alcian blue stained chondrocyte seeded scaffolds after 28 days
of culture. The blue colour shows deposition of glycosaminoglycans in the extracellular matrix.
Scale bar represents 400 um. The 3D image analysis was performed using the Image J (NIH, USA)
software.
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Figure 3.8. Mlcrographs showing IHC stained chondrocyte seeded scaffolds after 28 days of
culture. The brown colour shows localization of collagen type Il in the extracellular matrix. Scale
bar represents 400 um. The 3D image analysis was performed using the Image J (NIH, USA)
software.

3.3.7 Gene expression analysis

Gene expression study was done using real-time PCR to validate the chondrogenic differentiation
of cultured chondrocytes in the scaffolds. Herein, we assayed three different cartilage specific
genes namely collagen type 11, aggrecan, and early chondrogenic transcription factor sox-9. The
results showed that the chondrogenic genes were up-regulated in all the scaffolds (Figure 3.9).
The composites ASAF and BSBF showed significantly higher expression levels of all the three
genes in comparison to pure silk fibroin scaffolds after 4 weeks culture period (p < 0.01 and p <
0.05). The composite scaffolds showed ~1.5 fold up-regulation of cartilage specific aggrecan gene
when compared with the pure solution scaffold (p <0.01). Among the composites, ASAF showed
significant higher fold change of aggrecan as compared to the BSBF (p < 0.05). The collagen type
I1 gene showed a ~1.5 fold up regulation in case of the composites as compared to the pure solution
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scaffolds (p < 0.01). Similarly, the expression of sox-9 showed a ~1.2 fold up regulation in case

of the composites as compared to the pure solution scaffolds (p < 0.05).
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Figure 3.9. Gene expression results showing transcript levels of cartilage-related genes after 4
weeks of chondrocyte culture on the scaffolds (a) aggrecan, (b) collagen type Il, and (c) Sox-9.
The genes were normalized to GAPDH and expressed as relative values to day 1. Data are
represented as mean = SD (n = 3). ** and * represent significant differences between groups at p
<0.01 and p <0.05, respectively.

3.3.8 Macrophage stimulation and detection of TNF-a release

The immunogenicity of the fabricated scaffolds was assessed in vitro by detection of TNF-a
released by stimulated murine macrophage RAW 264.7 cells. After co-incubation of macrophage
cells and scaffolds for 12 h, all the scaffolds showed significantly lower (~2.5 fold) secretion of
TNF-a compared to that of the positive control lipopolysaccharide (LPS) (p <0.01) (Figure 3.10).
Secretion of TNF-a for the composite scaffolds was comparable to the values obtained with pure

solution scaffolds and the negative control TCP.
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Figure 3.10. Detection of TNF-a release from murine macrophage cell line RAW 264.7 induced
by different types of scaffolds. Tissue culture plate (TCP) and lipopolysaccharide (LPS, 1000
ng/mL) were used as negative and positive controls, respectively. Data are represented as mean +
SD (n = 3). “represents significant difference between groups at p < 0.01.

3.4 Discussion

The overall success of cartilage tissue engineering essentially relies on three elements; a safe and
suitable cell source, a regulated environment for cell culture and scaffold (matrix) that is
biocompatible and biodegradable. An efficient scaffold must possess desired structural attributes
for cell attachment, proliferation and chondrogenesis [301]. In addition, scaffolds should be
designed in a way to provide load bearing capacity and integration ability with the host tissue for
formation of functional cartilage constructs [302]. Biomimetic scaffolds have therefore been
developed to augment chondrogenesis by fine tuning their chemical and physical components.
Accordingly, natural biomaterials are gaining prominence as their biochemical activities are in

sync with a variety of cellular processes.

Silk as a natural fibrous protein is inherently bioactive and offers the advantages of
biocompatibility, biodegradability, minimal immunogenicity, and ease of aqueous-based solvent
matrix fabrication. SF from B. mori silkworm is extensively studied for various regenerative
medicine applications; however, SF from A. assamensis silkworm is relatively lesser explored.

Earlier, we explored the use of silk fibroin/agarose blend hydrogel derived from A. assamensis
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silkworm for its potential utilization in cartilage tissue engineering [291]. In cartilage tissue
engineering, porous SF scaffolds of are widely studied format; however, its utility are limited due
to their low mechanical strength [230, 272, 297]. Thus, there is an exigency to engineer a
mechanically proficient cartilage with a suitable microenvironment. In this context, the present
study is conducted to typify the formation of cartilaginous tissue by primary porcine chondrocytes

cultured on silk fiber-reinforced composite scaffolds.

The scaffolds serve to mimic the in vivo microenvironment where the pore size and porosity govern
the vital triad of integrity, nutrient supply and cellular invasion that are responsible elements for
the functional actualization of the fabricated tissue construct [303]. The composite scaffolds
fabricated in the present study were porous with pore size ranging between 20-80 um. As revealed
by FESEM images, the reinforced fibers were dispersed throughout the porous silk matrix with
formation of highly interconnected structure. These results are in line with those previous reports
where the scaffolds with interconnected pores in this range supported higher chondrocyte
attachment, proliferation and ECM component secretion [304-306]. Interestingly, pure solution
scaffolds of A. assamensis showed larger pore size as compare to the B. mori silk fibroin. This
deviation could have arisen due to differential presence of hydrophilic and hydrophobic amino
acids in mulberry and non-mulberry silk, which interact differently with water molecules in the
course of freeze drying [247]. Further, porosity analysis reaffirmed the highly porous nature of
these composite scaffolds (~90% porosity). Moreover, the composite scaffolds maintained the
porosity even after fiber reinforcement. The porosity in this range has previously been reported to

be optimal for chondrocyte attachment and proliferation [115, 307].

The water retention capacity and degradability are essential factors of scaffolds for its applicability
in tissue engineering. The higher water adsorption capacity tends to prevent the loss of body fluid
and nutrients when the scaffold is implanted in vivo. Significant difference in swelling was
observed between the scaffolds with and without fiber reinforcement. The silk solution scaffolds
swelled more as compared to the fiber-reinforced scaffolds. Incorporation of fibers in scaffolds
lowers the water uptake capability, but at the same time it improves the mechanical and
chondrogenic properties, more important requirements for cartilage tissue engineering. Though
fiber reinforcement had resulted in reduced swelling properties, it still remained within the range

required to facilitate desired nutrient and waste transport for enhanced cell growth. These findings
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were in accordance with the prior reports where incorporation of fibers has been reported to reduce
water absorption of matrices [296, 308]. Furthermore, in order to assess the degradability of the
composite scaffolds, protease XIV enzyme treatment was adopted. Degradation of the polymeric
implant with time obliterates the need of surgical intervention for its removal at the end of its
functional life. Moreover, the rate of degradation should match the rate of native tissue formation,
and hence requires tunable biodegradation. Since, protease XIV enzyme cleaves silk non-
discriminately at multiple locations along the length of the protein [262], in addition to earlier
reports [263, 291], supported its choice for degradation study. The results of our study showed that
B. mori scaffolds degraded faster than that of A. assamensis scaffolds which might be due to the
difference in amino acid profile between the two silk varieties [250, 291]. The composite scaffolds
showed lower degree of degradation than pure solution scaffolds as the incorporation of fiber
imparted stability to the scaffolds and slowed down the degradation rate. The results were in
agreement with a recent report by Li et al. where the in vitro proteolytic degradation showed that
the 1% silk microfiber-reinforced membranes lost 90% weight after 5 days, a longer time frame

than control plain silk membrane [295].

For articular cartilage to serve its function as a biomechanical structure, it is imperative that the
implanted scaffold should withstand in situ physiological pressures until the nascent matrix is
strong enough to resist the pressures to a variety of forces such as hydrostatic pressure,
compression and shear forces [309]. Earlier Mandal et al. reported that micron-sized silk fibers
(10-600 pum) obtained by alkali hydrolysis when reinforced in silk solution matrix to form a
composite showed high compressive strength and no visible degradation over time [238].
Accordingly, our data depicted that the reinforcement of silk fibers in porous scaffolds resulted in
~8-fold increment in compressive modulus. This can be attributed to the physical outcome of fibers
occupying spaces inside the porous solution scaffold forming a stiff, fibrous matrix.

This result demonstrated that incorporation of fragmented fibers into silk solution scaffolds could
enhance mechanical properties of matrices by increasing the weight ratio of fibers in composites.
Factors such as fiber content, fiber length, fiber—matrix interfacial bond strength, and fiber
orientation affect the mechanical strength of fiber-reinforced composites [310]. Yodmuang et al.
investigated the influence of different silk microfiber lengths on mechanical properties of fiber—
hydrogel composites. They reported that composites made from all fiber lengths (200, 500 and
>500 mm) displayed greater moduli coalesced with silk hydrogel alone [99]. Therefore, the
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reinforcement of fibers not only mimic the structure of native ECM, but also it mimics the function
of collagen fibers in adjusting the mechanical properties of tissue. With enhanced mechanical
strength these composite scaffolds showed great promise in cartilage tissue engineering
application.

Successful tissue development requires the use of a biomaterial that stimulates cellular adhesion,
subsequent proliferation and differentiation to positively influence the final construct of tissues
replacement [311]. Sufficient mass transport throughout scaffolds, both with and without fiber
reinforcement was assessed from the homogeneity of viable chondrocytes distribution. In fact,
uniform distribution of viable cells within both pure and composite scaffolds denotes that proper
mass transport takes place throughout the constructs. Furthermore, chondrocytes maintained their
round morphology into matrices. The evaluation of cell proliferation assay yielded higher
proliferation of chondrocytes in case of the fiber-reinforced composites as compared to the pure
solution scaffolds. It might be attributed to enhanced surface area for cell attachment, highly
interconnected porous structure, and superior mechanical strength imparted by the microfibers to
the composites. Subramanian et al. reported enhancement of growth and proliferation of articular
canine chondrocytes with higher substrate stiffness [286]. The higher proliferation in ASAF
composites might be due to the presence of intrinsic integrin binding RGD tripeptide present in A.
assamensis. The results were in agreement with previous reports where attachment, growth and
proliferation of articular chondrocytes was better in non-mulberry based SF scaffolds [292, 296].
The cartilage matrix is largely made up of sparsely dispersed chondrocytes embedded within a
dense and hydrated ECM, which further is responsible for the load bearing function of cartilage
[312]. The matrix is comprised mainly of proteoglycan and collagen fibers, which also generates
the crucial microenvironment to support the embedded population chondrocytes. Herein,
biochemical analysis results indicated significantly higher DNA, sGAG and collagen content in
the fiber-reinforced composites than pure solution scaffolds. Among the composites, ASAF
produced higher ECM components than that of BSBF. The differential deposition and
accumulation of ECM might be due to difference in structural morphology and chemical
composition of different types of scaffolds. This was in agreement with earlier reports showing
that chondrocytes in the fiber-hydrogel composite material produced greater levels of SGAG and
total collagen compared to hydrogel alone [313]. In another study, chondrocytes cultured on silk
fiber-gel composite scaffolds allowed enhanced production of SGAG and collagen content as
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compared to the no-fiber silk hydrogel [99]. Bhardwaj et al. in a recent endeavour demonstrated
significantly elevated levels of sSGAGs and collagen production in A. assamensis silk fibroin

scaffolds compared to that of B. mori scaffolds [292].

The histological assessment of the composites revealed higher deposition of GAG and IHC
staining showed localization of collagen type Il around the fibers, suggesting the formation of new
ECM. In both the staining, the fiber-reinforced composites showed more intense staining as
compared to the pure solution scaffolds. Yodmuang et al, showed that chondrocytes cultured on
fiber—gel composite silk scaffolds allowed fibers to be enveloped by ECM localized deposition
that was GAG and collagen abundant [99]. Furthermore, the color deconvolution of the alcian blue
and IHC stained images revealed a high positive score for composites compared to the pure
solution scaffolds indicating enhanced ECM formation. The results were in accordance with the
chondrocyte proliferation and biochemical evaluation studies indicating that the composite
scaffolds supported chondrogenesis. Correspondingly, the ECM formation by chondrocytes on
composite scaffolds were consistent with the upregulation of cartilage marker genes namely
collagen-11, sox-9 and aggrecan. The transcript levels of these genes were significantly upregulated
in fiber-reinforced composite scaffolds after 4 weeks of culture period which was similar to the
biochemical and other cell metabolism study results. The results were in line with a previous study
which reported an up-regulation of these genes in the fiber scaffolds as compared to the 3 days in
pellet culture [314].

TNF-a is vital to immunity and inflammation regulation; as macrophages and other immune cells
secrete it as a response to infectious and invasive stimuli. Macrophages are the first cells to identify
an invading pathogen and respond by release of cytokines such as TNF-a. The results of our study
indicated a minimal in vitro immune response for our fabricated composites, as the levels of
released TNF-a by murine macrophages were comparable to the negative control TCP and ~2.5
fold lower than the positive control LPS. The results obtained clearly point out the low immune
reaction and therefore the minimal inflammatory nature of the fabricated composites and similar
to earlier reports [174, 251, 291]. Thus, it may be assumed that silk fiber-reinforced composites

should prove to be a viable alternative biomaterial for cartilage tissue engineering.
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3.5 Significant findings

1.

This study investigated the potential of silk fibroin sponges versus silk fiber-reinforced
composites based of mulberry (B. mori) and non-mulberry (A. assamensis) silk types for their
individual impact in cartilage tissue engineering.

The fiber reinforcement within the silk solution enhanced the microarchitecture, porosity,
swelling, degradation and compressive modulus characteristics of the scaffolds.

The live-dead assay and cell proliferation indices were uniformly higher for A. assamensis
composites. This in turn was augmented and confirmed by biochemical, histological,
immunohistological and gene expression analysis.

Finally macrophage simulation and detection of TNF-a data reinforced the biocompatibility
of the fiber composite.

All the results derived from our assessment of various parameters pointed to the high potential
of the composite scaffold, particularly of A. assamensis.

Therefore, the non-mulberry fiber-reinforced silk composite offers great promise to provide
structural support, delivery of cells and, possibly refill the damaged tissue void by in vivo

neo-tissue formation post transplantation.
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Hierarchically Structured Seamless Silk Scaffolds for
Osteochondral Interface Tissue Engineering

The structural complexity of the osteochondral joint makes it a challenging job to fabricate a single
construct mimicking its properties. In this study, we used a facile approach to fabricate an all-silk
continuous hierarchical scaffold using the endemic silk varieties. The biphasic scaffold composed
of an upper spongy phase for cartilage and a lower fiber-reinforced phase for bone tissue with
distinct pore sizes and interconnectivity. After successful in vitro characterization, the biphasic
scaffold was implanted in vivo in a rabbit model to assess the analogous and concurrent region-

specific reconstruction of bone and cartilage.
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The work embodied in this chapter is published as follows:

Yogendra Pratap Singh, Joseph Christakiran Moses, Bibhas K. Bhunia, Samit Kumar Nandi, and
Biman B. Mandal. "Hierarchically structured seamless silk scaffolds for osteochondral interface
tissue engineering." Journal of Materials Chemistry B 6(36), 2018: 5671-5688.

107
TH-2917_146106044



108

TH-2917_146106044



Abstract Chapter 4

ABSTRACT

The osteochondral healthcare market is driven by the increasing demand for affordable and
biomimetic scaffolds. To meet this demand, silk fibroin (SF) from Bombyx mori and Antheraea
assamensis is used to fabricate a biphasic scaffold, with fiber-free and fiber-reinforced phases,
stimulating cartilage and bone revival. The fabrication is a facile reproducible process using single
polymer (SF), for both phases, designed in a continuous and integrated manner. Physicochemical
and mechanical scaffold characterization, display interconnected pores with differential swelling
and tunable degradation. The compressive modulus values, extend to 40 kPa and 25%, for tensile
strain, at elongation. The scaffold support, for growth and proliferation of chondrocytes and
osteoblasts, for respective cartilage and bone regeneration, is verified from in vitro assessment.
Up-regulation of alkaline phosphatase (ALP) activity, extracellular matrix secretion and gene
expression are significant; with acceptable in vitro immune response. Upon implantation in rabbit
osteochondral defects for 8 weeks, the histological and micro-CT examinations show biphasic
scaffolds significantly enhance regeneration of cartilage and subchondral bone tissues, as
compared to monophasic scaffolds. The regenerated bone mineral density (BMD) ranges from
600-700 mg hydroxyapatite (HAp)/cm®. The results, therefore, showcase the critically positive
characteristics of in vitro ECM deposition, and in vivo regeneration of osteochondral tissue by this

heirarchically structured biphasic scaffold.
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4.1 Introduction

The osteochondral (OC) interface in the human knee, is an area strikingly predisposed to
osteoarthritis (OA) and traumatic injuries [315]. The near epidemic proportions of OA disables
nearly half of the world’s 65 plus population [277]. Orthopedic challenges of the OC health
management, are aggravated by the complex osteochondral architecture and intrinsic limited
healing potential of cartilage [218]. Both extant clinical practices and alternative restorative
methods suffer from multiple impediments; thus, options of abrasion arthroplasty, microfracture,
autografts, allografts, and autologous chondrocytes implantation, remain inadequate in OC health
regeneration. In addition, the undeniable possibilities of fibrocartilage formation, donor site
morbidity and the dearth of donor supply may actualize a substantive time lag that counteracts
tissue healing and therapeutic advantages [316]. Therefore, the evolution of scaffold-based
osteochondral tissue engineering strategies is strongly driven by the unabated clinical need for
across-the-board restorative therapies. However, critical to any design of an effective template, is
assimilating the synergy and topography of the upper cartilage and basal subchondral bone within
the complex OC. The calcified upper cartilage with predominant chondrocytes is responsible for
anchorage of the cartilage layer to the underlying subchondral bone [317]. The basal subchondral
bone has collagen type I, hydroxyapatite and water as its principal constituents, which in turn
sustain its mandatory levels of stiffness and compressive strength [16]. Therefore, the tissues of
the bone-cartilage interface have unique cellular organization and chemical signatures, which is

reflected in their individual physiological and load bearing properties.

A significant predicament in development of biomaterials for OC application is the adequate
replication of the natural OC tissue gradient with its distinct yet homogenous layer integration.
While an initial degree of success in repairing OC, defects has been achieved using biphasic
scaffolds, several factors still limit their widespread implementation. Production of most extant
biphasic constructs involve the use of separate materials to fabricate two scaffolds, one dedicated
to cartilage regeneration and the other to bone reconstruction; conjoined by appropriate sealants
[318]. Unfortunately, this heterogeneous fabrication hinders seamless cellular infiltration and
makes the design prone to mechanical disintegration [319, 320]. This instability could arise from
the individual fabrication of the two phases and their subsequent physical integration, creating
fault lines that may open under pressure. Even in the alternative remedy of cell-substratum contact,
the interphase shear force would continue to weaken the contact area after it is in vivo implantation
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and during natural degradation [321]. In comparison to chondral only grafts; enhanced anchorage
is acquired by press fitting OC constructs into pre-drilled cavities and subsequent reduction in
exposure and disruption by shear forces [319]. In the final prognosis, the vital role of robust
subchondral bone in voluntary cartilage repair/regeneration cannot be negated [322]; thus

necessitating simultaneous reconstruction of both subchondral and cartilage layers.

The biomaterials used for fabrication of matrices in tissue engineering determines the lifespan of
the implant and exerts a definite influence on tissue response. The catalog includes natural
materials like collagen, agarose, glycosaminoglycan, hyaluronic acid, chitosan, silk fibroin and
alginate; and synthetic materials such as poly(caprolactone) (PCL), poly(lactic acid) (PLA),
poly(glycol alcohol) (PGA) [285, 323-326]. Though natural materials, stimulate host tissue
interaction, the clinical prospects are dependent on using current technology to match native
cartilage characteristics, by scaling up their lower mechanical prowess and stability [327]. In this
context, silk fibroin (SF), occupy a special niche, as they are natural protein polymers, endowed
with sterling advantages of biocompatibility, biodegradability, mechanical durability and minimal
immune responses [238, 328, 329]. In addition, their water-soluble attributes leverage natural
processing potential and cross-linking by requiring only mild solvents and proscribing toxic
crosslinking agents [75]. SF has been widely explored for repair and regeneration in bone [238],
cartilage [68], vascular [330], and neural tissues [331]. SF from mulberry silkworm B. mori has
been studied extensively, whereas the biomedical efficiency of silk fibroin from non-mulberry
silkworms is relatively less explored. The SF from Indian non-mulberry silkworm A. assamensis
has the structural advantage over mulberry SF in possessing tripeptide Arg-Gly-Asp (RGD)
sequence [247]. The RGD is an integrin binding cell attachment site, enhancing both cellular
proliferation and differentiation [182]. Previous studies have reported promising results using

biphasic scaffolds made of silk composites for osteochondral repair [59, 110, 332].

Addressing the drawbacks from previous fabrication strategies we resorted in using a facile
approach for fabricating biphasic scaffolding matrices with a seamless interface using a single
biopolymer — silk fibroin. Higher B-sheet content in the silk fibroin fibers presents a stiffer matrix
suitable for osteoblasts whereas lower -sheet content in the regenerated silk fibroin sponges
presents a comparatively less stiff matrix amiable for chondrocyte survival and maturation. We

explored this feasibility of differential presentation of biophysical cues for osteoblast and

111
TH-2917_146106044



Introduction Chapter 4

chondrocyte maturation preferentially, using our minimalistic fabrication strategy. Additionally,
we further tried to study the effects of use of different silks (non-mulberry and mulberry silk) in
the cellular behaviour, as these two silks have differential amino acid sequences exhibiting
different physico-chemical traits. The developed continuous biphasic scaffold has a porous, fiber-
free part that mimics the cartilage tissue, and a silk fiber-reinforced stiffer part that resembles the
bone. The biphasic constructs were characterized by their physicochemical properties of pore
diameter, porosity, degradation, swelling behavior and mechanical properties. Furthermore, the
competence of the biphasic constructs to holistically enhance the growth of chondrocytes and
osteoblasts was assessed by a simulated in vitro system, where primary porcine auricular
chondrocytes and human osteoblast cells (MG-63) were co-cultured [333]. The corresponding
cellular, biochemical, histological and gene expression data were evaluated to affirm efficiency of
the scaffolds as viable matrices. Promising post-injury management of OC regeneration, by the

biphasic construct, was evidenced in vivo by using a rabbit model.
4.2 Materials and methods

4.2.1 Materials

Cocoons of B. mori silkworm and matured 5" instar larvae of A. assamensis silkworm were
acquired from local silk farms, Assam, India. Lithium bromide (LiBr), protease XIV from
Streptomyces griseus, sodium azide, collagenase (type I-A), 1, 9 dimethylmethylene blue
(DMMB), alcian blue, alizarin red, Hoechst 33342, dexamethasone, lipopolysaccharide, calcein-
AM and 12 kDa dialysis membrane were obtained from Sigma-Aldrich, USA. Cell culture reagents
such as Dulbecco’s modified Eagle’s medium (DMEM), trypsin-EDTA, fetal bovine serum
(FBS), antibiotics and amphotericin B were acquired from Gibco BRL Rockville, USA. PicoGreen
dye, SYBR Green, alamar blue and, tumor necrosis factor alpha (TNF-a) kit were obtained from
Invitrogen, USA. Vectastain universal elite kit and DAB substrate (Vector Laboratories), anti-
collagen 11 monoclonal antibody (Abcam), and other reagents used were of analytical grade.

4.2.2 Isolation of silk fibroin solution and silk fibers

SF solution was extracted from the cocoons of mulberry B. mori silkworm and silk glands of non-
mulberry A. assamensis silkworm as per earlier published protocol [76]. In brief, B. mori cocoons
were cut into pieces and boiled in 0.02 M Na>COz solution for 30 min followed by its dissolution
in 9.3 M LiBr at 60°C. The obtained solution was extensively dialyzed against milli-Q water using
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dialysis membrane (MWCO 12 kDa). The SF protein of A. assamensis was extracted from the silk
gland of fifth-instar matured larvae of silkworm according to previously published protocol [254].
The fibroin protein was squeezed out from the glands, dissolved in 1% (w/v) SDS and dialyzed
extensively against milli-Q water. Conventional gravimetric method was used to determine the
concentration of regenerated silk solution. The silk fibers from both mulberry and non-mulberry
silkworms were obtained by degumming the cocoons in a boiling 0.02 M Na>COz as described
above. The fibers were washed, air dried and finely chopped prior to use. Bright field microscopy
showed that the chopped fibers had a heterogeneous distribution in their length ranging from 0.5
to 2.5 mm [334].

4.2.3 Fabrication of biphasic scaffolds

The biphasic scaffold was prepared by placing the finely chopped silk fibers into half space of the
mold (10 mm X 10 mm) and adding SF solution in the ratio of 2:1 (w/w, 40 mg of silk fibers to 20
mg of regenerated silk). This set up allowed one half of the construct to contain only solution while
the other half to have fibers reinforced in silk solution. The construct was pre-freezed at -20 °C for
12 h followed by lyophilization in a freeze drier (Christ ALPHA 1-4 LD plus) for 24 h. The
lyophilized scaffolds were treated with 70% ethanol for 4-6 h to induce B-sheet. In the fabricated
scaffold, the spongy porous part represents the prospective chondral phase while the fiber
reinforced tough part as the bony phase. A single-phase spongy scaffold made of SF solution and
a single-phase fiber-reinforced scaffold were used as a control for the study. The fabricated
scaffolds were designated as BMS (B. mori solution), AAS (A. assamensis solution), BMF (B.
mori fiber-reinforced), AAF (A. assamensis fiber-reinforced), BMI (B. mori interfacial), and AAI

(A. assamensis interfacial).

4.2.4 FESEM observation and porosity measurement

The surface morphology, pore size, and interconnectivity of pores were examined using field
emission scanning electron microscope (FESEM, Zeiss, Germany). The dry scaffold sections were
sputter coated with gold and then scanned at 2.5 kV. Pore size was determined by taking 25 random
pores and then analyzing using ImageJ (Wayne Rasband, National Institute of Health). The
porosity of the scaffolds was measured using hexane displacement method as previously described
[335]. Briefly, the scaffolds were dipped in a cylinder containing a known volume of hexane (V1).
The volume of the scaffold dipped hexane was recorded as (V2). Post removal of hexane
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impregnated scaffolds, the residual hexane volume was recorded as (V3). The porosity was
calculated using the equation:
% Porosity = [(V1-V3)/(V2-V3)] X 100

4.2.5 Swelling behaviour
Swelling property of the scaffold was studied using the conventional gravimetric method [336].
Briefly, the dry weight of the scaffolds was recorded before immersion in phosphate buffered
saline (PBS, pH 7.4) at room temperature till they attained equilibrium. The swelled weight of
scaffolds was taken at various time intervals. The experiment was conducted in sets of three under
identical conditions. The percent swelling was calculated using the equation:

% Swelling = [(Ws — Wd)/Wd] X 100
where Ws is the swelled weight, and Wd is the dry weight of the scaffold.

4.2.6 In vitro enzymatic degradation

The in vitro enzymatic degradation of the scaffold was evaluated using protease XIV from S.
griseus with an activity of >3.5 units/mg using previously published method [337]. The scaffolds
(6 mm X 2 mm) were immersed in 1 mL PBS (pH 7.4) containing 2U of protease enzyme and
were incubated at 37 °C. The enzyme solution was replaced every three days for 28 days. Samples
in PBS without the protease enzyme were taken as control. The experiment was repeated three
times under identical conditions, and the weight loss was calculated using the equation:

% Mass remaining = [(Wo — W1)/Wo] X 100
where Wo is initial dry weight of scaffold, and W4 is the final dry weight of the scaffold.

4.2.7 Mechanical testing

Mechanical properties of scaffolds were tested using Universal Testing Machine (Instron 5944)
equipped with a 100 N load cell at 37 °C under aqueous conditions. Scaffolds were pre-soaked in
PBS for 10 min and examined at a crosshead speed of 1 mm/min. 4 cm long and 1 cm wide
scaffolds were used to determine the tensile strength, elongation at break and modulus. The gauge
length between two clamps was set at 2 cm. Tensile strength was examined at a crosshead speed
of 1 mm min. The tensile strength and elongation at initial break (%) of biphasic scaffolds were
derived from the obtained stress-strain curve. For compressive strength, the biphasic scaffold (10
mm diameter X 16 mm thickness) was placed vertically between the plates and modulus was

calculated from the slope of a stress-strain curve by drawing a line parallel to the initial linear
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region with an offset of 0.5%. Bluehill version 3.66 software was used to analyze the compressive

modulus.

4.2.8 Cell isolation and culture

The chondrocytes for the chondral phase were isolated from porcine source according to earlier
established protocol [336]. Briefly, the obtained cartilage was cut into small fragments and
digested using 0.2% protease and 0.05% collagenase. The digested tissue was centrifuged forming
cell pellet and washed 2-3 times with DMEM containing 10% FBS and 1% antibiotic-antimycotic
solution. MG63 cells (human bone osteosarcoma) were used for the bony phase. The cells were
cultured in high glucose DMEM, similar to that for chondrocytes. The scaffolds were seeded with
5x10° cells/scaffold (2.5x10° cells each of chondrocytes and MG63). The cell-seeded scaffolds
were kept in a 37°C humidified incubator with 5% CO> for 3 h to allow the cells to diffuse into
and attach to the scaffold. After initial cell attachment, the scaffolds were transferred to new culture
plates, and osteochondral media was added to it. The osteochondral media used for co-culture
comprises of high glucose DMEM, 10% FBS, 1% antibiotic-antimycotic solution, 4 ug/mL
sodium pyruvate, ITS (1X), 5 mM glycerol-2-phosphate, 10 mM dexamethasone, 40 ug/mL L-

proline and 50 pg/mL L-ascorbic acid.

4.2.9 Cell viability and proliferation assay

The viability of both chondrocytes and MG-63 cells was assessed using live/dead assay. Briefly,
the cell-seeded scaffolds were washed with PBS (pH 7.4) and treated with a staining solution
containing 4 uM calcein-AM and 2 uM ethidium homodimer-1 (prepared in PBS, pH 7.4) for 15-
20 min at 37°C. The treated scaffolds were washed with PBS and visualized under fluorescence
microscope (EVOS FL, Life Technologies, USA). Further, to visualize cellular arrangement,
nuclei were stained with Hoechst 33342 for 30 min under dark condition followed by imaging
under a fluorescent microscope. Alamar blue reduction assay was performed to assess cell
proliferation following manufacturers’ protocol. Briefly, cell-seeded scaffolds were exposed to
media containing 10% (v/v) alamar blue dye. Post 3 h of incubation at 37 °C, absorbance was taken
at 570 nm and 600 nm using a multiplate reader (Tecan Infinite M200Pro, Switzerland). Scaffolds
without cell seeding were used as control. Acquired values were normalized and plotted using
OriginPro 8 (OriginLab, USA).
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4.2.10 Biochemical analysis

Quantification of alkaline phosphatase (ALP) activity

Alkaline phosphatase activity was assessed using colorimetric ALP kit (Abcam, UK) following
manufacturer’s protocol. Briefly, spent media from the cells cultured on the scaffolds for 14 days
was collected and 80 pL of it was incubated with 50 pL of p-nitrophenyl phosphate (pNPP, 5 mM)
solution at 37 °C for 1 h in the dark. Post incubation, enzyme activity was terminated by adding
20 pL of stop solution. A standard curve was prepared using pNPP values ranging from 0 to 0.02
pmol/well. The amount of p-nitrophenol produced, corresponded to the ALP activity and was
determined by monitoring absorbance at 405 nm. Obtained results were represented as U/L/DNA

content.

DNA and sulphated glycosaminoglycan content

The scaffolds for estimation of DNA and GAG were digested with papain solution (125 pg/mL
papain, 5 mM L-cysteine, 100 mM NaxHPO4, and 5 mM EDTA, pH 6.2) at 60 °C for 16 h. DNA
content was measured according to manufactures protocol using PicoGreen DNA assay Kit.
Briefly, 25 pL of the digested sample was taken, and 75 pL of 1X TE buffer was added to it. To
this, 100 mL of Quant-iT PicoGreen reagent (1:200 dilution) was added and measured using a
fluorimeter (Excitation/emission maximum 480/528 nm). For total sulfated GAG (sGAG), 1,9-
dimethylmethylene blue (DMMB) assay was used [255]. Briefly, 50 pL of papain digested sample
or secreted media was added to 200 pL. of DMMB reagent and absorbance was measured at 525

nm.

Total collagen estimation

For determination of collagen content, the samples were digested with pepsin cocktail (1 mg/mL
pepsin, pH 3.0) at 4 °C for 48 h and quantified using a modified Hride Tullberg-Reinert method
[256]. Briefly, the digested samples were dried at 37 °C for 24 h and to it, 100 pL of Sirius red dye
solution (prepared in picric acid—saturated solution to a final concentration of 1 mg/mL) was added
and incubated for 1 h with mild shaking. The samples were washed three times using 0.01
normality HCI and the dye sample complex was resolved using 0.1 normality NaOH. The
absorbance was recorded at 550 nm. Rat tail collagen type | (Sigma-Aldrich, USA) was used to

prepare the standard curve. Scaffolds without cells were used as control. GAG and collagen
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contents were normalized against total scaffold weight and cell numbers (represented by the total

DNA content) to negate the variations from scaffold sizes and cell numbers.

4.2.11 Histology

The cell-seeded scaffolds were fixed in 4% neutral buffered formalin (NBF) for 24 h; dehydrated,
cleared and embedded in paraffin wax. The paraffinized scaffolds were sectioned (5 um thick)
using microtome (Leica Biosystems). The sections were processed and stained using hematoxylin
and eosin (H&E, Sigma-Aldrich, USA) for cell morphology, 1% alcian blue (prepared in 3% acetic
acid solution, pH 2.5) for sulfated proteoglycan and 2% (w/v) alizarin Red S stain (pH 4.1) to
assess the calcium deposition. Stained sections were visualized by photo-microscopy (EVOS FL,
Life Technologies, USA).

4.2.12 Gene expression studies

The total RNA from the cell-seeded scaffolds was isolated using TRIzol reagent (Sigma-Aldrich,
USA) after 14 days of culture. The obtained RNA was quantified using Nanodrop (Eppendorf) and
further cDNA was prepared using high-capacity cDNA reverse transcription kit (Applied
Biosystems) in PCR thermal cycler (TaKaRa, Japan). Real-time PCR was performed using SYBR
Green dye (Invitrogen) in a 7500 real-time PCR system (Applied Biosystems). SYBR Green mix,
forward primer, reverse primer and cDNA was added to make a final reaction volume of 20 pL
and run under the set conditions of holding stage (2 min at 50 °C, 10 min at 95 °C) and cycling
stage (40 cycles of 95 °C for 15 s, and 60 °C for 45 s). Aggrecan (ACAN), Sox-9, osteopontin,
and RunX2 were quantified and normalized to an endogenous housekeeping gene glyceraldehyde-
3-phosphate-dehydrogenase (GAPDH). The obtained results were analyzed through comparative
Ct method (244" in triplicates.

4.2.13 Macrophage stimulation and determination of TNF-a release

Scaffolds (6 mm X 2 mm) were added to the cell (murine macrophage cell line RAW 264.7)
containing wells. After 24 h of co-incubation, the resultant medium was tested for TNF-a release
while medium without scaffold was used as negative control and lipopolysaccharide (LPS from E.
coli) (500 ng/mL) was taken as positive control. ELISA was used for quantification of TNF-o as
per manufacturer’s protocol. Diluted samples with 50 uL of biotinylated secondary antibody were
incubated for 60 min at RT. Post incubation, the wells were washed, and 100 pL of streptavidin-

HRP working solution was added (incubated for 30 min at RT). Subsequently, to each well, 100
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uL of stabilized chromogen solution was added and incubated in dark for another 30 min. To stop
the incubation, 100 uL of stop solution was added, and TNF-a level was recorded at an absorbance
of 450 nm. A murine TNF-a standard curve with a range of 0-1000 pg/mL was used to derive the

secreted volume.

4.2.14 In vivo assessment of biphasic scaffold

All in vivo studies were approved by the Institutional Ethical Committee (IAEC), West Bengal
University of Animal and Fishery Sciences (WBUAFS) Project License approval (Permit No.
Pharma /IAEC /168 dated 01.12.15). Throughout the experiments, rabbits were being housed in
their cages, with proper hygiene and a standard balanced diet. Total 28 White New Zealand rabbits
of either gender with average 1.5-2 kg body weight were assigned randomly. The animals were
anesthetized using an intramuscular injection of xylazine hydrochloride (Xylaxin®, Indian
Immunologicals, India) and ketamine hydrochloride (Ketalar®, Parke-Davis, India) at the dosage
of 5 mg/kg body weight and 25 mg/kg body weight respectively. The animals were divided into
7 groups (4 control groups- BMS, AAS, BMF and AAF, 2 experimental groups- BMI and AAI,
and 1 non-treatment group) with 4 animals per group and the experiment was continued for 8
weeks. The in vivo experiment was initiated by creating defects involving the articular cartilage
and its underlying bone of femoral intercondylar notch with the help of a motorized dental drill.
The acellular implants (4 mm X 4 mm) were press-fitted into the defects of the control and
experimental groups and the surgical site was sutured in a layering pattern. The non-treatment
group was subjected to the same defects; however, no scaffold was implanted. Post-surgery, the
animals were given one dosage (10 mg/kg body weight) of intramuscular injection of cefotaxime
sodium (Mapra, India) every 12 h for 5 days and one dosage (0.2 mL) of meloxicam every 24 h
for initial 3 days. Animals were sacrificed upon completion of appropriate time points. The
implants along with surrounding tissues were collected for further study (macroscopic

observations, histology, and micro-CT).

4.2.15 Micro-CT scanning

Microcomputed tomography (micro-CT) was carried out using a Scanco Medical 50 Micro CT
system (Scanco Medical, Switzerland) with 70 kV X-ray energy source and 114 pA intensity.
Scans were performed using isotropic and medium resolution mode of 17.2 um. The defect region
was recognized and a cylindrical volume of interest (VOI), 3.5 mm wide x 3.5 mm deep, was

118
TH-2917_146106044



Materials and methods Chapter 4

demarcated to assess subchondral bone healing. The 3-dimensional reconstructions of the tissues
were carried out using a threshold of 350 mg HAp/cm?® in a scale from 0 to 1000. A constrained
Gaussian filter was used to partly suppress noise (filter width: 0.8 and filter support: 1). The
subchondral bone healing was expressed as percentage bone volume over total volume (% BV/TV)
and bone mineral density of bone volume (mg HAp/cm® BMD of BV). The data was analyzed
using IPL (Image Processing Language) V5.42, SCANCO Medical AG.

4.2.16 Statistical analysis

Data are presented as means * standard deviation (n=3). Statistical analysis was performed by one-
way analysis of variance (ANOVA) using Sigma Plot 11.0 and a Holm-Sidak test was carried out
to assess variance across groups, and statistical significance was set at p < 0.05. The differences
between groups of *p < 0.05 were considered statistically significant and #p < 0.01 as highly

significant.

4.3 Results
4.3.1 Analysis of scaffold architecture

FESEM examination of the biphasic scaffold revealed two phases with distinct pore morphology,
homogenously meshed at the interface. The cartilage portion was characterized by the fiber-free
silk scaffold at the upper end of the biphasic scaffold (Figure 4.1A, D), while the fiber reinforced
scaffold characterized the bone portion at the lower end (Figure 4.1C, F). The interface region
displayed a merger of the structural properties of the two phases (Figure 4.1B, E). It is interesting
to note that, though the cartilage phase exhibited pore sizes of 160—200 um against 40-60 um for
bony fiber-reinforced scaffolds; yet both scaffolds showed high porosity and interconnectivity.
The porosity of the all the scaffolds examined (control and experimental) ranged from 80-94%
(Table 4.1). Among the silk varieties, the scaffold constituted of A. assamensis displayed larger

pore size as compared to its counterpart B. mori.
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Figure 4.1. Field emission scanning electron micrographs of the biphasic scaffold showing (A,
D) cartilage phase, (B, E) interface region (c-cartilage, b-bone phase) and (C, F) bone phase.
Scale bar =400 pm.

Table 4.1. Porosity of the scaffolds as determined by liquid displacement method.

Scaffold type Porosity %
B. mori solution (BMS) 90.32+2.31
A. assamensis solution (AAS) 93.53+2.12
B. mori fiber-reinforced (BMF) 80.51 £ 1.36

A. assamensis fiber-reinforced (AAF) | 82.41+1.65

B. mori Interfacial (BMI) 87.43+2.03

A. assamensis Interfacial (AAI) 89.49 + 341
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4.3.2 In vitro swelling and degradation assessment

All the scaffolds showed swelling behavior under PBS (pH 7.4) simulating physiological like
conditions. The swelling equilibrium was reached in 4-5 h with rapid maximal swelling in the first
30 min, finally attaining a swelling ratio of 28. The fiber-reinforced composite silk scaffolds (BMF
and AAF) showed reduced swelling ratio when immersed in PBS as compared to fiber-free
scaffolds (BMS and AAS). The swelling ratio of biphasic scaffolds (BMI and AAI) showed
moderate swelling between the fiber-reinforced and the fiber-free scaffolds (Figure 4.2A). Among
the silk varieties, B. mori silk scaffolds showed higher swelling as compared to the A. assamensis
silk scaffolds. The BMS scaffold showed the highest swelling (p < 0.01) compared to other
scaffolds. Similarly, AAS and BMI showed significantly higher (p < 0.05) swelling as compared
to BMI, BMF, and AAF.

In vitro degradation study using protease enzyme, was performed by monitoring the loss in weight
of scaffolds during its incubation for 21 days. For control, scaffolds were treated with only PBS
(pH 7.4). The control scaffolds kept in PBS showed no significant degradation over 21 days.
However, on incubating with protease, the scaffolds underwent significant degradation (p <0.01)
as evident from the loss of mass (Figure 4.2B). After 21days of enzymatic treatment, the BMS
and AAS showed 76% and 55% mass loss respectively. The fiber-reinforced scaffolds BMF and
AAF showed 62% and 46% mass loss respectively. The biphasic scaffolds, BMI and AAI showed
56% and 47% mass loss respectively. The B. mori silk scaffolds showed higher degradation
compared to A. assamensis type.

4.3.3 Mechanical testing

The mechanical profile of the biphasic scaffold under compression was displayed by its stress-
strain curve (Figure 4.2C). The initial linearity of the curve was replaced by a plateau, indicating
elastic deformation followed plastic deformation, in the course of yielding, in the fiber-free silk
scaffold. Subsequently, silk scaffold densification with compressive load transfer to the fiber-
reinforced scaffold was observed. The fiber-reinforced scaffold exhibited remarkable load-bearing
ability, clearly delineated by the extensive area under the relevant section of the stress-strain curve.
At the end of compression testing, no signs of structural deformation between the phases were
seen in the scaffolds indicating that the biphasic scaffold maintained its structural integrity. The
compressive modulus values of 3 + 0.5 kPa, 7 + 1 kPa for the BMS and AAS scaffolds, and 57 +
4 kPa and 81 + 5 kPa for the BMF and AAF scaffolds were observed, respectively. The biphasic

121
TH-2917_146106044



Results Chapter 4

scaffolds displayed an intermediate compressive modulus of 17 + 3 kPa and 39 + 4 kPa for BMI

and AAI, respectively (Figure 4.2D).

Further, biphasic scaffolds were tested in tension to determine the interfacial bonding strength
between the two phases (Figure 4.2E-F). As the biphasic scaffold was pulled in tension, an
incipient elastic deformation was observed continuing till the yield point, which was followed by
plastic deformation until the breaking point. The breakage was visible in the fiber-free region of
the biphasic scaffold in all samples (Figure 4.2G). It is penitent to note that the biphasic scaffolds
did not yield at the interface, indicating a robust interfacial binding and visibly no delamination
between the two phases. The tensile extension at maximum load was found to be 17 + 2 kPa and
26 + 2 kPa for BMI and AAl, respectively; while the tensile strain at elongation was found to be
16.65 + 1.90% and 25.66 + 1.57%, respectively. Table 4.2 summarizes the mechanical behavior
of the biphasic scaffolds.
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Figure 4.2. (A) Water retention capability of scaffolds, (B) degradation profile of various scaffolds
in the presence of protease enzyme/PBS. Mechanical behavior of the scaffold was determined in
compression and tension, where (C) compressive stress-strain curve, (D) compressive modulus,
(E) tensile stress-strain curve, (F) tensile extension at maximum load, and (G) gross morphology
of the biphasic scaffolds undergoing deformation in tension. Data are represented as mean *
standard deviation (*p < 0.05 and *p <0.01).

Table 4.2. Mechanical properties of the biphasic scaffold.

Sample Compressive Young’s Tensile Stress | Tensile Strain
Modulus (kPa) | Modulus (MPa) | at Yield (MPa) | at Elongation
(%)
BMI 16.87 £ 2.81 1.27 +0.28 0.12 £0.02 16.65 £ 1.90
AAl 38.69 + 3.81 5.61+0.13 0.23 +0.05 25.66 + 1.57

4.3.4 Cell viability and proliferation

Chondrocyte and osteocyte viability, proliferation, localization status were tested in the scaffolds
using live/dead assay. The fluorescent images obtained showed live (green) cells when cultured
on scaffolds over a period of 14 days (Figure 4.3A). All scaffolds showed uniform cellular
distribution and displayed their characteristic morphology throughout the culture conditions. The
A. assamensis silk scaffolds displayed higher live cell density in comparison to the B. mori
scaffolds. No cell death was observed within scaffolds evident from the absence of dead red cell
population. The uniform cellular distribution was further confirmed by Hoechst 33342 staining,
which stains the nucleus (Figure 4.3B). The biphasic scaffold shows a clear interface where the

fiber-free and the fiber-reinforced phases formed a mesh.

Alamar blue assay was performed to assess cellular proliferation on the scaffolds after 14 days.
The scaffolds seeded with cells showed a reduction in alamar blue corresponds to cell metabolism
which can be correlated with cell population. The control scaffolds were seeded independently
with either chondrocytes or osteoblasts while the biphasic scaffolds were co-cultured with both the
cell types. Higher proliferation was observed in all the scaffolds on day 14 as compared to day 1
(Figure 4.3C). The culture of chondrocytes showed significantly higher proliferation (p <0.01) in

the A. assamensis scaffolds as compared to the B. mori counterpart while the culture of osteoblasts
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indicated significantly higher proliferation (p <0.01) in the fiber-reinforced scaffolds as compared
to the fiber-free scaffolds. The co-culture of chondrocytes and osteoblasts on the biphasic scaffolds
showed significantly higher cellular proliferation in the A. assamensis composite and compared to
the B. mori type. Thus, it was observed that the chondrocytes preferred the fiber-free scaffolds

while osteoblasts showed enhanced proliferation on the fiber-reinforced scaffolds.
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Figure 4.3. (A) Live/dead fluorescence images and (B) Hoechst staining showing the viability of
chondrocytes and osteocytes on the scaffolds after 14 days. (I-BMS, 1V-AAS) Cartilage phase, (11-
BMI, V-AAI) interface region (c-cartilage, b-bone phase) and (I11-BMF, VI-AAF) bone phase.
Scale bar =400 um. (C) Proliferation graph of (1) chondrocytes (I1) osteoblast and (111) co-culture
of chondrocyte and osteoblast at various time points determined by alamar blue assay. Data are
represented as mean + standard deviation (*» < 0.05 and #p < 0.01).

4.3.5 Biochemical assessment

ALP, a primary osteogenic phenotype marker, also shows clear involvement in the primary steps
of bone extracellular matrix mineralization [334]. The functional activity of osteoblast cells on
scaffolds was determined by quantifying their ALP activity (Figure 4.4A 1). In our study, higher
ALP activity was observed in all scaffolds on day 14 as compared to day 1. Interestingly, the
guantum hike in ALP activity for B. mori silk scaffolds showed a significant increase in all cases

(p <0.05) as compared to the A. assamensis silk scaffolds.

DNA content increased significantly in all the scaffolds on day 14 (~3 fold) as compared to day 1
(p < 0.01) (Figure 4.4A 11). No significant difference in the DNA content of the monophasic
scaffolds (BMS, AAS, BMF, and AAF) was observed; however, among the biphasic scaffold, AAI
showed significantly higher DNA content as compared to BMI (p < 0.05). Concurrently, the total
SGAG content (in secreted media and scaffold) increased on day 14 as compared to day 1 (p <
0.01). On day 14, the sGAG content of the fiber-reinforced scaffolds was higher compared to that
of the fiber-free scaffold (p <0.01). The SGAG content of the biphasic scaffolds was significantly
higher than other scaffolds (p < 0.01). Among the biphasic scaffold, AAI scaffold showed higher
(~1.2 fold) secretion of SGAG compared to that of BMI (p < 0.05). sGAG in medium constituted
25-30% of the total secreted SGAG (Figure 4.4B). The discrepancies due to cell seeding were
minimized by normalizing total SGAG per unit of DNA, which showed an increment on day 14
compared to day 1. On day 14, sGAG content per DNA in biphasic scaffolds was significantly
higher compared to other monophasic scaffolds (p < 0.01). Individual scaffold mass effect on the
growth and maturation of chondrocytes was assessed by normalizing total SGAG content with
scaffold mass. SGAG content normalized to scaffold mass showed a similar trend, where biphasic
showed significantly higher content compared to all other monophasic scaffolds (p < 0.01).
Overall, the biphasic scaffolds, particularly AAI, showed sGAG content significantly higher than

other scaffolds. The total collagen content in all scaffolds increased on day 14 (~6 fold) as
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compared to day 1 (p < 0.01). Collagen content in biphasic scaffolds was significantly higher
(~1.3-fold) compared to all other monophasic scaffolds (Figure 4.4C) (p < 0.05). Among the
biphasic scaffolds, no significant difference was observed. Normalized collagen content per DNA
and scaffold mass showed a similar trend, where the biphasic scaffolds exhibited significantly
higher collagen content than the other scaffolds (p < 0.05). No significant difference among the

monophasic scaffolds was observed.
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Figure 4.4. Biochemical assessment of constructs showing (A) [(I) ALP activity and (I1) DNA
content], (B) [(I) total GAG, (I1I) GAG per DNA, and (I11) GAG per scaffold mass], and (C) [(I)
total collagen, (I1) collagen per DNA, and (I11) collagen per scaffold mass]. Data are depicted as
mean + standard deviation, n = 3 (*» < 0.05, ¥p < 0.01).

4.3.6 In vitro histological assessment

After 14 days of culture in vitro, histological profile was assessed with relevant stains. H&E
staining used to study for cell attachment and distribution showed that the stained transverse
sections presented a homogenous distribution of cells in the scaffolds. ECM deposition on the
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scaffolds were located using cell-specific stains; thus alcian blue was used to detect SGAG secreted
by chondrocytes and alizarin red for calcium deposited by osteoblasts (Figure 4.5A). The BMF
and AAF scaffolds displayed red areas of mineral deposits which were meshed well inside the
matrix. The biphasic scaffolds attested differential and spatial support of both the cell types at
distinct regions, as indicated by the differential stain uptake, of deep red colorant in the fiber-

reinforced section and solid blue intensity in the fiber-free section.

4.3.7 Gene expression analysis

Real-time PCR studies were employed 14 days after cell culture on scaffolds, to study the
expression of cartilage and bone-specific genes. Greater up-regulation of cartilage-specific genes
ACAN and Sox-9 (Figure 4.5B I-11) was observed in cells seeded on biphasic scaffolds (~2-fold
increase in sox-9 expression and ~2.3-fold increase in ACAN) in comparison to other scaffolds (p
<0.05). Concurrently, up-regulation of bone-specific gene osteopontin (Figure 4.5B I11) increased
in cells seeded on biphasic scaffolds in comparison to monophasic scaffolds. The expression of
osteopontin in case of cells seeded on biphasic scaffolds was significantly higher (~5 fold) than
the fiber-free scaffolds (p < 0.05). In case of RunX2 (Figure 4.5B 1V), the expression for biphasic
scaffolds was ~3 folds higher than fiber-free scaffolds (p < 0.05). When expression of bone-
specific genes was compared, the resultant values were insignificant. It is important to note that
heightened expression of both chondrogenic and osteogenic genes was recorded from cells

cultured in biphasic silk scaffolds and not from monophasic silk scaffolds.

4.3.8. Macrophage stimulation and determination of TNF-a release

Macrophages are the primary source of pro-inflammatory mediators like TNF-a which plays a
crucial role in inflammation and regulation of the immune response. Thus, TNF-a release after a
24 h exposure of scaffolds to murine macrophage cells (RAW 267.4), was used as an in vitro,
quantifiable assay for scaffold immunogenicity. Figure 4.5C data confirmed that the scaffold
immune response was not only much lower than positive controls but compared favorably with the
TCP of negative controls. This marked the scaffolds as ready for use, non-immunogenic constructs

that could be successfully transplanted in vivo.
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Figure 4.5. (A) In vitro histological study showing differential staining of the scaffolds with alcian
blue and alizarin red (c-cartilage, b-bone phase), Scale bar = 400 um. (B) Gene expression
analysis of cartilage and bone-specific genes after 14 days of culture where, (1) aggrecan, (1) Sox-
9, (1) osteopontin and (IV) RunX2. (C) In vitro immune response assessment of scaffolds by
measuring TNF-a release from murine macrophage RAW 264.7 cells after 24 h. Data are shown as
mean = standard deviation, n = 3 (¥p <0.01).

4.3.9 In vivo assessment of biphasic scaffold

4.3.9.1 Macroscopic evaluation

The parameters such as inflammatory response, disability or deterioration were absent in all joints,
as confirmed by macroscopic assessment. The regenerated tissues were observed to fill in the
defective areas, with surface dents clearly visible (Figure 4.6). In the experimental group
containing the biphasic scaffolds, no osteochondral composites detachment was found after 8
weeks of surgery. At 8 weeks post-surgery, the defect areas were evidently lower in comparison
to neighboring areas of native cartilage. A clear neocartilage cover and comparatively smooth

exterior were observed in the defects of the experimental groups.
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Figure 4.6. Implantation surgery. An osteochondral defect (diameter = 4 mm; depth = 4 mm) was
generated in the rabbit knee femoral intercondylar notch surface and the prepared biphasic
scaffold inserted into the defect. The implanted scaffolds were assessed after 8 weeks. Scale bar =
20 mm.

4.3.9.2 In vivo histology

All histological specimens were harvested successfully and subjected to H&E, alcian blue and
alizarin red staining to confirm the presence of ECM components in the neocartilage. In less than
8 weeks of implantation, most of the biphasic scaffold materials were resorbed, and manifestation
of regenerated osteochondral tissue was observed, with no evidence of deterioration seen at the
defect site. Thus, histological and macroscopic evidence corroborated the superior qualities of the

experimental group against the qualities of the control groups.

After 8 weeks of surgery, the H&E staining revealed the infiltration of cells in both the phases of
the experimental group (Figure 4.7A). Further, the alcian blue stained cartilage area and the
alizarin red bone area helped to establish a clear tissue demarcation. The control (non-treatment)
group exhibited single tissue occupancy, mostly occupied by either of the cartilage or the bone
tissue (Figure 4.7B) with no clear-cut interphase. The real effectiveness of the differential staining
was visible in the experimental group with its clear demarcation of the unbroken osteochondral
interface, attesting to the seamless integration of neocartilage, regenerated cartilage, and
subchondral bone. Consequently, the even and homogenous neocartilage surface morphology
confirmed the similarity of repaired tissue of the experimental group with the native articular
tissue. Furthermore, the differential stain indicated a visible fusion of neocartilage with the
regenerated cartilage and subchondral bone joined at a clear tidemark attesting the success of

creation of an intact osteochondral interface.
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Figure 4.7. Histological assessment of the constructs in vivo. (A) Haematoxylin & Eosin-stained
images and (B) differential staining with alcian blue for the cartilage phase and alizarin red for
the bone phase and presence of both at the interface region (c-cartilage, b-bone phase). Scale bar
=400 pm.

4.3.9.3. Micro-CT evaluation

Evaluation of the extent of regeneration, post 8-weeks of surgery, was carried out by micro-CT
scanning of individual regions of interest (ROI), derived from initial areas of injury. The obtained
results of the micro-CT analysis showed extensive bone repair within the subchondral region of

operated knees by 8 weeks post-surgery. Figure 4.8A shows the whole bone that was scanned
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giving an overview of the location of the defect. Figure 4.8B shows a sub-volume around the
defect. The yellow areas show the bone volume in the defect, the brown is the volume surrounding
the bone, and the blue is the volume of interest (VOI) used for analysis. Figure 4.8C shows the
actual new bone formed in the VOI. By this data, the BV/TV and BMD were calculated.

Evaluation of control versus experimental 3D reconstructions exhibited sparse, fresh bone
regeneration in the former against robust bone formation in the latter. The regeneration showed
definitive regional localization by being restricted to the subchondral region of the operated area
and not reaching into the overlying cartilage. Concurrently, the control groups also showed proper
regeneration of the subchondral bone, however, in their case the regenerated bone was not limited
to the lower subchondral bone region but was distributed throughout the defect. Quantification of
bone formation through bone volume/total volume (BV/TV) and bone mineral density (BMD) of
the experimental and control groups are shown in Figure 4.8D. Among the control groups, the
fiber-reinforced scaffolds exhibited higher BV/TV (12% for AAF and 10% for BMF) than those
of the fiber-free scaffolds (8% for AAS and 7% for BMS). The experimental groups exhibited an
intermediate BV/TV levels (10% for AAI and 8% for BMI). The BMD of the control and the
experimental groups were in the range of 600-700 mg HAp/cm®. The results indicate the
regeneration of subchondral bone in the biphasic scaffolds to be most suitable for reconstruction

of the damaged osteochondral joint.
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Figure 4.8. Micro-CT generated representative images for the regeneration of subchondral bone
after 8 weeks of implantion. (A) Morphological analysis showing the site of implant; (B) 3D
reconstructed images of the area in and around the volume of interest (VOI); (C) the actual bone
volume formed in the VOI; (D-I) BV/TV and (D-11) BMD results of the regenerated subchondral
bone as quantified using micro-CT.

4.4 Discussion

A range of strategies developed for repair of OC defects [321, 325], have contributed to the
fabrication of biomimetic biphasic scaffolds [110, 338, 339]. Several factors like insufficient
interphase integration, low adhesion at the implant site, delamination at the interface post-
implantation, and immunogenic issues still limit the widespread implementation of the biphasic
scaffolds [320, 340]. To target these deficiencies, we designed a scaffold, employing only silk
protein and a simple, single step fabrication to actualize a continuous yet biphasic silk scaffolds.
The biphasic scaffold was designed to mediate the spatially controlled development of cartilage
phase in the fiber-free region and bone phase in the fiber-reinforced region. Its biomedical viability
was strengthened by test implantation in a rabbit model as an acellular graft, and the consequent
and significant repair of the OC defects.

Silk fibroin was the material of choice due to its high mechanical strength, easy compliance and
adaptability in fabrication [76], proven competence for in vitro OC construct formation [333],
augmented by in vivo stability, durability, and biocompatibility [59]. Our material of choice, for
the cartilage phase, was endorsed by the well-documented efficiency of silk sponges in
chondrogenesis [292, 336]. While the selection of silk fiber for the bone phase was dictated by the
evolving hypothesis of chondrogenesis being mediated by the subchondral bone in the OC milieu
[110] which in turn would be a vital anchor in cartilage repair. The previously developed silk fiber-
reinforced scaffold [341], had proved an able match for the bony phase, with its microstructure
configuring a high mechanical strength scaffold; a consequence of silk fiber reinforcement, which
resulted in enhanced osteogenic potential. This chosen biphasic scaffold could, therefore, facilitate
adequate restoration of the superficial cartilage and underlying subchondral bone in a load-bearing
environment while simulating the structural and mechanical characteristics of OC joint. The
advantage of using the same silk polymer in the construction of both scaffold phases was evident
in the ease of interphase integration. This, in turn, facilitated production of biphasic scaffolds via
a simple, reproducible and customizable procedure. Further, the dimensions of the scaffolds could
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be customized to suit multiple site OC regeneration; expedited by easy and reproducible

preparation that accommodated customizing proportions of biphasic and interface components.

The developed biphasic scaffold is a porous matrix with internal interconnected pores formed as a
result of a simple freeze-drying approach. The increased interconnectivity between pores could
enhance migration of cells toward internal pores. The FESEM studies displayed two distinct
phases with markedly specific pore architecture and an obvious interface overlap, characteristic of
a two-phase scaffold. The larger pore sizes of 160-200 um with their high interconnectivity,
observed in this silk scaffold, matched the reported pore size range, suitable for cartilage
regeneration [258, 292, 336]. In contrast, the fiber-reinforced scaffold of the bone phase had
smaller pore sizes of 40-60 um coupled with high porosity and interconnectivity. Unfortunately,
the data for ideal pore size vs. osteoblast activity is not yet unequivocal [342]. In general, scaffolds
with pore sizes of about 20 to 1500 um have been used [342-344]. In our study, we singled out a
40-60 um pore diameter, based on positive reports linking this pore size with securing both
vascularization and diminished non-fibrotic integration inside [108, 345-347]. It is pertinent to
note that bone tissue should be highly vascularized, while the cartilage layer should have low
vascularity as large pores have been found to lead to low vascularity [348]. Contingent on the silk
variety chosen, scaffolds fabricated using A. assamensis showed larger pore sizes than the B. mori.
This difference may be attributed to constituent amino acids of both hydrophobic or hydrophilic
synergy and their consequent effect on freeze drying; which was also concurred by other reports
[292, 333, 336]. The porosity of the scaffolds is another crucial scaffold parameter in tissue
engineering; results of our study indicate porosity values of 90-93% for cartilage phase and 80-
82% for bone phase. The obtained results are in accord with an earlier report, where 92% porosity
in the cartilage layer and 77% porosity in the bone layer resulted in the best efficacy of the bilayer
scaffold [349]. This range of porosity was derived by biomechanical mimicking of the well-
hydrated native cartilage with its comparatively lower compressive modulus; whereas the
subchondral bone is an area of low hydration, and consequent characteric higher compressive
modulus [349].

The twin requirements for success in tissue engineering applications are the water retention and
degradability competency of the scaffold. The former serves to minimize nutrients and fluid loss
from scaffolds on implantation. The swelling ratio results of our study suggested differential water
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uptake ability of the scaffolds were based on their composition. The fiber-free scaffolds for the
cartilage phase swelled more while, incorporation of silk fibers in scaffolds for bone phase lowered
water uptake capability. Though, fiber-reinforcement may reduce the water uptake capacity,
however, it does improve vital mechanical and osteogenic profiles, crucial for bone tissue
engineering [238]. These outcomes corroborated earlier investigations on scaffolds where
reduction of matrix hydration had been achieved by fiber incorporation [308, 334]. The
degradability of the scaffolds was assessed with protease X1V, to attenuate the implant degradation
profile, to factor in situ degradation and rule out further surgical intervention. Biodegradation that
can be tuned or controlled is required to synchronize the rate of new tissue generation with that of
scaffold degradation. The indiscriminate and multiple locale silk protein cleaving propensity of
protease XIV [262], rendered it ideal for biodegradation profiling. Our study exhibited the majority
of degradation in the fiber-free scaffolds belonging to the cartilage phase against the much lower
degradation in the fiber-reinforced scaffolds of the bony phase. The biphasic scaffolds showed an
intermediate degradation behavior. This indicates that regenerated silk solution has faster
degradation rates than native silk fibers. Fiber-reinforced scaffolds had comparatively lower
degradation rate due to the presence of silk fibers. These results were consistent with a previous
report by Li et al.[294].

Assessment of the mechanical properties of scaffold behavior under compression were indicative
of their capacity to sustain loads in the osteochondral milieu. The compressive modulus of the
fiber-reinforced scaffold displayed 10-fold (in case of B. mori scaffolds) and 8-fold (in case of A.
assamensis scaffolds) increase in comparison to the fiber-free scaffolds. The biphasic scaffolds
demonstrated stratified compressive properties and mechanical realignment, which were
characteristic of a biphasic structure within the OC strata. The mechanical stability of an implanted
scaffold is a significant contributory factor in its regenerative capability. When implanted, the
surrounding native tissue is likely to bear the aggregate load; consequently, it must respond with
deformation that conforms to the load on the neighboring tissue [350]. The cartilage phase of the
biphasic scaffold showed large deformation, whereas the solid bone phase withstood large
compressive stresses with minimal deformation while retaining its shape recovery ability upon
hydration. The biphasic scaffold did not show any instability or delamination at the interface and
matched requirements for tissue regeneration concurrent with loads encountered or developed in
load-bearing conditions.
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Subsequently, the interfacial bonding strength within the biphasic scaffold was examined under
tension. As the scaffold was pulled in tension, the fiber-free soft cartilage phase displayed
impairment. The tensile stress at yield was measured to be 0.12 + 0.02 MPa and 0.23 = 0.05 MPa
for BMI and AAI scaffolds, respectively; while the strain at elongation was 16% and 25% for BMI
and AAI scaffolds, respectively. The higher tensile strength and mechanical characteristics of A.
assamensis scaffolds might be attributed to its higher poly-alanine repeats; whereas the higher poly
glycine-alanine repeats of the B. mori silk do not seem to confer the same advantages [351]. The
tensile properties of our biphasic scaffolds compared well with the yield strengths of other
composite scaffolds [333, 352]. The higher interfacial bonding of our biphasic structure may be
attributed to the fabrication procedure resulting in a continuous matrix made of a single polymer.
This allowed sufficient interphase bonding and interphase resistance to shear stress in the joint
under physiological conditions.

Acrticular cartilage and subchondral bone demand diverse microenvironments for cellular growth
and development. The use of biphasic scaffold with unique micro spatio-architecture intended to
provide a conducive environment for culture and maintenance of cells. Thus, as a biomimetic
model, primary chondrocytes were used for the cartilage phase while osteoblast cells were used
for the bone phase. The cellular co-culture model for the biphasic scaffolds is vital for tracking
inter-cell activity and was examined using live/dead staining. The resultant cell attachment and
multiplication, showed greater population of living cells within the A. assamensis scaffolds, in
comparison to the B. mori scaffolds. Further, neither scaffold exhibited any apparent cytotoxicity.
The co-culture system on the biphasic scaffolds promoted proliferation of both cell varieties, with
no adverse effects observed over the period of 2 weeks. Further, the cell proliferation evidenced
through alamar blue assay attested chondrocytes preferred the fiber-free cartilage phase while
osteoblasts the fiber-reinforced bone phase. However, scaffolds fabricated using A. assamensis
silk supported significantly higher cellular proliferation than that of B. mori variety. This could be
attributed to the intrinsic tripeptides—RGD on the N and C terminals of glycine-rich G-motif in
case of A. assamensis [247] [182].

Marker protein profiles were tested by biochemical analysis to evaluate the progression of
chondrogenesis and osteogenesis. Concurrently. ALP activity is often evaluated in studies

investigating the osteoconductive potential of a matrix. Our results showed increased bone
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mineralization over the 2-week period. Also, it is of interest that, the B. mori silk scaffolds showed
higher ALP activity compared to its A. assamensis counterpart. This could be an outcome of ALP
secretion, stimulated by cessation of pre-osteoblasts proliferation. Subsequently, this stimulus
triggers the formation of active osteoblasts enriched in ALP, and secretion of bone matrix proteins
including collagen | and other non-collagenous proteins [353]. This was in agreement with the
alamar blue assay that showed higher cellular proliferation in the A. assamensis silk scaffolds and
consequently, lower ALP secretion. Again, the co-culture of chondrocytes and osteoblasts might
have influenced this result. Additionally, a balance in ALP secretion is vital to bone formation and
metabolism [354].

Sulphated GAG, a cardinal ECM cartilage component, secreted by chondrocytes, reflects the
chondrogenic potential of the scaffolds. The SGAG varied significantly, with the fiber-reinforced
scaffolds exhibiting higher levels in comparison to fiber-free scaffolds. The biphasic scaffolds,
where the cells were co-cultured showed a higher increase in SGAG after 14 days. The biphasic
scaffold fabricated using A. assamensis silk showed the highest content of SGAG. Chondrocytes
often drive multiple integrin receptor families towards homeostasis; further, the high percentage
of RGD tripeptide in the A. assamensis scaffolds may offer more integrin binding sites that in turn
stimulate intracellular signaling and subsequent ECM production [355]. The terminal maturation
of the OC tissue is characterized by an upward trend in the deposition of minerals for matrix
formation, with a concomitant increase in deposition of collagen. Collagen levels peaked in the
biphasic scaffolds during chondrocytes and osteoblasts co-culturing, concurrent with SGAG

results.

The competence of the seeded cell constructs for chondrogenesis and osteogenesis was estimated
by assaying marker genes- aggrecan and Sox-9 for chondrogenesis, and osteopontin and runx-2
for osteogenesis. The increased expression of Sox-9, an initial chondrogenic indicator,
demonstrated the propensity towards chondrogenesis. Similarly, the increased level of expression
of aggrecans matches the increased amounts of SGAG documented in the composite scaffolds.
Aggrecans are vital in bringing together sGAGs and chondroitin sulfate for the cartilaginous matrix
template, through functional cluster development via chondrocytes condensation [333].
Furthermore, higher up-regulation of bone-specific gene osteopontin and runx-2 were found in

cell-seeded biphasic scaffolds compared to other monophasic scaffolds. High expression levels of
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runx-2 attested to the fact that osteoblasts were potentially primed towards a differentiating
phenotype while conserving their osteogenic fate. This was crucial in establishing a viable
population of committed osteoblasts for better matrix turnover. Higher expression levels of
osteopontin, an early-mid stage marker, is primarily expressed during the phase of active
proliferation and helps in cell attachment and apatite nucleation initiation [334], which concurred
with the runx-2 experiment findings. Therefore, the seeded cell types successfully exhibit the

continuity of both chondrogenic and osteogenic phenotypes.

Cartilage degradation associated with chondrocyte catabolism and hypertrophy alone was initially
thought to be the characteristic feature of OA [356]. However it is now recognized that in addition
to the articular chondrocytes intricate crosstalk between other cell types such as the osteoblasts,
osteoclasts, synovial cells and other tissue resident immune cells [44] also contributes to the
pathological mechanism [32, 357]. Recent reports suggest that several critical signaling pathways
and biological factors are key regulators and activate cellular and molecular processes in crosstalk
in the articular joint microenvironment. Some of them including HIF-2a, OPG/RANK/RANKL,
TGF-p and WntpB-catenin may play regulatory roles in OA progression and homeostasis of the
neighbouring tissues [357]. Sanchez et al. showed that in co-culture, sclerotic subchondral
osteoblasts decrease Sox-9, Col-ll, PTHrP and PTH-R gene expression by chondrocytes but
increase that of OSF-1 indicating a transition in chondrocyte phenotype towards hypertrophic
differentiation and subsequent matrix mineralization [358]. In the current study, we observed that
the differential bulk matrix stiffness presented by the silk matrices enabled in differentially
maintaining the chondrocyte and osteoblast maturation. Chondrocytes and osteoblasts are very
sensitive to their pericellular matrix microenvironment and hence biophysical cues are of utmost
importance which govern their cellular fate [359, 360]. Moreover, another plausible reason is the
presence of RGD in non-mulberry matrices which could have led to the activation of Wnt/B-
catenin pathway through integrin/FAK mechanism [361]. However, the complete understanding
of this crosstalk at the bone—cartilage interface mediated through these silk matrices requires
additional evidence at the molecular level using a more systems biology-based approach involving

genomics, epigenetics, proteomics and metabolomics approaches.
Histological examinations were carried out to evaluate the in vitro ECM deposition on the

matrices. The presence of both alcian blue and alizarin red at the surface of the biphasic scaffolds
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indicate that co-culture of chondrocytes and osteoblasts produce an interphase similar to the
osteochondral structure, at the region of interaction with the surface. The results also suggest that
cells not only retain their phenotypes but also associate positively, in the course of being co-
cultured. This interaction makes possible the release of factors by either osteoblasts or
chondrocytes, which may impact the reaction of abutting cells and architecture of developing
osteochondral interface [362]. Whether cell to cell reactions mediate these events or paracrine
signaling, between neighboring populations of chondrocytes and osteoblasts direct operations, is
not yet clear.

Any adverse immune response elicited by a biomaterial might lead to an acute response to
inflammation, tissue destruction, obstruction in healing, and possible graft rejection [363]. Hence,
as a measurable preliminary precaution to in vivo implantation, the levels of TNF-a secretion was
monitored in vitro by exposing the scaffolds to murine macrophage cells. The results showed that
all the scaffolds exhibited a negligible immune response, thereby negating disruption by
unfavorable immune feedback. Thus corroborating the reports on in vitro immunocompatibility
[333, 341], that evoked minimal in vivo immune response [59, 364]. This set the stage for

preliminary adoption of the scaffold for in vivo implantation.

The in vivo results indicated that the fabrication of an all silk, seamless, biomimetic, biphasic
construct for in vitro and in vivo osteochondral defect repair, had definite advantages, unavailable
in contemporary constructs. Driven by our hypothesis that the biphasic scaffolds differentio-
spatially dictated the maturation of chondrocytes and osteoblasts to achieve absolute osteochondral
interface regeneration, simulating the native conditions. Histological results of the retrieved
samples acknowledged the fast rate cell propagation in the experimental cohort within 8 weeks of
implantation; in addition, the biphasic scaffold displayed both cartilage and bone phases, with a
well-integrated interface. Further, the infiltrating cells seemed to take up specific regional
morphologies, characteristics of chondrocytes in cartilage and osteoblasts in the bone region.
Again, the formation of thick neocartilage and a clearly delineated bone trabecula in the joint,
vindicate the increased neocartilage GAG and collagen levels and correlate it with the superior
gross morphology results observed in the experimental group. The quantitative assessment by
micro-CT analysis exhibited the ability of the biphasic scaffold to stimulate decidedly enhanced

in vivo bone growth in comparison to controls and significantly, illustrated the confinement of the
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regenerated bone to the subchondral zone. However, these are representative results of the micro-
CT experiment, as the analysis was done only for one set of samples and further testing would be
required to get statistically significant results. The success of the biphasic scaffolds was due to
reasonable cellular proliferation in both the phases of the scaffold at the recipient site, especially
in case of the A. assamensis biphasic scaffold. The designed layer-definitive mechanical and
compositional scaffold characteristics, thus provide unequivocal advantages. Overall, this study
demonstrates in vitro and in vivo proof of concept and the significant promise of utilizing these
biphasic scaffolds for osteochondral defect repair.
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4.5 Significant findings

1.

Herein we report the development of a seamless biphasic scaffold made entirely of silk fibroin
(B. mori and A. assamensis) with a layered structure distinct for cartilage and bone tissues that

are conjoined along a homogenous and uninterrupted interface.

. The fabricated biphasic constructs were porous, with optimal swelling and degradation

attributes.

The scaffolds supported the simultaneous growth of chondrocytes and osteoblasts by
providing a suitable environment for cell attachment, infiltration, and proliferation. The
presence of intrinsic RGD motifs in A. assamensis silk enabled better cell attachment and
proliferation as assessed by live/dead and alamar blue assay.

The biphasic scaffold exhibited positive mechanical attributes that sustained regeneration in
the demanding load-bearing osteochondral workspace.

The biochemical assessments of cell-seeded biphasic constructs showed higher ECM
secretion and deposition, where there was increased SGAG, collagen content and ALP activity
when compared to control.

Gene expression studies within biphasic constructs also revealed upregulation of genes
specific for cartilage and bone. Based on the scaffold design and the in vitro results we
implanted the biphasic scaffold in a rabbit model.

The in vivo implanted biphasic scaffold triggered analogous and concurrent region-specific
reconstruction of bone and articular cartilage as assessed by histology and micro-CT studies.
The A. assamensis silk based biphasic construct performed better than the B. mori counterpart.
In conclusion, the in vitro and in vivo assessment establishes competence of an all silk,

seamless, hierarchical, biphasic scaffolds for repair of osteochondral defects.
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Wild Silks Enable Controlled Gelation and Increase Silk
Hydrogel Composite Performance

The aim of this study was to gain an understanding into the mechanisms, flow dynamics, and
possible interactions generating composite high-performance hydrogels. The structural and
thermal properties of various silk types including well-explored domesticated Bombyx mori, and
unexplored wild type Antheraea assamensis, Antheraea mylitta, and Philosamia ricini were
studied, and further the performance of the silk-silk blended hydrogels was investigated.
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The work embodied in this chapter is submitted for publication as follows:

Yogendra Pratap Singh, Chris Holland, and Biman B. Mandal. "Wild silks enable controlled
gelation and increase silk hydrogel composite performance.” (Manuscript under preparation)
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ABSTRACT

Silk fibroin (SF) has gained extensive attention owing to its superior material properties and
diverse applications. The biomolecular self-assembly of SF is well studied, however much
understanding is required into the molecular mechanisms, flow dynamics, and possible interactions
generating these composite high-performance hydrogels. In the current study, we analyzed the
structural and thermal properties of various silk types including well-explored domesticated
Bombyx mori, and unexplored wild type Antheraea assamensis, Antheraea mylitta, and
Philosamia ricini, and further investigated the performance of the silk-silk blended hydrogels. The
individual regenerated SF showed varied characteristics where wild silks were suitable to
potentially act as a nucleating agent towards creating more stable blends. The hydrogel dynamics
assessed rheologically demonstrated blends with P. ricini to be the best activators as shown by the
high crystallinity content. The blends with A. mylitta formed thermally sensitive hydrogels, which
needed to be activated to gel completely, but eventually forming stronger gels; while other silk
blends are thermally insensitive thus forming stable gels unaffected by the increased temperatures.
The blends of wild-domesticated silk performed better than the wild-wild silk blends and this is
majorly influenced by the self-assembly of peptides, driven by hydrogen bonds, physical
entanglements, electrostatic interactions, metal-ion interactions, hydrophobic interactions, and
tyrosine/phenylalanine stacking. The wild silk-based blending produces composites with increased
performance. Thus, the study highlights not only the appropriate combinations of properties to
potentially include in future crosslinker-free silk-silk composites but also how those materials self-
assemble and develop matrices with tunable properties for tissue engineering applications with

advantages of wild silks.
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5.1 Introduction

Silk is a natural fibrous biopolymer that has gained worldwide attention and has been in use for
centuries in diverse applications [170]. Silk protein is produced by members of the class Arachnida
(spiders) and by several species of the order Lepidoptera, which includes silkworms, mites,
butterflies, and moths. Among the silkworms, silk from the domesticated Bombyx mori (mulberry)
of the Bombycidae family is found globally and is well studied, however, the Indian wild varieties
(non-mulberry) such as Antheraea assamensis (commonly known as Muga), Antheraea mylitta
(commonly known as Tasar), and Philosamia ricini (commonly known as Eri) of Saturniid family
are relatively untapped. Structurally, silk is composed of two major proteins: the structural core
protein SF (70-80 wt%) and the outer glue-like protein SS (20-30 wt%) which keeps the silk fibers
together. For biocompatibility reasons, its processing requires removal of the sericin component,
as the two components might be safe to use independently, but a combined silk fibroin-sericin
structure can elicit adverse immune response [174, 365]. SF can be isolated directly from silk
glands of the silkworms maintaining the native conformation of the protein or from cocoons using
various established protocols [76, 366]. However, unlike the conventionally used chaotropic
agents like LiBr to solubilize mulberry silk, the process of solubilizing wild silk cocoons is difficult
and involves using harsh chemicals resulting in less effective isolation and low Yyield.
Alternatively, SF isolation from glands has been the preferred method. The obtained regenerated
silk fibroin (RSF) solution is, however, unstable at lower pH and higher temperature where it starts
to gel. The gelation time reduces with decreasing the pH, increase in temperature and protein
concentration, and with divalent ions [176]. The gelation of SF is accompanied by the
rearrangement of SF molecules from a random coil conformation in the sol state to an antiparallel
beta-sheet conformation in the gelled state [367]. In the current study, we have lyophilized the
obtained SF solution and stored at lower temperatures, to be used later. Herein, we have shown an
added advantage of RSF in terms of its increased shelf life or storage post-freeze-drying and
availability as off-the-shelf ready to aqueously dissolve for various applications. This majorly

helps manage the unwanted wastage of SF solution due to its untimely gelation.

Structurally, SF polymer is generally composed of repetitive protein sequences which play a
crucial role in protective mechanisms such as cocoon formation. SF is majorly found in -sheet
conformation due to dominant hydrophobic domains that allow tight packing of stacked sheets.
The presence of larger hydrophobic crystallite domains (composed of B-sheets) interspersed with
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smaller hydrophilic amorphous domains (composed of a-helices) allows the assembly of SF and
imparts silk its strength and resilience [368]. Silk is reported to display polymorphism, with a pre-
crystallization glandular protein (silk 1), the B-sheet rich spun state (silk Il), and an assembled
air/water interface state (silk 111) [75]. The silk | state is water-soluble which is converted to silk
I1 upon induction with stimulants such as methanol, ethanol, temperature, salts, and shearing. The
SF from mulberry and non-mulberry vary in composition with specific repeating units and
secondary protein structures imparting them with unique properties. Typically, SF is a semi-
crystalline in nature where the crystallites are distributed in an amorphous milieu [26]. The
chemical structure of these silks differs from each other and is highly influenced by the varying
amino acid contents. The amino-acid composition of B. mori SF includes multiple repeats of (Gly-
Ala-Gly-Ser-Gly-Ala), conferring crystallinity to the structure [179]. Concurrently, the amino acid
structure of non-mulberry silk consists of poly-alanine (Ala), repeats and is responsible for the
higher crystallinity in non-mulberry silks as compared to mulberry. Crystallinity is a vital
parameter for the in vivo biodegradability of SF matrices, which can be tuned using various
treatments. The wild silk has been reported to show improved physicochemical, thermal, and
mechanical stability [180, 181]. Another advantage that the wild non-mulberry variety possesses
over the mulberry silk is the presence of cell binding tripeptide Arg-Gly-Asp (RGD), which are

integrin-binding receptors for cell adhesion mediating better cell-material interaction [182].

The ease of processing and ability of SF solution to be fabricated into various formats such as
sponges, mats, hydrogels, films, and nanoparticles is another desired characteristic. Among others,
its capability to form hydrogel is of particular interest due to its ability to mimic the native
microenvironment along with being biocompatible and biodegradable for their use in biomedical
applications [369]. The hydrophilicity and stability of the hydrogels allow them to swell,
facilitating nutrients/waste exchange with impetus on water-requisite soft tissue regeneration
applications. Silk hydrogels have been used for bioengineering a variety of tissues such as skin
[370], pancreas [371], cartilage [336], and intervertebral disc [191]. The studies have reported
successful tissue regeneration and shown promising attributes of silk hydrogels however,
challenges such as lower mechanical strength and longer gelation time may still need addressing
in standalone usage of SF. To do that, it is essential to better understand SF properties, their
assembly, the gelation, and their tunability for the betterment. In nature, SF is synthesized in the
posterior part of the silk gland which is then stored in the middle part at a high concentration and
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then transported to the anterior segment before being spun into fibers [372, 373]. During the
process of spinning in the air, the SF protein experiences a structural transition from a dominant
a-helix and random coils into $-sheets forming solid fibers. Factors such as pH, metallic ions, and
salts along with water content influence this transition [367, 374]. A similar process takes place in
vitro, during the sol-gel transition and although the natural process is not yet completely
recapitulated in vitro, these factors do manage and control the solubility and assembly of the
protein. Factors such as increased concentration and temperature have been shown to alter the

mechanical characteristics of silk hydrogel.

Towards understanding the gelation process and sol—gel transition of SF, various physical and
chemical methods have been employed. Methods such as sonication, vertexing, changing pH and
temperature and the use of toxic/harsh chemicals might help produce good gels however, they may
not be suitable for use in clinical settings. Chemical crosslinkers often result in the lost properties
of the involved individual components and may involve the use or release of toxic products which
may lead to inflammation and tissue damage [375]. Concurrently, physical crosslinking methods
such as chain entanglement, crystallite formation, and hydrophobic interactions and are often
preferred due to the absence of possible cytotoxicity due to crosslinkers, the presence of stimuli-
responsiveness, and the absence of permanent bonds yet sufficient interactions to form insoluble
hydrogels. Towards this, the blending of polymers is an effective approach to form composites
with tunable physicochemical properties. Recently, few studies from our group have reported the
fabrication of a self-gelling hydrogel formed as a result of blending mulberry and non-mulberry
SF [191, 370, 371]. These studies used the rapid gelling property of SF solution, upon blending of
B. mori and A. assamensis for nucleus pulposus tissue engineering, skin regeneration, and islet

encapsulation applications.

Taking cues from these reports, the current study focuses to understand the gelation processes and
pathways involved upon blending the two silk types and the possible role of wild silk as nucleators
in this system. First, the proteinaceous nature and functionality of the regenerated and reconstituted
SF solution was established for all the individual silk types. Herein, we have used several
structural-thermal protein characterization methods such as Fourier-transform infrared
spectrometry (FTIR), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
UV-Visible spectrophotometer, dynamic light scattering (DLS), and dynamic scanning
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calorimetry (DSC), to understand their structural-thermal properties along with analyzing the
amino acid composition and their enzymatic degradation profiles. Next, the individual silk types
were blended and their dynamic profiling was assessed using rheology to understand the possible
physical and chemical interactions occurring during this gelation. Herein, the aim was to
understand not only the appropriate combinations of biochemical, mechanical, and structural
markers to potentially include in future silk-silk composites but also how we can make those

materials self-assemble and develop matrices with tunable properties.

5.2 Materials and methods

5.2.1 Preparation of regenerated silk fibroin

Silk cocoons of mulberry/domesticated Bombyx mori silkworms and matured fifth instar larvae of
non-mulberry/wild silkworms (Antheraea assamensis, Antheraea mylitta, and Philosamia ricini)
were obtained from Mangaldoi Silk Farm, Assam, India. For isolation of SF solution, B. mori
cocoons were cut into small pieces and degummed in boiling 0.02 M sodium carbonate, washed
using milli-Q water, and air-dried. The degummed silk fibers were dissolved in a 9.3 M LiBr
solution and dialyzed extensively against milli-Q water. In the case of wild silks, SF from silk
glands was isolated in 1% (w/v) SDS and dialyzed using milli-Q water. The isolated regenerated
silk fibroin (RSF) solution was then freeze-dried and stored until further use. For experimental
purposes, the lyophilized silk was dissolved in water as per the required concentration and used.
Silk films were fabricated on PDMS platforms by casting an SF solution and drying it overnight.
The formed films had a thickness of 4-5 um which were subsequently treated with 70-80%
methanol (MeOH) to transition B-sheet content into them making them water-insoluble. The 4
individual silk types in the study are abbreviated as RBM (regenerated B. mori), RAA (regenerated
A. assamensis), RAM (regenerated A. mylitta), and RPR (regenerated P. ricini).

5.2.2 Fourier transform infrared spectrometry (FTIR)

FTIR analysis of silk films was executed using Nicolet 380 (Thermo Scientific, USA) containing
an attenuated total reflection (ATR) setup (Golden Gate, Specac, UK). To minimize the
background absorbance, the optical path of the device was purged with dry air. Silk films were
held to the ATR stage and a spectrum between 800 and 4000 cm™ was recorded at 4 cm™ resolution

and 64 scans with applied corrections for background absorbance and sampling depth. To analyze
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the secondary structures, the amide-1 spectra (1700-1600 cm-1) were deconvoluted using the
second derivative of the spectra and fitting Gaussian peaks using OriginPro 2019 software. The
following bands in the spectra were assigned to secondary structures: aggregated strands (1605—
1615 cm™), B-sheets (1616-1637 cm™?), random coil (1638-1655 cm™?), a-helices (1656-1662
cm™), and B-turns (1663—-1696 cm™) as per previous studies [376, 377]. For each sample, the
deconvoluted spectra were area-normalized and represented as a percentage of secondary
structures. A general rule of mixture was used to derive the predicted p-sheets contents of the
blends by averaging the values of the individual SF contents. The predicted values were compared

to the measured values obtained using FTIR analysis.

5.2.3 Amino acid analysis

The amino acid composition was determined as per a previously reported and protocol used in the
NEaar laboratory [378]. The total hydrolyzable amino acids (THAA) were formed using acid
hydrolysis (100 uL of 7 M HCI per mg of powder) for 24 h at 110 °C. The samples were then dried
overnight using a centrifugal evaporator, and rehydrated using the rehydration fluid containing
0.01 M HCI, 1.5 mM sodium azide) along with an internal spike of the non-protein amino acid |-
homo-arginine. Following this, the samples were run in reverse-phase high-performance liquid
chromatography (RP-HPLC) and fluorescence was detected as per the modified method of
Kaufman and Manley [379]. The amount of racemization and hydrolysis for the amino acids was
measured according to the concentrations of d- and |- enantiomers. Additionally, the amino acids
asparagine and glutamine undergo rapid irreversible deamination to aspartic acid and glutamic
acid respectively during the hydrolysis step, thus they are reported together as Asx and GIx.
Furthermore, as per the method used, proline, hydroxyproline and cysteine amino acids were not
detected.

5.2.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

The molecular weight of regenerated SF solutions was studied using SDS-PAGE. The stacking gel
constitutes of 30% acrylamide, 10% SDS in 0.5 M Tris-HCI buffer (pH 6.8), and 10% ammonium
persulfate (APS), while the separating gel constitutes of 30% acrylamide, 10% SDS in 1.5 M Tris-
HCI buffer (pH 8.8), and 10% APS. The protein was run on polyacrylamide gel with a running
buffer made up of 25 mM Tris-HCI, 0.1% SDS, 192 mM Glycine. Beta-mercaptoethanol (2-ME)
was used for reducing conditions and a pre-stained protein ladder (Abcam, USA) was used as the
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molecular weight marker. The resolved protein bands were visualized by staining with 0.25%
Coomassie Brilliant Blue R-250 (Sigma-Aldrich, USA).

5.2.5 Absorbance, zeta potential, conductivity, and pH

The absorbance of the SF solution was measured using UV-300 UV/Vis Spectrometer (Thermo
Spectronic, UK). The zeta potential measurement of the solution was performed using Zetasizer
Nano ZS90 (Malvern, UK) at 90° angle light scattering for three measurements of automatically
calculated time. The conductivity was measured using a standard electrical conductivity meter

while the pH was measured using a pH meter.

5.2.6 Differential scanning calorimetry (DSC)

All tests were executed on a DSC 4000 instrument (PerkinElmer, USA), which was fully calibrated
with the sample chamber purged with highly pure nitrogen at a flow rate of 20 mL/min. Standard
mode DSC tests were performed on SF films placed in specialized aluminium sealed sample pans
from 5 to 95 °C at a heating rate of 10 °C/min. The heat flow spectra as a function of temperature

were recorded.

5.2.7 Rate of evaporation

The rate of evaporation of the silk solutions was assessed using moisture analyzer MX-50 (A&D
Company, Limited, Tokyo, Japan). For testing, 1 mL of silk solution was placed on the sample
pan and run at a rate of 2 °C/min. The generated data were plotted as the percent mass loss with

the increase in temperature.

5.2.8 Thermogravimetric (TGA) analysis

The water content of SF films with temperature was estimated using thermogravimetry (TGA,
NETZSCH, Germany). The samples in alumina (Al203) crucibles were heated at a continuous rate
of 10 °C/min under an inert nitrogen atmosphere from 30 to 400 °C and the percentage mass
remaining (TG) and derivative of mass remaining (DTG) was recorded as a function of

temperature.

5.2.9 Enzymatic degradation
The in vitro enzymatic degradation of silk films was performed in the presence of 2 U/mL protease
XIV from Streptomyces griseus (Sigma-Aldrich, USA) in phosphate-buffered saline (PBS)

solution at 37 °C. For calculations, the initial dry weight (Wi) of all films was noted and the enzyme
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solution was replaced every third day to maintain the enzymatic activity during the whole time. At
predefined time points, the samples were taken, cleansed gently with milli-Q water, dried, and
weighed (Wt). Silk films incubated in PBS solution without the enzyme served as control and the

degradation was calculated as follows:
% Degradation = [(Wi — Wt)/Wi] X 100

5.2.10 Rheology

Rheological measurements were carried out with a Discovery Hybrid Rheometer 2 (DHR-2) (TA
Instruments, Delaware, USA) rheometer, fitted with a Peltier (heating and cooling) stage, and a
cone plate geometry (CP50-2°; 50 mm radius and 2° opening angle). Regenerated silk fibroin
solution, enough to fill the geometry, was placed on the plate (fixed) and the cone (driven) was
lowered as per the gap setting. The geometry was then enclosed using an environmental chamber
designed to fit around the cone and driveshaft without touching it, to avoid any drying out of the
sample. The oscillatory experiments were carried out in stages. First, a time sweep was performed
at a constant shear strain of 5% and frequency of 0.1 Hz for 2500 s at 37 °C. Next, a frequency
sweep from 0.1-100 Hz at 37 °C and a constant strain of 5% was carried out to measure the elastic
(i.e., storage) and viscous (i.e., loss) moduli (G’ and G”). Next, a temperature ramp from 37-80 °C
was performed at a constant shear strain of 5% and frequency of 0.1 Hz. Finally, another frequency
sweep with the same specifications as the previous one was performed. The rheo-optical properties
of the hydrogels were studied using Modular Microscope Accessory (MMA; TA Instruments,
Delaware, USA) with simultaneous rheological measurements on a DHR-2 that enables complete
flow visualization. A 40 mm parallel plate geometry was used and a time sweep was carried out
for 1200s at 37 °C. The rule of mixture was used to derive the predicted modulus values of the
blends by averaging the values of the individual SF solutions. The predicted values were compared

to the measured values obtained using rheological tests.
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5.3 Results

5.3.1 Structural properties - FTIR

The structural change and the identification of functional groups in the regenerated silk films were
assessed by FTIR spectroscopy. The IR absorption spectra between 1700 and 1600 cm™ are
assigned to amide | (C=O0 stretching), 1600-1500 cm™ to amide 11 (N—H bending), and 1300—
1200 cm™* to amide 111 (C—N stretching) [380]. The peaks at 1610-1630 cm™* (amide I) and 1510
1520 cm™* (amide 11) are characteristic of silk 11 conformation [377], and the absorptions at 1648—
1554 cm™t (amide 1) and 1535-1542 cm™t (amide I1) are indicative of random coil structures [381],
or the silk I conformation [382]. In the current study, the amide | spectra peak was observed at
1637 cmt in the domesticated silk (RBM) and at 1650 cm—1 in the case of the wild silks (RAA,
RAM, RPR), and the amide Il spectra was observed at 1513 cm™ in RBM and 1536 cm™ in the
wild silks suggesting the presence of a-helix/random coil conformation (Figure 5.1A). A low-
intensity amide 11l band was also detected for all samples ranging from 1220-1240 cm™.
Additional bands were observed at 1308 cm™* and 1380 cm™? in the non-methanol treated wild

silks were assigned to bound water present in the wild silks.

Upon treatment with methanol (MeOH), a clear shift of the IR absorption peak to a lower
wavenumber was observed with peaks at 1620 cm™ (amide 1), and at 1512 cm™ (amide 1) in all
silk types indicating a transition to B-sheet structures (Figure 5.3A). This property of MeOH to
increase the crystallinity of silk due to formation of B-sheets have been utilized for applications
such as to retard the release of encapsulated vaccine from silk tips following in vivo implantation
[383]. Further, the secondary structure composition of the samples was quantified by
deconvolution of the amide I region between 1600 and 1700 cm™. The percentage of secondary
structures before and after MeOH treatment is shown in Figure 5.3B. The visible shift in the amide
I and amide 11 spectra of MeOH treated films is corroborated by the increased 3-sheet content upon
MeOH treatment. The higher (3-sheet content in the wild silk (maximum in RPR) is attributed to
the presence of polyalanine residues. Furthermore, the change in 3-sheet content upon the blending
of the silk types is shown in Figure 5.3C. Herein, the measured values (with and without MeOH
treatment) were compared to the predicted ones derived as per the rule of mixtures. The results
showed that the measured B-sheet content in the blends was higher than the predicted values
indicating greater interaction among them. The blends of domesticated-wild silk (~40%) showed
greater -sheet content as compared to the wild-wild silk blends (~30%). The measured content of
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the RBM-RPR blend (~36%) reached close to the maximal value i.e., due to MeOH treatment

(~38%), indicating that the blending resulted in increased B-sheet content comparable to that of

methanol treatment.

Amide Il

Amide | Amide Il

A B lle 5100
ez, Leu Non-reducing Reducing
0 Phe 4084
3 o RBM RAA RAM RPR M RBM RAA RAM RPR
o Tyr Rl KD+ M~ e
Q Ala w58 ' 245 ’
L L-Arg 180
2 Gly 2052 135
Q L-His o d
a L-Thr. “100
< Ser 1038 —"rs =
i : i Glx v 1
1800 1700 1600 1500 1400 1300 1200 1100 1000 Asx 0.2000 ‘
Wavenumber (cm-1) RBM R M RPR % o
10
D 3 F Samples Zeta potential Conductivity pH
E 038 (mV) (uS/cm)
8 061 RBM -10.53 £ 0.53 19.5+25 6.86 + 0.04
s 4
8 04, %" RAA -31.42 £ 0.89 312 £ 16 7.20 +0.03
g —a—RBM
Sl g6 RAM -40.12 +0.79 260 + 11 7.02+0.11
< 00 —v—RPR
TS : : - RPR -40.83 + 2.61
5" 5 ha G g 0.83 £2.6 172+84 7.18 £ 0.02
E Concentration (mg/ml) H
5 G Rttt RPR 100 4 ——RBM
1.25 RPR ¥ - ! = ——RAA
|2 » s —
1.20 = | 3 Ram| D Water
@ = e —— ‘S 80
= RAA 3 g e i 'S
& 1.15 . e ! 1 RAA g 70 4
RAM ® i ‘ ; 60 -
1.10 = % ! : g
———_‘_—_‘__"___;_____._ﬂ = 50
A By
18 ;- WREM Endo down § 40
44 45 48 50 52 54 56 30 40 50 60 70 80 90 5 B " de0 = s = 10 " 60

Tyr/Phe content (%) Temperature (°C) Temperature(°C)

Figure 5.1. Structural-thermal properties of individual silk types. (A) FTIR spectra showing the
typical protein amide bands, (B) amino acid composition, (C) SDS PAGE analysis of the proteins
under reducing and non-reducing conditions, (D) UV-Vis absorbance at 280 nm vs concentration
of silk solution, (E) absorbance slope vs tyrosine/phenylalanine content, (F) table showing DLS
measurements, conductivity and pH of silk solutions, (G) DSC spectra of silk films, and (H) rate
of evaporation of the silk solutions.

5.3.2 Structural properties - amino acid analysis

The amino acid configuration affects the material properties of different silk types. Thus, the amino
acid composition of all the silk types was assessed by a methodology where the samples are first
hydrolyzed, derivatized, and then run on the HPLC. The results the dominance of glycine, alanine,
and serine residues in all silk types. These amino acids constituted about 87% in the domesticated
silk, and about 83% in RAA/RPR, and 77% in RAM wild silks (Figure 5.1B). The wild silks
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showed a higher proportion of alanine residues as compared to the domesticated silk (Table 5.1).
Additionally, the wild silks showed a higher proportion of hydrophilic amino acids as compared
to the domesticated mulberry variety (Table 5.2). The wild silks also had a higher basic/acidic
amino acid ratio as compared to the domesticated variety. This leads to the varied surface property
such as wettability of different regenerated silk-based biomaterials due to varying hydropathicity
[384, 385]. Malay et al. reported that the differences in the amino acid sequence in silkworm silks

(like the presence of polyalanine repeats in wild silks) could directly be correlated to their thermal

stability and mechanical properties [172].

Table 5.1. Amino acid composition (%) of the silk types.

Amino acid RBM RAA RAM RPR
Ala 27.00 39.72 37.52 40.22
Gly 50.80 34.66 30.57 | 36.74
Ser 9.86 8.91 9.51 5.80
Tyr, Phe 4.53 4.35 5.18 5.52
Arg, Thr 1.20 2.83 4.50 2.47
Asx, His 1.78 6.14 7.66 5.10
Glx 1.11 141 1.64 1.46
lle, Leu, Val 3.42 1.98 341 2.70

Table 5.2. Amino acid ratios of different silk proteins. *
Ratio RBM | RAA | RAM | RPR
Hydrophilic/
hydrophobic 022 | 0.30 | 0.38 | 0.25
Basic/acidic 0.23 | 057 | 0.58 | 0.60
Glycine/alanine 188 | 087 | 0.81 | 0.91

*Basic amino acids: arginine, lysine, histidine, tryptophan; acidic amino acids: aspartic acid,

glutamic acid; hydrophilic: serine, threonine, aspartic acid, glutamic acid, tyrosine, arginine,

TH-2917_146106044
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lysine, Histidine; hydrophobic: glycine, alanine, cysteine, proline, tryptophan, valine, isoleucine,

phenylalanine, methionine, tryptophan.

5.3.3 Structural properties - SDS-PAGE

The chain length of SF molecules in the regenerated silk samples was assessed using SDS-PAGE.
The native SF of B. mori constitutes of heavy (~391 kDa) and light (25 kDa) polypeptide chains,
linked by a disulfide bond along with a glycoprotein, P25 (25 kDa). In the case of wild silks, 2
fractions of 220 kDa and 20 kDa have been reported for A. assamensis, homodimers of ~395 kDa
(each monomer being ~197 kDa) for A. mylitta, and polypeptides of 97 kDa and 45 kDa, connected
through a disulfide bond for P. ricini [181]. In the current study, all the silk types showed the
presence of large polypeptides (>245 kDa) under non-reducing conditions (Figure 5.1C).
Whereas, due to the cleavage of the disulfide bonds under reducing conditions, the migration of
these polypeptides to the 200-240 kDa range in the RAA and RAM silks along with some
additional bands in case of the RPR were observed. The intense band of RBM at the top of the gel
consisting of the heavy chain did not show any change. Overall, the study showed the presence of
larger polypeptide chains in the regenerated silks, indicating the possibility of chain interaction

and physical entanglement when these are blended.

5.3.4 Structural chemistry - UV-visible spectroscopy

The UV-Visible spectroscopy was executed to understand the absorption spectra of the regenerated
SF samples. The absorption spectra at 280 nm are assigned to 7 transitions in the aromatic amino
acids such as tyrosine (Tyr), Phenylalanine (Phe), and Tryptophan (Trp) present in the SF
molecular chain. In this study, Figure 5.1D shows the absorbance at 280 nm against the
concentration of SF solution. The wild varieties showed a higher absorbance as compared to the
domesticated silk, and this could be correlated to the presence of aromatic amino acids in the silks
(Figure 5.1E). RPR and RBM show the highest and lowest absorbance, respectively. This can be
attributed to the highest and lowest Tyr/Phe residues in the RPR and RBM, respectively. However,
the RAA and RAM samples did not fit this correlation which might be due to the Trp residue
which is not accounted for in the current study due to the amino acid detection method used. The
presence of aromatic residues such as Tyr and Phe in the wild silks is advantageous in many ways.
Tyr plays a crucial role in regulating the protein's structural conformations and also the self-

assembly process where proteins self-assemble into cross-p-like fibers via hydrogen bonding and
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n—7 stacking between aromatic side chains [386]. By tuning these interactions, the properties of
SF can be managed and understood in the sol to gel transition process. Additionally, dityrosine

chemistry can be potentially used to enhance the mechanical properties of biomaterials [387].

5.3.5 Structural chemistry - charge, conductivity, and pH

The charge on the SF molecules in the solution was estimated by studying the zeta potential. The
charge in the dispersed phase provides an understanding of the stability of the solution. The results
of the current study showed a zeta potential of around -10 mV in the RBM silk type. The wild silk
types showed a higher negative zeta potential of around -31 mV in RAA, -40 mV in RAM, and -
41 mV in RPR (Figure 5.1F). The higher negative charge in the wild silks imparts them more
stability in the solution. The theoretical isoelectric point (pl) for SF is around 4.37-5.05 [384]. At
neutral pH (which is above the pl) of the RSF in the study, the surface of the SF protein is
predominantly negatively charged. Additionally, SF proteins majorly consist of neutral amino
acids such as glycine, alanine, and serine, however, wild silk has higher basic amino acids (Table
5.2) as compared to domesticated silk, making it feasible to donate a negative OH ion. This charge
difference also imparts varied surface property to SF in terms of their interaction with the cells
while being used as biomaterials derived from the regenerated SF [388]. Furthermore, the different
processing methods of the wild and domesticated silks may also be contributing to this high
difference in their charges. The van der Waals attraction and the electrostatic repulsion force are
two major forces that contribute to the stability of a system. The electrostatic force is related
proportionally to the particle zeta potential. Thus, a high zeta potential corresponds to a high
repulsion force between particles, subsequently forming a more stable system. The near-neutral
pH in all silk types makes it readily more soluble in an aqueous solution. The conductivity of the
silk solution is another crucial factor indicating its stability and helps to understand the possible
interactions of the molecules. The domesticated silk RBM measured conductivity of ~20 uS/cm,
while the wild silk showed a higher conductivity of 312 £ 16 uS/cm in RAA, 260 £ 11 uS/cm, and
172 £ 8 uS/cm in RPR (Figure 5.1F). The higher conductivity in the wild silks indicates the
abundance of metal ions in them, making them available for metal ion interactions. Recent work
from our group has shown that silk interacts with metal ions and uses it to control the viscosity
and gelation of silk via interaction with divalent metal ions or sticky reptations and we associate
that with the presence of carbonyl groups and the availability of the protein to interact with metal
ions [389, 390]. Tulachan et al. showed that Antheraea mylitta cocoon could conduct higher
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current density as compared to the B. mori cocoons and owed this to the higher mineral contents
in the wild type [391]. Higher conductivity in regenerated wild silks implies that it's interacting
with more metal ions by sequestering them. This makes them good gelators because they will be
able to create divalent metal ion bridges between chains which will increase the strength of any

gel. So, the wild silks are better at interacting and creating salt bridges than the domesticated silk

type.

5.3.6 Thermal stability

To study the thermal stability and hydration status of silk and investigate its denaturation and
solidification, DSC was used. The results of the DSC spectra show the presence of ectotherms at
~62 °C in the wild silk films which is absent in the domesticated silk films (Figure 5.1G). Wild
silk unlike domesticated silk shows clear crystallization as they go through denaturation, implies
making more stable forms. Thus, the addition of wild silks in a mixture could stabilize the system
where the wild silks could act as nuclei or stabilizers. The presence of peaks indicates the presence
of a thermal switch, where they denature more readily and can undergo thermal transitions. The
thermally active wild silks show that despite processing and fabricating them into films, they can

rehydrate and dehydrate, which is lost in the case of the domesticated silk type.

The ability of silk to interact with water is another essential feature. The ability of silk films to be
able to hold onto the water was studied using a moisture analyzer which is good for general bulk
measurements. The results indicated that all regenerated silk behaves almost in a similar way
(Figure 5.1H). Thus, TGA was used which is a more specialized technique to get a detailed
understanding of the change in mass with temperature. The thermograms in the current study show
significant mass loss in samples mainly in two phases over the temperature range of 30-400 °C
(Figure 5.2A). The first phase of mass loss is at around 70-120 °C which indicates the removal of
absorbed water or the loss of moisture. The results indicate that the wild silks hold on to more
water and therefore can give off more water but at a relatively lesser temperature as compared to
the RBM. This also establishes that RBM holds on to less water but it is tightly bound and thus
requires a higher temperature to lose. Wild silks have a higher degree of hydration but their
hydration shell is less stable which allows them to go into a solution state, and because the
hydration shell is more unstable, they would readily fall out of solution and act as a nucleator for
gelation in the blends making them probable nucleating agents in the system. The higher
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hydrophilicity of the wild silks renders them to have higher moisture content. Additionally, the
presence of positively charged amino acids in the wild silks contributes to enhancing cellular
attachment and proliferation when used as a scaffold for tissue engineering applications [392].
Chouhan et al. recently showed that the wild-silk-based wound dressings were capable of higher
water retention capacity which aid in wound healing [393]. The second phase ranges from 250 to
400 °C, which is majorly a result of the cleavage of peptide bonds and the breakdown of side-chain
groups of amino acid residues [380]. The results indicate the denaturation peak at ~290 °C in RBM,
which is higher in all the wild silk types reaching ~348 °C in RAA/RAM, and ~354 °C in the case
of the RPR. This shows that the wild silks are more thermally stable compared to domesticated
silk. Among the wild silks, RPR is most thermally stable. This majorly is due to the crystallinity
domains present in the silk, which are more in the wild silks compared to the domesticated silk.
This is attributed to the higher alanine content found in the wild silks. Figure 5.2B shows that the
higher thermal degradation temperature in the wild silk can be attributed directly to the polyalanine
content of the individual silk types. These findings are consistent with the previous reports of the
thermal stability of these silk types [392, 394]. Malay et al. reported a similar outcome where P.
ricini having the highest polyalanine residues showed highest thermal stability in comparison to
other wild silk fiber types [172].
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Figure 5.2. Thermogravimetric and degradation analysis. (A) Thermogravimetric analysis, (B)
the alanine residues vs thermal degradation temperature plot, and (C) enzymatic degradation of
various silk types.

5.3.7 In vitro enzymatic degradation

Crystallinity is also an important factor controlling the degradation of RSF-based materials in vivo.
The extent of crystallinity of B-sheets can be tuned via various physical and chemical processes to
modulate the biodegradability and the water stability of the SF biomaterials [395]. Evaluating the
biodegradability of the silks is important to comprehend the stability, breakdown, and possible
elimination of the matrix from the body. Upon implantation of any biomaterial matrix, its
biodegradation should be at a rate consistent with the neo-tissue formation in the body. In the
current study, the domesticated RBM showed a higher degradation (~80% mass lost) after 28 days
of protease XIV enzymatic treatment. Concurrently, the wild silks showed a lesser enzymatic

degradation with RAA showing ~62% mass loss, RAM ~50% mass loss, and RPR ~36% mass
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loss (Figure 5.2C). The silk films maintained their stability in PBS over time with no degradation.
The lower degradation of wild silks is again linked to their higher crystallinity making the cleavage
site inaccessible to the enzymatic cocktail. The characteristic polyalanine repeats, high a-helix,
and B-sheet contents, and compact crystalline structure makes wild SF more resistant to enzymatic
degradation as compared to domesticated SF. The in vitro degradation was performed using a
protease XIV cocktail with preferential cleavage sites between hydrophobic amino acids.
Therefore, the low crystallinity and the higher available cleavage sites in the domesticated silk
leads to their greater degradation as compared to the wild silks. The findings of the current study

are in agreement with previous reports [264, 385].
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Figure 5.3. FTIR spectra of silk samples. (A) Spectra of silk proteins with and without methanol
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secondary structures of proteins, and (C) predicted and measured beta-sheet content in the
samples.
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Overall, when assessed individually, the wild silks have increased functionality and performance
range as they show the presence of a thermal switch, a higher degree of hydration with an unstable
shell of hydration, and a high degree of crystallinity. So, they are better at holding on to water and
they go into a solution more easily but due to a relatively unstable hydration shell, they fall out of
the solution more readily and form more stable aggregates which is why they have higher thermal
degradation temperatures. Thus, they can potentially act as nucleating agents. These factors will
help in terms of tuning the rate and strength of gelation upon blending. Thus, the results of the
current study showed that wild silks could be of immense interest because they have lots of active
molecular switches that could help to interact with domesticated silk; and by introducing just a
small quantity of wild silks, the properties of domesticated RBM could be improved. So, next,

different silk types were mixed to form hydrogels.

5.3.8 Rheological and rheo-optical assessment

The rheological measurement helps us to characterize (structure-property relationship), understand
the process performance (hydrogel stability, processing temperatures, etc.), and end-product
properties such as the mechanical strength of the blend hydrogels. Considering the gel nature of
the system and the variability in input parameters, storage modulus (G') was used to assess the gel
formation and relative gel strength. The assessment was performed in 4 phases. First was a time
sweep at 37 °C for 2500 s, the second was a frequency sweep, third was a temperature sweep from
37-80 °C, and fourth was again a frequency sweep. The results showed that some blends start to
gel quickly at 37 °C indicated by the increasing G’, where the RBM-RPR blend was quickest to
gel followed by RBM-RAA (Figure 5.4A). These blends gel at 37 °C and their storage modulus
do not change even with the temperature rise, indicating their complete gelation and formation of
a stable gel. The G’ of the frequency sweep before the temperature sweep was constant with the
change in frequency. The blends such as RBM-RAM and RAA-RPR, start to gel at 37 °C but do
not completely gel, and require temperature stimulus to gel completely. Among the individual
proteins, only the RAA starts to gel in ~18 min time as shown by the increased G’. Furthermore,
some blends such as RAA-RAM and RAM-RPR need additional activation such as temperature
stimulation even to start the process of gelation and eventually gelling completely (Figure 5.4B).
The final frequency sweep following the temperature sweep also showed constant G’ with
frequency. Possible interactions during the gelation process include physical entanglement and Tyr
stacking at 37 °C, where the wild silks act as chemical nucleators in the blend. The other is the
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results of a crystallization event that occurs as a result of increasing the temperature eventually
reaching the crystallization temperature i.e., around 60 °C as seen from the DSC results. The results
indicated that a wild-domesticated silk-blend gelled early and maintained a stable G’, except for
blends with RAM. All the blends containing RAM silk needed to be stimulated thermally to gel
completely. However, upon complete gelation, the RAM-based gels form a stronger gel as
compared to other wild silks. These hydrogels harness the energy from thermal sources to enhance
intermolecular interaction in the hybrid gels, on account of thermal energy being transformed into
an electron flow that powers a chemical reaction, where the wild silks act as nucleation point to
remodel this crosslinking in the gels. Physical cues such as temperature, pH, and vibrations have
been reported to affect the gelation and mechanical properties. Recently Wang et al. reported the
strengthening of a composite soft gel matrix due to vibrations. The matrix composed of
methylcellulose, and dynamically reactive materials with piezoelectric ZnO. Vigorous shaking of
this composite makes it almost 66 times stronger with less chances of deformation as compared to
the composites without exposure to these vibrations [396]. Concurrently, the light intensity
reduced upon gelation in some blends with maximum reduction was observed in RBM-RAA and
RAA-RPR, followed by RBM-RAM and RBM-RPR. The decrease in light intensity in these
blends was consistent with the increase in storage modulus and gelation process. This decrease
due to the processes occurring during gelation could be attributed majorly to interactions such as
chain entanglements and desolvation due to phase separation in the gel among others. Owing to
its tunability in terms of transparency and biocompatibility, silk fibroin film from non-mulberry

Antheraea mylitta has been used for corneal regeneration [397].

Furthermore, the measured and predicted G’ before and after temperature sweep was assessed to
understand the change in G’ due to temperature. Corroborating the abovementioned results, the
wild-wild silk blend (RAA-RPR) and the RAM SF containing blends (RAA-RAM and RAM-
RPR) showed a higher increase in G’ after temperature treatment as compared to other blend
hydrogels. Additionally, the measured G’ was higher than the predicted G' (except for RBM-
RAA), implying that this is a good composite because the amount of G' is increased. The decreased
amount of measured G’ in the RAA-containing blend as compared to the individual RAA SF

indicates lower interactions among the silk types.
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Figure 5.4. Rheological properties of hydrogels. The storage modulus of the hydrogels during (A)
time sweep at 37 °C, (B) temperature sweep (37-80 °C), (C) rheo-optical light intensity analysis,
and (D) the measured and predicted storage modulus before (pre-temp) and after (post-temp)
temperature sweep.

5.4 Discussion

Silk exists in its water-insoluble (silk-11) form in the spun cocoons and needs to undergo processing
using techniques such as degumming (with basic salts) and dissolution (with chaotropic solvents),
as reported in several previous studies [76, 297]. Concurrently, the protein from the silk glands of
the silkworms can be isolated and dissolved in aqueous detergents [254, 385]. The resulting SF
solution is not stable for long at room temperature and tends to gel. Therefore, in the current study,
the SF solution was lyophilized, stored for longer time durations, and eventually reconstituted in
water for usage. The reconstituted proteins were first studied individually to confirm the
functionality of the protein. The structural and thermal properties of the individual silk types were

assessed using various characterization techniques. Further, the wild and domesticated SF
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solutions were blended to form self-assembled silk hydrogels. The performance and gelation
mechanism of these blend hydrogels were then investigated by studying their dynamic interactions

via rheology.

Possible interactions and gelation mechanism: An increase in G' and decrease in light intensity
was observed in the silk blend hydrogels and this is linked to the change degree of hydration and
increased interactions due to different switches such as metal ion bridges, chemical Tyr stacking,
chain physical entanglement, potential crystallization with the poly-alanine segment or beta-sheet
formation. The results indicated that among the wild silks, RPR is the best activator that stimulates
others to gel probably owing to its highest alanine content and high crystallinity followed by RAA.
The blends of RAM on the other hand need thermal stimulation to form a complete gel but the
formed final gels are stronger than others. Thus, each wild silk has a different level of interactions
and switches to explore and these could be tuned for various applications. The individual
regenerated SF proteins show their characteristic features which would help understand their
interactions upon their blending (Figure 5.5A). The blending of the wild and domesticated silks
could be linked to various possible interactions in the formed hydrogels. Towards this several
gelation pathways have been hypothesized (Figure 5.5B). The high difference in the conductivity
among the wild and domesticated silks indicates the involvement of metal-ion interactions or salt
bridging, where no specific binding sites are required. Another potential mechanism for inter-
fibroin chain interactions is electrostatic interactions considering the high difference in the zeta
potential or charges between the wild and domesticated silks. A similar charge among the wild
silks might lead to electrostatic repulsion as opposed to the varied charges in the wild and
domesticated silks in the blends allowing greater electrostatic interactions and making better gels.
The presence of lengthy chains in the hydrogels indicates possible physical entanglement aiding
the process of gelation. Further, the differing hydropathicity of the RSFs in an aqueous hydrogel
environment necessitates hydrophobic interactions in the system. The interactions between
aromatic—aromatic amino acid side chains are additional crucial non-covalent forces that have been
widely explored in the milieu of protein folding, molecular recognition, stability, and the process
of self-assembly [387]. The presence of higher aromatic residues such as Tyr, Phe in wild SF
proteins suggests hydrogen bonding and n—n stacking between aromatic side chains leading to
greater gelation. The presence of hydrophobic aromatic Tyr residue favors the formation of silk II

structure [179]. Another desired fabrication strategy is the process of self-assembly, where
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components assemble to form ordered and hierarchical structures without external interventions.
Proteins possess this capability to self-assemble with an initial drive force provided by non-specific
interactions such as hydrophobic forces, followed by more specific interactions, such as hydrogen
bonding. Silk fibroin being amphiphilic drives its self-assembly into spherical micellar structures
in the silk glands as well as the process of its spinning where a transition from the soluble state
(silk-1) to an insoluble state (silk-11) takes place leading to the development of self-assembled
hierarchically arranged silk fibers [398]. This understanding of the natural spinning process has
inspired the research to fabricate silk fibers via artificial spinning using aqueous-based greener
approaches [170, 399].

There is a molecular rearrangement taking place in the hydrogels with a transition from an
unordered state in the solutions to ordered structures in the gelled state through an intermediate
state (Figure 5.5C). In terms of secondary structures of the proteins, the solution predominantly
consists of a-helices and random coils which starts to transition into orderly B-sheet with time
during the normal gelation process, and finally, a highly ordered structure with increased B-sheet
content could be hypothesized when the hydrogels are thermally activated to reach a fully gelled
condition. The formation of thermodynamically stable B-sheets stabilizes the hydrogels via
physical cross-linking processes and are essentially irreversible in physiological settings unless
degraded using oxidative or enzymatic methods. The ordered structures may be created by the
formation of crystals first due to the polyalanine-rich domains and then using other interactions

such as Tyr stacking to stabilize the chains, where the wild silk act as nucleators.
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Figure 5.5. Schematics of the possible interactions involved in the sol-gel transition. (A) Scheme
illustrating the blending of mulberry and non-mulberry silk to form a self-gelling hydrogel
network, (B) the hypothesized molecular interactions in the blended gelled hydrogels, and (C)
scheme showing the rearrangement in the protein secondary structures form unordered to ordered
during the process of gelation.

Potential applications: The understanding of the gelation mechanisms and properties of the
hydrogels would find application in numerous domains. For instance, they can be used for the
fabrication of hydrogel scaffolds or matrices for the delivery of cells, drugs, or therapeutics in the
various soft tissue to hard tissue engineering applications. The capability of these hydrogels to gel
without any external stimulus and further demonstration of gel strengthening upon the increase in
temperature (the RAM blends) could place them as thermally responsive hydrogels. This makes
these blend hydrogels attractive for the delivery of cells and macromolecules However, as opposed
to most thermoresponsive hydrogels this gelation is irreversible as the insolubility in the gelled
state does not revert to soluble conditions upon a decrease in temperature. With the increase in
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temperature, the hydrophobic forces become strengthened while the hydrogen bonding becomes
weaker, leading to stronger gelation in these thermosensitive hydrogels. These could be used as
injectable technologies for the non-invasive delivery of cargo to the targeted site. The produced
thermally stable hydrogel may also be used in high-temperature food processing and templating
of composite materials. Additionally, its conductive nature and the ability to be fabricated into thin

films could have potential application in flexible electronics and bioelectronics.
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5.5 Significant findings

1. The current study explored the functionality and performance of hydrogels formed by blending
various silk types. To understand the self-gelation mechanism of these blends, first, the
structural and thermal properties of individual silk types were studied.

2. The regenerated SF proteins showed the characteristic amide peaks, had varied amino acid
composition, chain length, charge, and conductivity along with distinct thermal stability and
degradation.

3. The wild silks are better at holding on to water so they go into a solution more easily but the
hydration shell is less stable so they fall out of the solution more readily, allowing them to
potentially act as nucleating agent thus creating more stable aggregates indicated by a higher
thermal degradation temperature.

4. The different silk types were then blended to form hydrogels and assessed rheologically for their
dynamics. The content of B-sheet measured in the blends was higher than the predicted value
implying the formation of a good composite because of the increased amount of crystallinity.

5. The blends with P. ricini (RPR) were the best activators as shown by the high crystallinity in
their blends nearing the methanol-treated levels.

6. The blends with A. mylitta (RAM) form thermally sensitive hydrogels, which require to be
activated to gel completely but they eventually form stronger gels, while others are thermally
insensitive forming stable gels unaffected by the increased temperatures.

7. The blends of wild-domesticated silk performed better than the wild-wild blends.

8. The gelation process is majorly due to peptide self-assembly, driven by hydrogen bonds,
physical entanglements, electrostatic interactions, metal-ion interactions, hydrophobic
interactions, and tyrosine/phenylalanine stacking.

9. The wild silk-based blending produces composites with increased performance.

10. This understanding of the performance of wild silk-blend hydrogels might be valuable in
developing various silk-based composites for non-invasive delivery of cargo for different soft
and hard tissue engineering applications, high-temperature food processing, templating
composite materials, and bio-flexi-electronics.
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3D Bioprinting using Cross-Linker Free Silk-Gelatin Bioink
for Cartilage Tissue Engineering

The present study aims to develop a cross-linker free silk-gelatin based bioink formulation for
cartilage regeneration. The ink was prepared by first blending two different varieties of silk, i.e.,
B. mori and P. ricini, and adding gelatin to it. The silk polymers start to self-gel when the two silk
types are mixed. To this gelling silk matrix, gelatin is entrapped forming a viscoelastic ink that is
optimal for bioprinting. Further, porcine primary chondrocytes were encapsulated in ink to create
the bioink and investigated for its printability, print fidelity, biological and functional assessment,

and in vitro and in vivo biocompatibility for cartilage tissue engineering applications.

Digital modelling and Live-cells within the

bioprinting Bioprinted Chondrocyte- construct
Laden Construct

The work embodied in this chapter is published as follows:

Yogendra Pratap Singh, Ashutosh Bandyopadhyay, and Biman B. Mandal. "3D bioprinting
using cross-linker-free silk—gelatin bioink for cartilage tissue engineering.” ACS Applied
Materials & Interfaces 11(37), 2019: 33684-33696.
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ABSTRACT

Cartilage tissue is deprived of intrinsic self-regeneration capability; hence its damage often
progresses to a chronic condition which reduces the quality of life. Towards the fabrication of
functional tissue substitutes, 3D bioprinting has progressed vastly over the last few decades.
However, this progress is challenged by the difficulty in developing suitable bioink materials as
most of them require toxic chemical crosslinking. In this study, our goal was to develop a
crosslinker free bioink with optimal rheology for polymer extrusion, aqueous and non-toxic
processing and offers structural support for cartilage regeneration. Towards this, we use the self-
gelling ability of silk fibroin blends (Bombyx mori and Philosamia ricini) along with gelatin as a
bulking agent. Silk and gelatin interact with each other through entanglement and physical
crosslinking. The ink was rheologically and structurally optimized for printing efficiency in
printing grid-like structures. The printed 3D constructs show optimal swelling capability,
degradability, and compressive strength. Further, the construct supports the growth and
proliferation of encapsulated chondrocytes and formation of cartilaginous extracellular matrix as
indicated by the increased sulfated glycosaminoglycan and collagen contents. This was further
corroborated by the upregulation of chondrogenic gene expression with minimal hypertrophy of
chondrocytes. Additionally, the construct demonstrates in vitro and in vivo biocompatibility.
Notably, the ink demonstrates good print fidelity for printing anatomical structures such as human
ear enabled by optimized extrudability at adequate resolution. Altogether, the results indicate that
the developed crosslinker free silk-gelatin polymer-based bioink demonstrated high potential for

its 3D bioprintability and application in cartilage tissue engineering.
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6.1 Introduction

Cartilage is a highly specialized connective tissue that possesses limited self-regeneration
capability as it is devoid of blood vessels, lymphatic system, and has low cellular density [1]. Thus,
any injury to this tissue is retained over the years, degenerating further and eventually leading to
degenerative diseases such as osteoarthritis causing impaired joint function with a reduced quality
of life. Current treatment strategies include microfracture, mosaicplasty, osteochondral grafts, and
autologous chondrocyte implantation (ACI) [400]. These methods have substantially improved the
outcomes of defect repair, however they are not long-term clinical solutions and frequently result
in the formation of low-performance cartilage, which only postpones the onset of tissue
degeneration and subsequent osteoarthritis [401]. Therefore, there is a dire need for potential

alternative methods of treatment.

Additive manufacturing of composite tissue constructs through 3D printing has garnered rising
popularity in tissue engineering due to its rapid prototyping capabilities and creating complex
formulations [402, 403]. This drive is fueled by increased access to affordable printers and general
public interest due to its ability to fabricate patient-specific anatomical structures catering to
personalized regenerative medicine. The printing device (bioprinter) and the ink (biological ink or
bioink) are the two main components of the bioprinting technology. 3D bioprinting permits the
dissemination of the bioink (cells in a supporting matrix) in advanced ways with higher spatial
resolution so as to mimic the microarchitecture of native tissues [404]. Selection of suitable
biomaterials for the bioink is crucial for successful bioprinting. Among the several essential
criteria that a bioink need to fulfil are appropriate viscosity that is used to govern the flexibility in
creating free-standing constructs during bioprinting and preservation of architectural integrity post
bioprinting. Besides, shear thinning for the extrusion of the bioink at low nozzle pressures to guard
the cells against physical stressors and smooth printability with high resolution are other essential
attributes. Finally, its biocompatibility for immune acceptance, biodegradability to allow
integration of the newly formed tissues and biomimetic properties along with its structural and
mechanical stability are equally vital criteria [405]. Various physical and chemical crosslinking
mechanisms have been used to impart long-term stability to the printed constructs [406]. Among
other formats, hydrogels, which form 3D crosslinked hydrated and mechanically supportive niche,

are most commonly used as a cell carrier in bioink during 3D bioprinting.
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Both natural and synthetic biomaterials have been explored for bioink development. The synthetic
polymers have the advantage of robust mechanical properties, better architectural control, and
accessibility through simple processing and modifications. However, drawbacks such as immune
reaction, high chances of infection, and the effect of degradation by-products have limited their
use [407]. These drawbacks can be overcome by using natural polymers, though its controlled
printability would still require optimization. In the current study, silk fibroin and gelatin, both
natural polymers were chosen as biomaterials for the preparation of bioink. Silk fibroin (SF) is a
natural fibrous protein polymer that is extensively studied for various tissue engineering
applications owing to its well-defined mechanical properties, biocompatibility, tunable
degradation, ease of processing and effectively support cell functionality [408-410]. SF from
Bombyx mori (mulberry silk) is the most common and well-explored variety. Lately, SF from
various non-mulberry wild species such as Philosamia ricini (commonly known as Eri) has gained
attention due to the superior mechanical properties in comparison to mulberry silk and intrinsic
presence of cell binding RGD tripeptide [411]. The primary structure of Eri silk is composed of
approximately 100 repeats of alternating polyalanine and glycine domains. Its basic repeating unit
is (alanine)12-13, which is similar to major ampullate silk of spider that contains (alanine)s7 as
repeating unit [412]. The presence of poly-alanine sequence imparts Eri with enhanced mechanical
properties. The aforementioned properties establish both B. mori silk and Eri silk as suitable
polymers for bioink formulations. Blended silk has been used as a biomaterial for creating suitable
bioink for 3D bioprinting for various tissues [413-415]. Unfortunately, unassisted bioprinting of
silk alone is difficult as it has low viscosity or causes frequent clogging as a result of shear-induced
B-sheet crystallization. In addition, slow silk gelation mechanisms to form a hydrogel construct
are impediments unless crosslinked with cytotoxic chemicals or pre-gelled prior to printing.
Blending of SF from B. mori and A. assamensis shows self-assembly and induction of p-sheet
transitions that result in hydrogel formation [191, 370, 371]. Taking cues from these mulberry and
non-mulberry blends, in the current study, we blended silk fibroin from B. mori and P. ricini, to

form a self-blended hydrogel in a cross-linker free approach.

Gelatin, another commonly used polymer is a partial derivative of collagen and is benefitted by
superior biocompatibility and relatively lower antigenicity in comparison to collagen.
Furthermore, it inherits the favorable properties of collagen to endorse cellular adhesion and
chondrogenic differentiation. However, drawbacks such as fast degradation and inferior
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mechanical strength limit its exclusive usage. The blending of gelatin with silk would match the
required scaffolding properties for cartilage tissue engineering while serving as a bulking agent to
produce the optimized printed structure. Silk fibroin component of the blend acted as a structural
matrix and provided tunable degradation and enhanced mechanical properties of the gel. The added
advantage of using gelatin is its temperature-controlled phase transition in physiological conditions

to fabricate three-dimensional structures.

Recently, blends of gelatin and silk from B. mori have been reported for extrusion-based 3D
printing [416-418]. However, the use of different crosslinking mechanisms in these studies have
resulted in inferior printing resolution [419], and while they were suitable for smaller structures,
they would prove inadequate for larger constructs that require stability during their lengthier
printing time. We believe that it is preferable to avoid crosslinkers since these have various adverse
effects such as toxicity to cells, structural alteration to polymers, and cost escalation. Additionally,
in the long term, it may lead to heightened cytotoxicity due to the release of residual crosslinker

from the implant.

Therefore, the present study aims to develop a cross-linker free silk-gelatin based bioink
formulation for cartilage regeneration. The ink was prepared by first blending two different
varieties of silk, i.e., B. mori and P. ricini, and adding gelatin to it. The silk polymers start to self-
gel when the two types are mixed. To this gelling silk matrix, gelatin is entrapped forming a
viscoelastic ink that is optimal for bioprinting. Further, porcine primary chondrocytes were
encapsulated in ink to create the bioink and investigated for its printability, print fidelity, biological
and functional assessment, and in vitro and in vivo biocompatibility for cartilage tissue engineering

applications.
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Figure 6.1. Scheme of the study showing (A) bioink formulation, (B) entanglement and interaction
of biopolymers, (C) digital modeling, and (D) 3D bioprinting and maturation of cell-laden
construct.

6.2 Materials and methods
6.2.1 Materials

Silk cocoons of domesticated B. mori and matured 5" instar larvae of wild type P. ricini were
collected from Mangaldoi Silk Farm, Assam, India. Gelatin powder (bovine type B), lithium
bromide (LiBr), protease XIV (from Streptomyces griseus), 1, 9-dimethylmethylene blue
(DMMB), collagenase type I, TRI reagent, chloroform, shark chondroitin sulfate,
lipopolysaccharide, neutral buffered formalin (NBF) were acquired from Sigma-Aldrich, USA.
Reagents for cellular culture such as Dulbecco’s modified Eagle’s medium (DMEM), trypsin—
EDTA, fetal bovine serum (FBS), penicillin-streptomycin (antibiotic-antimycotic) solution and
amphotericin B were acquired from Gibco BRL Rockville, USA, PicoGreen dye, SYBR Green,
and IL-1pB kit were acquired from Invitrogen. Anti-CD68 antibody (Abcam), calcein-AM

(Molecular Probes), and other chemicals used were of analytical grade.
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6.2.2 Preparation of silk fibroin solution

The extraction of silk fibroin from the cocoons of B. mori was done as per a modified previous
protocol [76]. In brief, the whole cocoons were trimmed to smaller fragments and degummed using
0.02 M Na2COs solution for 20-30 min under boiling conditions. The obtained fibers were cleaned
and subjected to a 4 h dissolution at 60 °C using 9.3 M LiBr. The resulting solution was dialyzed
using distilled water for 4 h. Silk fibroin from P. ricini was isolated from matured 5" instar larvae
of P. ricini silkworm according to previously reported protocols [254]. Briefly, the protein was
extracted out of the silk glands, rinsed in distilled water, dissolved using 1% (w/v) SDS and
dialyzed against distilled water.

6.2.3 Preparation of bioink and bioprinting

6.2.3.1 Preparation of silk-gelatin blend and its printability

For the preparation of silk-gelatin blended ink, silk fibroin (from B. mori and P. ricini) was used
in the concentrations range of 0.5-2% (w/v) and gelatin in the range of 1-9% (w/v). The
components were blended at various concentrations for optimization. All constituents were UV
sterilized. The blends were loaded into a 10 mL syringe and incubated at RT for 20 min, followed
by 20 min incubation at 4 °C. The formed blends were checked for printability by extruding it
through the extruder of the bioprinter.

6.2.3.2 Cell isolation and expansion

Porcine ear was acquired from a local abattoir, and primary chondrocytes were harvested as
reported earlier [420]. In brief, the porcine ear was cleansed, skin removed, cut into small
fragments, and rinsed using phosphate buffered saline (PBS, pH 7.4). The pieces were digested
using 0.2% protease type XIV (activity of >3.5 U/mg) and 0.05% collagenase type 1A (>125
collagen digestion units/mg). The chondrocytes were acquired by centrifuging the digests at 2000
rpm for 5 min. The cells were maintained and expanded using DMEM with 10% (v/v) FBS and
1% (v/v) antibiotic-antimycotic solution.

6.2.3.3 CAD designing
The grids were designed using AutoCAD (Autodesk) to generate the required input file for slicing.
Further sliced CAD model GCODES were fed to the 3D bioprinter. The grid-like structures were
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printed using the developed silk-gelatin bioink with a 27G needle having an inner nozzle diameter

of 250 um and other specifications, as mentioned in Table 6.1.

For the human ear structure, the stereolithography (STL) file was retrieved from an open-source
web reference (https://www.thingiverse.com/thing:304657). The obtained STL file was then
sliced using Slic3r, and the required G-code was obtained. The specifications and dimensions of

the ear are mentioned in Table 6.1.

Table 6.1. Parameters of the designed construct and 3D bioprinting.

Parameters Grid Ear
Nozzle diameter 27 G (250 um ID) 27 G (250 um ID)
Layers 12 24
Dimensions (LXWxH) 7.25%7.25x3 mm?® 33x20x12 mm?®
Inter filament distance 0.75 mm 0.10-0.30 mm
Inter layer increment 0.25 mm 0.25 mm
Printing speed 6-8 mm/s 6-8 mm/s
Printing pressure 15-25 kPa 15-25 kPa

6.2.3.4 3D bioprinting using bioink

The printing was performed using Biobot 1 (Allevi, USA) microextrusion bioprinter. The obtained
G-codes of the grid-like structure and human ear were communicated to the 3D bioprinter through
a PC interface connection. For bioink preparation, chondrocytes were counted and added into the
optimized silk-gelatin blended ink at a concentration of 10° cells/ml of bioink. The bioink solution
was loaded into a 10 mL syringe and kept at room temperature (RT) for 20 min, followed by
incubation at 4 °C. The instructed designs were then printed under sterilized conditions at a speed
of 6-8 mm/s and pressure of 15-25 kPa. Figure 6.1 depicts the scheme of the study showing the

process of bioink development and its bioprinting.

6.2.4 Physicochemical characterization

6.2.4.1 Rheological characterization

Rheological characterization of bioink was performed using rheometer (Anton Paar MCR 302)
fitted with 25 mm diameter parallel plate with a set gap of 1 mm. For each measurement, 1 mL of
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bioink was placed on the temperature-controlled testing platform of the rheometer. Temperature
based viscosity and modulus was assessed in the range of 4 °C — 45 °C to study their behavior with
respect to temperature. The amplitude sweep was performed in the range of 0.01-100% strain ()
at 25 °C to obtain the yielding point and the linear viscoelastic range (LVER) for the bioink. The
frequency sweep was performed within the LVER obtained from the amplitude sweep and by
varying the angular frequency from 0.1-100 rad/s at 25 °C. Three interval thixotropy test (31TT)
was carried out by exposing the ink to a sequential low shear (Interval I, strain 0.05%), high shear
(Interval 11, stain 30%) and again low shear (Interval Ill, strain 0.05%) intervals to study the

deformation and regeneration capability of the bioink.

6.2.4.2 Fourier transform infrared spectroscopy (FTIR)

Structural analysis of the ink was performed using FTIR spectroscopy (Spectrum Two,
PerkinElmer) in ATR mode. The samples of pure silk fibroin, pure gelatin, and blend bioink were
prepared by freeze-drying. The transmittance readings were measured by accumulating 32 scans

at a resolution of 4 cm™! in the spectral region of 4000-600 cm .

6.2.4.3 Field emission scanning electron microscopy (FESEM)

The morphology of the 3D printed grid structure, its pore size, and pore distribution was
determined using FESEM (Zeiss, Sigma, USA). The printed constructs were lyophilized and
sputter coated with gold followed by scanning under FESEM. The micrographs were analyzed
with Image J (Wayne Rasband, NIH) software. Further, ImageJ based pore-size distribution, and
representative porosity of the constructs was calculated using the particle-size plugin on different
FESEM images from the horizontal cross-section of the printed constructs. The porosity
distribution has been calculated by evaluating the percentage area of the scaffold surface occupied

by the pores as compared to the total visible cross-sectional area of the image.

6.2.4.4 Swelling study

The water retaining property of the 3D printed constructs was assessed using a conventional
gravimetric method. For this, the initial dry weight (Wd) of constructs was noted, followed by their
immersion in PBS (pH 7.4) at 37 °C. At predefined time points, the wet constructs were taken, the
excess surface liquid was cleared using filter paper, and the swelled weight (Ws) was recorded.
The study was conducted under identical conditions in triplicates, and swelling ratio (SR) was
obtained by using the equation: SR = (Ws — Wd)/wd
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6.2.4.5 Degradation study

The degradation study was performed using protease XIV enzyme (>3.5 units/mg activity) as per
earlier reported protocol [420]. Briefly, the printed construct was treated with 2 U/mL of protease
XIV enzyme in PBS and kept at 37 °C. Throughout the study (28 days), the enzyme solution was
replaced every three days. Constructs immersed in PBS (without enzyme treatment) were observed

parallelly for its stability. The mass remaining (%) was calculated using the formula:
% Mass degraded (MD) = [(Wi — Wd)/wd] X 100
% Mass remaining = (100-MD)
where, Wi is the initial dry weight of construct, and Wd is the final dry weight of the construct.

6.2.4.6 Compressive strength

Unconfined compressive strength of the bioprinted constructs was assessed by Instron 5944
(Norwood, MA, USA) fitted with a load cell 100 N. Constructs were placed on the testing platform
and studied in displacement control mode at a 5 mm/min rate. For comparison, the non-printed ink
fabricated using a mold of the same dimension was used. The stress-strain curve was analyzed and
plotted depending on the cross-sectional area and height of the constructs. The compressive
modulus of the constructs was determined within the linear region. For cyclic mechanical testing,
compressive loading/unloading on the ink was performed to the axial strain of 20% for 20 cycles
at a 5 mm/min rate. The hysteresis loop of compressive stress-strain was plotted to determine the

deviation in the strength and stress profile of the printed construct and the non-printed hydrogel.

6.2.5 In vitro biological assessment

6.2.5.1 Cell viability assessment

The viability of chondrocytes was assayed using calcein-AM staining. The 3D bioprinted
constructs with encapsulated chondrocytes were incubated in 4 uM calcein-AM at 37 °C for 20-
30 min. Post incubation, the bioprinted constructs were washed using PBS and visualized under a

fluorescent microscope (EVOS FL, Life Technologies).

6.2.5.2 In vitro histology

Post 14 days of culture, the bioprinted constructs were fixed using 10% neutral buffered formalin
(NBF) for 24 h, followed by cryoprotection processing in 15% (w/v) sucrose and 30% (w/v)
sucrose solution for 6 h and 12 h respectively. The sucrose fixed constructs were embedded in
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Tissue Freezing Medium (Leica Biosystems) and snap-frozen before sectioning. The constructs
were sectioned (10-12 um thick) using cryomicrotome (Leica Biosystems) and stained by 4',6-
diamidino-2-phenylindole (DAPI) and hematoxylin and eosin (H&E) to observe cellular presence
and morphology. The imaging of the stained sections was done using a microscope (EVOS FL,
Life Technologies, USA).

6.2.5.3 Biochemical analysis

The bioprinted constructs for quantification of DNA and GAG content were digested at 60 °C for
16 h with papain solution (125 pg/mL papain). The content of total DNA was quantified as per
manufacturer’s protocol using PicoGreen DNA assay kit. In brief, the papain digests were diluted
using 1X TE buffer and treated with diluted (1:200) PicoGreen reagent. The resulting fluorescence
was recorded at a wavelength of 480/528 nm (excitation/emission). Sulfated GAG (sGAG) was
quantified using 1,9-dimethylmethylene blue (DMMB) assay where papain digests (for sSGAG in
construct) and spent culture medium (for secreted sGAG) was treated with DMMB and the
absorbance was taken at 525 nm. The content of total collagen was quantified as per an adapted
Tullberg-Reinert method [256]. In brief, the digestion of the constructs was done at 4 °C for 48 h
using pepsin (1 mg/mL) and dried in a 96-well plate. Sirius red dye solution (1 mg/mL) was added
and incubated with mild shaking for 1 h. The wells were washed with 0.01 normality HCI, the dye-
protein complex was resolved using 0.1 normality NaOH and absorbance taken at 550 nm. The
printed acellular construct was used as blank for the assay, and its values were negated from the
experimental value. To negate discrepancies due to cell numbers and construct sizes, the SGAG

and collagen contents were normalized by DNA content and construct weight.

6.2.5.4 Gene expression study

For gene expression studies using real-time PCR, the RNA was isolated by TRI reagent-
chloroform method and reverse transcribed to cDNA by reverse transcription kit (Applied
Biosystems) using thermal cycler (Takara). Real-time PCR (7500 Real-Time PCR system, Applied
Biosystems) was performed using a reaction mixture consisting of cONA, SYBR Green mix,
forward primer, and reverse primer. The run conditions of holding stage (2 min at 50 °C, 10 min
at 95 °C) and cycling stage (40 cycles of 95 °C for 15 s, and 60 °C for 45 s) were set. Genes such
as collagen type Il (Col-I1), SRY-(sex determining region)-box-9 (Sox-9), aggrecan (ACAN) and
collagen type X (Col-X) were assessed and normalized to glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH). The analysis was done in triplicates using the comparative Ct method
(2°4¢Y). Table 6.2 lists the details of the primers used.

Table 6.2. Details of primers used for real-time PCR study.

Gene Sequence Accession No.

Aggrecan F 5'-CCCAACCAGCCTGACAACTT-3' NM_001164652.1
R 5'-CCTTCTCGTGCCAGATCATCA-3’

Sox-9 F5'-TTCCGCGACGTGGACAT-3' NM_213843.1
R 5'-GGCGGCAGGTACTGGTCAAACTC-3'

Collagen 11 F 5'-CAGGTGAAGGTGGGAAACCA-3’ AF201724.1
R 5'-ACCCACGAGGCCAGGA-3'

Collagen X F 5'-ACGGGCAACAGCACTATGACC-3’ NM_001005153.1
R 5-GCACTCCCTGAAGCCTGATCC-3’

GAPDH F: 5-TCGGAGTGAACGGATTTGG-3’ NM_001206359.1
R: 5'-CCAGAGTTAAAAGCAGCCCT-3’

6.2.5.5 In vitro immunocompatibility

The immunocompatibility of the acellular printed constructs was assessed by exposing the
constructs to murine macrophage cell line (RAW 264.7) for 24 h. The spent medium after 24 h
incubation was taken and tested for the presence of IL-1p using IL-13 ELISA kit [410]. Briefly,
the medium was incubated for 1 h at RT using biotinylated secondary antibody. Then the wells
were washed and incubated with streptavidin-HRP solution for 45 min. Further, stabilized
substrate reagent was supplemented and kept for 30 min under dark conditions. To end, a stop
solution was used, and the amount of IL-13 was estimated by measuring the absorbance at 450
nm. Culture medium with LPS (lipopolysaccharide from E. coli) (500 ng/mL) treatment was used

as a positive control and without the constructs was used as a negative control.

6.2.6 In vivo biocompatibility assessment of acellular ink

In order to assess the immunocompatibility furthermore, in vivo macrophage response was
evaluated by subcutaneous injection of the ink in female Swiss inbred mice of 30-35 g body
weight. The protocols for animal handling were reviewed and sanctioned by the IAEC, WBUAFS,
Kolkata, India. The ink was implanted in the subcutaneous pockets of the mice in quadruplets for
each time point. The implanted site was monitored for inflammatory responses with no animal

death during the duration of the experiment. At predefined time points of day 7 and day 14, animals
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were sacrificed by cervical dislocation, and the tissue containing the implanted samples were

retrieved and taken for histological processing.

For histological analysis, retrieved ink was fixed using 10% NBF and 30% (w/v) sucrose followed
by embedding in Tissue Freezing Medium (Leica Biosystems) and sectioning (10-12 um thick)
using cryomicrotome (Leica Biosystems). Cryosections were stained using H&E to observe
cellular infiltration and immuno-stained for CD68 marker with mouse monoclonal antibody to
CD68 (1:400 dilutions) using Vectastain universal elite kit and DAB substrate (Vector
Laboratories) to observe the infiltration of macrophages within the implanted ink. Stained sections
were imaged using an inverted fluorescence and bright-field microscope (EVOS FL, Life
Technologies, USA). Further, the digital analysis of IHC stained images was performed using

Image-J IHC profiler to give 3D surface plots.

6.2.7 Statistical analysis

The experiments were performed in triplicates (unless otherwise mentioned), and the results are
presented as mean + standard deviation. The data of results from each sampling were analyzed
through one-way analysis of variance (ANOVA) via Tukey’s test (Origin 2019, OriginLabs, USA)
and analysis if fulfilling the null hypothesis at p < 0.05 was considered as statistically significant
(#), while at p < 0.01 as highly significant (##).

6.3 Results
6.3.1 Characterization of the bioink
6.3.1.1 Printability

Printability of the bioink was found to be ideal when the gelatin concentration was raised >5%
(w/v), and the silk fibroin concentrations of B. mori and P. ricini were >1.5% (w/v) (Figure 6.2A).
However, gelatin concentrations above 9% and silk fibroin concentrations above 2% in the blend
yields a highly viscous bioink and requires higher printing pressures that would contribute to the
attenuation of encapsulated cell viability. Printability was also hindered when the gelatin
concentration was lowered below 5% (w/v) in ink resulting in low viscosity. Similarly, when the
concentration of silk-fibroin lowered below 1% (w/v), the ink was found to be losing the
printability due to slow gelation. Thus, a printing range of 5-9% for gelatin and 1-2% for silk

fibroin was found to be optimal for cell-laden bioprinting.
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6.3.1.2 Rheology

Rheological assessment of the ink was done to study its flow properties (Figure 6.2B-F). First, the
viscosity of the ink was assessed over a temperature range between 4 °C and 45 °C. The results
showed a decrease in the complex viscosity with the increasing temperature reaching the lowest
point at 31 °C, and thereafter the complex viscosity increased with the temperature. Therefore, the
complex viscosity of the bioink was lowest at 25°C-35 °C. Further, the temperature sweep gave
the modulus of the bioink over the same temperature range. The storage modulus (G’) represents
the elastic nature, while the loss modulus (G") represents the viscous nature of the bioink. In the
temperature range of 4-25 °C and 35-45 °C, the G’ was higher than G” indicating the gel-like nature
while the in-between temperature range of 25-35 °C showed a higher G” than G’ indicating a liquid
nature dominance. Next, amplitude sweep was performed to assess the linear viscoelastic range
(LVER) of the bioink. The ink showed dominant storage modulus (G’ ~1.5 kPa), indicating their
gel-like character. The LVER value shows stability in terms of preventing sedimentation in the
sample and determines the limit at which the structure of the construct gets deformed. An LVE
range was observed between 0.01-1% strains. The ink began to permanently deform once the range
exceeded the yield point seen as the point where G' and G" cross-over happens. After this, the ink
flowed like a liquid, as indicated by the higher G". Further, the results of frequency sweep showed
a stable ink with dominating G' values over G" at all frequencies. 3ITT test was used to determine
the effect of instant shear stress or shear rate coupled with different shear time on deformation and
regeneration ability of the ink. In interval I (low shear), the G' of ~625 kPa was recorded, which
reduced to ~5 kPa under high shear (Interval Il). Upon returning the shear to the lower level
(Interval 111), the G’ regained to a value of ~100 kPa. The higher G’ and low G" in interval | indicate
a gel-like nature of the ink which deformed to liquid-like nature in interval 1l as indicated by the
at par modulus, and finally, the ink regained its gel-like nature in interval I11 indicated by the higher
G'. However, as expected the regenerated G’ did not reach the initial values due to the high shear

stress-related damage.

6.3.1.3 Structural analysis

Structural analysis of the individual proteins and the transition in the ink due to the blending of
silk fibroin and gelatin was analyzed by FTIR spectroscopy (Figure 6.2G). The physical
crosslinking of ink and the effects of blending on protein secondary structure was analyzed. In

case of silk fibroin, the B-sheet structure is characteristically indicated by peaks between 1616—
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1637 cm !, whereas amorphous elements such as a-helices and random coils show peaks between
1638-1662 cm ™ [377]. The spectra of the lone silk fibroins and lone gelatin showed intense peaks
around 1645 cm™ (amide 1), 1530 cm™ (amide 1), and 1235 cm™ (amide 111), which are the
characteristic absorption peaks of proteins. However, a slight shift in the amide | peak of the silk-

gelatin blend to 1622 cm™* was observed.
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Figure 6.2. (A) Printability of the ink, (B-F) Rheological assessment- (B) Complex viscosity of the
ink from 5°C-45 °C, (C) temperature sweep profile indicating the modulus over the temperature
range, (D) amplitude sweep, (E) frequency sweep, (F) 3 interval thixotropy test of the ink (G’
represents storage modulus, and G" represents loss modulus), and (G) Fourier-transform infrared
(FTIR) spectra of the ink.

6.3.2 Print fidelity and geometry of the printed construct

To ascertain the print fidelity of the ink, grid-like structure, and anatomical structure such as human
ear was printed according to the specifications mentioned in Table 6.1. The constructs were
printed with high fidelity, good printability, and dimensional stability. The constructs retained their
structural integrity according to gross morphology analysis (Figure 6.3A-B). The printed grid

construct was 7.25x7.25x3 mm? in dimension with inter filament distance of 0.75 mm and inter
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layer increment of 0.25 mm. In the case of the anatomical structure resembling human ear, the
printed construct was stable without losing its shape or collapsing during the process of printing
in spite of the larger dimensions of 33x20x12 mm?3. The high shape fidelity and suitable viscosity
of the ink indicated its ability to print larger anatomical structures. The structural geometry studied
by FESEM analysis revealed heterogenous distribution of pores (Figure 6.3C). Around 94% of
the pores were in the range of 0-80 um, 5% in the 80-160 um range and 1% in the 160-240 pm
range. The porosity followed a similar trend with 79% in the 0-80 um range, 18% 80-160 pum
range and 3% in the 160-240 pm range.

(A (i)

(B) CAD model Sliced image 3D Bioprinting 3D Bioprinted
STL file G code process ear
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Figure 6.3. Print fidelity of the ink showing (A) printing of grid-like structure (i) extrusion of the
ink through the nozzle, (ii) initial few layers, and (iii) formed grid-like pattern; (B) fabrication of
human anatomical ear (i) CAD model and generated STL file, (ii) generated G code using slicer,
(iii) printing process, and (iv) printed ear structure. (C) Geometry of the printed construct (i, ii)
field emission scanning electron micrographs, (iii) pore geometry and porosity of the printed
construct. Scale Bar for (C) is 200 pum
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6.3.3 Physicochemical characterization of the printed construct

6.3.3.1 Swelling study

The swelling behavior of the bioprinted constructs is depicted in Figure 6.4A. The constructs
showed a rapid swelling within the first 6 h and attained a stable equilibrium in about 12 h. The
water uptake capacity increased with time until an equilibrium was reached. The constructs
reached a maximum swelling ratio of ~10 due to the higher water retention capacity of silk and
gelatin. The ability of the construct to swell vouched for its liquid retention indicating its ability to

assist as a nutrient reserve for the cells.

6.3.3.2 Degradation study

The degradation or stability of the construct was assessed by treatment with Protease XIV enzyme.
The enzyme treatment caused significant degradation (p < 0.01) of the construct as compared to
the PBS treatment (Figure 6.4B). The construct experienced degradation of around 60% in 28
days when treated with enzyme and around 16% in PBS in a period of 28 days. This shows the

stability of the construct in PBS and its capability to degrade under physiological conditions.

6.3.3.3 Compression study

Further, a uniaxial compressive test was carried out to assess the compressive strength of the
construct. The compressive strain-stress at break was higher in case of 3D printed constructs (9.8
kPa at break) as compared to the non-printed ink (3.8 kPa at break). Figure 6.4C shows the
compressive stress and compressive strain curve, and the relation between them is non-linear. The
compressive stress reached a maximum value before yielding at a compressive strain of 34% and
45% for non-printed ink and the bioprinted construct, respectively. There was no significant
difference in the compressive modulus of the bioprinted construct at lower strains of 10%, 20%,
and 30%. The compressive modulus at maximum compression was 30 kPa and 114 kPa for non-
printed ink and the bioprinted construct, respectively (Figure 6.4D). Figure 6.4E shows the cyclic
loading-unloading curve indicating the energy dissipation capacity of the printed construct.
Compressive strain from 0 to 20% was applied with an intention to keep the value close to the
actual strain value in normal physiological conditions. The curves indicated typical hysteresis. The
hysteresis slope of the first compressive cycle was highest reaching stress of 193 kPa, and it
eventually decreased in the successive curves over the time suggesting that it does not regenerate

to its original structure; however, it did not collapse. Later it reaches a certain equilibrium and
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becomes congruent. The unloading curves follow a different path than the loading curves
indicating energy dissipation during the cycles.
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Figure 6.4. (A) Swelling ratio of the constructs, (B) degradation of the construct in Protease XIV
enzyme, (C) compressive stress-strain curve, (D) compressive modulus, and (E) cyclic
loading/unloading compressive test of the printed construct. (n=3, *p <0.01)

6.3.4 In vitro biological assessment
6.3.4.1 Cell viability and in vitro histology

The viability of the encapsulated chondrocytes in the bioprinted construct was evaluated using
calcein-AM staining. Figure 6.5A shows the live cells indicated by the green fluorescence
generated due to the entry of calcein-AM into the cells and its hydrolysis by intracellular esterases
producing fluorescence. The construct indicated a uniform distribution of chondrocytes with
typical spherical morphology. No significant cell death was noted in the constructs over the 14
days. Further, the in vitro cultured cells were fixed and histologically examined using DAPI, which
is a blue-fluorescent dye extensively used to detect nuclei in fluorescence microscopy. Figure
6.5B shows the presence of cells in the DAPI stained cryosections. Complementing the calcein-
AM staining, the cells are homogenously distributed and arranged in the grid-like structure.
Additionally, H&E staining showed the attachment and homogenous presence of cells all over the

construct (Figure 6.5C).

6.3.4.2 Biochemical study

The quantification of DNA, secreted SGAG, and collagen content were done using biochemical
analysis of the chondrocyte encapsulated bioprinted constructs. The DNA content on day 14
showed significant increment (p < 0.01) in the constructs as compared to day 1 (Figure 6.5D i).
The constructs exhibited a DNA content of 900 ng on day 14 in comparison to 430 ng on day 1(p
<0.01). A similar trend was seen on the normalization of DNA with the construct mass, showing~
2-fold increase on the 14" day (Figure 6.5D ii) (p < 0.01). Further, the total SGAG content secreted
in the culture media and deposited in the construct was quantified using DMMB assay. There was
a significant increase in SGAG content after a culture period of 2 weeks (p < 0.01). The sGAG
content quadrupled from 132 pg (day 1) to 512 pg (day 14) (Figure 6.5E i). Among the total
SGAG, 50% constituted of the secreted amount in media. Further, total SGAG normalized to DNA
exhibited an increment (~2 fold) on day 14 in comparison to day 1 (Figure 6.5E ii) and its
normalization to construct mass showed a similar trend with ~3.5-fold increase (Figure 6.5E iii)
(p <0.01). The content of total collagen in the construct increased from 62 pug (day 1) to 218 ug
(~3.5 fold) on day 14 (Figure 6.5F i) (p < 0.01). DNA normalized content of collagen showed a
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~1.7-fold increase on day 14 as compared to day 1 (Figure 6.5F ii) (p < 0.05). Similarly, on
normalization with construct mass, the construct exhibited higher collagen content (~3.5 fold) on
day 14 (Figure 6.5F iii) (p <0.01).

(A) Calcein AM staining DAPI staining

(B) ©

H&E staining
= Gt ,

B In media
| I In scaffold

(i)
[ In media B 0 media #i
4 WM In scaffold _35

- I In scaffold

9

[
o
L

3
sGAG content
S

[
o
E=)
-
=)
L

DNA content
(ng/mg dry weight)
228

DNA content (ng)
»
o

8

o
¥

8.6t

o o

o o

Day 1

Day 1

Day 14

i

Day 14

o
[=)

(=]
'

Day 1

Day 14

sGAG content (ug/ng DN

o
-

Day 1

(ng/mg dry weight

o o
1 L

Day 14

Day 1

Day 14

Total collagen content (ug)

=]

Day 1

##

Day 14

(i)

Collagen content

0.25

(ng/ng of DNA)
o

o

[N

(=]
L

[

-
[
L

=)
n

o
o
@

e
o
E=3
n

Day 1

#  (iii) 16

Collagen content
(ng/mg dry weight)

Day 14

-
o N
' L

o N & o
AP T S IR

Day 1

##

Day 14

Figure 6.5. (A) Calcein-AM stained images of the chondrocytes laden bioprinted construct after
14 days of culture. Histological assessment of in vitro cultured bioprinted constructs post 14 days
of culture (B) DAPI labeled bright blue cells, and (C) H&E-stained section of the construct.
Biochemical guantification showing (D) DNA content- (i) total DNA (ii) dry weight normalized
DNA content; (E) GAG content- (i) total GAG, (ii) DNA normalized GAG content, (iii) dry weight
normalized GAG content; and (F) collagen content- (i) total collagen, (ii) DNA normalized
collagen content, (iii) dry weight normalized collagen content. (n = 3, *#p <0.01, *p < 0.05).

6.3.4.3 Gene expression and in vitro immunocompatibility

Chondrogenic genes were analyzed after a culture period of 14 days using real-time PCR (Figure
6.6A). The results indicated an upregulation of the chondrogenic genes (Col-Il, ACAN, Sox-9) on
day 14 in comparison to day 1. Significantly higher expression levels of ACAN (~4 fold), Col-II
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(~6 fold) and Sox-9 (~3.7 fold) on day 14 were obtained in comparison to day 1 (p < 0.05). For
hypertrophic marker Col-X, the constructs did not exhibit any significant difference.
Proinflammatory cytokines such as IL-6, IL-1[3, and TNF-a are formed predominantly by activated
macrophages and are chiefly involved in inflammatory reactions. IL-1p is one of the most crucial
cytokine mediators of inflammation and host responses to infection. We studied the tendency of
the printed constructs to stimulate the secretion of IL-1p from murine macrophage cells (RAW
264.7) (Figure 6.6B). After 24 h of incubation, the secretion of IL-13 was comparable with the
negative control TCP and significantly lower (~2.5 fold) as compared to positive control LPS (p <
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Figure 6.6. (A) Relative expression of chondrogenic genes (i) collagen 11, (ii) aggrecan, (iii) Sox-
9, and (iv) collagen X post 2 weeks of culture. (B) ELISA-based assessment of IL-1/ secreted from
mouse macrophage RAW 264.7 cells induced by printed constructs. TCP (tissue culture plate) and
LPS (lipopolysaccharide) were taken as negative and positive controls, respectively. (n = 3, #p
<0.01, *p <0.05)

6.3.4.3 In vivo cytocompatibility

The in vivo biocompatibility of the bioink was assessed by subcutaneous implantation of the
acellular bioink blend in mice model. The retrieved implants were histologically assessed using
H&E (Figure 6.7A) staining; antibody tagged DAB stained (Figure 6.7B), and IHC stained
(Figure 6.7C). H&E staining demonstrated the distribution of cells in the bioprinted construct,
suggesting infiltration of surrounding cells. To see the migration and presence of macrophages,

the sections were stained with CD68 antibody. CD68 is a marker found in the cytoplasmic granules
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of macrophages. 3D surface plot for the CD68 stained cells for infiltrating macrophage population
revealed greater infiltration of the macrophages cells at day 7 as compared to day 14 (Figure
6.7D). This indicated inflammation in the early phase of post-transplantation healing and an
eventual regression of the immune response with suppression of the inflammation in 2-weeks.

CD68+
H&E stammg D68 (C) CD68+ (D) 3D surface plot
> TR A g 5

Day 14

Figure 6.7. Histological assessment of subcutaneously implanted ink in mice. (A) H&E-stained
sections retrieved after (i) 7 days and (ii) 14 days of implantation. Representative images showing
CD68 +/- cells using (B) DAB staining, and (C) Immunohistochemistry (IHC) staining for
macrophages on (i) day 7 and (ii) day 14. The nuclei are counterstained in blue. (D) 3D surface
plot of IHC stained images showing distribution of CD68 positive cells on (i) day 7 and (ii) day
14 using the ImageJ (NIH, USA) software. Star represents the implanted ink (Scale bar: 200um).

6.4. Discussion

Currently, most of the research in 3D bioprinting is focused on the development of various bioinks
with appropriate performance in terms of their rheological behavior, biocompatibility, and
mechanical properties. Hydrogels are the most commonly used supporting matrices in the bioink
due to their hydration and swelling capability. The hydrogel encapsulates cells during its gelation,
and its hydrated environment favors viable proper cell-cell interaction. Several hydrogels
composed of synthetic and natural polymers have been explored, with and without crosslinking to
dictate their properties. However, keeping in mind the cytotoxicity, complexity, and high-cost
factor associated with most of the crosslinkers, approaches free from crosslinkers have become the
most compatible option. Towards this end, we have developed a crosslinker free silk-gelatin bioink

for cell-laden 3D bioprinting of cartilage tissue. The silk (blend of B. mori and P. ricini) component
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in the bioink provides structural framework and gelatin provides viscosity and acts as a bulking
agent. Additionally, the shear thinning rheological behavior of silk [421] and the thermoreversible
action of gelatin at physiological temperatures makes them especially attractive materials for 3D
printing. Due to its solubility in aqueous conditions and poor stability, gelatin must be chemically
or enzymatically crosslinked or blended with other robust polymers. In general, chemical cross-
linking can increase stability, but not without toxic side effects [422]. Even with crosslinking, in
some cases the gels of gelatin are not strong enough, and therefore it's physical crosslinking with
a polymer such as silk might be required to yields gels with robust mechanical properties and
circumvent other less desirable chemical crosslinking options. The blending of gelatin with silk
enables its physical entanglement and crosslinking [423]. In the current study, this entanglement
and physical crosslinking are enhanced as a result of self-gelling behavior when a mulberry (B.
mori) and a wild type (P. ricini) silk variety are blended.

The development of bioink requires thorough optimization of its composition. Therefore, the
printability of the ink with various compositions was tested by extruding it through the printer
nozzle. The results indicated that the optimized ink composition of 1.5% (w/v) B. mori, 1.5% (w/v)
P. ricini silk fibroin and 7% (w/v) gelatin was found suitable in terms of its extrusion and possess
the necessary gel strength and shear-thinning within the pressure extrusion range of the bioprinter
while ensuring high cellular viability [424]. The ink was further validated rheologically for its flow
properties using dynamic oscillatory rheometer. First, the temperature-dependent complex
viscosity of the ink was studied. The results of the study indicated that the complex viscosity of
the ink was lowest in the temperature range of 25 °C-35 °C. Similar results were obtained in the
temperature-based modulus study where the ink was predominantly solid in nature (indicated by
the higher G’) in, the lower and higher temperatures and liquid in nature (indicated by the higher
G”) in the mid region. This behavior might be attributed to the two components of the ink blend.
In the initial phase, the viscosity decreased as the gelatin starts to undergo gel to sol transition with
the increase in temperature, however at temperatures above 37 °C we see the viscosity increases
again, this might be due to the gelation of the silk component in the ink. Therefore, this provides
us with the appropriate window for printability in the temperature range of 25°C-35 °C. Amplitude
sweep indicated the LVER of the ink that was used to carry out the frequency sweep. The
frequency sweep indicated stable gel properties with dominating G’ at all frequencies. Further,
thixotropy test applying an alteration of high and low shear rates to the ink was performed. The
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structure undergoes shear-mediated thinning under high shear followed by regeneration of the
structure once the shear is lowered. The results indicated that the ink recovered well to a
dominating elastic state. Thus, the rheological assessment exhibited good viscoelastic properties
of the ink with a suitable window for printing that potentially helps in the creation of an adequate

environment for the cells.

To ascertain the influence of gelatin on silk crystallization due to the physical hindrance presented
by the entangled silk and gelatin, we examined their FTIR signatures. The typical amide peaks (Il
and I11) of the constituent polymers (lone silk fibroins and lone gelatin) were maintained in the
silk-gelatin blend as well, indicating the consistency in the structural composition of the ink.
However, the amide-1 showed a red shift to a lower wavenumber, indicating increased B-sheet
content leading to the insolubility of the ink. The decreased solubility of the ink showed that silk
and gelatin were physically crosslinked with gelatin entangled in the B-sheet structures of the silk.

Our results were in agreement with the previous study by Rodriguez et al. [419].

To ascertain the print fidelity of the ink, first the grid-like structure was printed. The ink showed
commendable printing fidelity, good printability, and dimensional stability of the constructs. After
the successful bioprinting of simple grid-like structure, the anatomically complex human ear was
3D printed with high fidelity. The structure remained stable throughout and post-printing without
any shrinkage and displayed good texture. However, as a test of feasibility, only acellular ear
constructs were printed. Further, cellular anatomical cartilage structures could be fabricated by
replacing acellular ink with cell-laden bioink. Taking the geometry of the printed constructs into
consideration, the FESEM studies of the printed construct showed a grid-like porous matrix with
internal interconnected pore network. Additionally, the constructs possessed suitable porosity. A
high porosity in the range of 80-90% is optimal for in vitro cellular adhesion and migration along

with the exchange of nutrients and oxygen [425].

The printed constructs were then characterized physicochemically and mechanically. The swelling
ability and degradability of the constructs are two crucial requirements for the success of a
scaffold/matrix in tissue engineering. The swelling or water retention ability helps to lessen
nutrients and liquid loss from the matrix. Our results suggested good swelling or water uptake
ability of the construct, which was in accordance with other similar reports of silk-gelatin

hydrogels [426, 427]. Biodegradability is another essential property that allows the constructs to
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degrade within the implantation site at the same rate of tissue formation and to avoid a second
surgical intervention for its removal from the body. To ascertain the degradation of the constructs,
enzyme protease XIV was used due to its indiscriminate and multiple locale silk protein cleaving
nature [420]. The results of our study exhibited the construct to be biodegradable, which can
potentially be tuned by variation in the concentration of the ink components. Compressive
mechanical properties of the constructs are suggestive of their capability to withstand loads in the

native tissue environment.

Our goal was to create a printed construct that functions in a biomechanically similar manner to
native cartilage tissue. Hydrogels of polymers such as collagen, and chitosan provide a suitable
environment for chondrocyte cell growth and matrix deposition; however, their poor mechanical
strength often hinders their physiological loading during clinical implantation. Ideally,
compressive modulus of the hyaline articular cartilage ranges approximately from 0.2-2 MPa
[428]. The maximum compressive modulus of our bioink (0.1 MPa) was lower than that of native
articular cartilage however, this value is well within the range for soft tissue regeneration [308,
429]. Markstedt et al. used cellulose nanofibers with alginate for bioink formulation and showed
compressive modulus of 75-250 kPa for the printed constructs with cell viability of 86% after 7
days indicating its potential for cartilage tissue engineering application [430]. In case of bioprinted
constructs, the mechanical properties mimicking that of native cartilage can be tuned by increasing
the polymer concentration and the crosslinking density of the gels, however such bioinks would
form a dense network that could compromise with the biological functionality. Cells have shown
to function well at lower polymer concentrations with sufficient flexibility for proliferation,
differentiation, and new matrix formation [431]. Additionally, studies using mesenchymal stem
cells (MSCs) have shown that softer substrates favor chondrogenic differentiation, whereas stiffer

substrates induce terminal hypertrophy [432].

For tissue engineering applications, the most important requirement of 3D printed constructs is the
long-term survival of cells within the bioink as the pneumatic pressure applied during printing
might be stressful to the encapsulated cells [424]. We printed cell-laden grid-like constructs using
the bioink and evaluated the cell viability post-bioprinting. The assessment after 2 weeks indicated
that the cells were viable and homogenously distributed as shown by the green calcein-AM

staining. This was in agreement with previous reports using silk and gelatin polymers [418, 419].
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The use of silk-gelatin constructs with exclusive micro spatio-architecture acts to deliver a
favorable microenvironment for growth and proliferation of chondrocytes. Additionally, the
presence of intrinsic tripeptides—RGD in both gelatin [433] and P. ricini silk [411] might have
contributed to the enhanced cellular adhesion and viability. Furthermore, increased DNA content

of the cell-laden constructs provided the quantitative evidence of enhanced cellular proliferation.

Histological assessment was performed to qualitatively estimate the in vitro ECM formation in the
constructs. The DAPI and H&E staining of the bioprinted construct showed the presence of
homogenously distributed cells. The formation of neo-tissue was evaluated biochemically by
quantification of ECM components such as sulfated GAG (sGAG) and collagen type Il. Sulfated
GAGs are key ECM components of cartilage which play important roles in hydration, cellular
communication, and motility [434]. These are produced by chondrocytes and thus echoes the
potential of the construct to form new ECM. Similarly, collagen type Il is a major component of
the cartilage ECM that stabilizes the matrix. It makes up 90%-95% of the collagen (60% of the
dry weight of the cartilage) in ECM and forms interwoven fibrils with proteoglycan like aggrecans
[435]. The bioprinted constructs in our study showed a higher sGAG and collagen content after 14
days. This provides a good support to develop a hyaline-like cartilage tissue with a high content
of collagen. Therefore, in agreement to previous studies [418, 436] , the results of our study showed
increased ECM formation, specifically the sSGAG and collagen. Interaction between chondrocytes
and ECM determine several biological processes vital to cartilage homeostasis, which is further
enhanced by the presence of RGD tripeptide in the constructs. These integrin binding sites

stimulate intracellular signaling and promote subsequent ECM formation [355].

The capability of the bioprinted constructs for chondroprotection and chondrogenesis was assessed
by expression of chondrogenic marker genes namely Sox-9, ACAN, Col-Il, and Col-X. The results
indicated an increased expression of Sox-9, which is an early chondrogenic transcription factor
regulating chondrocyte differentiation and cartilage-specific ECM production [437]. Similarly, the
increased expression of ACAN was seen in the bioprinted constructs. ACAN is a chondrogenic
redifferentiation marker and a major structural component of cartilage. Thus, it plays a vital role
in the maintenance of cartilage structure and function [438]. ACAN self-assembles upon its
secretion into a supramolecular structure and helps the cartilage to resist compressive loads

through osmotic resistance [439]. Similarly, the increased expression Col-Il, a major cartilage
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ECM component indicates a suitable ECM production necessary for cartilage regeneration.
Overall, the encapsulated chondrocytes in the bioprinted constructs successfully expressed
chondrogenic phenotypes. Moreover, no significant increment in the expression of Col-X suggests
that chondrocytes did not demonstrate any significant hypertrophy. Col-X is a standard marker for

chondrocyte hypertrophy [440].

Implantation of biomaterials can elicit an immune response resulting in tissue breakdown,
hindrance in healing, and probable graft rejection [441]. Thus, before in vivo implantation, the in
vitro quantification of IL-1p secretion (a pro-inflammatory cytokine) was performed by exposing
the printed constructs to murine macrophage cells which are the key regulators to immune
responses to foreign materials [408, 441]. The results showed that the construct did not exhibit any

adverse immune response, thereby approving the construct for in vivo implantation.

Further, in vivo biocompatibility of the ink was evaluated by its subcutaneous implantation in a
mice model. The results showed an initial cellular infiltration at week 1 and more significantly by
week 2 as the ink starts to degrade. Further, CD68, a macrophage marker was stained for analyzing
the infiltration of the macrophages within the implanted constructs. The results showed a small
population of CD68 positive cells on day 7 that eventually regressed by day 14. This suggests an
initial mild inflammatory phase that is later subdued by the proliferative phase of the host non-
immunogenic cells. This was in accordance with a previous study [370]. Overall, the study
indicated that the construct did not provoke any prolonged immune response, thereby

demonstrating its in vivo biocompatibility.

Taken together, the present study exhibits a suitable bioink blend for 3D bioprinting of cell-laden
constructs for potential cartilage tissue regeneration applications. The bioink blend can be
bestowed with tunable degradability and mechanical strength by regulating the concentration of
the blend components. Furthermore, the crosslinker free fabrication avoids any possible
cytotoxicity or complexity due to chemical crosslinking. Economically, the process is very
affordable as it uses cost-effective polymers and avoids the usage of costly chemicals and
crosslinkers; and no post process curing is required. Therefore, the high printing resolution due to
enhanced physical crosslinking between silk and gelatin and the aqueous, toxic free, facile
processing and fabrication makes the developed bioink an affordable alternative to the present

cross-linker based bioprinting ink blends.
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6.5 Significant findings

1.

Herein, a crosslinker free silk-gelatin bioink was developed for 3D bioprinting of cartilage
tissue constructs. The shear thinning behavior of silk and the high viscosity of gelatin
improved the printability of the bioink.

The ink formulation was optimized by modulating the concentrations of silk and gelatin and
assessing the extrudability, structural, and rheological parameters to print grid-like structures.
The bioprinted 3D constructs possessed suitable microarchitecture, porosity, swelling
capability, degradability, and a compressive modulus.

Further, the constructs showed good cell viability, higher ECM production, along with an
increased sGAG and collagen content. Additionally, gene expression studies revealed
upregulation of chondrogenic genes with no significant hypertrophy of the encapsulated
chondrocytes.

In vitro histological assessment indicated the homogenous distribution of the cells in the
bioprinted grids. Also, the absence of any significant macrophage stimulated IL-1 levels
indicated in vitro biocompatibility.

Upon their in vivo subcutaneous implantation, the acellular constructs supported cell
migration into the construct with low infiltration of CD68 positive macrophages
demonstrating minimal immune response and in vivo biocompatibility.

Most importantly, the study showed the feasibility of printing anatomical structures such as
human ear enabled by optimized extrudability at adequate resolution.

Altogether, the silk-gelatin polymer-blend bioink demonstrated high feasibility for its
potential applications in cartilage tissue engineering, which necessitates customizable

bioprinting through structural, mechanical, and biological feasibilities.
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Mimicking Early-Stage Osteoarthritis In Vitro by 3D
Bioprinting Inflamed Osteochondral Unit for High-
Throughput Anti-Inflammatory Drug Screening Applications

The study aimed to establish a 3D bioprinted physiologically relevant cytokine induced in vitro
early-stage OA-model, subsequently to evaluate the effects of widely used anti-inflammatory
drugs on the attenuation of the diseased conditions. To induce OA-like pathological conditions,
we targeted the inflammatory cascade associated with OA pathogenesis, specifically the
combination of IL-1p and TNF-a cytokines. Further, the attenuation of the diseased conditions
was validated using CXB and RHN anti-inflammatory drugs and the roles of involved signaling

pathways such as the MAPK, and NF-kB were hypothesized.
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The work embodied in this chapter is submitted for publication as follows:

Yogendra Pratap Singh, Joseph Christakiran Moses, Ashutosh Bandyopadhyay, and Biman B.
Mandal. " Mimicking early-stage osteoarthritis in vitro by 3D bioprinting inflamed osteochondral
unit for high-throughput anti-inflammatory drug screening applications." (Manuscript under
revision in Advanced Functional Materials)
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ABSTRACT

Silk-based 3D bioprinting of osteochondral tissue offers unique opportunities for enabling precise
pharmacological interventions in osteoarthritis (OA). The study is a first investigation into the
screening potential of anti-inflammatory drugs using bioprinted inflamed human osteochondral
units. The biomimetic hierarchical geometry is bioprinted using silk-based bioinks encapsulating
pre-differentiated stem cells, creating an in vitro model. Inflammation is stimulated in the model,
using tumour necrosis factor-alpha (TNF-o) and Interleukin-1 beta (IL-1B) pro-inflammatory
cytokines. The resultant degeneration, akin to OA, is flagged by key markers like sulfated
glycosaminoglycan (sGAG), collagen, alkaline phosphatase (ALP), and downregulation of
osteochondral transcript levels. In the next step, screening of anti-inflammatory drugs is validated
using celecoxib (CXB) and rhein (RHN). Consequently, in the inflamed constructs, the initial
upregulation of the key inflammatory mediators (nitric oxide (NO), Prostaglandin E2 (PGE2)), is
subsequently downregulated, post-drug treatment. In addition, catabolic markers (matrix
metalloproteinases (MMPs) and aggrecanase-1), indicative of hypertrophic and apoptosing,
chondrocytes, are significantly downregulated in the treatment groups; while the transcript and
protein levels required for osteochondral health are attenuated. Therefore, the in vitro model
mimicked the inflammation in the early stages of OA, and corroborated, a potential high-

throughput platform for screening novel anti-inflammatory drugs in OA therapeutics.
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7.1 Introduction

Osteoarthritis (OA) is a degenerative and inflammatory joint disease of the osteochondral joint
involving a complex cross-talk between the superficial articular cartilage, the underlying
subchondral bone, and synovium [30]. It is a multifactorial disease caused by hereditary, aging,
obesity, joint injury, or defect; and is characterized mainly by stiffness, pain, crepitus, and loss of
flexibility and functioning of the joint. OA is a foremost cause of disability worldwide affecting
more than 303 million people [442], with no proven single, generalized intervention for its
treatment. The current treatment methods of osteoarthritis include non-pharmacological
management such as education, exercise, physiotherapy, etc; pharmacological management such
as opioids, acetaminophen, non-steroidal anti-inflammatory drugs (NSAIDs), etc; and ultimately
the surgical interventions such as osteotomy, and arthroplasty [443]. Most of the present OA
treatment methods help to alleviate pain and symptoms without halting or repairing the damaged
tissue mainly due to poorly understood molecular mechanisms of OA initiation and progression.
Understanding the interplay between osteochondral tissues, the symptoms and the involved
signalling pathways would provide better therapeutic options for OA [444]. In this regard, many
models have been described over the years to study the OA disease pathology [155, 445]. Of
particular interest is the use of animal models which provides a close reflection of different stages
of OA, and remains the hallmark for studying disease prognosis and validating OA therapeutics in
the preclinical setting. Dependence of such pre-clinical models for high throughput screening of
multi-score drug targets has copious disadvantages and cost ineffective. Moreover, animal models
lack the biomimetic human pathophysiological conditions, require a longer timeline, and
associated ethical concerns [446]. Thus, a paradigm shift in reducing, refining and replacing (3R
philosophy) animal models is desired in pharmacological industry standpoint, making in vitro

models lucrative.

Designing suitable in vitro OA models akin to the preclinical models and human physiological
conditions is of paramount importance. Consensus on the use of monolayer culture-derived or 3D
cultures derived from ex vivo explant cultures from osteoarthritic joints have innate drawbacks.
The tendency of dedifferentiation or finite diseased tissue sources plaque such models [447].
Moreover, OA is a multi-faceted disease wherein the heterogenous tissue involving the hyaline
cartilage, subchondral bone, synovium all contribute to the disease in varying degrees of severity.
Mimicking all these conditions in vitro is quite tedious. However, in vitro models help us in
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delineating this multi-factored pathological circuitry into segregated sovereign pathways not
adulterated by a myriad of other non-specific pathways, to precisely understand the downstream
signaling of that pathway. Thus, from a pharmacological standpoint decoupling the molecular
cross-talk, and targeting a particular pathway for the different drugs available helps in ease of

monitoring, assessing its efficacy more effectively.

Towards a physiologically relevant approach, the osteochondral unit consisting of bone and
cartilage tissue must be used as a model platform. Use of only the cartilage phase as reported
previously [155, 448-450] does not fully recapitulate the osteochondral unit, as there is an intricate
cellular cross-talk between the osteoblast, osteocytes in the subchondral bone, and the
chondrocytes in the hyaline cartilage [30]. The differential response to biochemical trigger by these
cells concomitantly aid in OA development. Though strategies for developing anisotropic gradient
osteochondral interfacial units have been reported, for high-throughput screening applications as
in vitro drug testing platforms, conventional strategies of scaffold fabrication such as freeze-drying
[408], electrospinning [451], and hydrogel casting [452] would be laborious and inconsistent.
Moreover, seeding cells within such conventionally formed scaffolding structures and maintaining
similar cell densities would again be challenging. Thus, 3D bioprinting overcomes these
drawbacks and permits the creation of a multi-layered gradient construct allowing the investigation

into this interplay between tissues.

Bioprinted osteochondral grafts have the potential for early clinical translations [453]. A suitable
biomaterial matrix plays a crucial role in the successful bioprinting of a tissue. Previously, we had
developed silk fibroin (SF) based bioinks and showed their efficacy to bioprint stem cell-laden
osteochondral unit [147]. SF from mulberry silkworms (Bombyx mori) and non-mulberry
silkworms (Antheraea assamensis) possess varied hydropathicity due to the difference in the
amino acid sequence rendering it their characteristic properties [454]. These properties of SF allow
the formation of a conducive hydrogel network that is injectable and supports cell survival and
maturation [455]. Additionally, the blend of these two silk types exhibits cumulative benefits of
the two individual silks and supports the fabrication of tissues such as cartilage [456], meniscus
[212], and osteochondral tissue [147]. In the current study, we used a mixture of B. mori and A.
assamensis SF along with polyvinylpyrrolidone (PVP) K90 (molecular weight 360,000) as a
bulking agent, which was used as the cartilage ink. As opposed to the cartilage ink, the bone inks
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were incorporated with nano-hydroxyapatites to confer osteoinductive traits. The developed bioink
was optimized, characterized for print fidelity, rheological property, permeability, and ability to
form a biomimetic osteochondral unit in a recent report from our group [147]. In the current study,
we have used this established bioink system for bioprinting of cell encapsulated human

osteochondral unit towards the establishment of an in vitro OA model.

An increasing amount of reports suggests that inflammation plays a pivotal role in the progression
of OA [457]. Thus, extensive research now focuses on understanding and targeting the
inflammatory pathways and developing suitable anti-inflammatory drugs for the therapeutic
management of this early OA stage. TNF-a and IL-1p are two well-known pro-inflammatory
cytokines that play crucial roles in the onset and progression of OA pathogenesis, which is secreted
by the inflamed synovium. They work by activating the inflammatory response via the expression
of important pathways, such as the mitogen-activated protein kinase (MAPK) and nuclear factor
kappa B (NF-kB). They also increase the synthesis of prostaglandin E2 (PGE2) and initiate the
synthesis of ADAMTS in chondrocytes [458, 459]. These cytokines are crucial mediators causing
enhanced catabolism and dysregulating remodeling at the interface thus altering the joint
haemostasis. They have been used individually [158, 460] or in combination [461, 462] for the
induction of OA-like conditions. The synergistic effect of both the cytokines and their role in OA
encouraged their use in the present study for induction of OA-like conditions. To the best of our
knowledge, this is the first report wherein an inflamed human 3D bioprinted osteochondral unit is

developed for modeling the early-stage OA involving inflammatory onset.

NSAIDs are the most commonly used and well-explored anti-inflammatory and analgesic drugs
that work via the inhibition of the prostaglandin forming enzyme, cyclooxygenase (COX) [463].
Celecoxib (CXB) (commercially available as Celebrex), is an NSAID and a selective inhibitor of
COX-2 with comparable cardiovascular safety at moderate doses to non-selective NSAIDs [464].
Celecoxib is effective for the management of pain and inflammation and has received US Food
and Drug Administration (USFDA) agreement for some conditions including OA [465]. Rhein
(RHN), an active metabolite of diacerein, belongs to the class anthraquinone and is used in OA
therapeutics. It works by inhibiting the action and inflammatory effects of IL-1p [466]. Due to
their specific mode of action, both these drugs have been explored individually [467, 468] and in
combination [469] towards OA management. A combination of diacerein and celecoxib is being
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tested for efficacy and safety in patients with knee OA in a Phase-4 clinical trial (ClinicalTrials.gov
Identifier: NCT03404479). Thus, we used these two well-studied anti-inflammatory drugs for
validation of our in vitro model for the attenuation of OA-like condition indicating its potency as
a drug-screening platform.

The study consists of 2 main aims: (i) establishment of an inflamed osteochondral unit to mimic
early-stage OA-like diseased condition, and (ii) validating the model as a drug testing platform.
To induce OA-like pathological conditions, we targeted the inflammatory cascade associated with
OA pathogenesis, specifically the combination of IL-1p and TNF-a cytokines. Further, the
attenuation of the diseased conditions was validated using CXB and RHN anti-inflammatory
drugs. Herein, we also investigated relevant pathways involved such as the MAPK, and NF-xB
signaling and their involvement in the inflammatory cascade. Overall, in this study, we aimed to
establish a physiologically relevant cytokine induced in vitro early-stage OA-model, subsequently
to evaluate the effects of widely used anti-inflammatory drugs (CBX and RHN) on the attenuation

of the diseased conditions.
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Figure 7.1. Schematics and timeline of the study. [Abbreviations- ADMSC: adipose-derived
mesenchymal stem cells; 3D: 3D bioprinting; CT: cytokine treatment; Rx: drug treatment; OC:
osteochondral]
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7.2 Materials and methods

7.2.1 Bioink formulation and bioprinting

The bioink used for bioprinting the osteochondral unit was formulated using silks (Bombyx mori
silk fibroin, BMSF; and Antheraea assamensis silk fibroin, AASF), a hydrophilic bulking agent
polyvinylpyrrolidone (PVP) K90 (Sigma-Aldrich, USA), and nano-hydroxyapatite as additives,
reported previously in details [147]. Briefly, two bioinks were formed, one for the cartilage phase
(a mixture of BMSF and AASF along with PVP) and the other for the bone phase (silk blends,
PVP along with nanohydroxyapatite as additives). The bioink was enzymatically crosslinked using
horseradish peroxidase (HRP, 10 U) (Sigma-Aldrich, USA) and hydrogen peroxide (H202, 1.65
uM) (Merck, India). The pre-gelled polymers were mixed with human adipose-derived
mesenchymal stem cells (ADMSCs) primed towards chondrocytes and osteoblasts for the cartilage
and bone bioink, respectively, and gelled by incubating at 37 °C for 30 min. The ADMSCs were
primed in chondrogenic induction media (DMEM supplemented with 5% (v/v) FBS, 100 nM
dexamethasone, 50 pg/mL ascorbic acid, 50 pg/mL L-proline and 1X ITS Insulin-Transferrin-
Selenium mix) for chondrogenesis and osteogenic induction media (DMEM supplemented with
5% (v/v) FBS, 10 mM B-glycerophosphate, 100 nM dexamethasone and 0.2 mM ascorbic acid)
for osteogenesis for a period of 7 days before encapsulation into the bioink at a density of 107
cellssmL. The hierarchical geometry (consisting of a cartilage phase, a bone phase, and an
interface) was designed using a 3D builder software program (Microsoft Corporation, USA) and
sliced to obtain G-Code. The designed osteochondral unit was bioprinted using micro extrusion-
based printer BIO X bioprinter (Cellink, USA) at print speeds 8-12 mm/s and extrusion pressures
of 40-50 psi using 25 G blunt-ended stainless steel needles. The bioprinted constructs were
maintained in osteochondral media (equal parts of chondrogenic and osteogenic media) for 7 days
with media change every 48 h.

7.2.2 Cytokine and drug treatment

Cytokines: IL-1p and TNF-a, (Sigma-Aldrich, USA) were used to induce inflammation (early-
stage OA-like conditions) in the cell-laden bioprinted constructs. Each construct was exposed to a
mixture of IL-1B (10 ng/mL) and TNF-a (10 ng/mL) in basal media (DMEM supplemented with
5% (v/v) FBS, 1% GlutaMAX supplement (Gibco) and 0.5% antibiotics) for a period of 1 day and
5 days. The cytokine containing media was replenished every 48 h. For the validation to attenuate
the OA-like pathological conditions, the bioprinted constructs were treated with rhein (RHN,
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Sigma-Aldrich, USA) and celecoxib (CXB, Sigma-Aldrich, USA) individually at a concentration
of 1 uM in basal media for 1 day and 7 days. Considering the period of cytokine induction (5 days)
before the drug treatment, the 1-day drug-treated constructs are represented as day 7 and the 7 days
constructs as day 14 in the study towards a continuous timeline. An untreated group (UNT) was

used as a control in the study. The drug-containing media was replenished every 48 h.

7.2.3 Cell viability

The viability of cells post-printing was assessed using calcein-AM in combination with ethidium
homodimer (Sigma-Aldrich, USA) staining. The cell-laden constructs were rinsed with 1X PBS
and incubated with a mixture of calcein-AM (40 nM) and ethidium homodimer (20 nM) and
incubated for 20 min at 37 °C. Post-incubation, the dye-treated constructs were washed, and the
fluorescent dye (green and red) was visualized using a microscope (EVOS FL, Thermo Fisher
Scientific, USA).

7.2.4 Biochemical assays

The cultured constructs were enzymatically digested using papain buffer at 60 °C for 16 h. The
SGAG was assessed using DMMB assay as per previously reported protocol [408]. The digested
sample was incubated in the presence of DMMB and the absorbance was recorded at 525 nm. The
standard curve was prepared using chondroitin sulfate. The total DNA in the constructs was
estimated as per instructions of the PicoGreen DNA assay kit (Invitrogen, USA). In brief, the
digested samples were diluted with 1X TE buffer followed by the addition of Quant-iT PicoGreen
reagent (1:200 dilution). The fluorescence at excitation/emission of 480/528 nm was noted using
a microplate reader (Tecan infinite M200 PRO). The standard curve for analysis was generated

using lambda phage DNA.

Collagen content was estimated as per the previously reported method [408]. In brief, the
constructs were enzymatically digested with a pepsin cocktail for 48 h at 4 °C and dried out at 37
°C for 24 h. To this, Sirius red dye solution was supplemented and incubated for 1 h and washing
with 0.01 normality HCI. Further, 0.1 normality NaOH was used to resolve the dye-sample
complex and absorbance at 550 nm was recorded. Rat-tail collagen type | (Sigma-Aldrich, USA)

was used to generate the standard for analysis.

Alkaline phosphatase (ALP) assay was executed to ascertain the biomineralization state of the

human ADMSCs within the bioprinted constructs following our previously published reports [147,
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410]. Briefly, the constructs were broken down with cell lysis buffer (20 mM Tris-HCI (Merck,
India) (pH 7.5), 5 mM MgCl (Himedia, India), 150 mM NaCl (Himedia, India), and 0.5% Triton-
X100 (Sigma-Aldrich, USA)). The lysate was used to assess the active ALP content by measuring
the hydrolysis of p-nitrophenol phosphate, pNPP (substrate) to yellow colored product p-
nitrophenol (Amax = 405 nm) using a microplate reader. The DNA content was also assessed using
Quant-iT Picogreen ™ assay kit (Thermo Fisher Scientific, USA) from the cell lysate. The ALP
activity is represented as diethanolamine (DEA) units, where 1 DEA unit indicates the enzyme
needed to hydrolyze 1 uM of pNPP at pH 9.6 (in 1M diethanolamine buffer) at 25° C. The data is
also presented by normalizing with DNA content as DEA units/ ng DNA.

7.2.5 Nitric oxide (NO) quantification

The quantity of nitric oxide was measured using the Griess reagent kit (Thermo Fisher Scientific).
The cell culture supernatant from the treated constructs was taken and mixed with Griess reagent
(N-(1-naphthyl) ethylenediamine dihydrochloride, sulfanilic acid in 5% phosphoric acid). This
blend was then incubated for 30 min and the absorbance was measured using a Multiskan Sky
Microplate Spectrophotometer (Thermo Scientific) at 548 nm and the amount of nitrite was

quantified using a standard curve of sodium nitrite.

7.2.6 Prostaglandin E2 (PGE2) and ADAMTS4 assay

The cell culture supernatant was collected at definite time points and the level of PGE2 and
ADAMTS4 was determined using the PGE2 ELISA kit and ADAMTS4 ELISA kit (Krishgen
Biosystems, India) respectively, as per the manufacturers’ instruction. Briefly, the samples were
incubated in biotin conjugate and HRP conjugate for 60 min at 37 °C followed by washing, the
addition of substrates, and incubation at 37 °C for 10 min under dark conditions. Finally, the stop
solution was supplemented and absorbance at 450 nm was measured using Multiskan Sky
Microplate Spectrophotometer (Thermo Scientific).

7.2.7 Matrix metalloproteinases (MMPs) assessment

The conditioned media from the bioprinted constructs was collected at different time points and
assessed for the MMPs activity (MMP-1 and MMP-13) through collagen zymography, following
a previously published protocol with changes [470]. Briefly, overnight serum-starved conditioned
media of constructs were collected and total protein content was estimated using micro-Bradford
assay (Sigma-Aldrich, USA). 50ug of the total protein was resolved in 10% polyacrylamide
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resolving gel under non-reducing conditions with 0.15 mg/mL purified rat tail collagen type-I
(Gibco, USA). The resolved gel was then incubated pre-incubation buffer [50 mM Tris-HCI (pH
7.5), 2.5% (w/v) Triton X-100, 5 mM CaCl2 and 1 mM ZnC4H604] for 1 h, followed by
renaturation buffer [50 mM Tris-HCI (pH 7.5), 1% (w/v) Triton X-100, 5 mM CaCl2 and 1 mM
ZnC4H604 (Sigma-Aldrich, USA)] overnight at 37°C [410]. To visualize the clearance zones due
to MMP activity, the gels were then stained with 0.5% Coomassie Brilliant Blue R-250, followed
by destaining in 40% (v/v) methanol, 10% (v/v) glacial acetic acid. The collagenolytic bands
appeared as clear zones against a blue background. Densiometric analyses were carried out using
ImagedJ (NIH, USA) from the images obtained from a gel documentation system (Bio-rad Gel Doc
XR+, USA).

7.2.8 Gene expression analysis

The bioprinted and cultured constructs were taken in TRIzol reagent, disintegrated on ice, and
RNA was extracted using acidic chloroform-phenol [410]. RNA (500 ng) was reverse-transcribed
via a high-capacity reverse transcription kit (Invitrogen, USA) in a thermal cycler (Veriti PCR,
Applied Biosystem, USA). Quantitative real-time PCR (gPCR) was executed in a 7500 real-time
PCR system (Applied Biosystems, USA) using Power SYBR Green dye (Invitrogen, USA). The
relative expression of the genes (collagen-11 (Col-11), aggrecan (ACAN), SRY-(sex-determining
region)-box-9 (Sox-9), osteocalcin (OCN), runt-related transcription factor 2 (RUNX2), matrix
metalloproteinase 13 (MMP13), cyclooxygenase-2 (COX-2), and Interleukin 6 (IL-6)) were
performed at established settings of holding stage (2 min at 50 °C, 10 min at 95 °C) and cycling
stage (40 cycles of 95 °C for 15 s, and 60 °C for 45 s). Endogenous housekeeping gene beta-actin

(B-actin) was used for normalization. Table 7.1 list the primers used in the study.

Table 7.1. List of genes and the primer sequences used for gPCR.

Gene Primer sequence

Forward (5°-3’) Reverse (5°-3%)
Col-lI TGAATGGAAGAGCGGAGACT | CCACCATTGATGGTTTCTCC
ACAN ACCCCTGAGGAACAGGAGTT | GTGCCAGATCATCACCACAC
Sox-9 ACGGCTCCAGCAAGAACAAG | TTGTGCAGATGCGGGTACTG
OCN GTAGTGAAGAGACCCAGGCG | CGGATTGAGCTCACACACCT
RUNX2 GACTGTGGTTACCGTCATGGC | ACTTGGTTTTTCATAACAGCGGA
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MMP13 CTTGATGCCATTACCAGTC GGTTGGGAAGTTCTGGCCA
COX-2 CCCTTGGGTGTCAAAGGTAA | GCCCTCGCTTATGATCTGTC
IL-6 GCCTTCTTGGGACTGATGCT TGCCATTGCACAACTCTTTTCT
p-actin GGCATCCTCACCCTGAAGTA | GGGGTGTTGAAGGTCTCAAA

7.2.9 Protein expression analysis

Immunoblots were performed to assess the protein expression levels of NFkxB, ADAMTS4,
Collagen-2, and Collagen-X. The bioprinted constructs at different time points were subjected to
cell-lysis following our previously published method [147]. Briefly, constructs were disintegrated
in ice-cold NP-40 cell lysis buffer added with protease inhibitors 1 mM phenylmethylsulfonyl
fluoride, 10 mM sodium fluoride, 1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid (Sigma-Aldrich, USA) via sonication (Sonic Vibra-cell, Sonics Inc., USA; 20%
amplitude, 10 s with 2 s ON/ OFF cycles). The lysate was estimated for total protein concentration
using micro-Bradford assay and 30 ug of protein sample was resolved under reducing condition in
10% polyacrylamide condition. The resolved bands were transferred by wet transfer to PVDF
membranes (Merck, USA) and the immunoblots were probed for the presence of target proteins.
The primary antibodies used are as follows: rabbit polyclonal to NF-kB p65 (Abcam, UK; 1:200
dilutions), rabbit monoclonal against COX-2 (Abcam, UK; 1:1000 dilutions), mouse monoclonal
against COL-X (Abcam, UK; 1:1000 dilutions), rabbit polyclonal to ADAMTS4 (Abcam, UK,
1:10000 dilutions), while rabbit polyclonal to beta Actin (Abcam, UK, 1:1000 dilutions) was used
as endogenous house-keeping and loading control. The secondary antibodies used are as follows:
HRP conjugated antibodies either secondary goat anti-mouse 1gG (Abcam, UK, 1:10000 dilutions)
or secondary goat anti-rabbit IgG (Abcam, UK, 1:10000 dilutions). The chemiluminescence signal
was developed using an ECL kit (Bio-rad, USA) and detected using a gel documentation system
(Bio-rad Gel Doc XR+, USA). Subsequent densiometric profiling of the bands was done using
ImageJ (NIH, USA).
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7.2.10 Statistical analysis

All experiments were performed in triplicates unless mentioned otherwise. Data are represented
as mean = standard deviation. Statistical analysis was performed by one-way analysis of variance
(ANOVA) using Tukey’s test (Origin 2018, OriginLabs, USA). *p < 0.05 was considered as
statistically significant and **p < 0.01 as highly significant.

7.3 Results

7.3.1 Establishing cellular viability in the bioprinted constructs

The cellular viability and shaped fidelity of the constructs were assessed post-printing with calcein-
AM that stains the live cells green, and ethidium homodimer which stains the dead cells red. For
this, human ADMSCs primed towards osteogenic lineage (in bone ink) or chondrogenic lineage
(in cartilage ink) were encapsulated and bioprinted as shown in Figure 7.2A-B. The bioprinted
constructs retained their grid shapes suggesting their stability and showed good cellular viability
as observed from the green-stained live cell in the construct. The healthy constructs showed more
viable cells as compared to the disease-induced constructs (Figure 7.2C-D). The reduction in
viability may be plausible to the chondrocyte and osteoblast apoptosing in response to the

inflammatory signals, which is generally noticed under inflamed conditions.
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Cartilage

Cartilager

Interface

Chondral phase

Bone phase

Figure 7.2. (A) lllustration of the hierarchical construct to be printed, (B) the bioprinted construct
with colored dyes representing different phases. Cellular viability assessment post bioprinting
using calcein-AM (green clusters indicating live cells)/ethidium homodimer (red spots indicating
dead cells) staining (C) healthy conditions; (D) diseased conditions.

7.3.2 Extracellular matrix (ECM) formation

Once the viability of cells in the bioprinted construct was established, they were exposed to
cytokines (a combination of IL-1pB and TNF-a) for the induction of OA-like conditions. Following
this, the constructs were treated with anti-inflammatory drugs for the attenuation of the diseased
conditions. To establish the chondrogenic and osteogenic differentiation of ADMSCs and the
formation of ECM, a biochemical analysis was performed. Sulfated GAG and collagen are
important ECM components of cartilage formed by chondrocytes and ALP is a hallmark marker
expressed by differentiating osteoblasts that regulate mineralization. The results of our study
indicated an increase in SGAG and collagen over the 14 days in the healthy constructs indicating
chondrogenesis and formation of cartilage matrix (Figure 7.3A-B). However, a significant
decrease in SGAG (~2 fold on day 5) and collagen (~2.5 fold on day 5) content was observed when
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induced with cytokines as compared to the healthy constructs (p < 0.05). These decreased levels
were seen to be attenuated (~1.5 fold) upon treatment with CXB and RHN (p < 0.05). Similarly,
ALP levels were seen to increase over time which decreased at day 14 in the healthy constructs
indicating osteogenesis and formation of bone matrix (Figure 7.3C-D). The increased ALP levels
were significantly decreased (~3 fold on day 5) upon cytokine treatment at both time points (p <
0.05). The reduced ALP activity was alleviated when treated with the CXB and RHN (p < 0.05).
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Figure 7.3. Biochemical analysis of treated 3D bioprinted constructs; (A) SGAG content, and (B)
collagen content, and (C-D) ALP activity of the bioprinted constructs. (CXB — celecoxib; RHN —
rhein) along with the untreated (UNT) group. A healthy non-cytokine induced group (green) is
also used for comparison. Data are presented as Mean + S.D, *p < 0.05.

7.3.3 Regulation of inflammatory mediators

Several soluble inflammatory mediators have been involved in the pathogenesis of OA (Figure
7.4A). The nitric oxide (NO) pathway including the inducible nitric oxide synthase (iNOS), and
NO; and the prostacyclin pathway including the cyclooxygenase-2 (COX-2), prostaglandin E2
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(PGEZ2) are implicated in the OA pathogenesis. The results of the study showed that induction with
cytokines significantly upregulated both nitric oxide (NO) (~2-fold) and PGE2 ((~3.5-fold) levels
at both time points compared to the healthy constructs (p < 0.05). These enhanced NO levels were
significantly reduced when treated with CXB and RHN (p < 0.05). Similarly, the increased PGE-
2 levels were attenuated when treated with CXB (p <0.05) (Figure 7.4B). However, the treatment
with RHN did not reduce the increased PGE-2 levels (Figure 7.4C). The ADAMTS4 level was
also increased (~2.5 fold) upon cytokine induction which was attenuated when treated with CXB
and RHN (~1.7 fold) (p <0.05) (Figure 7.4D).
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Figure 7.4. Effect of celecoxib and rhein on inflammatory mediators in cytokine-treated
osteochondral constructs. (A) Scheme illustrating the downstream action of inflammatory
mediators and the inhibitory roles of the drugs used; (B) Nitric oxide (NO) levels, and (C) PGE2
levels, and (D) ADAMTS4 levels in the cell culture supernatant of the bioprinted constructs. (CXB
— celecoxib; RHN — rhein) along with the untreated (UNT) group. Data are presented as Mean £
S.D, *p <0.05.
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7.3.4 Matrix metalloproteinase (MMP) activity

Another molecule that is frequently implicated in the destruction of the joint tissues is the MMP.
MMP-1 (also known as collagenase-1) and MMP-13 (also known as collagenase-3) are crucial
downstream targets that are implicated in OA. The results of our study showed that MMP-1 and
MMP-13 levels were significantly enhanced on day 5 when induced with cytokines as compared
to healthy constructs (p < 0.05) (Figure 7.5). Treatment with the drugs (CXB and RHN) reduced
the production of cytokine-induced MMPs towards the attenuation of ECM degradation. The level
of MMP-1 (Figure 7.5Bi) was attenuated at day 1 and day 7 of the treatment with the drugs, while
MMP-13 (Figure 7.5Bii) showed attenuation at day 7 of treatment with the drugs (p < 0.05). The

attenuation levels of MMP-13 were comparable to the healthy constructs.
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Figure 7.5. Collagen zymography analysis for MMPs. (A) (i) OA induced group (diseased group)
with drug treatment (CXB — celecoxib; RHN — rhein) along with untreated (UNT) group and (ii)
Healthy (non-induced) group; corresponding B) densitometric profile for the zymograms for (i)
MMP-1, (ii) MMP-13 represented by normalizing with the healthy group considering it as basal
levels (denoted with a dotted green line) *p <0.05.
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7.3.5 Gene expression of anabolic, catabolic, and inflammatory markers

The gene expression analysis of the cardinal anabolic and catabolic markers indicates their status
at the gene level. Collagen-I1 (Col-I1), aggrecan (ACAN), and Sox-9 are cardinal cartilage markers,
while osteocalcin (OCN) and RunX2 are bone markers. The expression of all anabolic markers
(Col-Il, ACAN, OCN) was increased during the 14-day culture period (p < 0.05), while the level
of Sox-9 decreased (p < 0.05) in the healthy constructs (Figure 7.6A-D). Induction with cytokine
combination significantly decreased the levels of Col-Il (~2.5 fold), ACAN (~1.7 fold), and Sox-9
(=3 fold) (p <0.01) at both the time points (day 1 and day 5) as compared to the healthy constructs
i.e., without any cytokine treatment. Treatment with CXB and RHN significantly increased the
levels of Col-1l (~3 fold) and ACAN (~2 fold) (p < 0.01). Similarly, treatment with the drugs
increased Sox-9 expression at day 1 (~2 fold) (p < 0.05) but no significant difference was seen at
day 7 post-treatment. Similarly, the expression of OCN was attenuated due to drug treatment at
both time points (p < 0.05). The expression of RunX2, a preosteoblast marker decreased upon
induction with cytokines which attenuated but showed no significant increase upon drug treatment
(Figure 7.6E). Further, the expression of inflammatory markers such as COX-2, MMP-13, and
IL-6 was assessed. The cytokine induction significantly upregulated the expression of COX-2
(~2.5 fold), MMP-13 (~2.5 fold), and IL-6 (~5 fold) these inflammatory genes (p < 0.01) (Figure
7.6F-H). Treatment with CXB and RHN increased the expression of these genes at the initial time
point with no significant difference at 7-days post-treatment. Further, there was no significant
difference in the expression of MMP-13 and IL-6 on day 14 of the healthy constructs as compared

to day 1.
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Figure 7.6. Gene expression profile of anabolic, catabolic, and inflammatory markers. (A) Col-
I1, (B) aggrecan, (C) Sox-9, and (D) osteocalcin, (E) RunX2, (F) COX-2, (G) MMP-13, and (H)
IL-6 in drug-treated cytokine-induced constructs. Data expressed as Mean + S.D (n = 3), *p<0.05
- statistically significant difference between the healthy constructs; *p < 0.05, **» < 0.01 -
statistically significant difference between the untreated and drug-treated constructs.

7.3.6 Protein expression of inflammatory and signaling molecules

To further validate the attenuation effect of the anti-inflammatory drugs on the cytokine-induced
constructs, the downstream protein levels of several markers were analyzed by western blot
analysis. NF-xB stimulation mediates the effects of crucial pro-inflammatory cytokines, such as
IL-1B and TNF-a. The results showed cytokine-induced upregulation of NF-kB protein levels
(Figure 7.7) as compared to the healthy constructs. These increased protein levels were
significantly reduced upon treatment with the drugs RHN and CXB (p <0.05), as compared to the
diseased samples. Similarly, ADAMTS4, Col-X, and COX-2 showed increased protein levels with
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cytokine-induction (Figure 7.7). The increased ADAMTS4 levels were significantly decreased
upon treatment with CXB and RHN (p < 0.05). There was no significant reduction observed in

Col-X protein levels when treated with the drug molecules. In the case of COX-2, a significant
decrease was observed at day-1 (p < 0.05) of treatment with CXB and RHN but not on day-7, as

compared to the cytokine-induced increased level.
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Figure 7.7. Western blot analysis for A) i. OA induced group (diseased group) and ii. Healthy
(non-induced) group, with drug treatment (CXB — celecoxib; RHN — rhein) along with untreated
(UNT) group; corresponding B) densiometric profile for the blots for i) NFx B, ii) ADAMTS4, iii)
Col X and iv) COX-2, represented by normalizing with internal housekeeping control s-actin, and
normalized with the healthy group considering it as basal levels (denoted with a dotted green line)

*p <0.05.
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7.4 Discussion

OA is traditionally considered to be a “wear-and-tear” or degenerative musculoskeletal disorder
associated with the process of aging, with no cure presently and surgical interventions including
joint replacement still a commonly performed treatment strategy. Primarily considered to be
cartilage driven, OA is a much more complex condition involving cross-talks between joint tissues
such as cartilage, subchondral bone, and synovium. An increasing amount of evidence has shown
that inflammation plays a significant role in the pathogenesis of OA along with altered innate and
adaptive immune systems, activating the inflammatory cascade [471]. It involves the production
of proinflammatory mediators, such as TNF-a, IL-1B, and chemokines by the chondrocytes and
synovium which can be measured in the synovial fluid of OA patients. These biomarkers play a
crucial role in the early-stage and late-stage progression of OA. This relationship between
inflammation and OA is becoming clearer with the recognition of a plethora of ongoing immune
processes within the OA joint including the synovium. Earlier, inflammation in OA was perceived
to be a result of the broken cartilage fragments, however, the presence of synovitis inflammation
in the seemingly healthy joints without the cartilage fragments pointed towards a more complex
cross-talk between the joint tissues. Additionally, this indicates that the process of inflammation
is initiated in the early stages of OA even before any visible radiographic changes such as bony
enlargement or osteophyte formation [472]. Early-stage OA is majorly characterized by inflamed
synovium, increased production of pro-inflammatory cytokines and mediators, upregulation of
catabolic factors and downregulation of anabolic factors, degradation of ECM, chondrocyte
hypertrophy, apoptosis, and cartilage damage. Benito et al. compared the inflammation in early
and late OA reporting an increased mononuclear cell infiltration and overexpression of
inflammatory mediators during the early stage compared to the late stage of OA [473]. Thus,
studies mimicking the early OA conditions may provide a suitable platform of opportunity in

investigating the inflammation-based disease-modifying interventions for OA therapeutics.

Currently, the literature reports no available human 3D in vitro models to study the pathogenesis
or therapeutics associated with early-stage OA. Addressing this, in the current study we have
developed an inflamed osteochondral unit mimicking the pathophysiology of early-stage OA and
further verified its capability to screen anti-inflammatory drugs. Previously, several 2D in vitro
models have been reported to induce disease-like conditions and evaluate different anti-
osteoarthritic drugs [460, 474, 475]. Allas et al. developed an in vitro model that supported the
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induction of hypertrophy in chondrocytes and further established its ability to test drugs towards
the reduction of cartilage hypertrophy [476]. Most of these studies provided encouraging results,
however, the inability of the 2D system to accurately mimic the native tissue conditions inspired
a transition to the 3D models. Towards this, Lin et al. developed a multichambered bioreactor for
osteochondral differentiation using a biphasic osteochondral plug designed for separate media
compartments i.e., the osseous and chondral phases. The results showed that the MSC-based
tissues supported IL-1B-induced OA-like pathology with intercompartmental communication
[477]. However, the model did not establish its capability to screen any drug. Peck et al. reported
an in vitro model where disease conditions in a hyaline cartilage graft were induced using
lipopolysaccharide (LPS)-activated macrophages. The treatment with celecoxib decreased the
catabolic markers in the model [455]. However, the study was limited to the use of primary
chondrocytes to establish the model. The limitations with most of the current models arise due to
the conventional fabrication methods, thus requiring more advanced, affordable, consistent, and

comprehensive techniques of biofabrication.

Owing to its ability to fabricate heterogeneous and complex structures via a layer-by-layer
deposition and capable of high-throughput manufacturing, the advanced technique of 3D
bioprinting allows the fabrication of both cartilage and bone-associated zonal compartments of the
native human joint. In the current study, we have used 3D bioprinting to produce biomimetic
osteochondral tissue using silk-based bioinks. While the cartilage phase was bioprinted using
bioink consisting of silk blends along with PVVP and encapsulating pre-differentiated chondrocytes;
the bone phase was bioprinted using bioink consisting of silk blends with nano-apatite and pre-
differentiated osteoblasts; with a tissue interface composed of both the bioinks. The bioprinted
constructs were further cultured in an osteochondral medium for 7 days. The bioink hydrogel
network used here has a diffusion coefficient (D) in the order 3 to 5 X 101t m?/s (follows Non-
Fickian diffusion kinetics) [147], thus providing a good permeable network for the diffusion of
important secretory factors. This is helpful in two ways: (i) the cytokine/ drug treatment provided
would easily be available for the encapsulated cells present within the bioink; and (ii) cellular
cross-talk between cartilage phase and bone phase, mediated through secretory factors would
diffuse between the two layers, mimicking the native-like signaling regime when exposed to any
biochemical cue. The crosstalk between the bone and cartilage phases of the osteochondral unit is
very critical for understanding the pathogenesis and progression of OA. There is growing evidence
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of significant biochemical communication between these tissues [478], which is associated with
changes at the osteochondral interface that accelerates cartilage degeneration and accompanying
pain and morbidity, requiring a better understanding of the complex network of interactions. Most
of the concurrent studies overlook the involvement of the bone phase with an exclusive focus on
the cartilage phase while developing an in vitro model. Evidence from clinical and in vivo studies
have showed that subchondral bone lesions may precede cartilage degeneration, implying that OA
is an osteochondral disease where the subchondral bone is intricately involved. The subchondral
bone lesion in OA is a result of inflamed osteoblast with reduced bone markers, increased
inflammatory mediators such as IL-6, and catabolic factors such as MMP-13 [479]. Therefore, the
bioprinted triphasic system in our study comprising of cartilage, bone, and an interface, was
developed to take into account this cross-talk between the tissues. Lin et al. showed this cross-talk
in their compartmentalized biphasic system where cytokine induction in the osseous phase resulted

in catabolic response in the chondral phase [477].

Next, early-stage OA-like pathological conditions were developed using a combination of pro-
inflammatory cytokines namely IL-1B and TNF-a. These cytokines are the major players used
individually or in combination for induction of OA-like conditions. The activities of the two
cytokines show a synergistic effect when used in combination, activating key pathological markers
of OA, where TNF-a drives acute inflammation and IL-1f sustains it [480, 481]. Further, the well-
known anti-inflammatory drugs namely RHN and CXB were tested for attenuation of diseased
conditions in the model. Rhein, a metabolic product of diacerein has a bone affinity and anti-
inflammatory action that inhibits IL-1 synthesis and activity via synergistic, comprehensive, and
multiple pathways for its therapeutic effect [482]. Celecoxib, an NSAID that selectively inhibits
COX-2 activity, has been widely used in the treatment of OA, as it can inhibit the generation of
prostaglandin E2 and reduce the inflammation associated with OA. Celecoxib has been regarded
as a disease-modifying-drug (DMD) for human OA [483], and its direct effects on OA cartilage
have been explored [455]. Additionally, celecoxib combined with diacerein has shown satisfactory
treatment effects on OA through inhibitory actions on inflammatory signaling pathways [469].
Thus, we developed and tested our model for its prospective use as an in vitro model for OA

therapeutics.
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Firstly, the viability of the encapsulated cells was assessed in the bioprinted constructs. The
bioprinted constructs maintained their shape fidelity and supported the viability of encapsulated
pre-differentiated ADMSCs as observed via live/dead assay. Next, we assessed the cardinal ECM
chondrogenic and osteogenic biochemical markers for their changes at different stages of the
study. The results indicated an increase in the total collagen, SGAG, and ALP in the healthy
constructs over the culture period indicating successful differentiation of ADMSCs into
chondrocytes and osteoblasts and ultimately resulting in the formation of crucial ECM
components. Upon cytokine (TNF-a and IL-1B) induction, the results of our study showed a
significant decrease in collagen content, SGAG content, and ALP content. Several studies have
shown that treatment with these cytokines alone or in combination inhibits the synthesis of
collagen-11 and proteoglycans [461, 481]. Additionally, these cytokines have been reported to
cause bone loss in many inflammatory diseases [484]. The results in our study showed reduced
bone markers in the cytokine-induced inflamed model mimicking subchondral bone lesions of OA,
which occurred due to the transition of normal osteoblasts to inflamed osteoblasts, which further
induced hypertrophy in chondrocytes and amplified cartilage damage. These reduced ECM
components were augmented when treated with CXB and RHN. Previous reports have shown that
IL-1B/TNF-a-induced reduced collagen and proteoglycan synthesis can be reversed by treatment
with CXB and RHN [469, 485].

The major driving force of inflammation in joint degeneration of OA patients is a group of soluble
inflammatory mediators including pro-inflammatory cytokines, chemokines, adipokines, and
neuropeptides. Thus, we assessed the implication of inflammatory mediators such as NO and
PGE2 in our study. NO is implicated in cartilage degeneration via inhibition of ECM synthesis
and activation of MMPs [486]. Our results showed that the increased NO levels due to cytokine
induction were reduced upon treatment with CXB and RHN. Tsutsumi et al. reported inhibitory
effects of CXB on NO production in chondrocytes [475]. Pelletier et al. found that RHN could
inhibit the production of NO and block the expression of iINOS [487]. PGE2, a prostanoid produced
by COX, is known as a major catabolic mediator and one of the main molecules responsible for
pain in arthritis, mainly in OA with inflammation where the level of COX-2 is increased [488].
Our results showed that PGE2 levels were elevated upon cytokine induction. Berenbaum et al.
reported enhanced PGE2 production and COX-2 activity in articular chondrocytes due to the
synergistic effect of IL-1B and TNF-a [489]. The increased PGE2 levels were mitigated upon
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CXB treatment, though, RHN treatment did not significantly reduce the PGE2 levels. This was in
agreement with a report by Sanchez et al. that showed that RHN increased both basal and IL-1p-
stimulated PGE2 levels [468]. A previous report indicated that the inhibition of COX-2 by NSAIDs
or selective COX-2 inhibitors leads to reduced PGE2 production, inflammation, and mitigates pain

in OA patients [490].

The ECM components such as collagen-1I and aggrecan provide structural integrity and
mechanical properties to the osteochondral tissue, which are degraded in OA via proteolytic
cleavage by MMPs and ADAMTSs, respectively. Aggrecan degradation precedes collagen-II
cleavage and is associated with early stages of OA, thus aggrecan may play a role to manage
collagen degradation [491]. In humans, ADAMTS-4 and ADAMTS-5 are the major enzymes that
catalyze aggrecan degradation and are characteristic pathology of early-stage OA. Our results
showed that cytokine induction stimulated the increase in the ADAMTS4 levels which were
mitigated when treated with CXB and RHN. Among MMPs, MMP-1 and MMP-13 are majorly
involved in collagen-11 degradation via collagen cleavage and are crucial downstream targets that
are implicated in OA. The treatment with CXB and RHN in our model attenuated the increased
cytokine-induced MMPs levels. The increased MMP levels are a result of the hypertrophic
chondrocytes and the inflamed osteoblasts in the model. Legendre et al. found that IL-1B-induced
stimulation of the MMPs and aggrecanase-1 (ADAMTS4) was markedly inhibited by RHN [474].

Further, we assessed the expression of anabolic, catabolic, and inflammatory markers. The
anabolic genes showed decreased expression in cytokine-induced samples which were attenuated
upon treatment of CXB and RHN in our in vitro model. The anabolic genes of cartilage ECM such
as collagen-I1 and aggrecan were significantly upregulated in the healthy constructs. Sox-9 gene
showed hyperactivity on day 7 but not on day 14. Being a key early differentiation marker, this is
in agreement with several previous reports where chondrogenic and osteogenic differentiation of
MSC:s results in a significant decline of Sox-9 gene and protein expression by day 14 [492, 493].
Furthermore, RunX2 and OCN genes showed an initial increase in expression in healthy constructs
which were decreased upon cytokine induction with no significant increase when treated with anti-
inflammatory drugs. RunX2 induces the differentiation of multipotent MSCs into immature
osteoblasts, while OCN is expressed in mature osteoblasts. The increased OCN expression in
healthy constructs and no significant increase in RunX2 levels over the 14-day culture support the
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literature [494]. Similar to the bone lesions in OA, the results in our study showed reduced bone
markers in the cytokine-induced inflamed model which occurred due to the transition of normal
osteoblasts to inflamed osteoblasts, which further induced hypertrophy in chondrocytes and
amplified cartilage damage. Furthermore, a considerable increase in the expression of catabolic
and inflammatory genes, namely, COX-2, MMP-13, and IL-6, in cytokine-induced constructs was
observed which were decreased in the presence of CXB and RHN. IL-6 along with IL-1p and TNF-
a are the main proinflammatory cytokines associated with OA pathogenesis [458]. Sanchez et al.
showed that CXB inhibited PGE2 production, blocked IL-6 synthesis, and augmented aggrecan
synthesis in cultured human OA chondrocytes encapsulated in alginate beads [495]. Ge et al.
showed that RHN attenuates inflammation by inhibiting NF-xB and NALP3 inflammasome shown
by the reduced production of a pro-inflammatory cytokine such as IL-6 in macrophages stimulated
with lipopolysaccharide [496]. Given that remodeling of subchondral bone is a contributing factor
to OA, Pelletier et al. demonstrated that RHN reduces the synthetic activity of osteoblasts
responsible for abnormal subchondral bone remodeling in OA [497]. Moreover, the expression of
key molecules was further validated at the protein level. The western blot results indicated that the
protein levels of NFkB, ADAMTS4, Col-X, and COX-2 have increased in the cytokine-induced
constructs as compared to the healthy constructs. The results indicated that CXB and RHN could
inhibit the NF-xB nucleus translocation induced by cytokines through a probable reduction in IkB
phosphorylation status. Additionally, the drugs suppressed PGE2 production via inhibition of
COX-2 enzyme activity. However, the drugs did not significantly decrease the hypertrophic
activity as directed by the increased collagen-X protein level. Col-X is a known marker of late-
stage chondrocyte hypertrophy and NSAIDs have been reported to induce its expression in MSCs
of healthy and OA donors [498].

The onset and progression of OA pathogenesis via regulation of metabolism and inflammation is
a result of various cross-linked and interdependent signaling pathways such as the MAPK and NF-
kB pathways. MAPK are serine/threonine protein kinases that stimulate signal transmission from
outside to inside the cell, resulting in suitable physiological responses such as cellular proliferation,
differentiation, inflammation, and apoptosis. The three major subfamilies of the MAPK pathway
include ERKs (extracellular signal-regulated kinase), JNK (c-Jun N-terminal kinase), and p38
MAPK which are stimulated during inflammation resulting in their phosphorylation, consequently
activating the downstream transduction pathway and the transcription factors, with subsequent
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release of pro-inflammatory molecules and activating the cascade. The activated ERK, JNK, and
p38 MAPK were observed in OA synovial and cartilage tissue. Several reports indicate that MAPK
activation triggered due to cytokines such as TNF-a and IL-1p stimulates MMPs and aggrecanases
resulting in degradation of cartilage [499, 500]. In the case of the NF-kB pathway, the inactive
NF-kB dimers are located in the cytoplasm due to the inhibitory IxB molecules. Upon stimulation
with cytokines, the IkB is phosphorylated and subsequently degraded with NF-kB p65
translocating into the nucleus where it activates the inflammatory mediators such as iNOS, COX-
2, ADAMTS, and MMPs, among other factors, ultimately causing ECM degradation [501, 502].
In our model, we hypothesize MAPK and NF-kB pathways to be involved as per the mechanism
mentioned above and illustrated in Figure 7.8, in the catabolic action of the proinflammatory
cytokines and their attenuation by the anti-inflammatory drugs CXB and RHN. Previously, MAPK
and NF-xB pathways are involved in the mitigation of OA [469, 475, 500]. Recently, Ding et al.,
reported that Urolithin A can mitigate the IL-1B-induced deterioration of collagen-I1 and aggrecan
along with reducing the inflammatory mediators through the MAPK and NF-kB pathways in
chondrocytes [499]. Additionally, celecoxib combined with diacerein has reported showed well-
satisfactory treatment effects on OA via inhibiting the p38MAPK, JNK, and NF-kB signaling
pathways [469].
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Figure 7.8. Schematic representation of key signaling pathways in the inflammatory process and
its inhibition using anti-inflammatory drugs (Celecoxib and Rhein) in OA model.

228
TH-2917_146106044



Significant findings Chapter 7

7.5 Significant findings

1.

Herein, a potentially more consistent, affordable, and physiologically relevant human early-
stage in vitro OA model was developed.

The results of the study demonstrated that the 3D bioprinted construct supported the viability
of encapsulated primed hADMSCs and the formation of ECM resulting in its maturation into
a functional osteochondral unit.

Further, the establishment of an inflamed osteochondral unit (consisting of hypertrophic
chondrocytes and inflamed osteoblasts) via cytokine-induction (IL-13 and TNF-o combined),
indicated by the key pathological features including the depletion of ECM components such
as collagen, proteoglycans, heightened catabolic enzymes, and upregulation of inflammatory
mediators akin to early-stage OA.

Moreover, both the tested anti-inflammatory drugs (CXB and RHN) inhibited the cytokine-
induced inflammatory mediators, MMPs expression, and restored ECM production with
inhibition of MAPK/NF-«B signaling pathways.

Activated MAPK and NF-kB regulate the expression of molecules directly or indirectly
involved in the inflammation (such as MMPs, several catabolic cytokines, NO, PGE2, COX-
2, and ADAMTS4), and apoptosis.

Overall, a physiologically relevant 3D bioprinted in vitro OA model was successfully
established and validated for drug-screening, indicating its feasibility for potential pre-clinical
high-throughput drug testing and overall OA management.
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SUMMARY AND FUTURE PERSPECTIVES

The use of external regenerative strategies in OA have claimed a nearly unassailable role in holistic
and sustainable repair of osteochondral tissue damage. Consequently, the desired superior
characteristics of SF, developed matrices, significant outcomes (Figure S1) and prospects of
scaffold-based regeneration of cartilage and osteochondral tissue, based on the objectives of this
thesis, have yielded very encouraging outcomes which have also been communicated and peer

reviewed.

The developed agarose and silk fibroin blended hydrogel to nurture the positive facets of the
agarose gold standard and offset the negative aspects, resulted in hydrogels that were
biodegradable and immunocompatible, with the ability to support ECM synthesis. The subsequent
requirement of mechanical compliance, crucial for load bearing articular joints, was achieved
through fiber-reinforced composite scaffolds, fabricated by using silk fibers and SF solution. These
fiber-reinforced scaffolds supported improved growth of chondrocytes with an increased
compressive modulus and stiffness (nearly 8-fold), in comparison to the fiber-free control groups.
The composites also supported the formation of ECM components such as SGAG and collagen
type I1. Since the entire osteochondral unit (superficial cartilage and underlying bone) is implicated
in osteoarthritis, a biphasic silk scaffold was developed that mimicked the native osteochondral
joint. It contained a spongy fiber-free phase for cartilage, a fiber-reinforced phase for bone revival
and a connecting interface, fabricated using facile reproducible process. The scaffold designed in
a continuous and integrated manner using freeze-drying method, negated issues related to
individual phase fabrication methodology. The developed hierarchically structured biphasic silk
scaffold displayed phase specific porous structures, with suitable mechanical strength, and positive
characteristics of in vitro ECM deposition, and in vivo regeneration (in rabbit osteochondral
models) of osteochondral tissue.

Use of 3D bioprinting neutralized the persistent handicaps of the conventional fabrication methods
by fabricating anatomically relevant shapes, patient-specific match to the site of implantation; in
a high-throughput, automated, and cost-effective manner. Bioinks crucial to bioprinting were
generated from hydrogel blends of blends of mulberry and non-mulberry, B. mori with A.

assamensis, and B. mori with P. ricini; they were most stable and unaffected by an increase in the
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temperature required for bioprinting. Therefore, the self-gelling ability of SF blends (B. mori and
P. ricini) was used along with gelatin as a bulking agent to develop the bioink, to encapsulate
chondrocytes for cartilage bioprinting. The bioprinted constructs demonstrated in vitro cartilage
specific ECM formation and in vivo biocompatibility. The developed bioink showed good print
fidelity for bioprinting cartilage grids along with state-of-art anatomical structures like the human
ear. It is noteworthy that the fabrication is a crosslinker-free approach, thus avoiding the possible
toxicity and cost burden associated with it. Disease model development was central to the final
objective of understanding the molecular mechanisms of OA initiation and progression. An in vitro
model was generated by 3D bioprinting an osteochondral unit using silk-based (blend of B. mori
and A. assamensis) bioink. This bioprinted model made up for the lack of biomimetic human
pathophysiological conditions, the required longer timeline, and associated ethical concerns of the
2D monolayers and animal models. The model was validated by physiologically relevant results;
it successfully mimicked the inflamed OA unit observed in the early stages of OA, and displayed
the mitigative effects of the applied anti-inflammatory drugs. Therefore, opportunely, catering to
the demand for a robust, high-throughput platform for screening novel anti-inflammatory drugs
towards OA therapeutics.
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Figure S1. Schematics illustrating various developed matrices for the cartilage and osteochondral
tissue engineering applications.

The future prospects of the thesis work (Figure S2) would include the use of dynamic bioreactors
to better mimic the native-like healthy and diseased physiological conditions especially in in terms
of nutrients, oxygen, temperature, pH, carbon dioxide, humidity and mechanical stress. The next
target would be testing of the developed matrices/constructs in larger animal models which are
more relevant to humans; the use of patient-specific induced pluripotent stem cells (iPSCs) to
overcome the ethical concerns and reducing the chances of graft rejection. Thus, a whole new
arena for testing of new markers and drugs for OA therapeutics would be open to innovation and
product development. The making smart bioinks for intraoperative bioprinting strategies would
widen the bioresource base for disease alleviation. The objectives undertaken in this thesis will be
helpful in the development of a joint-on-a-chip model where other joint tissues could be
incorporated. The final frontier to be conquered would be to have an off-the-shelf acellular graft,
which when seeded with patients own cells by the clinician, would result in the repair and

regeneration of the damaged cartilage and osteochondral tissue, thus, mitigating osteoarthritis.
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Figure S2. Illustration of the future prospects of the developed matrices in cartilage and
osteochondral tissue engineering.
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In the final analysis, the current thesis, explored various silk biomaterials, including mulberry and
non-mulberry type, as matrices for cartilage and osteochondral tissue engineering. The research
endeavor focused on advancing the fabrication strategies of silk biomaterial-based matrices.
Conventional fabrication methods where scaffolds were fabricated manually using methods such
as freeze-drying was the first step. Efforts were subsequently directed at advanced additive
manufacturing techniques such as 3D bioprinting where silk-based bioinks were developed to
bioprint cartilage and osteochondral tissue. Finally, we developed a 3D bioprinted inflamed in
vitro model as a drug screening platform for OA therapeutics. By implementing the defined
objectives, we have progressively developed novel silk biomaterial-based matrices for cartilage

and osteochondral repair and validated their pre-clinical functionality both in vitro and in vivo.
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