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Abstract

The osteochondral (OC) interface is a complex tissue with a hierarchical structure found at the
ends of the bones of the knee joint consisting of a layer of soft tissue (cartilage) overlaying hard
tissue in the subchondral bone. It exhibits a gradient of its constituents, especially in terms of
mineral concentration, cell phenotype, collagens, and glycosaminoglycans, with a thickness of
around 0.5 mm. The tidemark, a critical yet often overlooked component of OC interface tissue,
plays a pivotal role in maintaining tissue function by acting as a barrier against vascular invasion
of the cartilage. Fabricating scaffolds that mimic the complex physiology and functionalities of

the OC tissue within the physiological thickness remains a challenge.

This study aimed at fabricating a unitary composite scaffold that is similar of the OC interface
in terms of distribution of its mineral content. It was hypothesized that the interface formed
between the layers of the multilayer graft will possess a thickness of hydroxyapatite (HAP)

gradient similar to that seen at the native rabbit OC tissue.

To test the hypothesis, a multilayer composite OC graft was fabricated using gelatin and
oxidized alginate (OXA) compositions with and without HAP for the bone and cartilage
regions, respectively, and a gradient of HAP was formed in between. The two layers were
formed using a 3D bioprinting method, while a porous electrospun mesh of polycaprolactone
was placed in the graded region between cartilage and bone to represent the tidemark. The
change in mineral content across the rabbit OC interface tissue and the OC graft interface was
investigated using energy dispersive X-ray (EDX) and micro computed tomography (uCT)
characterization. The printability of the bioinks was verified by a strain sweep test, and

volumetric expansion of both inks, with and without HAP, was examined using a swelling test.



Findings revealed that both bioinks exhibited a shear thinning behavior. In additssion, swelling
test showed that both inks possessed similar volumetric expansion when immersed in water,
demonstrating its feasibility to be used as a defect filler. EDX scan for calcium (Ca) and
phosphorus (P) verified the gradient of mineral in both OC grafts and native rabbit OC tissue.
The pCT characterization verified a HAP gradient created in the OC graft within 168um
thickness similar to the mineral gradient thickness determined for rabbit OC interface.
Furthermore, the electrospun membrane was found to have pore diameters less than 1um that

is sufficient to prevent vascular invasion of the articular cartilage tissue.

Overall, the OC graft fabricated using combined bioprinting and electrospinning techniques
demonstrated a potential to serve as a biomimetic hydrogel filler for regenerating OC defects to
restore the function of the knee joint. It is expected that the proposed OC graft will be effectively
used to address a significant clinical problem that affects millions of people, with significant

societal and economic impacts.
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Chapter 1 - Introduction

1.1 The Osteochondral Tissue
The OC tissue is a complex tissue with a hierarchical structure found at the ends of the synovial
joint bones. It is primarily divided into two main regions, the articular cartilage and the
subchondral bone, with a thin interface between the two (as depicted in Figure 1). These regions
consist of distinct cell types and collagen arrangements. Specifically, the cartilage region
encompasses the superficial zone, middle zone, deep zone, and calcified cartilage, while the
bone region includes the cement line and subchondral bone. The tidemark serves as the

boundary separating these two distinct yet continuous regions.
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Figure 1: Schematic representation of the osteochondral tissue and its hierarchical

structure [1]

The articular cartilage is an avascular and hypocellular tissue primarily consisting of
chondrocytes, which makes up about 3 -5% of the tissue, and the extracellular matrix (ECM)
(collagen, water, non-collagenous protein, and proteoglycans) makes up the rest of the
tissue[1][2]. This tissue exhibits a sponge-like behavior, expelling and absorbing water under
compression and relaxation, respectively [2]. The superficial zone is the topmost layer of the
cartilage. It consists of tightly packed collagen arranged parallel to the surface. Because of the
synovial fluid present in the joint, this layer helps to maintain lubrication [3]. The Middle zone,
which is located below the superficial zone contains chondrocytes with an oblique orientation
with sparce distribution. Proteoglycans are the most abundant ECM component in this region.

Proteoglycans play a crucial role in absorbing shock and resisting compressive stress without
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harming the subchondral bone [3]. The next zone found in the articular cartilage tissue is deep
zone. They collagen in this zone are aligned perpendicularly, its main function is to provide
resistance to compressive force which is facilitated by the vertical alignment of collagens [1],
[3]. These structural and functional attributes collectively contribute to the vital role of articular

cartilage in joint biomechanics.

The tidemark is a three-dimensional undulating structure, serving as a selective membrane that
demarcates the mineralized and non-mineralized regions within the OC tissue. It is located in
the middle of transition from the soft tissue of articular cartilage to the hard tissue of calcified
cartilage, which is called OC interface tissue. The tidemark offers protection against vascular
and neural invasion[4] as well as creates a transition zone that enables the transfer of loads at
the interface[5], [6]. This structure functions as a protective measure, preventing shearing
pressures from affecting the columnar fibers that are connected to the subchondral bone [3], [7].
Collagen fibers/fibrils are notably aligned perpendicular to the tidemark, allowing for smoother
stress transmission from the type Il collagen-rich articular cartilage to the rigid calcified
cartilage, containing type X collagen [8], [9], [10]. While the tidemark is traditionally described
as a single layer, its duplication can be attributed to joint development or osteoarthritis [1], [5].
In healthy tissue duplication signifies the progression of the calcification front and may arise
from metabolic processes[5]. However, in cartilage degradation and disease, tidemark
duplication grows more prominent and are replicated between the spaces where chondrocytes

are located[7].

The calcified cartilage region follows the tidemark and is commonly categorized as part of the
bone region in osteochondral tissue. In this zone, hypertrophic chondrocytes are found, and
collagen is a continuous extension from the deep zone. Blood vessels from the subchondral
bone terminate here due to the tidemark blocking their progression. Its primary function is to
transfer loads to the underlying bone structure [1]. The cement line is a wavy line that
demarcates the calcified region and the subchondral bone and it helps to regulate the amount of
nutrient that diffuses from the bone marrow to the articular cartilage [3]. The subchondral bone
located below the cement line contains chondrocytes, endothelial cells, stem cells and
hydroxyapatite deposit and collagen I. It is the strongest part of the OC tissue; it plays a crucial
function in the transmission of force throughout the joint and provides support to the articular
cartilage. Studies suggest that about 30% of applied joint load is reduced by the subchondral
bone while the cartilage contributes around 2% reduction [11], [12].
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1.1.1 Osteochondral Tissue Engineering

The articular cartilage is susceptible to degradation because of wear caused by continuous
motion in the joint. This results in the emergence of degenerative disorders such as
osteoarthritis. Osteoarthritis (OA) is a highly prevalent form of arthritis characterized by
articular cartilage and subchondral bone degeneration. It is also characterized by either
complete or partial deterioration of the cartilage tissue [3]. with a global estimate of over 500
million people living with OA according to the world health organization, reports show the
statistics increased by about 135% since 1990, a trend expected to increase as the population
ages [13].

Over the last two decades they have been varying attempts to regenerate the OC tissue using
various tissue engineering approaches. Generally, tissue engineering (TE) involves the use of
biomaterial, biomolecule, and cells, to regenerate and or repair tissue. For a successful
Regeneration of the OC tissue the different part of the tissue should be considered, hence it is
necessary that the scaffolds used mimics the different component of the tissue [14], additionally,
when used in vivo the structural integrity of scaffolds should be maintained in relation to the
rate of new tissue formation. A key feature of OC regeneration is that the cartilage region is
free from vascular and neural invasion as well as infiltration of synovial fluid from the joint[14].
The field of TE has evolved from the use of single layer scaffold to multi layered and gradient
scaffolds which is aimed at successfully mimicking the complexity of the tissue however the
presence of both the cartilage and subchondral bone layers is essential for the fabrication of

osteochondral scaffolds, as these scaffolds consist of heterogeneous layers [11], [15].

1.1.2 Tissue Engineering Techniques for Osteochondral Tissue Regeneration

Osteochondral tissue engineering has witnessed significant advancements in both techniques.
and manufacturing processes over the past decade [3] this advancement has facilitated the
fabrication of more complex structures that can mimic the tissue. In this study, a combination

of electrospinning and 3D bioprinting techniques was employed for scaffold fabrication.

Electrospinning technique is known for its capability of producing fibrous structures with
diameters ranging from microns to nanometers. This technique is renowned for producing
polymeric nanofibers with various configurations (unimodal, bimodal, aligned, and
unaligned). The nanofibers produced are gathered on substrates, creating highly interconnected

scaffolds consisting of micro- to non-fibrous structures with a substantial surface area [3].
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Electrospinning is widely used in tissue engineering due to its ability to produce fibers closely
resembling collagen in native tissue. Successful fabrication of OC scaffolds using
electrospinning has been reported. [16] Fabricated a 3D nano porous 5 layered OC scaffold
using Electrospinning technique. The scaffolds are composed of materials including gelatin,
PCL, and HAP. The results demonstrated that the scaffold had a fibrous structure in each layer,
consisting of continuous nanofibers, which facilitated fluids and nutrient transport Additionally
by adding HAP to the electrospun scaffold mechanical property of the scaffold increased.
However, according to Badami et al. the mechanical properties of layered osteochondral
scaffold produced from electrospinning are weaker and possess small pore sizes [17]. However,
electrospinning remains versatile technique that has been integrated with other fabrication
processes like freeze drying [18] 3D printing [19] to achieve better properties for OC

regeneration.

Another often employed method in the regeneration of osteochondral (OC) tissue is Additive
Manufacturing (AM) (3D printing). Additive manufacturing techniques account for
approximately 80% of scientific articles published since 2018 on the topic of osteochondral
regeneration[3]. These techniques have shown success in achieving cell viability, mechanical
strength, and a porous structure [20], [21], [22]. Hierarchical layered scaffolds for OC
regeneration have been fabricated using 3D printing, scaffolds were reported to support
chondrogenic and osteogenic differentiation of human mesenchymal stem cells [23].

Bioprinting relies on selecting the right bioink that is biocompatible, supports cell growth,
degrades at a rate like native tissue, and maintains appropriate mechanical properties. Bioinks
can be tailored to desired pore sizes [24]. In a study on bone regeneration, Moazzam et al.
developed a bioink specifically for bone regeneration The findings of the study indicated that
the bioink exhibited remarkable cell vitality, as seen by the high survival rate of cells [25].
Furthermore, the studies claimed that the developed bioink can function as an appropriate
foundation for various tissue engineering applications. This served as the basis of the bioink

used in this study.

In this study both 3D printing and electrospinning technique were used to fabricate a composite
scaffold. The benefit of this technique is that it can be integrated to create a composite scaffold
that emulates the inherent osteochondral (OC) structure. The achievement of the graded nature

and desirable mechanical properties of the tissue may be facilitated using 3D printing. On the
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other hand, the fabrication of nano scale fibers that closely mimic the ECM component of the
tidemark can be accomplished by employing the electrospinning technique. Furthermore,
considering the structure of the OC tissue; we fabricated a scaffold with both cartilage and
subchondral region using gelatin oxidized alginate and HAP. To guide tidemark regeneration
and separate both regions a fibrous mesh made of PCL nanofibers was placed in between both

Regions.

1.1.3 Biomaterials for Osteochondral Regeneration.

Various biocompatible materials, including natural polymers (e.g., gelatin, alginate, chitosan,
silk collagen), synthetic polymers (e.g., polycaprolactone), and metallic polymers, have been
employed to fabricate scaffolds for osteochondral tissue [26] . Natural polymers like alginate
are recognized for their biocompatibility, degradability, cytocompatibility, and good porosity
[27]. Their inherent softness, flexibility, and porous composition facilitates efficient
permeation of oxygen and nutrients into their structure, mimicking that of native tissue [28].
Because of their viscoelastic properties alginate have been one of the most sort after natural
polymer used in additive manufacturing (bioprinting and bio fabrication) [29]Alginate have
been used for cartilage and OC tissue engineering and has been shown to support chondrogenic
differentiation[30]. Additional report shows the viability of chondrocyte in alginate[31], [32],
[33], [34], [35] According to studies conducted by [32] Alginate gel not only improved
chondrogenic expression but also supported the production of collagen 1l and
glycosaminoglycan. However, high molecular weight alginate, typically used for hard tissue,
faces challenges in degradation [36] Modifications like sulfation and oxidation can be applied
to overcome these issues, improving gel stability and achieving a more physiologically relevant
environment [37], [38] Chemical modification of alginate by oxidation process can direct cell
function [39], [40], [41]affect degradation. Also, storage modulus and swelling behavior of gels

which can be regulated during its oxidation process[42], [43].

Gelatin, a natural polymer, shares compositional similarities with its precursor collagen. Its
major advantages include cost-effectiveness, biodegradability, biocompatibility, cell adhesion
and differentiation properties, low toxicity, and a porous 3D structure [44], [45]. Gelatin can
also undergo enzymatic degradation in the body. Its excellent water absorbability is crucial for
tissue regeneration, enhancing nutrient and cell transport within the scaffold [46]. A noticeable
disadvantage of gelatin is its thermal instability, as they can change state depending on

temperature. Consequently, depending on its application, crosslinking is often necessary.
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Synthetic polymers like glutaraldehyde have been used to successfully crosslink gelatin and
have exhibited controlled synthesis however one major drawback with method of crosslinking
is that it produces cytotoxic materials [47], [48] In addition gelatin has low mechanical strength
and is often used in combination with other material or element, one of such is hydroxyapatite
(HAP). HAP is a naturally occurring inorganic mineral which has similar composition as bone
tissue, and it is commonly used in bone tissue regeneration. incorporating HAP to hydrogels
can improve it mechanical property and improve printability of hydrogels and bioactivity of 3D
printed scaffold [49], [50]

Synthetic polymers play a crucial role in tissue engineering due to their cost-effectiveness, ease
of modification, and adaptability to desired characteristics. Among these, Polycaprolactone
(PCL) stands out as a widely utilized synthetic polymer in tissue engineering processes. PCL is
a biodegradable, bioabsorbable, and biocompatible polymer known for its high elasticity and
durability [51]. The also undergo extended period of degradation about 2 to 3 years when
compared to other synthetic polymers like poly-L-lactide (PLLA), poly lactic-glycolic acid
(PLGA) and polyglycolic acid (PGA) [52]. PCL also exhibits good viscoelastic properties this

makes for ease of fabrication into various forms like nanofibers.

1.2 Problem statement and Hypothesis

Once the articular Cartilage undergoes degeneration, it is unable to heal itself due to the
avascular characteristics of the tissue. Clinical procedures, such as mosaicplasty, micro-drilling,
autografting, and microfracture among others can be used as treatments for degenerative
disorders of the osteochondral (OC) tissue like OA. Nevertheless, these techniques are known
to induce vascular invasion, leading to the development of fibrocartilage which has lower
mechanical properties when compared to the articular cartilage found in native, healthy tissue.
Consequently, it becomes imperative to use a more sustainable strategy to mitigate this issue.
Regenerative engineering presents a more promising methodology for the regeneration of
osteochondral (OC) tissue, as it aims to replicate the anatomical and physiological
characteristics of the tissue. Although studies have shown and fabricated different scaffolds that
can aid in regeneration, the full complexity and physiology of the tissue is yet to be successfully
mimicked. Additionally, few studies have specifically shown a successful regeneration of the
tidemark, nevertheless, the role of tidemark is significant and plays a pivotal role in
osteochondral tissue. Notably, the regeneration of the tidemark remains an area with no clearly

defined strategy. In this study, it was hypothesized that the interface formed between the layers
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of the multilayer graft will possess a thickness of HAP gradient similar to that seen at the native
rabbit OC tissue.

1.3 Aim and Objectives

The aim of this study is to fabricate a composite scaffold using 3D bioprinting and
electrospinning techniques that can be used for Osteochondral regeneration as well as serve as

a strategy for tidemark regeneration.

Obijectives
° To fabricate composite scaffold grafts using 3D bioprinter and electrospinning
° To evaluate and characterize native tissue and fabricated scaffold (mechanical test,

mineral distribution)

° To create mineral gradient across the interface.
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Chapter 2 - Materials and methods

2.1 Materials

Hydroxyapatite (677418-10G Sigma-Aldrich), polycaprolactone MW = 80000 g/mol
(440744 Sigma-Aldrich), Acetic acid (695092 Sigma-Aldrich), pyridine (270970 Sigma-
Aldrich), formic acid (1.10854 Sigma-Aldrich), glutardialdehyde (Nr-4995.1 Roth), B-
glycerophosphate disodium salt hydrate (G9422-50G Sigma-Aldrich), Glycine (1610718 Bio-
Rad), Ethylene glycol (324558-1L Sigma-Aldrich), Phosphate buffer salt (Sigma-Aldrich),
Formalin (HT501128-4L Sigma-Aldrich), sodium periodate (S-1878 Sigma -Aldrich).

2.2 Mesh fabrication by electrospinning

To produce nanofiber mesh 8wt% of PCL was dissolved in 0.05ml of formic acid and
acetic acid, and 0.006ml of pyridine. The solution was stirred for 2 hours at 40°C. The solution
was loaded into a 6ml syringe with 21G blunt tip and electrospun for 10 hours at 9kv at a
distance 7cm from the tip of the needle to the collecting plate. The fibrous layer was then

allowed to dry at room temperature for 24hours before cutting into the required shape.

2.3 Bioink preparation

The overall procedure is described in Figure 2. First oxidized alginate was synthesized
following the procedures outlined in [25]. Briefly 1.8g of Sodium alginate was dissolve with
DI water at room temperature until completely dissolved. A total of 0.18g of sodium periodate
was then added to the alginate solution and stirred for 1hour under dark conditions to obtain
oxidized alginate (OXA). To terminate the oxidation process 0.25 mL of Ethylene glycol was
added to the solution and stirred for 30mins. The resultant solution was subsequently
transferred into a dialysis membrane with a 15 kDa molecular weight cut-off, solution under
dialysis for 24 hours Fourier transform infrared (FTIR) analysis was conducted to verify the
oxidation of alginate (Nicolet iS10, Thermo Scientific). The pure stock solution was stored at
4°C until use.

HAP was added to the bioink previously prepared as described above for the bone region
(bottom layer) of the OC graft. To prepare this bioink, first 1ml of OXA (aqueous solution) was
mixed with 0.4ml of DI water in a tube. Then, 0.018g of HAP and 0.15g of B-glycerophosphate
disodium salt hydrate were added to the (OXA + DI Water). The solution was vortexed for 30
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seconds. To the prepared solution, 1ml of 12%w/v gelatine (aqueous solution) is added and
vortexed to obtain a homogenous solution. For the cartilage region (top layer) of the graft, the

12%w/v of gelatine (aqueous solution) and OXA (aqueous solution) was mixed in the ratio 1:1.

SOLUTION PREPARATION BIOINK PREPARATION

e e e e M “ . . = .
A Preparation of C Bioink for Bone Region

Oxidized Alginate (OXA) 1. 1mL of OXA is mixed with 0.4

mL of DI water

2. 0.018g of HAP and 0.15g of
B-glycerophosphate disodium
salt hydrate was added to
OXA solution in (1)

1. 1.8g of Sodium Alginate is
dissolved in 165 mL of DI
water

2. 0.18g of sodium periodate

is added and stirred Solution is vortexed for 30 s.
overnight in the dark Add 1mL of gelatin prepared
3. 0.25 mL of ethylene glycol in B3 to the solution prepared
is added to terminate in (3).
oxidation 5. \Vortex to homogenize
4. Dialysis via the membrane 6. Print the suspension

for 1 day in DI water
5. Solution is stored at 4°C
L__ untiluse. |
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2. 100 mL of DI water |
3. Solution is stored at 4°C

until use.

Figure 2: Bioink preparation for the printing of osteochondral

2.4 Fabrication of composite OC grafts
To fabricate our multilayer bioprinted composite scaffold, first, the prepared hydrogels were
placed into separate syringes and degassed for 30 seconds to get rid of the air bubbles in the
syringe. It was then transferred to an ice bath for 30 seconds and placed into the printing
cartridge. The grafts were printed with BioX 3D printer (CELLINK, Goteborg, Sweden) using
a temperature-controlled printhead and printing stage to ensure good printability conditions.
First, the bottom layer (bone region) of the graft was printed using the bioink for the bone region
(Figure 1C). For the implantation of the fibrous mesh representing the tidemark, the PCL
membrane was immersed in a gelatine solution for a few seconds until the surface of the

membrane was completely coated, and the coated membrane was placed on the printed bottom
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layer of the graft. The top layer (cartilage region) was immediately printed over the mesh using
a 27G nozzle. The overall printing process is shown in Figure 3.

After printing, the grafts were left to undergo cryogelation for 24 hours at -20°C and then
crosslinked in a 1% glutaraldehyde solution for 2 hours. To neutralize the aldehyde group, the
printed grafts were treated with 2%w/v glycine for 1 hour, followed by washing in DI water up
to 10 times. They were then immersed in a 0.2%w/v solution of sodium borohydride for 2 hours,

finally washed thoroughly up to 10 times with PBS, and lyophilized for further use.

1 Bio-printing the bottom Iayer} 2 Electrospinning middle laver 3 Bio-printing the top layer
(bone) (Interface + tidemark) (cartilage)

Electrospinaing THemark compenent

I ‘-»- | |/-é§ )
- I

e 3

o

Cartiage

Tidensark ri.; _.;:.i-':':-;r.'\:_: 2IN \lz U i
| Al :
Ben W "f‘ :%:
6  Thawing 5 Crosslinking 4 s

Figure 3: Fabrication of Composite Multilayer Osteochondral Graft

2.5 Rheological and thermogravimetric analysis of hydrogel
An oscillatory test (Anton Paar, MCR302, Graz, Austria) was performed for bioinks using two
50mm parallel plates to examine temperature dependence of the storage modulus (G') and loss
modulus (G") for temperatures between 10 and 40°C (n=3/group). The experiment was
conducted at a heating rate of 1(1C/min, frequency of 1 Hz, and shear strain of 1%. The shear-
dependent viscosities of the bioinks were characterized using a strain sweep test at a rate from
0.1 to 100 1/s (n=3/group). Thermogravimetric analysis (Netzsch DSC-TGA, Selb, Germany)
was performed on both Bioinks by heating up to 5000C from room temperature at 250C/min

(n=3/group).
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2.6 Pore diameter and fiber diameter distribution

Pore diameters and fiber diameters of the specimens were measured using Image-J
(NIH, USA) as described previously[53], [54]. Briefly, ten equally distanced lines were marked
on the SEM micrographs, and the diameters of fibers overlapping with the lines were measured.
The same procedure was followed to measure the diameter of the pores.

2.7 Swelling and Degradation test
The freeze-dried scaffolds were first weighed to establish their dry weight W(0), and then the
scaffolds were immersed in a 10mM PBS solution 24 hours. The swollen scaffolds were
retrieved at different time points (5hour and 24 hour) and weighed to obtain their final mass.
For this test n=3 and average were calculated. The swelling capacity was quantified using the
equation:

w()-w(o)

X
o 100

Swelling capacity (%) =

For degradation analysis, initial mass W(0) was determined by weighing dried scaffolds. Then
Scaffolds were immersed in PBS solution and incubated at 37°C with 5% CO2 for 21 days. At
various timepoints (1, 7, 14, and 21 days), 3 scaffolds each were retrieved and washed with DI
water to remove any residual PBS. Then Scaffolds were lyophilized overnight and then weighed
to determine final weight W(f). The degradation rate was obtained using the equation.

degradation rate (%) = %{Ig(f) x 100

2.8 Compression Test
The rabbits (8-10 month-old male) were obtained from a local abattoir, and the knee joints were
harvested to create cylindrical plugs (from the femoral bone) with dimensions of 3mmx3mm
(diameter x height). The specimens of the OC tissue and the grafts were compressed using
TA.XTplusC texture analyzer (Stable Micro Systems, U. K.) at a cross-head speed of 3mm/min
until complete deformation (n=5/group). The stress-strain curve and load compression curve

were plotted from the data obtained.

2.9 Scaffold/Tissue Morphology and EDX analysis
The fiber diameter and pore diameter distribution of the PCL mesh, as well as the morphology
of the grafts and native OC tissue, were observed using scanning electron microscopy (SEM,

JSM-IT200, JEOL). The specimens were coated with gold using the sputter coater
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(turbomolecular pumped coater Q150T, Quorum Technologies, East Sussex, UK) and
examined at accelerating voltages of 10kV and 5kV for PCL mesh and grafts, respectively, with
a probe current of 40pA. To prepare the osteochondral tissue for imaging, samples collected
from rabbit knee joints were placed in saline solution for 2 hours at 4°C and then fixed in
10%formalin overnight. The samples were further dehydrated in a graded ethanol series and
then dried before use. An EDX evaluation was performed on the grafts and tissues to determine
the mineral presence and distribution using the same instrument. An accelerating voltage of
20kV and a probe current of 60pA were used for the analysis.
2.10 Micro-CT Analysis

Fresh osteochondral tissue plugs were harvested from rabbit knee joints and tested immediately.
Since scanning takes several hours depending on the required resolution, the specimens were
kept hydrated during scan using a custom made chamber. The specimens were scanned using a
micro-CT machine (SkyScan 1272 micro-CT, Bruker, Billerica, MA, USA) with a voltage of
60kV, current of 60uA, binning of 2x2, total time of 16hrs, and Al filter of 0.5mm. A 3D image
reconstruction and bone mineral density (BMD) analysis were done using CVox and CTAn,

respectively (Bruker Micro-CT 3D-Suite).

2.11 Statistical Analysis
The swelling of the composite graft after Shrs and 24hrs, as well as the mechanical performance
of the grafts and the native tissue, were compared using a t-test, and significance was achieved
for p<0.05.
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Chapter 3 - Results

3.1 Rheology and Thermogravimetric analysis of the bioinks

Rheological analysis was conducted to assess the shear thinning properties and printability of
the gels (Figure 4A, B). The gelation points, where the storage modulus equals the loss modulus,
were determined as 28.7°C and 29.7°C, respectively, for the bottom layer (bone region
containing Gel+OXA+HAP) and the top layer (cartilage region containing Gel+OXA). Below
28.7°C, both inks exhibited viscoelastic properties with dominating elastic behavior (storage
modulus > loss modulus). Additionally, analysis of the hydrogel viscosity under varying shear
rates revealed shear thinning properties. As the shear rate increased, the viscosity of the inks
decreased, indicating favorable characteristics for a 3D extrusion printing.

The TGA performed on both hydrogel bioinks verified the presence of HAP in the ink
representing the bone region. In Figure 4C, the weight of both materials exhibited an immediate
weight reduction around 100°C attributed to water evaporation. When the temperature reached
500°C, the remaining weight of the cartilage region (Gel+OXA) decreased to 1.62+0.06%. In
contrast, the bioink representing the bone region (Gel+OXA+HAP) retained its weight of
5.11+0.08%. The difference between the average values is 3.49% and gives us the remaining
percentage of non-decomposing components (HAP, B-glycerophosphate disodium salt hydrate,
and polymers) at 500°C in the ink for bone region. The percentage of HAP as calculated from
the raw materials (Figure 1) is 0.70%. The bone and cartilage parts of the native OC tissue had
a non-decomposing material content of 48.4+1.2% and 4.94+0.72% at 500°C, respectively
(Figure 4D).
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Figure 4: Characterization of bioinks and the OC tissue (n=3/group, error bars denote
STD). (A) Temperature dependence of storage and loss moduli, (B) shear dependence of
viscosity, TGA analysis, (C) for determining the HA content in the composite graft, and (D)
mineral content of native tissue.

3.2 physiological characterization of composite graft
SEM micrographs shown in figure 5A and 5C reveal interconnected porous structure of the
grafts while randomly aligned fibres can be seen in figure 5B.The top layer of the scaffold
representing the cartilage region had pores with sizes ranging from 50um to 400um, while the
bone region had pore sizes ranging from 40um to 500um, as shown in Figure 4D and 4F.. The

electrospun PCL mesh used as the tidemark region has a fibre diameter ranging from and a pore

from about 0.1um to 0.7pm (figure 5E).
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Figure 5: SEM micrographs depicting morphological structure of the layers of composite
graft and electrospun mesh representing the tidemark. (A) SEM micrograph of the top layer
(representing cartilage region, Gel+OXA), (B) SEM micrograph of fibrous mesh
representing the tidemark, (C) SEM micrograph of bottom layer (representing the bone
region, Gel + OXA+ H20+ p-GP+HAP), (D-F) pore diameter distribution of top layer,
fibrous mesh and bottom layer, and (E) diameter distribution of PCL fibers. Error bars
represent standard deviation (n=3/group).

3.3 Oxidation of alginate, swelling and degradation of grafts

Composite grafts were subjected to swelling and degradation tests for 24 hours and 21 days,
respectively (Figure 6). Results of the swelling test showed that grafts swelled (absorbed water)
by 654% and 633% after 5 hours and 24 hours of incubation time, respectively (no significant
difference, p>0.05). Figure 6B demonstrates the degradation of composite grafts for a period
of 21days. Overall, more than 25% of the graft degraded after 21 days. Oxidation of the alginate
was verified with a characteristic aldehyde peak seen at 1734.7 1/cm (Figure 6C).
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characterization of the bioinks. Error bars indicate standard deviation (n=3).

3.4. Mechanical characterization

Compression tests were carried out on composite grafts and OC tissues harvested from the knee
joint of rabbits. As depicted in Figure 7A&C, the stress-strain response of the native OC tissue
exhibited a capacity to endure a compressive stress of 24.4+3.9MPa when strained to
14.4+0.03%, whereas the graft could withstand a stress of 2.7£1.8MPa. Notably, the grafts
sustained a longer strain, reaching an ultimate value of 37.3+3.8%. Moduli of the native OC
tissue and the graft were found as 1.8+0.1MPa and 0.07+0.05MPa, respectively. For load-
compression characteristics, as illustrated in Figure 7B&C, a load of 37.4+6.3N was needed to
compress the OC tissue by 0.6mm. Similarly, the graft was subjected to a load of 21.0£9.0N
when compressed by 2.6mm for complete deformation. The stiffness values of the OC tissue
and the graft were 83.3+1.9N/mm and 5.60£2.85N/mm, respectively. The cross-sectional area

of the OC tissue specimens and the grafts were measured as 1.81+0.06mm? and 6.57+0.82mm?,
respectively.
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3.5 Mineral presence and distribution
Mineral presence and distribution were determined using EDX mapping and micro-CT analysis.
Macroscopic observation of the OC tissue (Figure 8Al) or SEM image (Figure 8A3) are
informative but not sufficient to claim the presence of minerals. EDX elemental mapping of
native tissue for phosphorous (P) and calcium (Ca) showed the presence of minerals in the bone
region, while no mineral presence was visualized in the cartilage region (Figure 8A2). Similarly,
the gross observation of the 3D printed OC graft (Figure 8B1) and its SEM micrograph (Figure
8B3&4) show different layers; however, do not provide data for the presence of minerals. Its
elemental mapping, on the other hand, showed mineral presence in the bone region, with no

minerals in the cartilage region (Figure 8B2).
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Figure 8: Mineral presence and distribution in the OC tissue and grafts. (Al, B1) optical
images, (A2, B2) EDX elemental mapping, and (A3, B3) SEM micrographs of native OC
tissue and composite graft. (B4) magnified image of the interface between the layers. P:
phosphorous and Ca: calcium for A2 and B2.

Reconstructed micro-CT images of the graft (Figure 9A) and native OC tissue (Figure 9B)
showed a structural similarity. They both had a cartilage region on the top, an interface, and a
bone region at the bottom. Visually and qualitatively, it is possible to differentiate the layers of
cartilage and bone for both native OC tissue and graft as depicted in Figure 9A-C. However, in
this study, the aim was to create a gradient of minerals in the graft to mimic the mineral
distribution observed in the native OC tissue. It is seen in Figure 9D that the BMD, i.e., mineral
concentration, is increasing as traveled from top (adjacent to cartilage) to bottom (adjacent to
bone), as expected. The mineral density plateaued at both ends, while a gradual change was
observed within the interface region. The thickness of gradient of the mineral concentration was
found as 151um. It should be noted that the mineral concentration does not represent the actual
amount of mineral content because the instrument was not calibrated for this purpose. The
native OC tissue possessed higher mineral density (ranging between 4.44+1.44 and 17.98+5.85)
as compared to the graft (ranging between 1.80+0.17 and 2.86+0.16) as shown in Figure 9D&E.
The lower mineral content characterized in the graft is due to the processing capacity of the 3D

bioprinter.
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tissue and composite graft. (B4) magnified image of the interface between the layers. P:
phosphorous and Ca: calcium for A2 and B2.
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Chapter 4 - Discussion

The intricate nature of the native OC tissue poses challenges in fabricating scaffolds that
accurately replicate its structure. Despite the pivotal role of the tidemark within OC tissue, this
component of the tissue has been inadequately addressed in over ninety percent of studies
published in the past decade, and successful regeneration of the tidemark component remains
unreported[1], [8]. In this study, our main objective was to design and fabricate a graft that can
closely mimic the distance of the gradient of minerals and the tidemark seen in the native tissue.
To achieve this, graft for OC tissue were fabricated using two distinct hydrogel compositions
for each tissue region (bone and cartilage). The hydrogels employed consisted of gelatine+OXA
for the cartilage region and gelatine+OXA+HAP for the bone region. To replicate the structure
of the tidemark, an electrospun polycaprolactone (PCL) membrane was placed between two 3D

bioprinted grafts representing the cartilage and bone regions.

The gelation points and printability of both hydrogels was initially assessed through rheological
analysis. As depicted in Figure 4A, it was observed that around 29°C, the storage modulus
equaled the loss modulus in both hydrogels, indicating a similar gelation point for both
materials. The addition of hydroxyapatite (HAP) to the hydrogel for the bone region did not
significantly alter its gelation properties. Also, hydrogel when subjected to shear stress
exhibited a non-Newtonian behavior. As seen in Figure 4B, shear rate increases with decrease
in velocity. This behavior suggests that hydrogel can be extruded from the nozzle and upon
pressure release printed shape can be maintained. Suggesting their suitability for smooth

extrusion in 3D printing applications [55].

A TGA analysis was conducted on the bioinks to validate the presence of HAP in the composite
scaffold. TGA is a very convenient method to determine the mineral content in native tissues
as well as in the mineralized structures because minerals, including hydroxyapatite, still remain
in the structure when heated up to 500°C, a temperature at which most of the organic materials
fully decompose[56], [57]. In this study, the TGA verified the presence of around 3.49%
undecomposed material, which is mostly HAP and B-glycerophosphate disodium salt hydrate.
Considering the negligible decomposition of HAP and around 45% by weight decomposition
of the latter at 500°C[56], calculations based on the formulation of the Gel+OXA+HAP bioink
yielded a value of 3.62% remaining undecomposed material, which is close to 3.49%

determined by TGA analysis.
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As indicated in figure 5, SEM micrographs showed porous interconnected scaffolds with
varying pore sizes. The top layer representing the cartilage region had smaller pores with peak
diameter of 160um compared the bone region with 250um. Although similar compositions were
used for both regions the difference in the pore size can be attributed to the presence of DI water
in the hydrogel composition used in the down layer that formed pores upon freeze-drying. The
porosity of the electrospun fiber was shown to be between 0.1um to 0.7um. The tidemark in
native tissue not only serves to a region that separates calcified and uncalcified cartilage but
also functions as a barrier against the invasion of blood vessels into the uncalcified cartilage
region. This property aligns with one of the key characteristics of articular cartilage found in
osteochondral (OC) tissue. Due to the small size of the pores in the electrospun fiber, scaffolds
can effectively prevent blood vessel penetration in vivo. This characteristic enables the scaffold
to function as the tidemark in vivo, facilitating the formation of articular cartilage rather than
fibrocartilage, which typically results from blood vessel infiltration into the cartilage[1].

The grafts fabricated in this study swelled within the first 5 hours and maintained their behavior
for 24 hours. This demonstrates the potential of the grafts to be used as filler grafts for OC
defects. As commonly accepted by the orthopedics community, a significant challenge with the
use of grafts in OC defects is the formation of an interface between the graft and the host tissue
due to poor biological integration [58]. Therefore, swelling of the hydrogel upon its insertion
into the defect size may improve the integration between the graft and the host tissue by

applying pressure onto the layer of connection

The degradation test conducted revealed that scaffolds maintained its integrity after 21 days of
immersion in PBS and around 75% of grafts remained ed intact after 21 days of test. This result
suggests that the use of oxidized alginate helped reduce the degradation of the hydrogel and that
grafts can be safely and appropriately used for in vivo applications to maintain the integrity of
the structure during tissue regeneration. A previous work investigated the oxidation of alginate
to modify the degradation rate of alginate-based bioinks for cartilage tissue engineering
applications[59]he rate of degradation was found to be highly dependent on the oxidation level
of the bioink. The study also reported that the initially printed geometry was maintained

throughout a 4-week in vitro culture period.

When subjected to compression test, the grafts exhibited inferior mechanical resistance as

compared to the native tissue in terms of stress, modulus, load and stiffness. Despite this poor
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performance of the grafts, it is still possible to claim the suitability of the grafts for the intended
application because implantation of the graft to the defect site in vivo would eventually result
graft’s invasion by the host cells from the respective zones of the OC interface. The cells would
then synthesize the ECM components to improve the mechanical properties as the tissue

regenerates.

To evaluate the mineral presence and distribution across the interface from cartilage to bone,
EDX and micro-CT scans were performed on osteochondral tissue from the femur and the
constructed osteochondral graft. As depicted in Figure 9, the cartilage region of the graft was
free of minerals, while the bone region was stained for the presence of P and Ca (Figure 9B2).
This characteristic of the graft was similar to that of the native OC tissue (Figure 9A2). In
addition, the electrospun mesh placed to serve as the tidemark was clearly evident at the
interface between cartilage and bone regions of the graft (Figure 9B3&4). To have a closer look
at the change of mineral (HAP) concentration as a function of thickness from cartilage to bone,
a micro-CT scan was performed on the native OC tissue and the graft. As shown in Figure 8,
the distance of the gradient of mineral concentration in the graft was similar to that seen in the
native OC tissue. Both specimens exhibited a thickness gradient of 151um. The mineral
concentration plateaued at both ends of the curve of the gradient, indicating a constant mineral
content for bone and no mineral for cartilage (if the instrument readings were calibrated based
on the mineral content of the cartilage). The mineral distribution achieved in the graft suggests
that the graft has the potential to support simultaneous osteogenic and chondrogenic activities
both in vitro and in vivo. Creating a gradient of mineral concentration in scaffolds/grafts to
mimic the change of minerals in the native OC tissue has been previously attempted by different
research groups [1], including us [60]. However, a physiologically relevant thickness gradient
of mineral concentration with this precision has not been achieved in a controlled manner.
Therefore, the results of this study are expected to significantly contribute to the orthopedic-
related research efforts to find a solution to a disease affecting around 250 million people over
the age of 50, worldwide.
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Chapter 5 - Conclusion

The OC graft fabricated using combined bioprinting and electrospinning techniques
demonstrated a potential to serve as a biomimetic hydrogel filler for regenerating OC defects to
restore the function of the knee joint. A physiologically relevant thickness gradient of mineral
concentration with high precision has been achieved in a controlled manner. It is expected that
the proposed osteochondral graft will be effectively used to address a significant clinical
problem that affects millions of people worldwide, with significant societal and economic

impacts.
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