Fabrication of Multizonal Scaffolds for Osteochondral Tissue Repair

A thesis presented to
the faculty of

the Russ College of Engineering and Technology of Ohio University

In partial fulfillment
of the requirements for the degree

Master of Science

Brett M. Hannon
May 2023

© 2023 Brett M. Hannon. All Rights Reserved.



This thesis titled

Fabrication of Multizonal Scaffolds for Osteochondral Tissue Repair

by

BRETT M. HANNON

has been approved for
the Department of Chemical and Biomolecular Engineering

and the Russ College of Engineering and Technology by

Mei Wei

Professor of Mechanical Engineering

Maj Mirmirani

Interim Dean, Russ College of Engineering and Technology



Abstract
HANNON, BRETT M., M.S., April 2023, Biomedical Engineering

Fabrication of Multizonal Scaffolds for Osteochondral Tissue Repair

Director of Thesis: Mei Wei

A study on a solution to repair osteochondral defects was investigated. This work
contained the use of a novel collagen-based biomaterial that was structured to mimic the
composition and structure of osteochondral tissue. Collagen extraction from the bovine
achilles was optimized in terms of atelocollagen yield and stability. It was found that
collagen enzymatically digested at a 1.25:10 pepsin to tendon weight ratio in the superior
tendon region, gave optimal results in terms of atelocollagen quantity and hydrogel
formation. Mineralized collagen scaffolds were fabricated to reflect the composition of
subchondral bone. Controlled freezing was applied, which successfully oriented collagen
fibers mimicking those in each native zonal tissue. Multiple approaches were attempted
to replicate the collagen orientations of osteochondral tissue, ultimately a T-shaped mold
was designed to guide directional freezing, resulting in an anisotropic scaffold structure.
Native composition of bone hydroxyapatite and cartilage hyaluronic acid were also taken
into consideration when fabricating such multizonal scaffolds.
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Chapter 1 - Background
1.1. The Material Cartilage
1.1.1. Cartilage Composition and Structure
ICartilage, a support mechanism of the musculoskeletal system, is a flexible
connective tissue that provides support and durability. Hyaline cartilage is the most
common type of cartilage found in the human body (Poole et al., 2001). It contains
primarily Type II collagen and is characterized by its lack of lymphatic vessels and
avascularity giving a semitransparent appearance at its fresh state (Mescher, 2013; Poole
et al., 2001). Articular cartilage is composed of hyaline cartilage which is located at the
surfaces of joints and is surrounded superficially by a lubricant to reduce friction between
adjacent bones. Its functions include transmitting mechanical loads at the joint location and
aiding in bone movement (Wei & Dai, 2021). Articular cartilage only contains a total cell
volume of approximately 2%. The remainder is occupied by the extracellular matrix (ECM)
which is synthesized by chondrocytes (Poole et al., 2001). The ECM consists of water (68-
85% of wet weight), collagen (60-85% of dry weight), proteoglycan (15-40% of dry
weight), and some other minor proteins (Bhosale & Richardson, 2008; Chen et al., 2006;
Huber et al., 2000).
Articular cartilage is composed of four separate layers which consist of: superficial,
transition (middle), deep, and calcified cartilage layer as shown in Figure 1. Starting with

the outermost layer, the superficial zone, it is in contact with the synovial fluid of the

! Portions of this work appeared in Yu, L., Cavelier, S., Hannon, B., & Wei, M. (2023). Recent
development in multizonal scaffolds for osteochondral regeneration. Bioact Mater, 25, 122-159.
https://doi.org/10.1016/j.bioactmat.2023.01.012
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articular joints. The layer is divided into the lamina splendens and a cellular layer. The
lamina splendens are part of the friction free surface and allow for joint mobility (Baumann
etal., 2019). The cellular layer contains the highest amount of water and chondrocytes, and
the collagen fibers are highly organized. The superficial zone consists of approximately
10-20% of the overall thickness of the cartilage (Sophia Fox et al., 2009). Deeper to the
superficial zone, the largest zone of cartilage, is the middle layer. This layer differs from
the superficial zone by having much thicker and organized obliquely collagen fibers
(Sophia Fox et al., 2009). The main function of the layer is to support in resisting
compressive forces applied on the articulating surfaces (Temenoff & Mikos, 2000). The
middle zone consists of approximately 50% of the depth in cartilage (Baumann et al.,
2019). Beneath the transitional zone is the deep zone. This zone is composed of collagen
fibers that are the largest in diameter and are perpendicular to the cartilage surface. The
organization of collagen is designed to resist against compressive forces applied to the joint
(Sophia Fox et al., 2009). The deep zone consists of approximately 30% of the depth in
cartilage and has the lowest amount of water between the zones at an estimated 65%
(Baumann et al., 2019). Below the deep zone is the calcified cartilage layer, which is just
above subchondral bone. Calcified cartilage is approximately 20 to 250 microns thick
(Baumann et al., 2019). This layer combines characteristics of articular cartilage and
subchondral bone for the purpose of aiding in the reduction of stress concentrations
between the two (Temenoff & Mikos, 2000). This layer also contains a tidemark, as shown
in Figure 1.1, that is permeable to small nutritional solutes to perform the task of

maintaining the microenvironment between the deep layer and the calcified cartilage layer
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(Temenoff & Mikos, 2000). The calcified cartilage layer has a unique role of anchoring

collagen fibrils from the deep zone to the subchondral bone (Sophia Fox et al., 2009).

Articular surface

Zones
.4;,'7’
(7~
Superficial 7 7
tangential (10%-20%) —| S et i Uy ;’,/f/, g

Middle (40%-60%)

Tide mark

Deep (30%)
Calcified cartilage —C

Cancellous
bone

Subchondral bone

Figure 1.1. Articular cartilage layers with collagen fibers and chondrocytes organization
and orientation (Killen & Charalambous, 2020).

1.1.2. Current Practice for Cartilage Repair and Regeneration

Articular cartilage lesions are one of the most encountered patient conditions in
orthopedics. Once an osteochondral unit defect occurs, progression of the defect can lead
to osteoarthritis (Baumann et al., 2019). Osteoarthritis can cause serious disability and pain
to those it affects. It can be caused by genetic predisposition and/or can be induced by
obesity, trauma, and normal wear and tear on the joints (Baumann et al., 2019). As
osteoarthritis progresses, articular cartilage degenerates leading to painful bone-on-bone
interactions. Cartilage injuries have been classified to the five main categories which
include: normal chondral tissue (Grade 0), swelling of chondral tissue (Grade I), partial
thickness chondral defects (Grade I1), full thickness chondral defects (Grade III), and full
thickness osteochondral defects (Grade IV) (Deng et al., 2019; Pereira et al., 2018;

Temenoff & Mikos, 2000). In partial thickness defects, damage has been found at the
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cartilage surface but does not extend to the subchondral bone. If such extension occurs,
nearby cells proliferate, but it remains unclear the reasoning why cells attempt to fill the
defect before it is repaired (Temenoff & Mikos, 2000). Full thickness chondral defects are
involved with damage that extends across the entire cartilage thickness and stops at the
subchondral bone plate (Pereira et al., 2018). In this injury, progenitor cells from bone
marrow migrate to the damaged location to fill in the defect (Temenoff & Mikos, 2000).
This causes the tissue to be less stiff and more prone to degradation over time. A full
thickness osteochondral defect fissures through all cartilage and into subchondral bone.
Treatment for each of these injuries varies by severity of defect and the individual patient’s
basis.

Cartilage repair and regeneration can be defined as restoring damaged tissue with
new tissue as if it resembles the same composition, structure, and function (Seo et al.,
2014). Some methods that have been studied including cell sourcing repair, cartilage
restoration and regeneration, regeneration enhancement, and cartilage transplantation using
autografts and allografts.

Cell sourcing repair is a process of using cells from a specific source to aid in
osteochondral repair. The source must be easy to maintain and manipulate in vivo and have
no limitations in accessibility. Some examples resources that are used are stem cells, such
as mesenchymal stem cells (MSCs), and tissue-specific cells, such as chondrocytes or
osteoblasts (Seo et al., 2014). Stem cells MSCs have been widely studied due to their high
availability and capacity for differentiation and proliferation of osteochondral tissue repair.

Tissue specific cells have also been a promising cell resource in osteochondral repair, but
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without the use of osteochondral inductive factors, synthesis of each tissue has been
difficult to attain (Seo et al., 2014).

Cartilage restoration and regeneration has been primarily attempted on patients
with smaller lesions. The methods include replacement tissue grafts or assessing techniques
that support native repair process in cartilage (Temenoff & Mikos, 2000). Cartilage
regeneration is mainly used to combat the need of a donor site. This can be completed by
enhancing the intrinsic regenerative properties of the tissue or transplantation of extra
chondrocytes to aid in forming more tissue (Buckwalter & Mankin, 1998). Due to the
complex structure of articular cartilage, restoration to its fully normal state is difficult to
achieve (Baumann et al., 2019).

The most common treatment for cartilage repair and regeneration is regeneration
enhancement (microfracture). This process involves penetrating the subchondral bone, thus
creating a full thickness chondral defect. Once a clot forms over the bone surface, migration
of native stem cells eventually transform into chondrocytes and osteocytes (Buckwalter &
Mankin, 1998). Although outcomes of this treatment vary from creating fibrocartilage,
hyaline cartilage, or even no cartilage, it has a small chance of harming the patient
(Buckwalter & Mankin, 1998). A setback being, if hyaline cartilage is created, the
mechanical properties and durability are less than the original tissue (Buckwalter &
Mankin, 1998).

In cartilage transplantation of autografts, previous patients have had replaced
localized regions of damaged cartilage surfaces with autografts vested from patella,

femoral condyle, and proximal fibula (Temenoff & Mikos, 2000). The long-term results of
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cartilage autografts have not been studied thoroughly, but generally there is limited
availability for sites of harvest. This also restricts the treatments to smaller defects in
cartilage and still raises concerns to the healing of the chondral portion of the auto graft to
the adjacent cartilage (Temenoff & Mikos, 2000). Due to greater availability,
osteochondral allografting is a more frequently used method. Studies have shown that fresh
and frozen allografts can decrease joint pain (Gross et al., 2008). Additionally, the osseous
section of the graft successfully heals to the host bone and the chondral section can perform
normal to the articular cartilage surface (Temenoff & Mikos, 2000). A study on fresh
osteochondral allograft specimens was conducted at Mount Sinai Hospital, University of
Toronto. In the study, 126 fresh osteochondral allografts were used to treat posttraumatic
osteoarticular defects in the knees of 123 patients. A 95% survival rate at 5 years, 80% at
10 years, and 65% at 15 years was reported (Gross et al., 2008). Another research on
arthroscopic transfer of osteochondral allografts reported favorable results in frozen
osteochondral allografts due to allowing time for testing of the donors for viral and
bacterial infections (Buckwalter & Mankin, 1998). However, there are concerns with
allogeneic and autogeneic implants that may compromise the patients immunology
(Buckwalter & Mankin, 1998). Overall, cartilage transplantation of allografts seems to
provide effective treatment for defects and degenerative involved in articular cartilage.

The future of cartilage grafts can be seen on the side of synthetic implants: many
commercialized products are currently available or progressing through clinical trials for
articular cartilage repair. For instance, NeoCart® from Histogenics, is a type I collagen

scaffold that completed phase III of its clinical trials. 29 of the patients showed significant
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improvements from a 5-year follow-up. However, 80% of the patients developed
subchondral bone lesions such as, edema, cysts, sclerosis, and hypertrophy. Along with
14% of the patients showed no improvement from an MRI. These issues are suggested to
be related to the removal of the calcified cartilage layer before implantation (Jiang et al.,
2020). A product that is sold in European countries, Turkey, Iran, and China is CaReS®
by Arthro Kinetics Biotechnology GmbH. This product involved using collagen type I
hydrogels as scaffolds. In addition, the scaffold uses primary autologous chondrocytes as
seed cells. From a short form survey (SF-36), functional knee scores were improved
significantly from the baseline. However, low implant cell density resulted from the use of
primary chondrocytes, which could negatively influence the effect of the cartilage
regeneration (Jiang et al., 2020).

The parameters for successful cartilage repair and regeneration include (i)
Biocompatibility and osteoconductivity: surface quality that promotes adhesion, negative
immune response from the host, and growth of cells. The material must not induce an
inflammatory tissue reaction or toxicity. (ii) Three-dimensional structure must be
reproducible at large scale for the market. Porosity should be at least 90% to promote
regeneration of the extracellular matrix. (iii) Material net should be replaced by natural
tissue after serving its function. The degeneration rate must be in control to regulate
regeneration rate of the desired tissue (Wirth & Rudert, 1996). (iv) Mechanical properties
that can be obtained by cartilage regeneration from scaffold. Unfortunately, the ideal

cartilage graft that satisfies all these conditions does not exist currently.
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1.2. Collagen

1.2.1. Collagen Type I Structure and Properties

In hyaline cartilage the predominant collagen found is type II (Miosge et al., 2004).
The loss of collagen type II and aggrecan has been primarily responsible for osteoarthritis
and other hyaline cartilage diseases (Miosge et al., 2004). In contrast, collagen type I has
been found in all stages of osteoarthritis, but especially in later stages as the disease
progresses (Miosge et al., 2004).

Collagen type I is the most abundantly existing collagen. 70% of collagen found in
the body is type I collagen (Xu et al., 2021). It is the basic building block of the structure
in extracellular matrices, which are packed with collagen fibrils and fibril bundles that can
be up to several hundred micrometers in diameter (Christiansen et al., 2000). The most
common places that it can be found are in skin, ligaments, bone, and tendons. Each of these
components of the body vary by strength, stiffness, and toughness, thus demonstrating how
versatile collagen type I is for different applications (Fratzl, 2008). The basic structure of
collagen contains three polypeptide «x-chains which each consist of 1000 or more amino
acids (Friess, 1998). These polypeptide chains form into triple helical protein chains
(Fratzl, 2003). In collagen type I, the collagen molecule contains two polyproline-II «-
chains which are identical, while the third heterotrimeric o-chain is homologous and
chemically distinct (Parry, 1988; Xu et al., 2021). The polyproline-II «-chains are
terminated by a short non-triplet-containing sequence called telopeptides (Parry, 1988).
These telopeptides contain residue of hydroxylysine which are involved in the stabilization

of molecular covalent cross-links (Parry, 1988). Collagen architecture organizes in four
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levels of hierarchy which include: tendon fiber, fascicles, fibrils, and molecules. Collagen
molecules are approximately 1.3 nm in diameter and 300 nm in length, as shown in Figure
1.2.d. Collagen molecules are assembled into collagen fibrils which range from 50-500 nm
in diameter as shown in Figures 1.2.a and 1.2.c. The collagen fibrils are joined by a matrix
with proteoglycans (Fratzl, 2003), which promote their assembly into 50-300 um wide
fascicles shown in Figures 1.2.a and 1.2.b. The collagen fascicles then make up the

structure of a tendon fiber as shown in Figure 1.2.a (Fratzl, 2003).

Diameter of

Collagen molecule

1.3 nm \J/ M \ JE"‘
Coltagen fibnil V}*‘E'S:o_%»" \‘
50-500nm \ /

Fascicle
50 - 300 pm

Tendan fibre
100 - 500 ym

(d)

Figure 1.2. (a) Structure of collagen molecule to a tendon fiber. (b) Collagen fascicle
structure. (c) Collagen fibril structure. (d) Collagen molecule structure (Fratzl, 2003).

A study, from the University of Medicine and Dentistry of New Jersey
(Christiansen et al., 2000), was conducted by comparing collagen fibril diameters and their
mechanical properties. The tests were performed for different pH, temperatures, and
diameters. The results showed the most optimal mechanical properties were in acidic

conditions (pH < 7.0) and temperatures lower than 30°C (Christiansen et al., 2000). Studies
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have also demonstrated greater resistance to deformation of collagen fibrils at high strains,

rather than low strains.

1.2.2. Use of Collagen Type I for Biomedical Applications

Collagen, a versatile substance in the medical field, can be used in many forms for

many different applications as shown in Table 1.1.

Table 1.1. Examples of collagen applications in the biomedical field (Rezvani Ghomi et

al., 2021)

Collagen as a Biomaterial

Form

Applications

Gel

Sponge

Hollow fiber tubing

Sphere

Membrane

Cosmetic skin solutions
Drug delivery

Vitreous substitution
Surgery

Coats for prostheses

3D cell culture

Wound dressing
Hemostatic agent

Skin substitution

Drug delivery

Bone repair (rigid form)
Cell culture

Nerve regeneration
Microcarrier for cell culture
Drug delivery

Drug delivery

Dialysis

Tissue regeneration
Eye shield (cornea)

Skin adhesives
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Collagen based biomaterials can be used to enhance, maintain, or substitute
biological tissues or organs to override the biological response of the damaged structures
(Rezvani Ghomi et al., 2021). Collagen based scaffolds have become very popular in bone
regeneration, cardiovascular repairs, and cartilage regeneration due to their biological and
mechanical properties (Rezvani Ghomi et al., 2021). Some of the applications with
collagen to be further discussed are tissue engineering, bone substitution, and drug
delivery.

A variety of materials are used in biomedical applications such as metals, silicones,
ceramics, polyglycolic acid (PGA), polylactic acid (PLA), copolymers, and natural
polymers. Collagen based biomaterials separate from these materials by their
biocompatibility (Muthukumar et al., 2018). Due to native collagen biological properties,
it is provoked to function as a cell scaffold for tissue engineering application (Muthukumar
et al., 2018). Fabrication of porous and dense collagen membranes have been carried out
by processes of air-dry and freeze drying. Collagen and fibrin in hydrogel scaffolds have
played an important role in promoting differentiation on adipose stem cells (Muthukumar
et al., 2018).

In addition, collagen has been beneficial in the treatment of the cardiovascular
system pathologies. Two main issues that arise in vascular disease are cardiovascular
malfunction and venous/arterial pathologies. Tissue engineering solutions, in terms of heart
diseases, rely on acellular matrix colonization and implantation of the heart (Parenteau-
Bareil et al., 2010). An approach that has been developed at the LOEX group by Auger,

involves using the patient’s own cells to reconstruct living tissue-engineered blood vessels
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(L'Heureux et al., 1998). The strategy consists in using human fibroblasts to create an
extracellular matrix from their own collagen. The fibroblast sheet is then rolled into a
tubular formation to produce a living vessel with ideal mechanical strength and biological
properties. This tissue-engineered blood vessel has been successfully grafted on patients.

Another important application of collagen scaffolds is bone tissue engineering. The
main composition of bone consists of collagen, calcium phosphate, water, and proteins.
When a bone is dramatically damaged and cannot heal itself, one strategy is to replace the
defect by a synthetic bone graft, such as a collagen based scaffold, to maintain its
mechanical integrity (Rezvani Ghomi et al., 2021). Collagen based scaffolds are necessary
when osteochondral defects reach a certain volume or when an autograft must be avoided
due to pathological or practical reasons (Parenteau-Bareil et al., 2010). Theses bone grafts
rely on the hardening of collagen as biomaterial by mineralization of calcium phosphate
and crosslinking with other substances such as hydroxyapatite (Parenteau-Bareil et al.,
2010). The collagen-based bone grafts are popular due to bone forming efficacy and
promotion of cell growth.

1.3. Multizonal Scaffolds Fabrication

1.3.1. State-of-the-Art of Multizonal Scaffolds

Multizonal scaffolds have been a gold standard for treatment of osteochondral
repair. This process involves several different layers which can mimic the subchondral
bone, deep, transition, and superficial layers of articular cartilage. Each layer varies by
lamellae orientation and composition of the extracellular matrix macromolecules

throughout the tissue (Clearfield et al., 2018). Many groups are progressively working
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towards a solution composing of polymers, metals, and collagen. Recently, the Tamaddon
et al. 2021 group, fabricated a trilayered scaffold for osteochondral repair. The design
involved a Ti6Al4V alloy matrix serving as the osseous zone, an ultrasonic welded PLA
zone acting as the calcified cartilage component, and a polylactic-co-glycolic-acid
(PLGA)-collagen casted section serving as the cartilage layer (Tamaddon et al., 2022). The
Ti6Al4V alloy and PLA zones were 3-D printed via direct metal laser sintering and fueled
deposition modeling. Another group from the Carl Gustav Carus Medicine and University
created a multi-layered scaffold based on 3D bioplotting. Their design included a three
layer scaffold that consisted of calcium phosphate cement (CPC) and alginate-
methylcellulose (algMC). The superficial layer was primarily composed of algMC, the
osseous layer primarily consisted of CPC that was seeded with osteogenic cells, and the
calcified cartilage layer was fabricated as an interwoven network between each of the
materials, algMC and CPC (Kilian et al., 2020).

1.3.1.1.  Advantages
Besides the microstructural and mechanical properties of mineralized collagen
scaffolds, a main advantage of multizonal structure, resides in its anisotropy. Many
biomaterials for osteochondral repair are isotropic. When anisotropic matrices are
implemented, this structure recapitulates the zonal layers of osteochondral tissue

(Clearfield et al., 2018).
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1.3.1.2.  Current Limitations

Though there are many advantages to multizonal scaffolds, there are some
limitations with this method of articular cartilage repair. Donor site morbidity and limited
quantity of host tissue causes integration issues between the host and graft tissue
(Levingstone et al., 2014). Proper chondrogenesis and mineralization of the cartilage and
subchondral bone layers also is an issue between many modern solutions (Jia et al., 2018;
Kilian et al., 2020). In addition, the degradation of the graft tissue arises as an issue
(Levingstone et al., 2014). Commonly used metals, such as titanium alloy, for subchondral
bone defects will not degrade long-term (Tamaddon et al., 2022). Which is not practical
for all instances, especially small osteochondral defects. Previously reported mechanical
properties are not comparable to natural cartilage in tension or flexion. In addition, many
solutions do not properly mimic the native cartilage collagen orientation.

1.4. Objectives of the Thesis

1.4.1. Hypothesis

The main objective of this work is to create a bovine type I collagen-apatite
composite, multizonal scaffold that mimics the structure and composition of each
individual zone of the osteochondral tissue. We want to verify the hypothesis that a
multizonal scaffold can meet the requirements.

1.4.2. Short-Term Goals

The short-term goals for this study would include:

e Identification and extraction of bovine type I collagen suitable for scaffold
fabrication.
e Fabrication of mineralized scaffolds with the following properties:
o Controlled porosity and lamellar architecture.
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Fabrication of multizonal collagen-based scaffolds that satisfy the following:
o Mimics the anisotropic structure of each zone in the osteochondral tissue.
o Mimics the composition of each zone in the osteochondral tissue.
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Chapter 2 - Extraction of Bovine Achilles Collagen Type I
2.1. Introduction

Collagen type I can be extracted from several sources including; marine origin,
bovine, rodents, avian, porcine, and humans (Rezvani Ghomi et al., 2021), and collagen is
obtained via a chemical or enzymatic hydrolysis. In this study, bovine collagen type I is
selected due to its abundance, and good structural and mechanical properties. The
extraction and purification of bovine collagen type I involves the use of enzymes to break
down non-collagenous proteins and other components of the tissue, followed by
purification methods, such as precipitation and chromatography. Nevertheless, bovine
collagen has significant composition variability in raw bovine tissue, so the extraction and
purification of bovine collagen type I is a critical step determining its usefulness in forming
tissue engineering scaffolds for biomedical applications. Bovine collagen has some
advantages comparing to other sources, including large collagen fiber diameters, and high
strains and high force at break (Zeugolis et al., 2008). It is believed that these high
mechanical values are a result of the bovine achilles everyday function, withstanding high
amounts of loading very frequently.

The extraction of bovine collagen type I typically begins with the acquisition of
raw bovine tissue, such as skin or tendons (Aukkanit & Garnjanagoonchorn, 2010; Ju et
al., 2020). Before the extraction a pretreatment must be performed using an acid or alkaline
process to remove non-collagenous substances. This process varies based on the origin of
material being used. During the chemical hydrolysis, weak acids, such as acetic acid, citric

acid, lactic acid, and inorganic acids, are commonly used. This process is used to break the



27
inter-strand cross-links of collagen and increase solubility of collagen (Schmidt et al.,
2016). In addition, collagen is soluble in a salt solution. Salts such as sodium chloride, Tris
hydroxymethyl aminomethane hydrochloride (Tris-HCI), phosphates, or citrates can be
added to the acidic solution. The enzymatic hydrolysis is then performed by adding
selected enzymes such as pepsin, trypsin, alcalase, collagenase, or pronase to the acidic
solution (Schmidt et al., 2016). Many factors in this process, such as enzyme concentration,
temperature, time, and pH, are adjusted depending on the collagen source to optimize the
enzymatic activity. Most commonly used digestion methods are acid solubilization and
pepsin solubilization for bovine collagen extraction (Ju et al., 2020).

2.1.1. Pepsin Digestion

Pepsin, a proteolytic enzyme that will be focused in this study, removes the helical
ends of collagen (Ran & Wang, 2014). Collagen structure consists of three chains arranged
in a triple helix structure, ending in a telopeptide region positioned on both ends of the
chains. These terminals easily engage in covalent bonds, but can be cleaved off to produce
acid soluble collagen with hydrogel forming properties. The main antigenic determinants
are located in the telopeptides of collagen, which are removed through the pepsin treatment
(Miyata et al., 1992). The resulting telopeptide-free molecules are also called atelocollagen
(Hoshi et al., 2013). This cleavage reduces the antigenicity and immune activity of
collagen, making it more applicable in in vivo biomedical applications. Once extracted, the
atelocollagen is more soluble and possesses low immunogenicity and high biocompatibility
comparing to untreated collagen (Li et al., 2018). When using pepsin, there is a direct

relationship between pepsin activity and pH of the environment as shown in Figure 2.1.
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Figure 2.1. Pepsin activity based on pH (Piper & Fenton, 1965).

Pepsin becomes almost completely inactive once the environment pH reaches 7
(Piper & Fenton, 1965). During the fabrication of collagen-based scaffolds, pH is
neutralized to deactivate the pepsin digestion process. These fibers must be further purified
to remove any remaining impurities and to obtain a homogenous sample. For bovine
tendons, pepsin soluble digestion yielded 10 times more collagen that acid soluble
digestion (Zeugolis et al., 2008). In addition, acid solubilization does not cleave the
collagen molecule of its telopeptide regions (Rahimi et al., 2020). Pepsin digestion
therefore appears to be necessary for the production of atelocollagen, but no study has
investigated the optimal pepsin-to-tendons ratio for bovine sourced collagen. A 1:10 (w/w)
pepsin-to-tissue ratio is a commonly used for other species, such as emu skins (Nagai et
al., 2015), and jellyfish (Khong et al., 2018). The optimal ratio of pepsin for bovine

collagen extraction could be different given the high level of crosslinking of collagen in
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bovine achilles tendons. Variations of pepsin ratio were conducted on bovine collagen
extraction protocols. Bovine collage at a w/w ratio of 1:10, 1.25:10, and 1.5:10 was used
to determine the most effective and advantageous approach for yielding collagen solutions.

2.1.2. Bovine Collagen and Its Applications

There are several challenges that must be overcome in the extraction and
purification of bovine collagen type I. One of the main challenges is the variability in the
composition and quality of the raw bovine tissue, which can affect the efficiency and
effectiveness of the extraction and purification processes. Additionally, the use of enzymes
and other chemical agents in the extraction process can introduce impurities and alter the
structural properties of the collagen. In this context, in the application of osteochondral
repair, bovine collagen was the most promising source.

The overall goal of this experimentation is to collect a collagen containing solution
that is usable for scaffold fabrication. It should also be noted that, the initial tendon weight
to volume of acetic acid (w/v) ratio is a parameter that is manipulated across collagen
source extractions. Although the molarity of acetic acid used (0.5 M) seems very consistent
among protocols reported (Aukkanit & Garnjanagoonchorn, 2010; Khong et al., 2018;
Nagai et al., 2015), their weight to volume (w/v) ratios vary from 1:10 (Aukkanit &
Garnjanagoonchorn, 2010) to 1:100 (Khong et al., 2018) depending on the collagen
sources. While bovine is the source, the tendon-to acetic acid ratio ranges from 1:5 to 1:20
(w/v) (Ju et al., 2020; Noorzai et al., 2020; Ran & Wang, 2014). This parameter affects the
viscosity and homogeneity of the solution, so it was hypothesized that a solution with high

viscosity decreases the efficiency of the enzyme digestion, thus leading to improper
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cleavage of collagen molecule telopeptides and a lower yield of extracted atelocollagen.
Another parameter that has also been studied is the location of extraction of the achilles
tendon. The extraction differences between bovine and porcine tissues and genders have
been investigated (Sorushanova et al., 2021). It was found that male bovine tendons possess
the lowest yield of collagen. This was concluded that based on the amount of activity and
mechanical loading variation between each species and gender, the crosslinking density of
the collagen varies. The increase in mechanical loading of male bovine tendon results in
an increase in the formation of collagen a-chain dimers (Kaku et al., 2016). In addition,
local meat markets most commonly use male cattle for meat consumption, which have a
higher crosslinking density compared to females (Sorushanova et al., 2021). As a result,
the bovine achilles tendon were separated based on the compactness of the tendon tissue,
the soft part being the superior region and the tough part being the inferior region. These
locations are shown in Figure 2.2. For scaffold fabrication, we tried to collect as much of

the superior region as possible.

~— Superior Region

Mixed Region

~— Inferior Region

Figure 2.2. Bovine achilles tendon separation.
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2.2. Methods and Materials
Bovine achilles tendons were purchased from Seaman’s Cardinal Super Market in
Athens, OH and stored at -18°C for less than 6 months. The tendons were mechanically
separated from fats and loose areolar tissues, shown in Figure 2.3.a. Each region of the
tendon was then separated based on superior and inferior locations of thus tendon. Such
treated bovine tendons were flash frozen with liquid nitrogen, blended by the mean of an
electric blender and rinsed with acetone to dissolve the remaining fat. The initial tendon
weight was then measured and placed into 0.5 M acetic acid (A38-212 from Fisher
Chemical) at initial tendon weight (g) to acetic acid volume (mL) ratios (w/v) of 1:40, 1:80,

and 1:160 for 72 hours.
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Figure 2.3. Extraction of bovine collagen. (a) Mechanical separation of bovine tendons. (b)
Pepsin treatment. (c¢) Pepsin deactivation and salt bath. (d) Redissolution of collagen and
dialysis.

2.2.1. Pepsin Digestion of Bovine Type I Collagen

Pepsin was chosen to digest bovine collagen. After 72 hours of immersion in acetic
acid, pepsin (9001-75-6 from MP Biomedicals) was added to the acetic acid solution at a
pepsin weight to tendon weight (w/w) ratio of 1:10, 1.25:10, or 1.5:10. The independent

pepsin ratios along with their tendon weight to acetic acid volume (w/v) are shown in Table

2.1. The pepsin digestion was then initiated by stirring at 4°C for 24 hours as shown in

Figure 2.3.b.



33

Table 2.1. Extraction protocols

Pepsin/Tendon Ratio (g/g) Tendon/Acetic Acid Ratio (g/mL) # of Trials
1:10 1:40 7
1:80 7
1.25:10 1:40 3
1:80 5
1.5:10 1:40 2
1:80 3

2.2.2. Pepsin Deactivation and Salt Bath

Pepsin digestion was then terminated by centrifugating the collagen containing
solution for 30 minutes at 25,000 x g relative centrifugal force (RCF) using a Thermo
Scientific Sorvall Legend XT/XF series centrifuge (model 75004521). The supernatant was
then collected, and the insoluble precipitate was removed. Figure 2.4 shows the comparison

of solubilized vs. insolubilized collagen.
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Figure 2.4. Pepsin treated collagen solution after initial centrifugation.

1 M Tris-HCL (BP152-1 from Fisher Bioreagents) was used to raise the suspension pH to
7.5 and deactivate the pepsin as shown in Figure 2.1 4.0 M NaCl (7647-14-5, Fisher
Chemical) was then added to the solution and left for 12 hours at 4°C with no stirring to
promote collagen precipitation as shown in Figure 2.3.c.

2.2.3. Redissolution and Dialysis

After the 12-hour salt bath, the suspended collagen was then formed into pellets.
The precipitated collagen was then rinsed with deionized water (DIW). This was performed
by addition of DIW to the precipitated collagen solution and centrifugated at 25,000 x g
RCF for 15 minutes. This process was repeated for 3 total times. The supernatant liquid
was then discarded. The collagen pellets were then redissolved at 0.1 M acetic acid at 4°C
for 24-48 hours to ensure all collagen was solubilized. Following the redissolution, the

resulting insoluble pieces of collagen were discarded, and the solution underwent a
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dialysis. The dialysis involved using porous cellulose bags (08-700-143 from Spectrum
Laboratories) with 6-8 kDa molecular weight cut-off, allowing minerals and other
components to withdraw from the collagen containing solution. The bags were sealed on
both ends and set in 0.02 M acetic acid for 7 days, while replacing the acetic acid solution
every 48 hours, as shown in Figure 2.3.d. The final collagen concentration was then
measured by extracting 10 mL of solution (while stirring) and freeze drying (Labconco
Corporation freeze dryer and tray dryer combo, models 710611100 and 794801000). The
remaining dry tendon weight was then divided by the 10 mL of volume resulting in the
collagen concentration in mg/mL. The yield collagen from extraction can be calculated in

Equation 2.1 below:

Collagen Concentration (%) * Final Solution Volume (mlL)
Yield % = — . * 100%
Initial Tendon Weight (mg)
(2.1)

Due to the low yield of collagen extracted; the final solution was often too diluted and there
is a need to freeze drying the collagen solution to increase the collagen concentration. This
process prolonged the extraction process by approximately two weeks.

2.3. Results

The impact of pepsin and acetic acid concentrations on collagen yield is shown in Table
2.3. It is noted that the 1.5:10 pepsin/tendon ratio (g/g) resulted in the highest yield of
collagen at 2.86 + 0.58%. While the 1.25:10 pepsin/tendon ratio (g/g) resulted in the lowest

yield of collagen at 2.07 + 0.82%.



Table 2.2. Effect of pepsin and acetic acid concentrations on collagen yield

Pepsin/Tendon Ratio (g/g)

1:10

1.25:10

1.5:10

4.00%

3.50%

3.00%

2.50%

2.00%

Yield %

1.50%

1.00%

0.50%

0.00%

1:40 (n=7)
1:80 (n=7)
1:40 (n=3)
1:80 (n=5)
1:40 (n=2)

1:80 (n=3)

p=0.423

1:10

Tendon/Acetic Acid Ratio (g/mL)  Yield %

2.75 +0.85%
2.46 +0.33%
2.21 +1.03%
1.99 + 0.79%
2.90 + 0.85%

2.84 +0.55%

p=10.614 p=10.938

=

1.25:10 1.5:10

Pepsin/Tendon Ratio (g/g)

m1:40 m1:80

Figure 2.5. Pepsin/tendon ratio (g/g) and tendon/acetic acid ratio (g/mL) yield.

36



37

Regarding the tendon/acetic acid ratio (g/mL), there was no significant differences
between the 1:40 and 1:80 ratios at each pepsin/tendon ratio (g/g) based on a confidence
interval of 95%. A two-tail t-test was utilized in comparing each of the respected ratio at
each pepsin/tendon weight ratio. The resulting p-values were calculated to be 0.423, 0.614,
and 0.938 (two-tail) at each pepsin/tendon ratio (g/g) of 1:10, 1.25:10, and 1.5:10,
respectively, which concludes p > 0.05, supporting that these datasets are not significantly
different.

The results of each bovine tendon region are shown in Table 2.3. The superior region
of tendon resulted in a yield of 2.66 £+ 0.59%, 2.00 + 0.86%, and 3.16 + 0.48% for the 1:10,
1.25:10, and 1.5:10 pepsin/tendon weight ratios, respectively. As shown, the collagen
containing solution resulted in proper gelation in the 1:10 and 1.25:10 groups for this
region, but the 1.5:10 group lacked to form gel. The mixed region resulted in a yield of
2.36 £ 0.54%, 2.65 + 0.08% and 2.85 + 0.78% for the 1:10, 1.25:10, and 1.5:10
pepsin/tendon ratios, respectively. By visual inspection, this region resulted in gelation of
only half the adequate size for the 1:10 and 1.25:10 groups. Similar to the superior region,
the 1.5:10 groups for this region did not show any sign of gelation. The inferior region
resulted in a yield of 3.92 + 0.76%, 0.92 £ 0.30%, and 1.43 £+ 0.33% for the 1:10, 1.25:10,
and 1.5:10 pepsin/tendon ratios, respectively. However, gelation only occurred in the

1.5:10 group, which is the opposite to the results observed in the previous two groups.



Table 2.3. Bovine tendon yields and their gelation capabilities.
Gelation Results

Bovine Tendon
Region
Superior Region

ml

Mixed Region

1

Inferior Region

m

Pepsin/Tendon
Ratio (g/g)
1:10

1.25:10

1.5:10

1:10

1.25:10

1.5:10

1:10

1.25:10

1.5:10

Yield %

2.66 + 0.59% (n=7)

2.00 + 0.86% (n=7)

3.16 + 0.48% (n=2)

2.36 + 0.54% (n=6)

2.65 + 0.08% (n=2)

2.85+0.78% (n=2)

3.92 + 0.76% (n=2)

0.92 + 0.30% (n=2)

1.43 + 0.33% (n=3)

38
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2.4. Discussion

Optimization of bovine atelocollagen extraction has been investigated in this chapter.
Bovine achilles tendon harvest region and pepsin-to-tendon ratio for collagen digestion
were studied. Effects of these two parameters on collagen yield and hydrogel formation
were investigated. An efficient and repeatable bovine collagen extraction protocol was

established.
Collagen type I structure can be shown in Figure 2.6.a. The formation consists of 3
o chains that form a helix structure (Fratzl, 2008; Friess, 1998). Followed by a N-terminal
and C-terminal regions named telopeptides on each end. Due to the antigenicity that is
attributed to the telopeptide regions, cleavage of these regions is optimal for biomedical
applications. Pepsin digestion was conducted to remove these regions and eliminate the
collagen molecule’s immunogenicity, as shown in Figure 2.6.b. This resulted in an
atelocollagen molecule that has a positively charged surface, which increases the solubility
and biomaterial processability (Holmes et al., 2017). Hydrogels (>90% water content
materials) can then be formed from atelocollagen (Sarrigiannidis et al., 2021). Amines and
carboxyl, the free functional groups of collagen, are used to create physical or chemical
crosslinks (Ahn et al., 2013). These cross-links can be utilized to create hydrogels, as
shown in Figure 2.6.c. However, noncleaved telopeptide regions promote fibrillogenesis
between collagen molecules. Fibrillogenesis is the process of telopeptides inducing
covalent bonds or crosslinks between opposing collagen molecules (Kuznetsova & Leikin,
1999). This bonding can only occur between a telopeptide terminal and an opposing

collagen triple helix region (Abou Neel et al., 2013; Knott & Bailey, 1998). These bonds
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create a staggered bridge between collagen fibrils as shown in Figure 2.6.d, but they do not
gelate. This was found to be an occurrence in the gelation of the mixed and inferior regions
at both 1:10 and 1.25:10 pepsin/tendon (g/g) ratio groups, as shown in Table 2.3.

Denaturation of collagen is the process of hydrogen bonds breaking between the 3
a chains, resulting in a separated coiled form, as shown in Figure 2.6.e. (Ledn-LOpez et al.,
2019). These denatured chains can then be hydrolyzed by proteolytic enzymes, which
result in hydrolyzed collagen, shown in Figure 2.6.f. The hydrolyzed collagen is defined
as peptides that have a low molecular weight of 3-6 KDa (Hong et al., 2017; Ketnawa et
al., 2017; Thuanthong et al., 2017). A setback with hydrolyzed collagen is scaffold
formation is not feasible by itself (Leon-LOpez et al., 2019). This is in agreement with our
results of the 1.5:10 pepsin/tendon (g/g) ratio groups for the superior and mixed region
groups. As shown in Table 2.3, each of these groups did not gelate at all, resulting in small
free collagen peptides. This was caused by excessive pepsin treatment, which completely
denatured the collagen molecules.

For superior region, the yield for both the 1:10 and 1.25:10 groups was a mixture
of collagen fibrils and primarily atelocollagen which ultimately led to gelation. This is due
to proper cleavage of the telopeptide regions, which allowed for the self-assembly of
collagen molecules (Lin et al., 2019). Although the yield for 1:10 is higher than that of the
1:25:10 group, but it contains a higher proportion of collagen fibrils, so the gel formed is
less sturdy. In the case of the 1.5:10 group, the collagen was completely denatured, due to
the excessive enzyme digestion, and it turned into low molecular weight peptides, which

did not gelate at all.
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For the inferior region, the collagen is more crosslinked compared to that of the
superior region. Although the yield was still a mixture of collagen fibrils and atelocollagen
for both the 1:10 and 1:25:10 groups, but the proportion of atelocollagen is much lower
compared to those of the superior region. As a result, a thin layer of gel was observed for
both groups, but most of the yields were collagen fibrils, which did not form gel. A thiner
gel layer was observed for the 1.25:10 group compared to the 1:10 group, indicating more
atelocollagen was formed in the 1.25:10 group. When the pepsin concentration increased
to 1.5:10, more atelocollagen was formed in this highly crosslinked collagen region. As a
result, gelation was observed. Still, the gel was less sturdy than that of the 1.25:10 group
from the superior region, but similar to that obtained from the 1:10 group from the superior
region.

For the mixed region, the yield result is between the superior and the inferior
regions. Collagen gels were formed for both the 1:10 and 1.25:10 groups, but they only
filled part of the container. These groups contained a yield mixture of collagen fibrils and
atelocollagen. In the case of the 1.5:10 group, the yield is a mixture of collagen fibrils,
atelocollagen and denatured collagen. As a result, we see a very thin layer of gel formed
on the surface of the solution and a mixture of collagen fibrils and low molecular weight
peptides at the bottom of the solution. Table 2.4 summarizes the collagen yield collected

from these three regions.



42

Table 2.4. Impact of collagen collected region on collagen yield composition.

Bovine Tendon
Region
Superior Region

Mixed Region

Inferior Region

Pepsin/Tendon
Ratio (g/g)

1:10

1.25:10

1.5:10

1:10

1.25:10

1.5:10

1:10

1.25:10

1.5:10

Yield %

2.66 % 0.59% (n=7)

2.00 £ 0.86% (n=7)

3.16 + 0.48% (n=2)

2.36 + 0.54% (n=6)

2.65 + 0.08% (n=2)

2.85 +0.78% (n=2)

3.92 + 0.76% (n=2)

0.92 + 0.30% (n=2)

1.43 + 0.33% (n=3)

Yield composition

Collagen fibrils and
atelocollagen

Atelocollagen

Atelocollagen and
denatured collagen

Collagen fibrils and
atelocollagen

Collagen fibrils and
atelocollagen

Collagen  fibrils,
atelocollagen, and
denatured collagen

Collagen fibrils
and atelocollagen

Collagen fibrils
and atelocollagen

Collagen fibrils
and atelocollagen
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Figure 2.6. (a) Type I collagen molecular structure, (b) Atelocollagen formation through
pepsin digestion, (c) Gelation of atelocollagen, (d) Fibrillogenesis formation of collagen,
(e) Denaturation of collagen, and (f) Hydrolysis to collagen peptides (Cavelier et al., 2023).
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The bovine tendon regions each varied in gelation capability. This experimentation
was conducted based on the mechanical differences throughout the bovine achilles tendon.

The anatomy of the achilles tendon is shown in Figure 2.7.

+— Muscle

+— Tendon

Figure 2.7. Achilles tendon anatomy.

The mineral content, collagen orientation, protein gradient, and mechanical properties from
the tendon to the bone vary. The tendon-bone interface, also known as the enthesis, consists
of mainly mineralized collagen (Ellingson et al., 2022). The closer to the point of insertion,
collagen becomes more ossified, less aligned, and aggrecan content is greater
(Thomopoulos et al., 2003). As the tendon reaches this region, an increase to deformation
and energy absorption results in an overall tougher tissue (Deymier et al., 2017). This led
to determine the level of collagen crosslinking increases the closer to the insertion site.
Although, there is a gap of knowledge in this area due to the testing of the physiological
mechanics of the enthesis. This takeaway correlates with the enzymatic digestion

efficiency, where the cross-linking density of the inferior region (closer to bone) was
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greater compared to the superior region (closer to muscle). This led to our results of the
inferior region, whereas an increase in the pepsin/tendon weight ratio led to proper
enzymatic cleavage of telopeptides. This ultimately led to hydrogel formation in the 1.5:10
group of the inferior region, shown in Table 2.3. Whereas a reduced pepsin/tendon weight
ratio was needed in the superior region for proper enzymatic digestion. Shown in the 1:10
and 1.25:10 groups of the superior region in Table 2.3.

The quantity of hydroxyproline is often an indicator of the structural stability of
collagen molecules (Xu et al., 2019). A study on the extraction of collagen from human
perirenal adipose tissue indicates that. pepsin digestion can be utilized to quantify the
amount of total protein concentration and hydroxyproline concentration (Lee et al., 2022).
It was found that between a range of 0.5-2.0% pepsin/collagen (w/w), the 1.0% group did
not have the greatest protein yield, but did have the greatest hydroxyproline concentration.
It was concluded that this pepsin concentration was optimal for yielding the highest
atelocollagen extraction, while still preserving the collagen molecule. Similarly, it was
found in our study that collagen extracted from the 1:10 and 1.25:10 pepsin/tendon ratios
batches from the superior region and the 1.5:10 pepsin/tendon ratio batches from the
inferior region formed gel network. It was also noted that the rigidity of gel in 1.25:10
pepsin/tendon ratio of the superior region was more stable than the other 1.5:10
pepsin/tendon ratio of the inferior region and 1:10 pepsin/tendon ratio of the superior
region groups. This correlates with a greater amount of atelocollagen and hydroxyproline

that allowed for higher collagen fibril assembly while maintaining molecule stability.
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After manipulation of the tendon/acetic acid ratio, the gelation results did not
variate based on this parameter. Although the yield of collagen extracted was unsteady,
this parameter is believed to be negligible to atelocollagen content. As the resulting gel was
consistent based upon the pepsin/tendon ratio in spite of the tendon/acetic acid ratio.
2.5. Conclusion
A study was conducted to determine the optimal parameters for extraction of bovine
collagen. Due to the nature of collagen, the pepsin digestion process could not completely
cleave the telopeptide region of every collagen molecule. Optimized parameters, including
the use of superior region of the bovine achilles tendon and a pepsin/tendon ratio (g/g) of
1.25:10, have been determined. The inferior region of the achilles tendon is highly
crosslinked, so it is difficult to be cleaved by pepsin. In addition, it was found that the
optimal pepsin-to-tendon ratio not only properly cleaves the telopeptide regions but also

maintain the molecular stability of collagen.
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Chapter 3 - Fabrication of Collagen Hydroxyapatite Lamellar Scaffold
3.1. Introduction
Collagen hydroxyapatite scaffolds exhibited promising results for bone repair and
regeneration due to their composition similar to native tissue. Bone is naturally composed
of hydroxyapatite [Caio(POs)s(OH)2], which makes these scaffolds substantially
advantageous compared to other solutions in osteochondral repair (Boskey & Robey,
2013). The fabrication of collagen hydroxyapatite scaffolds involves the use of a series of
salts to create a modified-simulated body fluid (m-SBF) and hydroxyapatite deposition. pH
fluctuation in the solution would initiate the assembling of atelocollagen molecules into a
gel network, while allowing apatite to precipitate on the collagen (Xia et al., 2014). A
direction-controlled freezing approach was used to orient the collagen fibers in preferred
directions and create a layered structure, thus mimicking the structure of the deep and
osseous zones in articular cartilage. This unidirectional freezing promoted ice growth in
one direction resulting in an anisotropic pore structure (Xia et al., 2013). This lamellar
structure has previously shown advantages of osteogenesis and in vivo bone regeneration
(Yu et al., 2020).
3.1.1. Biocompatibility
Studies have been conducted regarding the biocompatibility of collagen hydroxyapatite
scaffolds. In aqueous media, hydroxyapatite has shown to possess a lower degradation rate
and a higher stability at a 4.2-8 pH among the calcium phosphates (Kumar et al., 2019),
making it a highly studied compound for bone tissue repair. Collagen has shown

advantages of controlled degradation rate, biocompatibility, and growth and assembly of
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hydroxyapatite crystals in a fiber network (Filip Ionescu et al., 2022; Muthukumar et al.,
2018). It has been noted that collagen mineralized scaffolds support bone marrow
mesenchymal cells (BMSCs) and fresh bone marrow cells proliferation and adhesion (Filip
Ionescu et al., 2022; Yu et al., 2020).

3.1.2. Porosity & Pore Size

The porosity and pore size of collagen-based scaffolds has been reported to be ideal
for promoting bone cell growth. Pore sizes in the range of 50 — 500 um are ideal for
supporting cell viability and mechanical properties of the scaffold (Xia et al., 2013). These
variables can be controlled by different characteristics. A study on biomimetic collagen-
apatite scaffold with a multi-level lamellar structure was conducted by Xia et. al. An
increase in self-compression time on the apatite/collagen gel led to an increase in collagen
fibrillar density. During this process, water was squeezed out of the material because of the
effect of pressure exerted by the weight of the gel. With an increase in collagen fibrillar
density (Pcoriagen)» the porosity of the scaffold decreased (Xia et al., 2013). In general, as
the porosity of a scaffold increases, the cell viability increases. In contrast, as the porosity
increases, the mechanical properties of the scaffold decrease (Zhang & Cooper, 2007). The

porosity of a scaffold is described by Equation 3.1 (Al-Munajjed et al., 2009):

mscaffold " wcollagen + wapatite

Porosity =1 —

)

Vscaffold pcollagen papatite

(3.1)

Where the mass and volume of each scaffold is represented as Mgcqrfo1a and Viearrola-

The weight ratio of collagen (wcpjiagen) and apatite (Wgpqrite) are measured values. The
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densities of apatite (Dgpatite) and collagen (pcoriagen) Were referenced from a past study to
be 3.16 and 1.32 g/cm?, respectively (Xia et al., 2014).

3.2. Methods and Materials
Bovine collagen solution, of at least 3.0 mg/mL in concentration, was used to fabricate
a lamellar scaffold. A modified-simulated body fluid consisting of NaCl (S271-500 from
Fisher Chemical), CaCl (C614-500 from Fisher Chemical), NaHCO; (S233-500 from
Fisher Chemical), K;HPO4 (16788-57-1 from Acros Organics) and MgClx (M35-500 from
Fisher Chemical) was mixed with DIW and added to the collagen solution in determined
proportions. A buffer of HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
(J16926-30 from Thermo Scientific) was also added. Once mixed, the pH was raised to 7
by dropwise addition of approximately 2-3 mL of NaOH (SS266-1 from Fisher Chemical)
monitored by a pH probe (13620183A from Fisher Scientific). The solution then sat at
room temperature for 1 hour. This process is shown in Figure 3.1.a.
3.2.1. Gelation, Self-Compression, and Freeze Drying
After sitting at room temperature for 1 hour, the solution was then kept at 37°C for
12 h during which gel formation occurred as shown in Figure 3.1.b. The gel held its
integrity during manipulation and composed at least 90% of the beaker’s volume. It was
then followed by a self-compression to decrease the volume fraction of liquid and align the
fibers in the direction of water evacuation The self-compression involved the lid of a petri
dish being applied from above, to pressurize the gel and promote evacuation of the excess
fluid from small holes at the bottom of the petri dish. After 15 minutes, the gel would reach

a thickness of approximately 20 mm as shown in Figure 3.1.c and was radially frozen in
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the freeze dryer. As shown in Figure 3.1.d, insulating foams were placed on the top and
bottom surfaces of the gel, allowing the gel to freeze radially. It took approximately 12 to
24 hours at -40° C to freeze the scaffold. Following the freezing, a vacuum (0.010 mbar)
was initiated to lyophilize the ice and form the scaffold. The length of time required for
vacuuming varied depending on the overall size of the scaffold. Generally, the scaffold
needed 3 to 7 days to completely freeze dry completely.

3.2.2. Scaffold Crosslinking

Once completely dried, the resulting lamellar scaffold (shown in Figure 3.1.d.) was
crosslinked using MES Monohydrate buffer (MFCD00149409 from MP Biomedicals),
with EDC (1-Ethyl-3-[3dimethylaminopropyl] carbodiimide HCL) (22980 from Thermo
Scientific), and NHS (A10312 from Alfa Aesar) with DIW. The solution was then titrated
to pH=5 using drop wise addition of HCI (SA448-1 from Fisher Chemical). The scaffold
was then placed in the solution for 4 hours after pressing it with a disinfected spatula to
ensure all air bubbles were evacuated from the inner pores. After 4 hours, the scaffold was
immersed in 5% glycine (G48-500 from Fisher Chemical) to DIW (w/v) for 12 hours. After

sitting in 5% glycine, the scaffold was rinsed thrice, freeze dried and stored at 4° C.
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Figure 3.1. Fabrication of collagen-hydroxyapatite lamellar scaffold. (a) Collagen-mineral
solution preparation. (b) 37°C water bath and gelation of the suspension. (c) Self-
compression. (d) Radial freezing and freeze-drying.

3.2.3. Scaffold Characterization

3.2.3.1. SEM and EDS

The cross sections of the scaffold were observed using scanning electron
microscopy (SEM; JEOL JSM-6390LV) and the elemental content of the scaffold was
determined using energy-dispersive X-ray spectroscopy (EDS; LA 6510) affiliated with the
SEM. The elemental compositions of calcium (Ca), phosphorous (P), sodium (Na),
chloride (Cl) and carbon (C) were analyzed.

3.23.2. FTIR
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The surface functional groups of the scaffold were characterized using Fourier transform
infrared spectroscopy (FTIR; Perkin Elmer Spectrum 65 FT-IR) with an attenuated total
reflection unit (ATR; SensIR Technologies, 071-1514) over a range of 4000—500 cm™.

3.233. XRD
The phase composition of the scaffold was examined using X-ray diffraction (XRD; Rigaku
MiniFlex 600) at a scan rate of 1°/ min and a step size of 0.02°.

3234. TGA
The mineral content in the scaffold was measured using thermogravimetric analysis (TGA;
TA Instruments Q500) over the range from room temperature to 1000°C with a heating

rate of 10 °C/min and flow rate of 90 mL/min in air.

3.3. Results

The scaffold size before undergoing the crosslinking process is shown in Figure 3.2.a.
The resulting scaffold exhibited a lamellar structure visible by eye prior to crosslinking.
The scaffold measured roughly 35-40 mm in diameter, for a 66 mL initial suspension, as
shown in Figure 3.2.b. The final thickness measured approximately 3 mm, which

corresponds to a decrease of the initial thickness of approximately 65%, as shown in Figure

3.2.cand 3.2.d.
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Figure 3.2. Collagen hydroxyapatite lamellar scaffold. (a) Scaffold before crosslinking
process. (b) Scaffold after crosslinking process. (c¢) Thickness of scaffold after
crosslinking. (d) Lamellar structure of scaffold.

The effect of pepsin concentration on scaffold fabrication using the collagen
collected from the superior region is listed in Table 3.1. At a pepsin to tendon ratio of 1:10
(g/g), the success rate of scaffold formation was 66.7%, but the success rate increased
dramatically (100%) when the ratio increased to 1.25:10. However, when the ratio was
further increased to 1.5:10, no scaffolds were formed. Still, at the same pepsin to tendon

ratio, the success rate of the collagen collected from the superior region is constantly higher

than those collected from the mixed region.
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Table 3.1. Scaffold attempts based on pepsin/tendon ratios of superior region collagen.

Pepsin/Tendon Ratio Successful Scaffolds Unsuccessful Scaffolds
(g/g)
1:10 2;(66.6%) 1;(33.3%)
1.25:10 45 (100%) 0;(0%)
1.5:10 0;(0%) 2;(100%)

The effect of pepsin concentration on scaffold fabrication using the collagen
collected from the inferior region is listed in Table 3.2. At a pepsin to tendon ratios of 1:10
and 1.25:10 (g/g), no scaffolds were formed. However, when the ratio is further increased

to 1.5:10, every scaffold was formed.

Table 3.2. Scaffold attempts based on pepsin/tendon ratios of inferior region collagen.

Pepsin/Tendon Ratio Successful Scaffolds Unsuccessful Scaffolds
(g/2)
1:10 0;(0%) 2 (100%)
1.25:10 0;(0%) 1;(100%)
1.5:10 25 (100%) 0;(0%)

The effect of pepsin concentration on scaffold fabrication using the collagen
collected from the mixed region is listed in Table 3.3. At a pepsin to tendon ratio of 1:10
(g/g), the successful rate of scaffold formation was only 20%, but the successful rate
increased to 50% when the ratio increased to 1.25:10. However, when the ratio is further

increased to 1.5:10, none of the scaffolds were formed.
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Table 3.3. Scaffold attempts based on pepsin/tendon ratios of mixed region collagen.

Pepsin/Tendon Ratio Successful Scaffolds Unsuccessful Scaffolds
(g/g)
1:10 1;(20%) 4 (80%)
1.25:10 1;(50%) 1;(50%)
1.5:10 0;(0%) 1;(100%)

3.3.1. Characterization of Mineralized Collagen Lamellar Scaffolds

The scaffold was observed using scanning electron microscope (SEM) at a
magnification of x40 and x75, respectively, as shown in Figure 3.3. A clear lamellar
structure was observed in both images, and each lamella is composed of multiple mini-
lamellae. The interlamellar distance of two adjacent lamellae was measured using the
ImagelJ software of the 2D images. It was found that the average distance was measured to

be 162.4 £32.97 um.

Flgure 3 3. SEM 1mages of a lamellar scaffold 1maged at two different scales: (a) x40 and
(b) x75.
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An elemental analysis was also performed on the scaffold using energy dispersive
spectroscopy, as shown in Figure 3.4. Notable elements found include calcium (Ca),
phosphorous (P), sodium (Na), chloride (Cl) and carbon (C). Ca composed 1.71% of the
atom percentage, P composed of 1.09% of the atom percentage, Na composed 2.77% of
the atom percentage, Cl composed 1.23% of the atom percentage, and C composed of
64.53% of the atom percentage. The calculated Ca/P ratio of the scaffold was found to be
1.57, which is slightly lower than the Ca/P ratio of stoichiometric hydroxyapatite, 1.67.
Besides the above elements, Mg and K were also observed. Both elements are key elements

used in simulated body fluid for precipitating apatite onto collagen fibers.

10 002
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Figure 3.4. Elemental analysis of collagen hydroxyapatite lamellar scaffold.
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Fourier-transform infrared (FTIR) spectroscopy was also used to examine the
surface functional groups of the resulting scaffolds, as shown in Figure 3.5. The notable
peaks labeled PO, Carbonate, amide I, amide II, and amide III were labelled in comparison

to a study performed on collagen-hydroxyapatite lamellar scaffolds (Yu et al., 2020).
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Figure 3.5. FTIR spectra of collagen hydroxyapatite lamellar scaffold with specific peaks.

In the XRD analysis, resulting scaffolds can be shown in Figure 3.6. It was found
that a broad peak occurred at approximately 20°, which is attributed to collagen. An
additional peak was noted at 31.7-32.5°, which is associated with the formation of apatite

based on previous studies (Xia et al., 2014; Xia et al., 2013).
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Figure 3.6. XRD of a mineralized collagen lamellar scaffold.

TGA analysis of the scaffold is illustrated in Figure 3.7. As shown in Figure 3.7,
there is approximately 10% weight loss between room temperature and 210°C, which was
mainly attributed to the removal of physically absorbed water by scaffolds. In comparison,
the weight loss occurred between 210 and 580 °C mainly corresponded to the

decomposition of collagen molecules, yielding approximately 15 wt% solid.
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Figure 3.7. TGA of collagen hydroxyapatite lamellar scaffold.

3.4. Discussion

Visual inspection and SEM observation indicate that a lamellar hydroxyapatite
collagen scaffold has been successfully created. The lamellar structure results from the
lyophilization of the dendritic ice that grew align the collagen fibers and propagated
parallel to the insulation foams (Xia et al., 2014). This lamellar structure mimics the
collagen arrangement of the deep and osseous zones of osteochondral tissue. A schematic

shows the process of lamellar scaffold formation, as shown in Figure 3.8.
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Figure 3.8. (a) Radial freezing of hydrogel. (b) Dendritic ice growth during directional
freezing forces collagen fibers to arrange along a preferred direction. (c¢) Resulting
scaffolds exhibit a lamellar structure mimicking the collagen arrangements in superficial
and deep zones of cartilage tissue.

As shown in Figure 3.8.a, the foam insulators are placed on the top and bottom
surfaces of the mineralized collagen gel, which allows for the unidirectional ice growth as
shown in Figure 3.8.b. Although no in vivo or in vitro studies were conducted, it has been
found that the lamellar structure provides greater osteogenesis capability compared to
cellular structured collagen/apatite scaffolds (commercial and in-house) (Yu et al., 2020).
In the study by Yu et al. (Yu et al., 2020), it was found that osteogenesis took place within
collagen hydroxyapatite lamellar scaffolds in vitro using bone marrow stromal cells
(BMSC:s), along with in vivo bone regeneration within mice calvarial area.

A crucial aspect of mimicking biological systems is the directed growth of

hydroxyapatite (Palmer et al., 2008). While bone consists of 30% organics (collagen,
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glycoproteins, proteoglycans, and sialoproteins) and 70% minerals (primarily nanoscale
hydroxyapatite crystals), this makes for a promising material in bone regeneration and
repair (Olszta et al., 2007). The FTIR, XRD, SEM elemental analysis, and TGA all indicate
hydroxyapatite has formed within the scaffold. In the XRD spectra, it can be seen in Figure
3.6 that the peak between 20=31.7-32.5°, corresponds to the apatite that is poorly
crystallized which resembles the carbonized hydroxyapatite in bone (Marelli et al., 2010).
The EDS analysis successfully identified calcium (Ca) and phosphorous (P), at a Ca/P ratio
of 1.57. Hydroxyapatite at its pure form contains 39.68% Ca and 18% P which results in a
Ca/P ratio equal to 1.67 (Boskey, 2007; Ramesh et al., 2008). Our EDS result indicates
CaP was successfully precipitated in the scaffold, and such formed CaP has a slightly lower
Ca/P ratio, 1.57. Combining the results from EDS and XRD, calcium-deficient
hydroxyapatite may have formed in the composite scaffold. Nevertheless, EDS is a
relatively fast approach for elemental analysis, which provides a rough measure of
elemental ratio of Ca/P. For a more accurate analysis, inductively coupled plasma mass
spectrometry (ICP-MS) is generally used. Elemental analysis also indicates that some
other elements, such as Na, K, Mg and Cl, still exist in the final scaffold, indicating more
rinses are needed before these scaffolds can be used for in vitro and in vivo applications.
There is also a possibility that some K and Mg substituted some Ca in hydroxyapatite and
formed K- and Mg-containing hydroxyapatite. Both Ca and P in hydroxyapatite are easily
substituted by other elements (Dey & Pal, 2009). A high percentage of C was also detected,
which is contributed to the collagen composition. TGA was used to determine the makeup

of mineralization within the scaffold. The weight loss of approximately 10% at 200°C was
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contributed to evaporation of water. While the loss between 240-600°C, was a result of the
collagen being decomposed (Yu et al., 2020). This resulted in a ~15 wt% residual of solid
within the scaffold. This value is lower than previous studies due to the sourcing from
bovine. Rat tail, a commonly used source of collagen, can form scaffolds at collagen
solution concentrations of 0.5-3 mg/mL (Dey & Pal, 2009; Liu et al., 2000; Xia et al.,
2013). Whereas, bovine needs a concentration of 3-4 mg/mL to properly form a scaffold.
The increase of collagen concentration is inversely proportional to the amount of apatite
deposition in the scaffold (Xia et al., 2013). Combining with the results from XRD, FTIR,
and TGA, it is believed that the residual is calcium-deficient hydroxyapatite.

3.5. Conclusion

Overall, hydroxyapatite collagen lamellar scaffolds made from bovine atelocollagen
were fabricated. The scaffold structure mimicked the collagen arrangement in the osseous
zone of osteochondral tissue (lamellar structure). Further investigations are required to
compare lamellar spacing and pore size with cartilage characteristics. The characterization
techniques of FTIR, XRD, SEM, EDS, and TGA further supported the claim of
hydroxyapatite deposition formation within the scaffolds. Providing a possible solution to,
indicating the mineralized collagen scaffold can be a promising candidate for subchondral

bone defects repair.
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Chapter 4 - Fabrication of Multizonal Scaffold

4.1. Introduction

Osteochondral tissue engineering seeks to restore the native articular cartilage and bone
structural and functional characteristics. The development of scaffolds that can replicate
the intricate structure of the natural osteochondral tissue is one of the field's biggest
challenges. Multizonal scaffolds, which have several zones or areas that mimic the various
characteristics of the cartilage and bone tissue, are being created to solve this issue. These
scaffolds replicate each zone of the osteochondral tissue by being made of various materials
and/or possessing various mechanical and/or biological qualities.

With collagen-based layers, these zones can be differentiated by directional freezing
which controls pore size, homogeneity, and orientation (Arora et al., 2015). In addition,
collagen creates the presence of a natural binding site and the ability to degrade overtime
without the release of harmful products (Levingstone et al., 2014). As shown Figure 4.1,
different zones can be directionally frozen to resemble the orientation of collagen fibers in
different zones of osteochondral tissue. The transition zone oftentimes bonds both the
vertical lamellar osseous zone and horizontal lamellar superficial zone. A multizonal
scaffold mimicking the orientation of osteochondral tissue is then created via

lyophilization, see Figure 4.1.
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Figure 4.1. Illustration of directional freezing of scaffolds zones. Following with
lyophilization to mimic the zones of osteochondral tissue: Superficial zone (SZ), transition

zone (TZ), calcified cartilage zone (CCZ), and osseous zone (OZ) (Clearfield et al., 2018).

4.1.1. Fabrication
4.1.1.1. Lamella layers
The lamella layers are produced by collagen being unidirectionally frozen and
growth of dendritic ice. The layer properties can be controlled based on the freezing
conditions and the self-compression time of the gel. Base on the report by Xia et al., an
increase in self-compression time led to a decrease in lamellar layer spacing (Xia et al.,
2014). In addition, the wall thickness of the lamella layers increased. Another variable was
the freezing temperature. It was found that a decrease in freezing temperature led to a
decrease in lamellar spacing (Xia et al., 2014).
4.1.1.2.  Freezing method
Various freezing methods can be conducted to control the orientation of the
scaffold. To fabricate superficial and deep zones, unidirectional freezing is obtained by

using insulation layers to properly guide ice growth. Unidirectional freezing involves
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freezing in one direction that promotes pore alignment along that direction (Arora et al.,
2015). In homogenous freezing, molds made from high thermal conductivity materials,
such as metals, are used to allow freezing from all directions. This causes the pores and the
structure of the scaffold to be non-directional. The purpose of the random freezing replicate
the cellular structure of the middle zone in osteochondral tissue.

4.1.1.3. Lamellar osseous zone scaffold

The lamellar osseous zone is to mimic the subchondral bone and calcified cartilage
layer of cartilage. It can be fabricated by radial freeze casting collagen-hydroxyapatite-
containing suspension (Longley et al., 2018). A study on collagen-hydroxyapatite
scaffolds for bone regeneration, co-precipitated type I collagen and hydroxyapatite (HA)
in a modified simulated body fluid (Yu et al., 2020). The scaffold was then self-compressed
and radially froze into a composite gel. The combination of radial freezing and self-
compression processes created a multilevel lamellar structure of collagen. The lamellar
osseous zone scaffold was then crosslinked to further enhance the mechanical properties.
Factors, such as freezing temperature, freezing rate, and self-compression time, can
influence the behavior of the pore size, porosity, and lamellae thickness (Xia et al.,
2014).The lamellar structure of the mineralized collagen scaffold well mimics the structure
and composition of the osseous zone of osteochondral tissue. This zone upholds the largest
compressive forces acting on the scaffold as demonstrated in a study on pore orientation

and mechanical behavior of collagen scaffolds by Arora et. al, shown in Figure 4.2 (Arora

etal., 2015).
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Figure 4.2. (a) Comparison of compressive stress vs strain between varying directions of
pores. (b) Comparison of compressive moduli between varying directions of pores. (Arora
et al., 2015).
4.1.1.4.  Superficial zone scaffold

The superficial zone scaffold is fabricated to mimic the characterization of the
superficial layer of the articular cartilage. A collagen-hyaluronic suspension was chosen to
prepare this region to mimic the composition of the superficial zone in cartilage. The
porous structure alignment was chosen to be horizontally or perpendicular to the force
acting on the scaffold, in order to optimize the mechanical compressive properties. The
least resistance and the lowest modulus at the lowest strain (Arora et al., 2015) are an ideal
combination to support the stresses occurring at the joint. Hyaluronic acid (HyA) was
chosen due to its abundance and biocompatibility within native cartilage, in addition to
having an ideal degradation rate (Burdick et al., 2005). It has shown signs to promote
chondrogenesis of MSCs by interactions with the CD44 and RHAMM cell receptors (Chen
et al., 2015; Matsiko et al., 2012; Tang et al., 2007).

4.1.1.5. Transition zone scaffold
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The adjoining site of the superficial and deep zones of the scaffold would be known
as the transition zone. This zone must properly mimic the homogenous structure of the
transition zone of articular cartilage by creating an equiaxed structure (Xia et al., 2014).
This zone is oftentimes prone to separation or tearing based on previous work on
fabricating such multilayered scaffolds (Jia et al., 2018; Li et al., 2015). Approaches of
BioGlue, a synthetic tidemark, or varying quantity of mineralization throughout each layer
have been attempted to address the issue (Hu et al., 2022; Kandel, 1999; Kesireddy &
Kasper, 2016), but limitations in cell proliferation, tissue regeneration, and biodegradation
were observed (Yu et al., 2023).
4.2. Methods and Materials
Three approaches were attempted to prepare multizonal scaffolds, as listed in Table
4.1. Each of the approaches involved the use of a combination of collagen lamellar
hydroxyapatite scaffold and a collagen-hyaluronic acid suspension. Lyophilization was
also utilized in all attempts to form cartilage-mimicking multizonal scaffolds.
Lyophilization of the middle and superficial layers onto the osseous layer was
optimized. This process began with the fabrication of the collagen-lamellar hydroxyapatite
scaffold as described in Chapter 3. This scaffold was then cut using a sterilized razor blade,
into a rectangular prism that was dimensioned approximately 6 X 6 X 11 mm. A
polymethyl methacrylate (PMMA) mold was designed with the following criteria: a 7 X 7
X 29 mm through hole (lubricated with vegetable oil), with a 5.5 mm PMMA wall
thickness. An additional extension from the halfway point of the through hole was created

to make a T shape design. This additional extension was approximately 11 mm. Copper
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plates were secured on each end to ensure liquid tight sealing and proper freezing direction.
Components of this mold were adapted from our previous study (Clearfield et. al, 2017).
The T-shaped mold was designed to promote organized directional freezing, as shown in

Figure 4.3.

Figure 4.3. T-shaped PMMA mold used for directional freezing.

The chondral mimicking zones were fabricated using type I collagen and hyaluronic
acid suspension. Collagen from Chapter 2 was isolated and freeze dried. The pepsin-
soluble collagen and hyaluronic acid (SIGMA-ALDRICH; 53747-1G) were mixed at a 9:1
(w/w) ratio. Which were then added to a 0.5 M acetic acid solution at a 1:50 (w/v) ratio.
The entire suspension was homogenized over ice using a rotar-stator homogenizer (OMNI
International; TH-01) for 1 hour. The suspension was then degassed by centrifuging
(Thermo Scientific Sorvall Legend XT/XF series ; 75004521) at 1500 RPMs for 15
minutes. Approximately 3 mL of the collagen-hyaluronic acid suspension was then loaded

into the top of T-shaped PMMA mold with copper plates on each end. The suspension was
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then placed in the Labconco Corporation freeze dryer and tray dryer combo at -40° C, for
12 hours. Following the freezing, 1 mL of the collagen-hyaluronic acid suspension was
loaded into the mold’s extension followed by the collagen lamellar-hydroxyapatite
scaffold, shown in Table 4.1.a. The mold was then sealed shut by copper plates and placed
in the freeze dryer at -40° C, for at least 24 hours, to freeze the entire scaffold. Following
the freezing, one of the copper plates were removed and a vacuum (0.010 mbar) was
initiated for 72 hours.

Variations of this protocol were also conducted. The collagen-hyaluronic acid
suspension (9:1) (w/w) was used in conjunction with the hydroxyapatite collagen solution,
as stated in Chapter 3, at its gelled state. After the hydroxyapatite collagen solution had
undergone the 12-hour at 37°C water bath inside of the PMMA mold, the collagen-
hyaluronic acid suspension was then loaded into mold as seen in Table 4.1.b. The mold
was then sealed shut by copper plates and placed in the freeze dryer at -40° C, for at least
24 hours, to freeze the entire scaffold. Following the freezing, one of the copper plates were
removed and a vacuum (0.010 mbar) was initiated for 72 hours.

The last fabrication method involved unidirectional collagen-hyaluronic acid
scaffold and collagen lamellar-hydroxyapatite scaffold. Each of these scaffolds were dried
and cut accordingly; collagen-hyaluronic acid scaffold — 6 X 6 X 25 mm and collagen
lamellar-hydroxyapatite scaffold — 6 X 6 X 11 mm. Bioglue® (CryoLife; BG3515-5-US)
was then placed atop of the collagen lamellar-hydroxyapatite scaffold and pressed into the
midway point of the collagen-hyaluronic acid scaffold. The Bioglue was left to dry for 1-

hour. This composition can be seen in Table 4.1.c.
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The multizonal scaffolds were then crosslinked using MES monohydrate buffer,

EDC, and NHS with DIW. The solution was then titrated to pH=5 using drop wise addition

of HCI. The multizonal scaffold was then placed in the solution for 4 hours after pressing

it with a disinfected spatula to ensure all air bubbles were evacuated from the inner pores.

After 4 hours, the scaffold was immersed in 5% glycine to DIW (w/v) for 12 hours. After
sitting in 5% glycine, the scaffold was rinsed thrice, freeze dried and stored at 4° C.

Table 4.1. Multizonal scaffold fabrication methods and their respective compositions.

Multizonal fabrication method Scaffold Composition
a. Collagen and hyaluronic acid 9:1 (w/w)
' HyA Suspension
I ) l suspension and collagen lamellar-
| A Sus
‘ FiyA Suspension hydroxyapatite scaffold.
Diried HA Seaffold
b. Collagen and hyaluronic acid 9:1 (w/w)
] HyA Suspension
I -I suspension and hydroxyapatite collagen
‘ gel.
HA Gel
c. Collagen and hyaluronic acid 9:1 (w/w)
Dried HyA Scaffold
( | scaffold, collagen lamellar-

‘ BioGlue hydroxyapatite scaffold, and BioGlue.

Dried HA Scaffold
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4.2.1. Scaffold Characterization
4.2.1.1. SEM
The cross sections of the multizonal scaffold were observed using scanning electron
microscopy (SEM; JEOL JSM-6390LV). Magnification images of x60 were captured for
each zone of the scaffold, including superficial zone, transition zone, and osseous zone.
These images were then stitched together using MosaicJ plugin through the Imagel
software.
4.2.1.2. FTIR
The surface functional groups of the collagen-hyaluronic acid and collagen-lamellar
mineralized scaffolds were characterized using Fourier transform infrared spectroscopy
(FTIR; Perkin Elmer Spectrum 65 FT-IR) with an attenuated total reflection unit (ATR;
SensIR Technologies, 071-1514) over a range of 4000—500 cm™.
4.3. Results
The visual results of multizonal scaffold formed with their respective method are
shown in Table 4.2. The collagen-hyaluronic acid suspension and dried collagen-
hydroxyapatite scaffold showed the best results by first glance, seen in Table 4.2.a. Due to
the success of the method 4.2.a, this was further analyzed for characterization. The 4.2.b
method showed scaffold integration to be fragile and instable once removed from the mold.

The 4.2.c method also showed instability at the bonding interface.
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Table 4.2. Visual results of each multizonal method. (a) HyA suspension + dried HA
scaffold. (b) HyA suspension + HA gel. (c) HyA scaffold + HA scaffold bonded by
BioGlue.

Multizonal Method Visual Results

a.
I I HyA Suspension
| = HyA Suspension
e Diried HA Secaffold
b.
~ HyA Suspension
S HA Gel
C.
_+ Dried HyA Scaffold

S

M
o

" Dried HA Scaffold

4.3.1. Characterization results
43.1.1. SEM
The multizonal scaffold cross-section was observed using scanning electron
microscopy (SEM) at a magnification of x60, as shown in Figure 4.4. A clear horizontal
lamellar structure was observed in the superficial zone, while a vertical lamellar structure
is present in the osseous zone. Each lamella is composed of multiple mini-lamellae. The

interlamellar distance of two adjacent lamellae in the superficial zone was measured using
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the ImagelJ software of the 2D images. It was found that the average distance was 62.7 +
12.11 um of the superficial zone. The transition zone demonstrates a cellular structure
mimicking the transition zone of osteochondral tissue. The average pore size of the cellular
structure was found to be 83.7 = 16.32 um. The average interlamellar distance of the

osseous zone was found to be 166.4 + 77.33 um.
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Superficial
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| Transition
Zone

| Osseous
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Figure 4.4. Combined SEM image of osseous zone (bottom) to superficial zone (top) of
multizonal scaffold at x60 magnification.
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4.3.1.2. FTIR
The FTIR spectra was analyzed for the collagen-hyaluronic acid scaffold and collagen-
hydroxyapatite lamellar scaffold. The notable peaks for each scaffold were labeled
according to our previous study (Clearfield et al., 2018). The amide L, II, and III bands are
reflected from collagen. Followed by the C-O stretching occurring at approximately 1000

cm!.

Amide [
Amide II

— C-Og)

«—Amide III

PO,

PO,

¥~ Carbonate
*— (Carbonate

Absorbance (a.u.)

§ > «— Collagen
[
4{

3700 3300 2900 2500 2100 1700 1300 900 500
Wavelength (cm-1)

——C Collagen-hydroxyapatite zone =~ ——Collagen-hyaluronic acid zone

Figure 4.5. FTIR of collagen-hydroxyapatite lamellar zone and collagen-hyaluronic acid
zone of a multizonal scaffold.
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4.4. Discussion
Restoring native osteochondral tissue is an area investigated by many research groups
across the globe (Levingstone et al., 2016; Parisi et al., 2020; Zhou et al., 2020). Despite
of all these efforts, successfully mimicking the zonal architectural structure and function
has yet to be achieved. Without the use of a biocompatible solution, the patient’s body will
often reject the proliferation of native chondrocytes and osteocytes, leading to a lack of
tissue regeneration and poor mechanical properties.

This study took three routes in sight of satisfying these conditions. Each of the
solutions involved a collagen-hyaluronic acid zone that replicates the chondral sections of
articular cartilage. Followed by a mineralized collagen suspension replicating the osseous
section of subchondral bone. The first approach, as shown in Table 4.2.a, produced the
optimal results of the three. The collagen-hyaluronic acid suspension was lyophilized onto
the dried collagen hydroxyapatite lamellar scaffold, resulting in a well-integrated structure
that supported the collagen alignment of native cartilage tissue. Starting from deep, the
lamellar osseous structure mimicked the vertical collagen alignment of the osseous and
deep zones of osteochondral tissue (Sophia Fox et al., 2009). With directional freezing, a
clear lamellar structure was formed which was used to serve as superficial and osseous
zones of the multizonal scaffold, shown in Figure 4.6.a. In contrast, with homogenous
freezing, a cellular structure was achieved by random ice growth resulting in an equiaxed
structure, shown in Figure 4.6.b (Xia et al., 2013), which served as the transition zone in
the multizonal scaffold. The success of the integration of each layer is shown in the SEM

image of Figure 4.4.
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Figure 4.6. (a) Unidirectional freezing resulting in the superficial zone. (b) Homogenous
freezing resulting in transition zone of a cellular structure.

In the second approach (Table 4.1.b), lyphollization of a collagen-hyaluronic acid
suspension and collagen hydroxyapatite gel was considered due to possible enhanced layer
integration. After SEM analysis of the scaffold, there was shown to be a clear debonding
between two zones. The transition zone did not properly form, which resulted in weak

bonding between the layers, shown in Figure 4.7.
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Figure 4.7. SEM image of collagen HyA scaffold and collagen HA scaffold with separation
between layers for the second approach.

It was also noticed that due to the hydrogel state, once the scaffold was freeze dried, the
mineralized section shrank significantly due to removal of ice molecules, creating a gap at
the interface between the superficial and osseous zones (Xu et al., 2021).

The third approach involving the use of BioGlue to bond two dried scaffolds of
superficial and deep zones, as shown in Table 4.2.c. It was found that generally the bonding
between the zones of the multizonal scaffold are enhanced, but the low permeability of
BioGlue restricts cell migration and differentiation (Yu et al., 2023). This could lead to
poor integration between multizonal scaffolds and surrounding native tissue (Dormer et al.,
2010). Figure 4.8 shows an SEM image of the BioGlue, which demonstrates a dense

structure with poor bonding to the surrounding scaffold.
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Figure 4.8. SEM image of BioGlue used to integrate each scaffold. The circle area is the
BioGlue, which has demonstrates a dense structure.

4.5. Conclusions

In Chapter 4, a multizonal scaffold with composition and structure closely mimicking
those of osteochondral tissue has been successfully fabricated. The use of a mix of
hyaluronic-acid and collagen and mineralized collagen as respective superficial and deep
zones of the multizonal scaffold closely mimic the composition of osteochondral tissue.
Freezing parameters were optimized to imitate each zone of cartilage. Lyophilization of
the zones to incorporate structural integration was utilized. The engineering of multizonal
scaffolds with structure and composition mimicking the nature tissue holds great promises

for osteochondral tissue repair and regeneration.
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Chapter 5 - Summary/Future Directions

This study has successfully developed a novel collagen-based, multizonal scaffold

for osteochondral repair applications. The present study involved the extraction of collagen
from bovine tendon achilles. Atelocollagen was derived and used to fabricate multizonal
collagen-based scaffolds. Each zone of the scaffold mimicked a particular zone of
osteochondral tissue. Fabrication of collagen scaffolds that mimic the specific orientation
of each layer of articular cartilage (middle, deep, and calcified cartilage/subchondral bone
zones) was shown to be successful. This was conducted by lyophilization of a collagen-
hyaluronic acid suspension and a collagen hydroxyapatite scaffold. Structural arrangement
of the zones was controlled by directional freezing in order to reproduce the lamellae
orientation of native articular cartilage tissue. Characterization of SEM, EDS, XRD, FTIR,
and TGA further verified the deposition of hydroxyapatite in the deep zone and proper
lamellae within the scaffold. Studies involving biodegradability study, mechanical testing,
and in vitro and in vivo experimentation would need to be further investigated before

clinical use.
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