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Chapter 1

General introduction

1.1 Tissue engineering

Millions of people are suffering from tissue or organ failure and waiting from some kind of tissue
or organ transplantation. Traditionally, tissue loss resulting from traumatic or nontraumatic destruction has
been treated by methods such as autografting and allografting.! Although autologous tissue transplantation is
clinically considered as a gold standard, it has the limitation of donor site shortage. On the other hand,
allogenic transplantation is more prone to immunogenicity as well as inducing other transmissible diseases.
Because of these clinical limitations, the concept of tissue engineering is introduced nearly two decades ago,
considerably saving numerous lives and improving the quality of life of patients.??

1.1.1 Principles of tissue engineering

The term “tissue engineering” was firstly introduced in medicine in 1987 during a meeting of the
National Science Foundation. The definition that was agreed on as: “Tissue Engineering is the application of
the principles and methods of engineering and life sciences toward the fundamental understanding of
structure-function relationships in normal and pathologic mammalian tissue and the development of
biological substitutes to restore, maintain, or improve tissue function.” In 1993, Robert Langer and Joseph
Vacanti further described that tissue engineering is an emerging multidisciplinary field that applies the
principles of biology and engineering to the development of viable substitutes that restore, maintain or
improve the function of human tissues.* Since then, tissue engineering has drawn world-wide concern. The
general principle of tissue engineering involves combining living cells with a natural/synthetic support or
scaffold to build a three dimensional living construct that is functionally, structurally and mechanically equal
to or better than the tissue that is to be replaced. In this approach, new functional tissue is reconstructed by
seeding functional cells from a patient in a biodegradable three-dimensional porous scaffold, followed by in
vitro culture and in vivo implantation to the desired sites (Figure 1.1). The potential impact of tissue
engineering from both a therapeutic and an economic standpoint is enormous. Using the patients’ own cells
avoids many of the problems associated with immune rejection of foreign tissue. After proliferation, small
amount cells can be expanded to a sufficient cell mass to replace the organ function. Meanwhile, the shape of
the regenerated tissue can be designed to accommodate the desired repair sites.
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The progressive tissue engineering accelerates the development of tissue engineering products into
market during 21 century, such as Organogenesis’ Apligraf® and Genzyme’s Carticel®.®> Until mid 2011,
commercial sales of tissue engineering products are almost 3-fold higher than the past 4 years. In addition,
the number of companies selling products or offering services has increased over 2-fold to 106, and they are
generating a remarkable $3.5 billion in sales.® Tissue engineering has emerged as a rapidly expanding
approach to address the problems of traditional therapies and is a major component of regenerative
medicine.”®
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Figurel.1 Concept of tissue engineering. In general, tissue engineering involves the expansion of cells from a
small biopsy, followed by culturing of the cells in temporary three-dimensional scaffolds to form the new
organ or tissue.
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1.1.2 Key factors of tissue engineering

Tissue engineering can be considered as a multidisciplinary technology to restore the function of
diseased or damaged tissues through the combination of cells, scaffolds and growth factors using biology and
engineering principles as shown in Figure 1.1. The three key components including cells, scaffolds and
growth factors require a careful selection to build a three-dimensional construct that is functionally,
structurally and mechanically equal to or better than the tissue that is to be replaced.®
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1.1.2.1 Cells

To achieve the goal of tissue engineering, cells must satisfy a number of criteria in order to achieve
effective, long-lasting repair of damaged tissues. (1) An adequate number of cells must be produced to fill
the defect. (2) Cells must be able to differentiate into desired phenotypes. (3) Cells must adopt appropriate
three-dimensional structural support/scaffold and produce ECM. (4) Produced cells must be structurally and
mechanically compliant with the native cell. (5) Cells must successfully be able to integrate with native cells
and overcome the risk of immunological rejection. (6) There should be minimal biological risks.

Cell sources utilized in tissue engineering can be autologous (from the patient), allogenic (from a
human donor but not immunologically identical), or xenogenic (from a different species donor). Autologous
cells represent an excellent source for use in tissue engineering because of the low association with immune
complications and ethical issues. Most current strategies for tissue engineering depend upon a sample of
autologous cells from the diseased organ of the host. However, for many patients with extensive end-stage
organ failure, a tissue biopsy may not yield enough somatic cells for expansion and transplantation. In other
instances, primary autologous human cells can not be expanded from a particular organ, such as the pancreas.
In these situations, stem cells are envisioned as a viable source of cells because they can serve as an
alternative source of cells from which the desired tissue can be derived.'%

According to the origin of generation, stem cells can be classified into two main types, embryonic
stem cells (ESCs) and adult stem cells. ESCs are derived from the inner cell mass of the pre-implantation
blastocyst.*? They are undifferentiated, immature cells that are capable of unlimited self-renewal with the
ability to differentiate.’® Adult stem cells are resident stem cells found in specific niches or tissue
compartments and are important in maintaining the integrity of tissues like skin, bone and blood.* They are
undifferentiated cells that can be programmed to differentiate into specific tissue types. For example,
mesenchymal stem cells (MSCs), derived from bone marrow, umbilical cord, dental pulp and adipose tissues,
are one of prospective adult stem cells. MSCs are relatively easy to obtain from a small aspirate of patients’
donor sites and have multipotent capacity to differentiate into different cell lineage such as osteoblasts,
chondrocytes, adipose cells, ligament cells and neural cell (Figure 1.2).%

According to the potential of differentiation, stem cells can be classified into three types, totipotent
stem cells, pluripotent stem cells and unipotent stem cells. Totipotent stem cells, such as ESCs, have the
potential to divide and produce all the differentiated cells in an organism including extraembryonic tissues,
whereas unipotent stem cells only can differentiate into one cell type. Pluripotent stem cells have the
potential to differentiate into any of the three germ layers: endoderm (interior stomach lining, gastrointestinal
tract, lungs), mesoderm (muscle, bone, blood, urogenital), or ectoderm (epidermal tissues and nervous
system). Pluripotent stem cells can give rise to any fetal or adult cell type.®* However, they cannot develop
into a fetal or adult organism because they lack the potential to contribute to extraembryonic tissue, such as
the placenta. Recently, 2012 Nobel Prize in Physiology or Medicine was awarded to Shinya Yamanaka for
the discovery that mature cells can be reprogrammed to become pluripotent, named as induced pluripotent
stem cells (iPS). In his research, four specific transcription factors were identified to induce pluripotency,
including Octamer-binding transcription factor-3/4 (Oct3/4), Sry-related HMG-box gene 2 (Sox2),
Kruppel-like factor 4 (KLF4), MYC protooncogene (c-Myc).'*® The iPS cells technology will provide
unprecedented opportunities in biomedical research and regenerative medicine.®
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Figure 1.2 Differentiation scheme of MSCs. MSCs can be cultured in vitro to generate a variety of
differentiated cells and demonstrate their multipotent capacity and differentiation plasticity. The end-stage
cell type is dependent on the culture conditions, media and supplements.?

1.1.2.2 Scaffolds

It is well know that the extracellular matrix (ECM) produced by cells is not only a physical support
of cells, but also an important influence on cell proliferation and differentiation, which contributes to tissue
regeneration. It is impossible that a large-sized defect of tissue will be naturally regenerated only by
supplying cells to the defects. Thus, three dimensional scaffolds are highly demanded for induction of tissue
regeneration, acting as an artificial ECM.?! In this approach, scaffolds serve as a temporary template to
provide biological and physical cues to support cell adhesion, to promote proliferation and to induce
differentiation of stem cells or progenitor cells into specific lineage, and finally the newly regenerated tissue
is formed while the scaffold is degraded.?>? The microenvironment of scaffolds can be adjusted according to
the specificities of different tissues, such as bone, cartilage, ligament, skin, vascular tissues, neural tissues,
skeletal muscle and etc (Figure 1.3). Since scaffolds play a critical role in regulation of cell function and
tissue formation, various technologies come together to construct porous scaffolds to regenerate the
tissues/organs and also for controlled and targeted release of bioactive agents in tissue engineering
applications.?* An ideal tissue engineering scaffold would not only replicate the structure of ECM, but would
also replicate the many functions that the ECM performs.?>2
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Figure 1.3 Multi-functional scaffolds for regeneration of various tissues. Examples include (A) scaffolds
delivering angiogenic growth factor to induce blood vessel formation, (B) scaffolds seeded with
osteoblasts/chondrocytes for bone and cartilage regeneration, (C) growth factor releasing film as wound
dressing material, and (D) porous conduits for nerve regeneration.?’

1.1.2.3 Growth factors

To fulfill functional tissue regeneration, growth factors are a necessary component to stimulate cell
growth, proliferation and differentiation, acting as signaling molecules among cells.?®* Growth factors are
soluble secretion signaling proteins or polypeptides capable of regulating the cellular processes. The
common growth factors include vascular endothelial cell growth factor (VEGF: stimulates the growth of new
blood vessels), fibroblast growth factor (FGF: protein is associated with the ECM and promotes proliferation
of many cells), epithelial cell growth factor (EGF: promotes proliferation of mesenchymal, glial and
epithelial cells), transforming growth factor beta (TGF-beta: suppresses cytokine production, promotes
wound healing, inhibits macrophage and lymphocyte proliferation), keratinoctye growth factor (KGF),
hepatocyte growth factor (HGF), platelet derived growth factor (PDGF: promotes proliferation of connective
tissue, glial and smooth muscle cells) and bone morphogenetic protein (BMP) and so on. Two strategies are
widely used to release growth factors to desired sites, including chemical immobilization of the growth
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factor into or onto the scaffolds and physical encapsulation of growth factors in the delivery system. In the
physical encapsulation, synthetic and nature polymers have been used as growth factor carrier materials,
such as polylactide, poly(ortho esters), poly(anhydrides), poly(amino acids), silk, keratin, collagen, gelatin,
fibrinogen, elastin, chitosan, hyaluronic acid, starch, carrageenan, cellulose, alginate and so on.%-3* A number
of fabrication techniques of carriers are developed, but the denaturation or deactivation, release efficiency
and target control of growth factors still need to be considered.%3¢

1.2 Scaffolds for in tissue engineering

1.2.1 Scaffold requirements

Significant attention has been paid to scaffolds for tissue engineering since they provide a
biomimetic environment for cell growth and tissue regeneration. With the approach of tissue engineering,
porous three-dimensional temporary scaffolds essentially act as a template to manipulate cell function and
guide new organ formation. Isolated and expanded cells adhere to the temporary scaffold in all three
dimensions, proliferate, and secrete their own extracellular matrices (ECM), replacing the biodegrading
scaffold. Significant challenges to this approach include the design and fabrication of the scaffolds. Ideally,
scaffolds for tissue engineering should meet several design criteria as follows (Figure 1.4).37-42

(1) Biochemical property: the surface should permit cell adhesion, promote cell growth and allow
the retention of differentiated cell functions.

(2) Biocompatibility: the scaffolds should be biocompatible, neither the polymer nor its degradation
by-products should provoke inflammation or toxicity in vivo.*

(3) Biodegradability: the scaffold should be biodegradable and eventually eliminated.

(4) Pore structure: the pore structure should allow even spatial cell distribution throughout the
scaffold to facilitate homogeneous tissue formation. An interconnected pore structure is required to ensure
cellular penetration and adequate diffusion of nutrients to cells and extracellular matrix (ECM) formed by
these cells and diffusion of waste products out of the scaffold. The porosity should be high enough to provide
sufficient space for cell adhesion, extracellular matrix regeneration and minimal diffusional constraints
during culture. An appropriate pore size is necessary for cell attachment, cellular movement, spreading and
intracellular communication.

(5) Mechanical property: the scaffold should have appropriate mechanical property to resist the
contractile force exerted by cells. The deformation of scaffold may result in a failed regenerated tissue.
Meanwhile, the mechanical property of scaffold needs to be consistent with the implanted site. From a
practical perspective, it must be strong enough to allow surgical handling during implantation.
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Requirements of 3D scaffolds for tissue engineering

Appropriate
pore structure

Biomechanical

Biochemical
property

Figure 1.4 Requirements of an ideal scaffold for tissue engineering.
1.2.2 Scaffold materials

The choice of biomaterials as scaffolds is critical to the success of tissue engineering.** Large
numbers of scaffolds from different biomaterials are available for clinical uses which are listed in Table 1.1.
Typically, three individuals groups of biomaterials, synthetic polymers, natural polymers and ceramics, are
used in the fabrication of scaffolds for tissue engineering. Each of these biomaterials plays central roles in
modern strategies in tissue engineering as designable biophysical and biochemical milieus that direct cellular
behavior and function.”® The guidance provided by biomaterials may facilitate restoration of structure and
function of damaged or dysfunctional tissue.

1.2.2.1 Synthetic polymers

Langer and Vacanti postulated that if synthetic polymer could act as cell anchorage sites, they could
potentially serve as three-dimensional scaffoldings for the delivery and support of transplanted cells.
Synthetic polymers can allow the precise engineering of matrix configuration to permit optimal cell survival,
proliferation and subsequent tissue formation.* The physical properties of synthetic matrices can be altered in
order to obtain desired characteristics of the engineered tissue. For example, the configuration of the
synthetic matrix could be manipulated to vary the surface area available for cell attachment as well as to
optimize the exposure of the attached cells to nutrients. Similarly, the chemical properties of synthetic
matrices also can be modified by incorporating growth factors, hormones or adding multiple side chains to
the polymer structure to promote cell growth and differentiation.**® Commonly, biodegradable synthetic
polymers such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymer of
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poly(lactic-co-glycolic acid) (PLGA) are widely used for tissue engineering.*® They have gained the approval
of the US Food and Drug Administration for certain human clinical use, such as surgical sutures and some
implantable devices. PLA undergoes hydrolytic scission to its monomeric form, lactic acid, which is
eliminated from the body by incorporation into the tricarboxylic acid cycle. The principal elimination path
for lactic acid is respiration and it is primarily excreted by lungs as CO,. PGA can be broken down by
hydrolysis, nonspecific esterases and carboxypeptidases. The glycolic acid monomer is either excreted in the
urine or enters the tricarboxylic acid cycle. Other advantages for these materials are that they can be
fabricated with a tailored architecture and their degradation characteristics can be controlled by varying the
polymer itself or the composition of the individual polymer.

Although the applications of biodegradable synthetic polymers have got great successes in both
research and clinical applications, there are some limitations. One of the major limitations of the
non-informational synthetic polymers (e.g., PLGA, PLA, PGA) is that they can’t provide an extracellular
matrix (ECM) and informational signals (such as the Arg-Gly-Asp sequence), which facilitate cell
attachment and proliferation.>® Another major problem is the in vivo degradation. In vivo, massive release of
acidic degradation and resorption by-products results in inflammatory reactions, as reported in the
bioresorbable device literature.5:>* If the capacity of the surrounding tissue to eliminate the by-products is
low, due to the poor vascularization or low metabolic activity, the chemical composition of the by-products
may lead to local temporary disturbances. Potential problems of biocompatibility in tissue engineering bone
and cartilage, by applying biodegradable polymer scaffolds, may also be related to biodegradability and
bioresorbability. Therefore, it is important that the 3D scaffold/cell construct is exposed at all times to
sufficient quantities of neutral culture media, especially during the period where the mass loss of the polymer
matrix occurs.?*

1.2.2.2 Nature polymers

Unlike synthetic polymer-based scaffolds, natural polymers are biologically active and typically
promote excellent cell adhesion and growth. Furthermore, they are also biodegradable and so allow host cells,
over time, to produce their own extracellular matrix and replace the degraded scaffold. The natural polymers
include proteins of natural extracellular matrices, such as collagen, glycosaminoglycan, alginic acid, alginate,
chitosan, hyaluronic acid, polypeptides and etc. Collagen is the prevalent structural biomolecule in the
tissues including skin, blood vessels, tendon, cartilage and bone, making it a logical choice for deriving a
tissue-engineering scaffold.>® The collagen molecule, also known as the “tropocollagen”, is part of larger
collagen aggregates such as fibrils. The whole molecule is approximately 300 nm long and 1.5 nm in
diameter (Figure 1.5). Collagen has been known to exhibit minimal inflammatory and antigenic responses,
and contains cell adhesion domain sequences which show specific cellular interactions.>®5” In comparison to
other synthetic polymer scaffolds, collagen scaffolds show favorable results with regard to chondrocyte
adherence and their ability to maintain a differentiated chondroccyte phenotype.®® Yannas et al. conducted
pioneering studies on collagen-glycosaminoglycan scaffolds to induce the regeneration of dermis of skin,
sciatic nerve and knee meniscus.>® Chemical crosslinking by glutaraldehyde has been proposed to control the
stability and degradation rate of these matrices, whereas porosity has been changed by both chemical and
physical techniques. Alginic acid,%® a polysaccharide from seaweed, is a family of natural copolymers of
B-D-mannuronic acid (M) and a-L-guluronic acid (G). They have been processed in gel beads encapsulating
living cells as a means of immunoprotection.t2 Alginates crosslinked with calcium sulfate have been
recently used as cell delivery vehicles for tissue engineering, however gelation kinetics by the use of calcium
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sulfate is difficult to control and the resulting structure is not uniform. Chitosan is a natural polysaccharide,
whose structural characteristic is similar to glycosaminoglycans. It has been used in a variety of biomedical
applications, such as hemodialysis membranes, drug delivery systems, orthopaedic and dental coating
materials and artificial skin.®*®® Hyaluronic acid (HA) is a hydrophilic and natural glycosaminoglycan that is
found in human skin, cartilage, intra-articular joint fluid and vitreous humor. It is one of the base connective
materials in extracellular matrix. HA plays an important role in the lubrication of soft tissues, cushion cells,
water absorbance, cell differentiation, migration and cell growth. HA-based scaffolds have been widely used
in the tissue engineering of skin, cartilage tissue, bone and soft tissue filler.%-%° The other natural polymers
are silk fibroin,” gelatin™, alginate®* and etc.%"273 Polypeptides with some amino acid sequences can be
favorable to cell adhesion and function and thus they may have potential for cell attachment and
transplantation. However, fabricating scaffolds from biological materials with homogeneous and
reproducible structures presents a challenge. In addition, the scaffolds generally have poor mechanical
properties, which limit their use in, for example, load-bearing orthopedic applications.

Collagen molecular structure
Telopeptide Collagen helix Telopeptide

le »le »le |
€ > € >€ |
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a1 ESSELXEEL = [15m
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4 »

300 nm ]

l

Collagen fibril

Figure 1.5 Collagen structure from tropocollagen molecule to fibril level. The collagen molecules consist of
three polypeptide chains (a-chains) each of which is coiled into a left-handed helix and the three chains are
twisted around each other into a right-handed super-helix forming a rod-like molecule.
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Table 1.1 List of some common commercial polymeric scaffold products#°

Polymer Property Biomedical application Trade name

. e First biodegradable synthetic suture in
Regenerate biological tissue 1969 DEXON

Good mechanical properties . L . Biofix
prop Bone internal fixation devices

PGA

Orthopaedic fixation devices

Good tensile strength
! g High-strength fibers (FDA approved  Bio-Anchor

PLLA Improved suture

Fiber-based devices at 1971) . DEXON
Blood vessel conduits
High degradation Multifilament suture Vicryl
PLGA Form of meshes Skin graft Vicryl Mesh
Drug delivery vehicle
PLGA-collagen Matrix Tissue regeneration membrane CYTOPLAST
Scaffolds for cardiovascular,
Collagen musculoskeletal & nervous Bioengineered skin equivalents TransCyte
tissue engineering
HA ::)?)T;;ea:nag::(;?fizt:s\:hicIe for Wound dressing application HYAFF
) . . Synthetic bone graft OSSIGEL
osteoinductive protein
Viscous HA  Synovial fluid substitute To rt?l?eve_z pain and irr?p_rove_join SYNVISC
mobility in osteoarthritis patients ORTHOVISC

1.2.2.3 Ceramics

Ceramic biomaterials such as hydroxyapatite (HA) and beta-tricalcium phosphate (TCP) have been
widely used to prepare bone tissue engineering scaffolds because of their similarity to the inorganic
component in bone and excellent mechanical stiffness. The interaction of osteogenic cells with ceramics is
important for bone regeneration as ceramics are known to enhance osteoblast differentiation and
proliferation.®182 Hydroxyapatite is a naturally occurring mineral form of calcium apatite with the formula
Cas(PO4)s(OH), but is usually written Caio(PO.)s(OH), to denote that the crystal unit comprises two
entities. Hydroxyapatite can be found in teeth and bones within the human body. Thus, it is commonly used
as a filler to replace amputated bone or as a coating to promote bone ingrowth into prosthetic implants.®®
Tricalcium phosphate is a compound with formula Cas(POa).. It is also known as calcium orthophosphate,
tertiary calcium phosphate, tribasic calcium phosphate, or “bone ash” (calcium phosphate being one of the
main combustion products of bone). It can be used as a tissue replacement for repairing bony defects when
autogenous bone graft is not feasible or possible. It may be used alone or in combination with a
biodegradable, resorbable polymer such as polyglycolic acid.®* It may also be combined with autologous
materials for a bone graft. From a bone perspective, they exhibit excellent biocompatibility due to their
chemical and structural similarity to the mineral phase of native bone. Wollastonite, a naturally occurring
calcium silicate, has attracted much attention for its excellent bioactivity and biocompatibility in bone tissue
engineering.?® The Si and Ca ions released from wollastonite have been reported to stimulate proliferation
and osteogenic differentiation of osteoprogenitor cells. Recently angiogenesis effect of calcium silicates has
been reported.®-!
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1.3 Role of scaffold pore structure in tissue regeneration

1.3.1 Pore structure effect on tissue regeneration

The pore architecture of scaffolds has been shown to have a significant effect on both physical
properties and cellular activity.>>%°" Appropriate pore structure, such as interconnected pore structure,
optimal pore size and high porosity, is highly demanded for tissue engineering and regenerative
medicine.®®1% The pore structure affects spatial cell distribution throughout the scaffold which will finally
affect homogeneous tissue formation.®>%>%193 The interconnectivity of pore structure affects cellular
penetration, nutrient supply and waste removal throughout the whole scaffold.’*+% The porosity affects cell
adhesion, extracellular matrix regeneration and diffusional constraints during culture.!°”1% The pore size
affects cell attachment, cellular movement, spreading and intracellular communication. Cells primarily
interact with scaffolds via chemical groups (ligands) on the material surface. Scaffolds synthesized from
natural extracellular materials (e.g. collagen) possess these ligands in the form of Arg-Gly-Asp (RGD)
binding sequences, whereas scaffolds made from synthetic materials may require deliberate incorporation of
these ligands through, for example, protein adsorption. The ligand density is influenced by the specific
surface area, i.e. the available surface within a pore to which cells can adhere. This depends on the mean
pore size in the scaffold.’® The pores thus need to be large enough to allow cells to migrate into the structure
where they eventually become bound to the ligands within the scaffold, but small enough to establish a
sufficiently high specific surface, leading to a minimal ligand density to allow efficient binding of a critical
number of cells to the scaffold. Therefore, for any scaffold, a critical range of pore sizes exists, which may
vary depending on the cell type used and tissue being engineered.?>110-115

1.3.2 Fabrication techniques of scaffolds with suitable pore structures and current challenges

To achieve the goal of tissue engineering, the scaffold with controlled pore structure to facilitate
spatial cell distribution and homogeneous tissue formation is highly demanded. Until now, many fabrication
techniques have been developed to obtain porous scaffolds with appropriate pore structure, including
porogen leaching, freezing-drying, gas foaming and rapid prototyping. All of these techniques have their own
advantages, but none of them are without drawbacks. Preparation of scaffolds with controlled pore structure
is still an urgent topic for tissue regeneration.

1.3.2.1 Porogen leaching

Porogen-leaching method offers many advantages for the easy manipulation and control of pore
size and porosity. In porogen leaching, the polymer solution is introduced into the gaps among the
microporogens to form a polymer-porogen composite (Figure 1.6). After the porogens are dissolved and
removed, the remaining polymeric structure takes the form of a porous matrix as a reverse replica of the
microporogen assembly. Various porogens, such as salt,**61t7 gelatin,*® paraffin'® and sugar,? have been
utilized. Although the porogen materials can leave replica pores after leaching, they cannot initiate the
formation of surrounding pores. As a result, isolated pores are formed in the scaffolds, a situation which is
not desirable for tissue engineering scaffolds. To improve pore interconnectivity, the porogen materials are
bonded before mixing them with polymer matrix. However, the bonded porogen materials require organic
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solvents for leaching of the porogen materials, and the residual solvents are toxic to cells. Penetration of the
polymer solution into the bonded porogen material becomes difficult if the polymer solution has a high
viscosity.

4 N

Polymer solution
(Dissolving in solvent solution)
Embedding | S
Porogen in a mold Porous scaffold
@m gelatin, paraffin, etc)
1. Controlled porosity. 1. Poor pore interconnectivity.
2. Controlled pore size. 2. Possibility of residual solvents.

Figure 1.6 Schematic diagram of porogen leaching technique for tissue engineering applications.

1.3.2.2 Freeze-drying

Freeze-drying is a simple process whereby solutions are frozen and then the frozen solvents are
removed via sublimation under high vacuum, leading to formation of porous structures. The pore structure of
scaffolds, such as pore size, pore volume and pore morphology, can be controlled by altering freeze
temperature, solution concentration, nature of solvent and the control of the freeze direction.'?:1%* After
freeze-drying, the pore structure of the scaffolds is a replica of the ice crystal morphology after freezing
(Figure 1.7). By this method, the scaffolds show highly interconnected pore structure and high porosity.
Another advantage of this technique is that it ensures complete evaporation of the organic solvent from the
scaffold and that it eliminates a porogen-leaching step which could have compromised the purity of the
scaffold by the trace amount of organic solvent remaining in the scaffold.

7,

i DRl & i s
E ’?/’ 7/11 )‘1 Freeze-drying ({//wf{z‘,’)‘ﬁ .
N VANWZ
Polymer solution Solvent crystallization Porous scaffold
(Dissolving in solvent solution) /Solvent crystal
Advantages:
1. Simple manipulation. 1. Difficulty in precisely controlling the pore structure.

2. Well interconnectivity.

Figure 1.7 Schematic diagram of freeze-drying technique for tissue engineering applications.

1.3.2.3 Gas foaming

The gas foaming method uses high pressure carbon dioxide gas for the fabrication of highly porous
scaffolds.!?>12” The process involves saturating a polymer solution with carbon dioxide at a high pressure
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which results in the phase separation of clustered carbon dioxide molecules and the creation of pore
nucleation, a process called “foaming” (Figure 1.8). Upon the completion of the foaming process, the
polymeric scaffold turns into a three dimensional porous scaffold with expanded polymeric volume and a
decrease in polymeric density. The amount of carbon dioxide dissolved in the polymer solution determines
the porosity and porous structures of the scaffolds. However, the scaffolds fabricated by this method often
lack the suitable pore interconnectivity.

High pressure CO,

Atmospheric pressure
< CO,

Compression molding
—_—

Deceasing pressure
—_— 5

Polymer solution

Porous scaffold

& Gas bubbles
Advantages: J Disadvantages:
1. Controlled porosity. 1. Poor pore interconnectivity.
2. Controlled pore size. 2. Low mechanical property.
3. Without usage of toxic organic solvents. 3. Volume expansion,

Figurel.8 Schematic diagram of gas foaming technique for tissue engineering applications.

1.3.2.4 Rapid prototying

Rapid prototyping (RP), also referred to as solid freeform fabrications (SFF), is comprised of a
group of mechanical processes technologies that fabricate a 3D object in a layer by layer fashion.1?312 The
PR applies computer-aided design (CAD) and computer-aided manufacturing (CAM) program to build
highly complex structure by layering a series of thin 2D slices with defined properties (Figure 1.9).1%131 The
cross sections are designed by CAD programs, and corresponding to each cross section, the RP machine
fabricates layers of materials which are laid down one at a time, moving from the bottom to the top to build
the scaffold with predefined properties, such as porosity, interconnectivity and pore size. Based on high
fabrication accuracy and repeatability by a computer-aided design (CAD) system, these methods have been
widely applied to prepare scaffolds for the regeneration of various tissues, such as bone, skin, cartilage, etc.
However, although the methods possess huge potential for scaffold fabrication, there are several limitations,
such as low-resolution struts, limited material selection, long processing times and smooth-surfaced struts,
which deteriorate initial cell attachment and proliferation.
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Figure 1.9 Schematic diagram of rapid prototyping technique for tissue engineering applications.

1.4 Motivation and objectives

Appropriate pore structures are required for the scaffolds that are used for tissue engineering and
regenerative medicine. Although a number of three-dimensional porous scaffolds have been developed from
various types of biodegradable polymers, it has been difficult to ensure homogenous tissue formation in the
scaffolds because of uncontrolled pore structure and poor interconnectivity (Figure 1.10). In general, cells
are easily allocated and distributed in the peripheral areas, resulting in partial tissue regeneration in the
outermost peripheral layers of the scaffolds. The regeneration of functional tissues requires smooth cell
delivery and distribution throughout the scaffolds.

To improve spatial cell distribution and promote homogeneous regeneration, some preparation
methods have been developed for controlling various aspects of the pore structures, such as pore size,
porosity and interconnectivity of the scaffolds. Among these methods, porogen-leaching method offers many
advantages for the easy manipulation and control of pore size and porosity. Although the porogen materials
can leave replica pores after leaching, they cannot initiate the formation of surrounding pores. As a result,
isolated pores are formed in the scaffolds, a situation which is not desirable for tissue engineering scaffolds.
To improve pore interconnectivity, the porogen materials are bonded before mixing them with polymer
matrix. However, the bonded porogen materials require organic solvents for leaching of the porogen
materials, and the residual solvents are toxic to cells. Penetration of the polymer solution into the bonded
porogen material becomes difficult if the polymer solution has a high viscosity. Therefore, development of
easy and effective methods for preparation of porous scaffolds with well controlled pore structures is
strongly desirable.

The purpose of this study is to develope a method by using pre-prepared ice particulates as porogen
materials to precisely control the pore structures of collagen-based porous scaffolds. At first, the detailed
preparation conditions, such as mixing temperature, ice particulates/collagen solution ratio and collagen
aqueous solution concentration, will be investigated. Subsequently, the method will be used to prepare a
collagen scaffold with a gradiently changed pore size to investigate the effect of pore size on cartilage tissue
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regeneration. Furthermore, individual collagen porous scaffolds with different pore sizes will be prepared to
compare the pore size effect on proliferation and cartilaginous gene expression of chondrocytes. Finally, the
method will be used to prepared hybrid scaffolds of collagen and wollastonite nanowires with precisely
controlled pore structures for bone tissue engineering.

Interconnectivity Homogeneity Pore size

\ Uneven cell distribution Optimal pore size?j
Failure of regeneration of functional tissue
‘ Requirement for an ideal scaffold
(C\/ '\/‘V“\/’é
v

\U
; e
R Y e
IMQ.{\_ A’Xu
Controlled pore structure J
(Porosity ,interconnectivity, homogeneity, pore size)

CO Open pores @® Cel i_ ! Scaffold
O QO Closed pores Growth factor _» Cell penetration

Figure 1.10 Illustration of the importance of controlled pore structure for successful tissue regeneration. The
controlled pore structure should have high porosity, interconnectivity, homogeneity and appropriate pore size,
which can improve spatial even cell distribution and promote homogeneous regeneration.
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Chapter 2

Preparation of collagen scaffolds with precisely controlled pore

structures by using ice particulates as a porogen material

2.1 Summary

Appropriate pore structures and mechanical properties are required for the scaffolds that are used
for tissue engineering and regenerative medicine. In this chapter, precisely controlled pore structures were
created for the scaffolds to control cell distribution and functions for functional tissue regeneration. The
method using pre-prepared ice particulates as a porogen material was developed to precisely control the pore
structures of collagen porous scaffolds. The detailed preparation conditions, such as mixing temperature, ice
particulates/collagen solution ratio and collagen aqueous solution concentration, were investigated. Bovine
articular chondrocytes were cultured in collagen scaffolds to compare their effects on regeneration of
cartilage tissue. The porogen ice particulates initiated formation of interconnected large spherical pores
surrounded by small pores. The large spherical pores were well compacted and increased the elastic modulus
of the scaffolds. The unique pore structures facilitated cell penetration, resulting in a homogeneous cell
distribution throughout the scaffolds. The excellent mechanical properties protected the deformation of the
scaffolds during cell culturing and implantation. The collagen porous scaffolds facilitated cartilage
regeneration when bovine articular chondrocytes were cultured in the scaffolds. The use of pre-prepared ice
particulates as a porogen material proved to be a useful method to control the pore structure and improve the
mechanical properties of collagen-based porous scaffolds.

2.2 Introduction

Porous scaffolds have been widely used in tissue engineering and regenerative medicine to provide
a temporary microenvironment for cell adhesion, proliferation, differentiation and secretion of the newly
formed extracellular matrix to guide the formation of new tissues and organs.'® The scaffolds should have an
adequate porous structure for enabling cellular penetration into the construct to obtain a desirable cell
distribution.®° Although a number of three-dimensional porous scaffolds have been developed from various
types of biodegradable polymerst?® not all the scaffolds can ensure homogenous tissue formation in the
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scaffolds. In general, cells are easily allocated and distributed in the peripheral areas, resulting in partial
tissue regeneration in the outermost peripheral layers of the scaffolds. The regeneration of homogenous
tissues requires smooth cell delivery and distribution throughout the scaffolds.

To improve spatial cell distribution and promote homogeneous regeneration, a few preparation
methods have been developed for controlling various aspects of the pore structures, such as pore size,
porosity and interconnectivity of the scaffolds.’®'® Among these methods, the porogen-leaching method
offers many advantages for the easy manipulation and control of pore size and porosity. Although the
porogen materials can leave replica pores after leaching, they cannot initiate the formation of surrounding
pores. As a result, isolated pores are formed in the scaffold, a situation which is not desirable for tissue
engineering scaffolds. To improve pore interconnectivity, the porogen materials are bonded before mixing
them with polymer matrix.2%2® However, the bonded porogen materials require organic solvents for leaching
of the porogen materials, and the residual solvents are toxic to cells. Penetration of the polymer solution into
the bonded porogen material becomes difficult if the polymer solution has a high viscosity. We have
developed a method by using pre-prepared ice particulates as a porogen material for the preparation of
porous scaffolds composed of biodegradable synthetic polymers.2* Embossed ice particulates have also been
used to control the surface pore structure and to increase the interconnectivity between the surface pores and
inner bulk pores.?>2% However, it has been difficult to use the method to control the inner bulk pore structure
of naturally derived polymers because controlling the mixing temperature has been difficult. Furthermore,
porous scaffolds prepared from naturally derived polymers usually have poor mechanical properties,
meaning they may not be able to withstand cell-mediated contraction and suppression from surrounding
tissues and may deform after implantation. Improved mechanical properties are anticipated for porous
scaffolds composed of naturally derived polymers.

In this chapter, we used pre-prepared ice particulates as a porogen material to prepare collagen
porous scaffolds with precisely controlled pore structures and improved mechanical properties. Pre-prepared
ice particulates not only work as porogens to control the pore size and porosity but also work as nuclei to
initiate the formation of new ice crystals in the surrounding aqueous solution, therefore increasing the
interconnectivity of the scaffolds. Furthermore, collagen porous scaffolds prepared by this method showed a
15.7-fold improvement in the mechanical properties compared with the control collagen porous scaffolds
prepared by the normal freeze-drying method. The collagen porous scaffolds were used for culturing bovine
chondrocytes for cartilage tissue engineering.

2.3 Materials and methods

2.3.1 Scaffold preparation

Ice particulates were prepared by spaying Milli Q water into liquid nitrogen using a sprayer. The
ice particulates were sieved by sieves with 335 and 425 pum mesh pores to obtain ice particulates having a
diameter from 335 to 425 um. The sieving process was conducted in a -15 °C, low-temperature chamber
(Espec, Osaka, Japan). The sieved ice particulates were stored in a closed glass bottle in a -80 °C freezer
until use. The ice particulates were observed under a phase-contrast microscope by immersing them in liquid
nitrogen to prevent thawing during the observation.

Two groups of collagen porous scaffolds were prepared. Group A: the collagen scaffolds were
prepared using a 2% (w/v) collagen aqueous solution with a ratio of ice particulates/collagen solution of 25%,
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50% and 75% (w/v) at a freezing temperature of -80 °C. Group B: the collagen porous scaffolds were
prepared using 1%, 2% and 3% (w/v) collagen aqueous solution with a ratio of ice particulates/collagen
solution of 50% (w/v) at a freezing temperature of -80 °C. The preparation scheme is shown in Figure 2.1.
First, the collagen solution was prepared by dissolving freeze-dried porcine type | collagen (Nitta Gelatin,
Osaka, Japan) in a solution (20:80 (v/v)) of ethanol and 0.1 M acetic acid (pH 3.0) at 4 °C. The solution of
acetic acid and ethanol was used to dissolve collagen to decrease the freezing temperature of the collagen
solution below -4 °C. Before mixing, the ice particulates and collagen solution were moved and kept in a
-4 °C, low-temperature chamber for 6 h for temperature balance. Subsequently, the ice particulates were
added to the collagen solution and mixed thoroughly with a steel spoon to ensure that the ice particulates and
collagen solution were homogeneously mixed. The mixture was poured onto a perfluoroalkoxy (PFA)-film
wrapped copper plate with a 10 mm thick silicone frame, and then the mixture surface was flattened with a
steel spatula and covered with a glass plate wrapped with polyvinylidene chloride film. The manipulation
was conducted in the -4 °C, low-temperature chamber. After mixing, the whole set was moved to a deep
freezer (-80 °C) and kept there for 6 h of freezing. The frozen mixture was freeze-dried for 3 days in a
freeze-dryer under a vacuum of 20 Pa (VirTis AdVantage Benchtop Freeze Dryer, SP Industries Inc.) to form
collagen porous scaffolds. Finally, the freeze-dried collagen porous scaffolds were cross-linked for 6 h with
glutaraldehyde vapor, which was saturated with a 25% aqueous glutaraldehyde solution at 37 °C in a closed
box. Using of glutaraldehyde vapor can avoid the dissolution of collagen or structure collapse that may
happen at the beginning of cross-linking methods using aqueous glutaraldehyde solution. After cross-linking,
the scaffolds were immersed in a 0.1 M glycine aqueous solution to block any unreacted aldehyde groups.
The scaffolds were washed 6 times with pure water. The washed scaffolds were frozen in a deep freezer
(-80 °C) for 6 h and freeze-dried again as described above to obtain the dried collagen scaffolds. The control
collagen scaffold was prepared by the same procedure with a 2% (w/v) concentration of collagen solution
without the use of ice particulates.

Ice particulates Ice crystallization
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Figure 2.1 Preparation schne of collagen porous scaffolds by using ice particulates as porogen material.

Collagen solution

2.3.2 Scaffold characterization

The microstructures of the collagen scaffolds were observed using a JSM-5610 scanning electron
microscope (SEM, JEOL, Tokyo, Japan). The cross-sections of the collagen scaffolds were coated with
platinum by an ECS-101 sputter coater (Elionix, Tokyo, Japan) before observation.

The porosity of collagen porous scaffolds was measured according to Archimedes’ principle (n=3).
The porosity was calculated according to the following formula: porosity = ((W2-W1)/(W2-W3)) x100%,
where W1 is the dry weight of the scaffold, W2 is the wet weight of scaffold (including PBS solution), and
W3 is the weight of the scaffold in PBS solution (subtracting buoyancy from W1).

The mechanical property of the collagen scaffolds was measured by a static compression
mechanical test machine (TMI UTM-10T; Tokyo Baldwin Co., Ltd., Tokyo, Japan). Before testing, the
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samples were cut into cubes (10 mmx10 mmx10 mm) with a blade. The samples were wetted by immersing
in PBS before measurement. Each sample was compressed at a rate of 2.0 mm/min at room temperature.
Load-deformation curves were obtained from a chart record. Young’s modulus was calculated from the
curves and sample dimensions. The average values were calculated from four samples.

2.3.3 In vitro cell culture

For cell culture use, the collagen scaffolds were cut into cylinders (@8 mmxH4 mm). All the
collagen scaffolds, including the control collagen scaffold, were used to evaluate the cell distribution. The
scaffold cylinders were sterilized with 70% ethanol, washed 3 times with Milli-Q water and exchanged with
culture medium. Bovine articular chondrocytes were isolated from articular cartilage derived from the knees
of a 9-week-old female calf obtained from a local slaughter house by digestion with an aqueous solution of
0.2 wt/v% collagenase type Il (Worthington Biochemical, Lakewood, NJ). The isolated chondrocytes were
cultured in 75 cm; tissue culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) under an
atmosphere of 5% CO; at 37 °C. The DMEM contained 10% fetal bovine serum, 4500 mg/L glucose, 4 mM
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.1 mM nonessential amino acids, 0.4 mM proline,
1 mM sodium pyruvate and 50 pg/mL ascorbic acid. The cell culture medium was changed every 3 days. The
chondrocytes were harvested by treatment with trypsin/EDTA solution when the cells reached 80%
confluence. The cell concentration was adjusted to 2.5x107 cells/mL for cell seeding. Chondrocytes were
seeded in the collagen scaffolds by dropping 200 pL of the cell suspension on one side of each collagen
scaffold (200 pL cell suspension, 5x10° cells/scaffold). The cell/scaffold constructs were then incubated with
shaking at 60 times/min for 1 w. The medium was changed every 3 days. After in vitro culturing for 1 w, the
constructs were washed 3 times with PBS and fixed with 0.25% glutaraldehyde solution at room temperature
for 1 h. In addition, the constructs were embedded in paraffin and sectioned (7 pum thick). The cross sections
were stained with Hoechst 33258 (10 pg/ml) and observed under a fluorescence microscope (Olympus,
Tokyo, Japan) to evaluate the cell distribution in the scaffolds. The photographs of cell distribution in all
collagen scaffolds were equally divided into 30 squares. The cell numbers in each square were counted,
respectively. The frequency distribution graphs were drew by recording the frequency of occurrence of cell
number in each square of collagen scaffolds.

2.3.4 In vivo implantation

For in vivo implantation, the collagen porous scaffolds prepared with 2% (w/v) collagen aqueous
solution and a ratio of ice particulates/collagen solution of 50% (w/v) and the control collagen scaffold were
used. The scaffold cylinders were sterilized and seeded with chondrocytes as described above. For in vivo
implantation, chondrocytes were seeded twice in the scaffolds, once from the top surface of the scaffold
cylinders and once from the bottom. The second seeding was performed after 3 h of culturing after the first
cell seeding to allow cell adhesion. In total, 400 pL of cell suspension solution of 2.5x107 cells/mL was
applied to each scaffold (1.0x107 cells/scaffold). The cell/scaffold constructs were then cultured in DMEM
under an atmosphere of 5% CO, at 37 °C with shaking at 60 times/min for 1 w. The cell culture medium was
changed every 3 d. After in vitro culture for 1 w, the cell/scaffold constructs were subcutaneously implanted
into the dorsa of athymic nude mice (6-week-old). Seven mice were used, and each mouse was implanted
with 2 constructs. After implantation for 8 w, the mice were sacrificed, and the implants were harvested for
further investigation. The animal experiment was conducted according to the committee guidelines of the
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National Institute for Materials Science for Animal Experiments.
2.3.5 Measurement of sulfated glycosaminoglycans (SGAG) and DNA and mechanical testing

The DNA and sGAG contents of the cell/scaffold constructs were measured after 1 w of in vitro
culture and 8 w of in vivo implantation. Before the analysis, the constructs were washed with pure water,
freeze-dried and then digested with papain solution (400 pg/mL with 5 mM L-cystein and 5 mM EDTA in
0.1 M phosphate buffer at a pH of 6.0). An aliquot of papain digest was used to measure the DNA amount
with Hoechst 33258 dye (Sigma-Aldrich, St. Louis, MO, USA) under a spectrofluorometer (FP-6500,
JASCO, Japan). The sGAG content was determined using the above papain digests by a Blyscan sulfated
glycosaminoglycan (Benchmark Plus; Bio-Rad Laboratories, Japan) according to the manufacturer’s
instructions. The ratio of SGAG to DNA was calculated from the SGAG and DNA contents of each sample.
Three samples were used to calculate the average and standard deviation.

The mechanical property of the engineered tissue after 8 w of implantation was measured by the
same method used for the scaffolds. Three samples were used for each test.

2.3.6 Histological and immunohistochemical evaluation

The engineered tissue after 8 w of implantation was fixed in 10% neutral buffered formalin,
embedded in paraffin and sectioned (7 pm thick). The sections were stained with hematoxylin and eosin
(HE). The sections were also used for the immunostaining of type Il collagen and aggrecan. Briefly, the
deparaffinized sections were incubated with proteinase K for 10 min for antigen retrieval, peroxidase
blocking solution for 5 min, and 10% goat serum solution for 30 min. The sections were then incubated with
the first antibodies for 1 h, followed by incubation with the peroxidase-labeled polymer-conjugated second
antibodies (DakoCytomation Envision+) (Dako, Carpinteria, CA, USA) for 30 min. The first antibodies,
rabbit polyclonal anti-collagen type Il (1:100 working dilution) (Chemicon, Billerica, MA, USA) and rabbit
polyclonal anti-aggrecan (1:100 working dilution) (Thermo Scientific, Rockford, IL, USA) were used. The
sections were then incubated with 3, 3’ diaminobenzidine (DAB) for 5 min to develop the color. The nuclei
were counterstained with hematoxylin. All procedures were performed at room temperature.

2.3.7 Statistical analysis
All data were reported as the mean + standard deviation (SD). One-way analysis of variance was
performed to reveal significant differences, followed by Tukey’s post hoc test for pairwise comparison. All

statistical analyses were executed using KyPlot 2.0 beta 15. The difference was considered significant when
the p-value was less than 0.05.

2.4 Results and Discussion

2.4.1 Preparation and characterization of collagen scaffolds

Ice particulates with a diameter range from 355 pm to 425 pum were prepared and used as a porogen
material to prepare collagen porous scaffolds. The pre-prepared ice particulates were spherical (Figure 2.2 A).
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The spherical ice particulates were mixed with an aqueous solution of collagen that was prepared by
dissolving collagen in a solution of ethanol and acetic acid. The mixing process was conducted at -4 °C. At
-4 °C, the ice particulates did not melt, and the collagen aqueous solution did not freeze, which facilitated
complete mixing of the two components to obtain an even distribution of ice particulates in the collagen
aqueous solution. The mixture of ice particulates and collagen aqueous solution was then frozen at -80 °C
and freeze-dried. After cross-linking, collagen porous scaffolds were obtained. The collagen porous scaffolds
prepared with ice particulates were defined as ice-collagen scaffolds. The ice-collagen scaffolds showed
different appearance to that of control collagen scaffolds (Figure 2.2B, C).

Figure 2.2 A phase-contrast photomicrograph of ice particulates (a) and gross appearance of collagen porous
scaffold prepared with ice particulates (b) and control collagen scaffold (c).

Observation by scanning electron microscopy showed that there were interconnected large pores
and small pores in the ice-collagen scaffolds (Figure 2.3). The large pores were spherical and were the same
size as the ice particulates. The small pores had a random morphology and different sizes. The small pores
surrounded the large spherical pores. The large pores were negative replicas of the pre-prepared ice
particulates, while the small ice particulates were from the ice crystals formed during freezing. The density
of the large spherical pores was low when 25% ice particulates were used to prepare the ice-collagen
scaffolds (Figure 2.3 a, b). The large pore density increased when the percentage of ice particulates increased.
The ice-collagen scaffolds prepared with 50% ice particulates showed the most homogenous pore structure
(Figure 2.3 c, d). When 25% ice particulates were used, the large spherical pores were widely distributed,
meaning there was some distance between the large pores. When 75% ice particulates were used, some
collapsed large pores were observed (Figure 2.3 e, f). With a high ratio of ice particulates, the collagen
aqueous solution filling the spaces between the spherical ice particulates decreased, and the collagen matrix
surrounding the large pores decreased. In addition, mixing of the ice particulates and the collagen aqueous
solution became difficult when the ice particulate ratio was high. The collapsed large pores could be due to
the less dense collagen matrix and incomplete mixing.

The effect of the collagen concentration on the pore structure was investigated by fixing the ice
particulate ratio at 50% (w/v) and changing the collagen concentration from 1% to 3% (w/v). Collapsed large
pores were observed in ice-collagen scaffolds prepared with 1% and 3% collagen aqueous solutions. The
collapsed large pores in collagen scaffolds prepared with the 1% collagen aqueous solution could have
occurred because the low concentration resulted in a less dense collagen matrix surrounding the large pores
(Figure 2.3 g, h). The case involving the 3% collagen aqueous solution could be due to incomplete mixing
because the 3% collagen solution was too viscous (Figure 2.3 i, j). The ice-collagen scaffold prepared with
the 2% collagen solution and an ice particulate/collagen solution ratio of 50 % showed the most
homogeneous pore structure. The control scaffold prepared without ice particulates showed a heterogeneous
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lamellar pore structure (Figure 2.3 k, 1), consistent with previous study.’

Figure 2.3 SEM images of cross sections of collagen porous scaffolds prepared with 2% collagen aqueous
solution and ice particulates at a ratio of ice particulates/collagen solution of 25% (a, b), 50% (c, d) and 75%
(e, f); collagen porous scaffolds prepared with a ratio of ice particulates/collagen solution of 50% and a
collagen solution concentration of 1% (g, h) and 3% (i, j) and control collagen porous scaffolds prepared
with 2% collagen aqueous solution without the use of ice particulates (k, I). The freezing temperature was
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-80 °C. The images are shown in low (a, c, €, g, i, K) and high (b, d, f, h, j, I) magnification.

The porosity of collagen porous scaffolds was higher than 96% (Table 2.1). Such high porosity
could satisfy the fabrication requirement of an ideal scaffold for tissue regeneration.

Table 2.1 Porosity of collagen porous scaffolds prepared with different amount of ice particulates and
collagen solution concentrations. The data represent the mean = SD, n=3.

Scaffold type Porosity
No ice 96.3+0.3%
25% ice 98.0 £0.2%
50% ice 98.5+0.1%
75% ice 98.7 £ 0.4%
1% col 98.3+0.1%
3% col 98.6 £0.2%

No significant difference among the collagen porous scaffolds.

The mechanical properties of ice-collagen scaffolds and control collagen scaffolds were measured
by a static compression test (Table 2.2). Young’s modulus of the ice-collagen scaffolds prepared with 2%
collagen and 25% ice particulates, 2% collagen and 50% ice particulates, and 3% collagen and 50% ice
particulates was significantly higher than that of the control collagen sponge. When collagen concentration
was fixed at 2% and the ratio of ice particulates was changed, Young’s modulus of the ice-collagen scaffolds
increased in the following order: 75%<25%<50%. The ice-collagen scaffolds prepared with 50% ice
particulates showed the highest Young’s modulus. It was 15.7-fold higher than that of the control collagen
scaffold. The differences in the mechanical properties were mainly ascribed to the different pore structures.
The spherical pores formed by ice particulates were thought to resist mechanical loading, therefore
reinforcing the collagen scaffolds. It has been reported that regular polygons can resist anisotropic
mechanical loads to ensure stability.?” The high mechanical strength of the collagen scaffold prepared with
50% ice particulates is due to the most appropriate packing of the large spherical pores and appropriate
filling of the collagen matrix between the large spherical pores. The low mechanical strength of the collagen
scaffold prepared with 75% ice particulates is due to the partially collapsed large pore structure. The
mechanical properties of ice-collagen scaffolds prepared with different collagen concentrations and 50% ice
particulates were also compared. Young’s modulus increased as the collagen concentration increased, which
can be explained by the presence of a dense collagen matrix surrounding the large pores when the collagen
concentration increased.
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Table 2.2 Compressive modulus of wet collagen porous scaffolds prepared with different amount of ice
particulates and collagen solution concentrations. The data represent the mean + SD, n=4.

Scaffold type Young’s modulus (kPa)
No ice 09+0.1
25% ice 12.8+0.9 ™
50% ice 141+£13™
75% ice 0.8+0.1
1% col 1.0+0.1
3% col 236+£23™

“*significant difference compared with the control the control “no ice” (p<0.001).

The results indicated that the pore structures of collagen porous scaffolds could be controlled by
using ice particulates as a porogen material. There were interconnected large pores and small pores
surrounding the large pores. The well-packed regular pores reinforced the scaffolds. The use of ice
particulates as a porogen material requires good control of the mixing temperature. The temperature should
be lower than the melting temperature of the ice particulates and higher than the freezing temperature of the
polymer solution. When synthetic polymers are used, the organic solvents that are used to dissolve the
biodegradable synthetic polymers have a much lower freezing temperature than the melting temperature of
the ice particulates. However, for naturally derived polymers, water is usually used as a solvent. It has been
difficult to mix the aqueous solution of naturally derived polymers with ice particulates without melting the
ice and freezing the aqueous solution during mixing. In this chapter, a mixture solution of acetic acid and
ethanol was used to dissolve collagen to prepare the aqueous solution. The prepared collagen aqueous
solution did not freeze at -4 °C, which guaranteed homogeneous mixing of the ice particulates and collagen
solution.
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2.4.2 Cell distribution in the scaffolds

The ice-collagen scaffolds were used for three-dimensional culturing of bovine articular
chondrocytes. Bovine chondrocytes were seeded on one side of the ice-collagen and control collagen
scaffolds. After one week of culturing, the cell distribution was examined (Figure 2.4). In a comparison of all
collagen scaffolds, the ice-collagen scaffold prepared with 2% collagen and 50% ice particulates showed the
most homogeneous cell distribution due to its homogeneous pore structure (Figure 2.4 b). The ice-collagen
scaffolds prepared with 25% and 75% ice particulates at a fixed collagen concentration of 2% and different
collagen concentrations at a fixed ratio of ice particulates of 50% showed less homogenous cell distributions
than did the scaffolds prepared with 50% ice particulates and 2% collagen solution. However, they showed
more homogeneous cell distributions than did the control collagen scaffold. The less homogenous
distribution of cells in the ice-scaffolds prepared with 25% ice particulates is due to the smaller number of
large pores. The less homogenous distribution of cells in the ice-scaffolds prepared with 75% ice particulates
and with 1% and 3% collagen solution occurred because of the collapsed pore structures. The lamellar cell
distribution in the control collagen scaffold was a result of the lamellar pore structure.

The cell distribution was further quantitatively analyzed by frequency distribution of cell numbers
in all collagen scaffolds (Figure 2.5). And the results showed that the ice-collagen scaffold prepared with 2%
collagen and 50% ice particulates showed the most homogeneous cell distribution.

Figure 2.4 Cell distribution in the collagen porous scaffolds prepared with 2% collagen aqueous solution and
ice particulates at a ratio of ice particulates/collagen solution of 25% (a), 50% (b) and 75% (c); collagen
porous scaffolds prepared with a ratio of ice particulates/collagen solution of 50% and a collagen solution
concentration of 1% (d) and 3% (e) and control collagen porous scaffolds prepared with 2% collagen
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aqueous solution without the use of ice particulates () after 1 week of in vitro culture.
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Figure 2.5 Frequency distribution graphs of cell number in each square of collagen scaffolds. The data were
calculated using the photographs in figure 2.4.

2.4.3 Cartilage tissue regeneration

The cell distribution throughout the scaffold is a premise for uniform tissue formation. From the
above results, the ice-collagen scaffold prepared with 2% collagen and 50% ice particulates showed the most
homogeneous cell distribution. Therefore, we chose this scaffold for cartilage regeneration and compared its
effect with that of the control collagen scaffold. Chondrocytes were seeded on both sides of the scaffolds and
cultured in vitro for 1 w before implantation. The cells/scaffold constructs were then subcutaneously
implanted in nude mice for 8 w. The gross appearance indicated that the ice-collagen scaffold implant
maintained its original shape, while the control collagen scaffold implant deformed (Figure 2.6 a, b). The
high mechanical strength of the ice-collagen scaffold protected it from cell-mediated contraction and
suppression in the surrounding tissue during implantation.

After 8 w of implantation, the implants were examined by histological staining. HE staining
showed a uniform spatial distribution of cells, a uniform extracellular matrx ECM distribution and
homogeneous tissue formation in the ice-collagen scaffold (Figure 2.6c, d). However, the control collagen
scaffold showed an uneven cell distribution, and some void spaces remained in the scaffold (Figure 2.6e, f).
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N
Figure 2.6 Gross appearance (a, b) and photomicrographs of HE staining (c-f) of engineered cartilage after 8

w of in vivo implantation of the cells/scaffold of a collagen porous scaffold prepared with 50% ice
particulates and 2% collagen aqueous solution (a, ¢, d) and a control collagen scaffold (b, e, f).

The secretion of extracellular matrices is very important for cartilage regeneration because
chondrocytes are surrounded by abundant extracellular matrices in cartilage.?® The SGAG/DNA ratio in the
implants after 1 w of in vitro culture and 8 w of in vivo implantation was quantified (Table 2.3). The
SGAG/DNA ratio increased significantly from 1 w of in vitro culture to 8 w of in vivo implantation, which
indicated that the chondrocytes produced extracellular matrices continually during in vivo implantation. The
SGAG/DNA ratio in the ice-collagen scaffold was significantly higher than that in the control collagen
scaffold. The result indicated that the ice-collagen scaffold was more favorable to the production of
cartilaginous ECM and chondrocyte maturation than was the control scaffold.

Table 2.3 Ratio of SGAG/DNA of the cell/scaffold constructs after 1 w of in vitro culture and of the
engineered cartilage after 8 w of in vivo implantation. The data represent the mean + SD, n=3.

SGAG/DNA (ug/ug)
Scaffold type — —
1 weekK in vitro 8 weeks in vivo
50% ice 1.51 +0.06 ™ 6.90 + 1.59 ~2
No ice 1.04 £0.15 3.50+0.19°2

* significant difference compared with the control “no ice” (p<0.01); * significant difference compared with
the control “no ice” (p<0.05); @ significant difference compared with the “1 week in vitro” (p<0.01).

Immunohistological staining of aggrecan and type Il collagen showed that the tissue formed in both
collagen scaffolds showed positive staining (Figure 2.7). Aggrecan and type Il collagen in the ice-collagen
scaffold were much more homogeneously and strongly stained than those in the control scaffold.
Furthermore, the chondrocytes retained their typical spherical morphology in the lacunae much better in the
ice-collagen scaffold than those in the control scaffold, as shown at a higher magnification.
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Figure 2.7 Photomicrographs of the immunohistochemical staining of aggrecan (a-d) and collagen Il (e-h) of
engineered cartilage after 8 w of in vivo implantation of the cells/scaffold of a collagen porous scaffold
prepared with 50% ice particulates and 2% collagen aqueous solution (a, b, e, f) and a control collagen
scaffold (c, d, g, h).

The mechanical properties of regenerated cartilage tissue after 8 w of in vivo implantation was
measured by a compression test (Table 2.4). The compression Young’s moduli of the regenerated cartilage
tissue in the collagen porous scaffold prepared with ice particulates and in the control collagen scaffold were
199.0 + 8.7 and 118.7 + 7.5 KPa, respectively. Cartilage regenerated in the ice-collagen scaffold showed
significantly higher mechanical properties than did that in the control collagen scaffold.
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Table 2.4 Compressive modulus of engineered cartilage after 8 w of in vivo implantation. The data represent
the mean + SD, n=3.

Scaffold type Young’s modulus (kPa)
50% ice 199.0+8.7™
No ice 118.7+75

*

“significant difference compared with the control the control “no ice” (p<0.001).

These results indicated that the ice-collagen scaffold supported promoted cartilage tissue
regeneation more strongly than did the control scaffold. The precisely controlled pore structures involving
the interconnected large pores allowed homogeneous distribution of cells throughout the scaffolds, which
supported homogenous tissue formation. The improved mechanical properties protected the scaffold from the
cell-mediated shrinkage and suppression of the surrounding tissue. These synergistic effects should facilitate
the regeneration of cartilage. The collagen porous scaffolds prepared by using ice particulates can also be
used for tissue engineering of other tissues and organs. The use of ice particulates as a porogen material had
many advantages. The ice particulate template can initiate the formation of a connected ice crystal network
inside the aqueous polymer solution during the freezing process, and the ice crystal network can easily be
removed by freeze-drying.?° The spherical nature of the porogen material can produce compact packing of
the pores and improve the mechanical properties. The method can also be used to prepare porous scaffolds of
other naturally derived polymers for tissue engineering and regenerative medicine.

2.5 Conclusions

Collagen porous scaffolds with precisely controlled pore structures and excellent mechanical
properties were prepared by using pre-prepared ice particulates as a porogen material. The scaffolds showed
high porosity and had interconnected large spherical pores surrounded by small pores. Young’s modulus
increased 15.7-fold compared with that of collagen scaffolds prepared by the conventional freeze-drying
method. The precisely controlled pore structure and improved mechanical property facilitated an even cell
distribution throughout the scaffolds and the regeneration of cartilage tissue. The method will be useful for
the preparation of porous scaffolds of naturally derived biodegradable polymers for tissue engineering and
regenerative medicine.
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Preparation of collagen porous scaffolds with a gradient pore size

structure

3.1 Summary

Some cell functions as well as new tissue regeneration deeply rely on the size of the pores. The use
of a gradient pore structure may provide a useful and practical tool to compare the effect of different pore
sizes under the same culture conditions. Therefore, in this chapter, collagen porous scaffolds with a gradient
pore size were prepared by using pre-prepared ice particulates as a porogen material. The ice particulates had
diameters of 150-250, 250-355, 355-425 and 425-500 pum. The gradient collagen scaffolds had
well-interconnected pore structures with compactly packed spherical pores. The gradient pore scaffolds were
used for culture of bovine articular chondrocytes, directly examining the effect of pore size on cartilage
regeneration. Chondrocytes adhered and showed a homogenous distribution throughout the scaffolds. In vivo
implantation results indicated that the micropores in the scaffolds prepared with ice particulates in the range
of 150-250 um showed the most beneficial effect on cartilage regeneration. Gradient scaffolds prepared with
ice particulates were a useful tool to directly compare the effects of scaffold pore size on tissue regeneration.

3.2 Introduction

Porous scaffolds have been widely used in tissue engineering to control cell functions and to guide
new tissue formation.»® Scaffolds serve as a temporary template to provide biological and physical cues to
support cell adhesion, to promote proliferation and to induce differentiation of stem cells or progenitor cells
into specific lineage.* The pore structure of scaffolds is an important factor affecting tissue regeneration
efficiency. Although a number of porous scaffolds have been developed from various types of biomaterials,
controlling the pore structure remains a key factor to create ideal porous scaffolds for tissue engineering.>%!
Many reports show the effects of the pore size of a porous scaffold on tissue regeneration.’??* Some of the
reported results do not agree with each other. Thus far, studies on the effects of pore size on tissue
regeneration have primarily compared individual scaffolds with different pore sizes after they are separately
cultured. Variations in the separate cultures may cause some unpredicted factor to influence the results. The
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use of a gradient pore structure may provide a useful and practical tool to compare the effect of different pore
sizes under the same culture conditions. In this chapter, collagen porous scaffolds with a gradient pore size
structure were prepared by using pre-prepared ice particulates as a porogen material. The scaffolds were used
to culture articular chondrocytes, directly comparing the effect of the pore size on cartilaginous matrix
production and cartilage regeneration.

3.3 Materials and methods

3.3.1 Scaffold preparation and characterization

Collagen porous scaffolds with a gradient pore size structure were made by using prepared ice
particulates as a porogen material. At first, an aqueous collagen solution (2% (w/v)) of porcine type |
collagen (Nitta Gelatin, Osaka, Japan) in a mixture of ethanol and acetic acid (20:80 v/v, pH 3.0) was
prepared. The ice particulates were prepared by spraying Milli Q water into liquid nitrogen using a sprayetr.
The ice particulates were sieved by sieves with mesh pores of 150, 250, 355, 425 and 500 um to obtain ice
particulates having diameters of 150-250, 250-355, 355-425, and 425-500 pm. Then, the aqueous collagen
solution was mixed with the sieved ice particulates in a 50:50 (v/w) ratio at a -4 °C low-temperature chamber.
Each of the four mixtures of collagen solution and ice particulates of different diameters was poured into a
silicone frame that was then placed on a PFA film-wrapped copper plate, and the mixture surface was
flattened with a steel spatula. The four mixtures in their frames were stacked together with ice particulate
sizes increasing from bottom to top (Figure 3.1). Finally, the entire set was frozen at -80 °C for 6 hours, and
the frozen constructs were freeze-dried for 3 days in a Wizard 2.0 freeze dryer (VirTis, Gardiner, NY). The
freeze-dried constructs were cross-linked with glutaraldehyde vapor that was saturated with a 25% aqueous
glutaraldehyde solution at 37 °C for 4 hours. The final scaffolds were freeze-dried again for following
analyses. The microstructures were observed using a JSM-5610 scanning electron microscope (JEOL, Tokyo,
Japan). The mean pore size of the collagen porous scaffolds was measured from their SEM images by a
MetaVue Image System (Universal Imaging Corp., Buckinghamshire, UK). Six images were taken of each
scaffold and used for the mean pore size calculation.
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3.3.2 In vitro cell culture

The gradient collagen porous scaffolds were cut into cuboids (6 mm x 16 mm x 3 mm, W x L x H,
where L represents the direction of the pore gradient) which covered the entire pore range. The samples were
sterilized with 70% ethanol, washed 3 times with Milli Q water. Bovine articular chondrocytes were
statically seeded into the scaffolds twice by adding 200 pL of the cell suspension solution (1.0x10’
cells/scaffold) to each of the 6 mm x 16 mm (W x L) sides of the scaffolds to guarantee homogeneous cell
seeding. The second seeding was performed 3 hours after the first to allow for cell adhesion. The
cell/scaffold constructs were then cultured in DMEM containing 10% fetal bovine serum under an
atmosphere of 5% CO- at 37 °C with shaking (60/min, for diffusion of nutrients and metabolic substances)
for 1 week. The medium was changed every 3 days. The cell distribution in the gradient collagen scaffolds
was evaluated after 6 hours of culture by examining a cross-section of 0.25% glutaraldehyde solution-fixed
samples. The cross-sections (L x H) were stained with Hoechst 33258 (10 pg/mL) and observed under a
fluorescence microscope (Olympus, Tokyo, Japan).

3.3.3 In vivo implantation and evaluation of engineered cartilage

After 1 week of in vitro culture, the cell/scaffold constructs were subcutaneously implanted into the
dorsa of 6-week-old athymic nude mice. The animal experiment was conducted according to the committee
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guidelines of the National Institute for Materials Science for Animal Experiments. After the constructs were
implanted for 8 weeks, the mice were scarified and the implants were fixed in 10% formalin, embedded in
paraffin and sectioned (7 um thick sections). The cross-sections (L x H) were stained with hematoxylin and
eosin (HE), Safranin O and light green staining. The cross-sections (L x H) were also immunostained for
type Il collagen and aggrecan. Briefly, the deparaffinized sections were incubated with proteinase K for 10
min for antigen retrieval, and then incubated with peroxidase blocking solution for 5 min and 10% goat
serum solution for 30 min. The sections were next incubated with the first antibodies for 1 h, followed by
incubation with the peroxidase-labeled polymer-conjugated second antibodies (DakoCytomation Envision+)
(Dako, Carpinteria, CA, USA) for 30 min. The first antibody was rabbit polyclonal anti-collagen type 11 (in a
1:100 working dilution) (Thermo Scientific, Rockford, IL, USA). The sections were then incubated with 3, 3’
diaminobenzidine (DAB) for 5 min to develop color. The nuclei were counterstained with hematoxylin. All
procedures were performed at room temperature.

3.4 Results and Discussion

3.4.1 Collagen porous scaffolds with a gradient pore size structure

The gross appearance of the gradient collagen scaffolds and their illustrated pore structure are
shown in Figures 3.2 a and b. The porous structure of the right segment was comprised of large pores, as can
be seen in the photo, while the porous structure of the left segment and its small pore size is not obvious in
the photo.

a 150-250  355-4: b | 150250 | 250-355 | 355425 | 425-500 |um
Region | ' I\ [‘Regiont | 1w | wm | w |

LR

Figure 3.2 A photograph (a) and an illustration (b) of pore structure of the gradient collagen scaffold with
four different regions, prepared with ice particulates having a diameter range of 150-250, 250-355, 355-425
and 425-500 pm.

The microstructure observed by SEM indicated that spherical pores were formed (Figure 3.3). Four
regions of different pore sizes were also confirmed. The pore size increased from the left to the right. Images
at a high magnification showed that the spherical large pores were compactly stacked and well
interconnected. The sizes of the large pores in the four regions, which were prepared with ice particulates
having diameters of (1) 150-250, (I1) 250-355, (I11) 355-425 and (IV) 425-500 um, were 165 + 33, 259 + 41,
357 £35 and 431 + 36 um, respectively. The sizes of the large pores were in a good agreement with the sizes
of the prepared ice particulates.
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Figure 3.3 SEM photomicrographs of the gradient collagen scaffold cross-section (a) and highly magnified
photomicrographs of the four different regions, prepared with ice particulates having a diameter range of
150-250 (b), 250-355 (c), 355-425 (d) and 425-500 pum (e).

3.4.2 Cell distribution in the gradient collagen porous scaffolds

The scaffolds were seeded with bovine articular chondrocytes and cultured in vitro. Nucleus
staining showed that the chondrocytes were homogeneously distributed throughout the scaffolds (Figure 3.4).

Region | (150-250 pm) 11 (250-355 pm) Il (355-425 pm) IV (425-500 pm)

Figure 3.4 Cell distribution in a gradient collagen scaffold. Cell nuclei were stained by Hoechst 33258 and
observed under a fluorescence microscope.

3.4.3 Histological and immunohistological stainings of regenerated cartilage

The cell/scaffold constructs were subcutaneously implanted into nude mice for 8 weeks. The
implants appeared glisteningly white (Figure 3.5 a). HE staining showed that the spatial cell and extracellular
matrix (ECM) distribution was uniform and that tissue formation was homogeneous in the gradient collagen
scaffold (Figure 3.5 b-d). Safranin O staining showed that glycosaminoglycan (GAG) was abundant and
mainly distributed around the central parts in the scaffolds (Figure 3.5 c). The collagen scaffold with the
smallest pore size, 150-250 pm, showed the most compact and abundant glycosaminoglycan (GAG)
production by the chondrocytes. Based on the HE and Safranin O staining results, the degree of cartilage
regeneration in the 4 regions was determined to increase in the following order: region III = region II <
region IV < region I. The smallest pore size, prepared with the 150-250 um ice particulates, best promoted
cartilaginous matrix formation.

Immunostaining of type Il collagen was positive for the tissues formed in all 4 regions (Figure 3.5
d). Type Il collagen was more strongly stained in the central area of each region than the periphery. The
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central area in region | showed the strongest staining. The intensity of the stained type Il collagen increased
in the following order: region Il ~ region Il < region 1V < region I. The histological and immunohistological
stainings together indicated that the potential for cartilage regeneration in the four regions was the following:
region Il = region II < region IV < region I. The micropores in the scaffolds prepared with ice particulates in
the range of 150-250 um showed the most beneficial three-dimensional microenvironment for cartilaginous
matrix expression and chondrogenic differentiation. Gradient scaffolds prepared with ice particulates were a
useful tool to directly compare the effects of scaffold pore size on tissue regeneration.

Region | (150-250 pm) Il (250-355 pum) 11 (355-425 pm) IV (425-500 pm)

Safranin O/Light green HE

Collagen Il

Figure 3.5 Gross appearances (a) and photomicrographs of HE staining (b), Safranin O/light green staining
(c) and immunohistochemical staining of type Il collagen (d) of the cells in the gradient collagen scaffold
constructs after 8 weeks of in vivo implantation.
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3.5 Conclusions

Collagen porous scaffolds with pore size gradients could be prepared using ice particulates as a

porogen material. The gradient collagen scaffolds had spherical pore structures with good interconnectivity.
The effect of pore size on cartilage tissue formation was directly compared by culturing bovine articular
chondrocytes in the gradient collagen scaffolds. The micropores in the scaffolds prepared with ice
particulates in the range of 150-250 um showed the most beneficial effect on cartilage regeneration. Gradient
scaffolds prepared with ice particulates were a useful tool to study the effects of scaffold pore size on tissue
regeneration.
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Chapter 4

Preparation of collagen porous scaffolds with different pore sizes

4.1 Summary

Scaffold pore size was shown in chapter 3 to be an important factor affecting tissue regeneration
efficiency. To further quantitatively compare the effect of pore size on the proliferation and gene expression
of chondrocytes, four individual ice-collagen porous scaffolds with different pore sizes were prepared by
using pre-prepared ice particulates that had diameters of 150-250, 250-355, 355-425 and 425-500 um. The
scaffolds had spherical large pores with good interconnectivity and high porosity that facilitated cell seeding
and spatial cell distribution. Chondrocytes adhered to the walls of the spherical pores and showed a
homogenous distribution throughout the scaffolds. The In vivo implantation results indicated that the pore
size did not show evident effect on cell proliferation but showed different effect on cartilage regeneration.
The collagen porous scaffolds prepared with ice particulates in the range of 150-250 um best promoted the
expression and production of type Il collagen and aggrecan, increasing the formation and the mechanical
properties of the cartilage.

4.2 Introduction

Porous materials and scaffolds are important for many biomedical and biological applications.>* In
tissue engineering, porous materials can provide a temporary microenvironment to promote cell adhesion,
proliferation, differentiation and secretion of a newly formed extracellular matrix to guide the formation of
new tissues and organs.>® Biodegradable polymers, ceramics and their composites have been formed into
such porous structures for use in tissue engineering.”-° Controlling the pore structure, including pore size and
interconnectivity, is key to create ideal porous biomaterials and scaffolds.'** Some cell functions as well as
new tissue regeneration deeply rely on the size of the pores.}*® Many reports show the effects of the pore
size of a porous scaffold on tissue regeneration. However, some of the reported results do not agree with
each other. The contradictory results may be due to the complexity of factors in three-dimensional culture,
which may affect cell penetration and distribution and nutrient diffusion. Except pore size, pore
interconnectivity can also affect smooth delivery of cells into the pores and nutrient diffusion during cell
culture. Therefore, to compare the effects of the pore size, interconnectivity should also be considered to

47



Chapter 4

ensure homogeneity of cell distribution throughout the scaffolds.?%?' Many methods have been developed to
control the pore structure characteristics of scaffolds made of various materials, including the pore size,
porosity and interconnectivity.?22¢ Although some methods control pore size by using porogen materials, this
leads to pores that are isolated, not interconnected with other pores. As a result, cells cannot enter the isolated
pores and the void space cannot be filled with new tissue, so those pores remain in the newly regenerated
tissues as defects. Such problems should be avoided when engineering tissues. In addition to cell penetration
and distribution throughout the porous structure, pore interconnectivity is also very important for the
exchange and removal of metabolic molecules. Therefore, precisely sized pores with good interconnectivity
are required to compare the effect pore size has on tissue regeneration. In this chapter, collagen porous
scaffolds with four different ranges of pore sizes were created by using prepared ice particulates as a porogen
material. The scaffolds included spherical pores of different sizes that were well-interconnected. The
scaffolds were used to culture articular chondrocytes, comparing the effect of the pore size on cartilaginous
matrix production and cartilage regeneration (Figure 4.1).

Bovine chondrocytes

250-355 um

Collagen scaffolds
with different pore sizes

Comparison of pore size effect on ECM production and expression

Figure 4.1 Individual collagen scaffolds with different pore sizes.

4.3 Materials and methods

4.3.1 Scaffold preparation

Collagen porous scaffolds were made by using prepared ice particulates as a porogen material.
Initially, an aqueous collagen solution as well as ice particulates were made. The 2% (w/v) aqueous collagen
solution was prepared by dissolving freeze-dried porcine type | collagen (Nitta Gelatin, Osaka, Japan) in a
mixture of ethanol and acetic acid (20:80 v/v, pH 3.0) at 4 °C. The ethanol and acetic acid mixture was used
to decrease the freezing temperature of the aqueous collagen solution. The prepared collagen solution did not

48



Preparation of collagen porous scaffolds with different pore sizes

freeze at -4 °C, guaranteeing homogeneous mixing with the ice particulates. The prepared collagen solution
was stored in a refrigerator (at 4 °C) until use. The ice particulates were prepared by spraying Milli Q water
into liquid nitrogen using a sprayer. The ice particulates were sieved by sieves with mesh pores of 150, 250,
355, 425 and 500 um to obtain ice particulates having diameters of 150-250, 250-355, 355-425 and 425-500
um. The sieving process occurred at -15 °C in a low-temperature chamber (Espec, Osaka, Japan). The sieved
ice particulates were stored in closed glass bottles in a -80 °C freezer until their use. Then, the 2% (w/v)
aqueous collagen solution was mixed with the sieved ice particulates. Before mixing, the collagen solution
and the ice particulates were moved to a -4 °C low-temperature chamber for 6 h to balance their temperatures.
The four sets of ice particulates, each with different diameters, were separately added to four batches of
pre-cooled collagen aqueous solution in a 50:50 (v/w) ratio. The components were mixed thoroughly with a
steel spoon. Each of the four mixtures of collagen solution and ice particulates was poured into a silicone
frame that was then placed on a PFA film-wrapped copper plate, and the mixture surface was flattened with a
steel spatula. Finally, the constructs were frozen at -80 °C for 6 h, and freeze-dried for 3 days in a Wizard
2.0 freeze dryer (VirTis, Gardiner, NY). The freeze-dried constructs were cross-linked with glutaraldehyde
vapor by placing the constructs in a closed box with 20 mL of a 25% aqueous glutaraldehyde solution at
37 °C. After cross-linking, the constructs were washed with Milli Q water three times and immersed in 0.1 M
aqueous glycine solution for 24 hours to block the unreacted aldehyde groups. After the glycine treatment,
the constructs were washed with Milli Q water six more times. The final scaffolds were obtained by second
freeze-drying.

4.3.2 Scaffold characterization

The microstructures of the collagen porous scaffolds were observed using a JSM-5610 scanning
electron microscope (JEOL, Tokyo, Japan). The cross-sections of the collagen porous scaffolds were coated
with platinum by an ECS-101 sputter coater (Elionix, Tokyo, Japan) before observation. The mean pore size
of the collagen porous scaffolds was measured from their SEM images by a MetaVue Image System
(Universal Imaging Corp., Buckinghamshire, UK). Six images were taken of each scaffold and used for the
mean pore size calculation.

The mechanical properties of the collagen porous scaffolds were measured by a static compression
mechanical test machine (TMI UTM-10T; Tykyo Baldwin Co., Ltd., Tokyo, Japan). Before testing, the
samples were punched into cylindrical samples (@8 mm x H4 mm) with a biopsy punch, and wetted in PBS
for 1h. Each test sample was compressed at a rate of 2.0 mm/min at room temperature. Load-deformation
curves were obtained from a chart record. The Young’s modulus was calculated from the curves and the
sample dimensions. The average values were calculated from four samples (n=4).

The porosity of collagen porous scaffolds was measured according to Archimedes’ principle
(n=3).?" The porosity was calculated according to the following formula: porosity = ((W2-W1)/(W2-W3))
x100%, where W1 is the dry weight of the scaffold, W2 is the wet weight of scaffold (including PBS
solution), and W3 is the weight of the scaffold in PBS solution (subtracting buoyancy from W1).

4.3.3 In vitro cell culture
For cell culture use, the collagen porous scaffolds were punched into cylindrical samples (8 mm x 4

mm, @ x H). The samples were sterilized with 70% ethanol, washed 3 times with Milli Q water and
conditioned with Dulbecco’s Modified Eagle Medium (DMEM) at 37 °C for 30 min. Bovine articular
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chondrocytes were cultured in the scaffolds. The chondrocytes were isolated from articular cartilage in the
knees of a 9-week-old female calf, which were obtained from a local slaughter house and digested with an
aqueous solution of 0.2% wi/v collagenase type 1l (Worthington Biochemical, Lakewood, NJ). The isolated
chondrocytes were cultured in 75 cm? tissue culture flasks in DMEM with an atmosphere of 5% CO; at
37 °C. The DMEM was supplemented with 10% fetal bovine serum, 4500 mg/L glucose, 4 mM glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 0.1 mM nonessential amino acids, 0.4 mM proline, 1 mM
sodium pyruvate and 50 pg/mL ascorbic acid. The cell culture medium was refreshed every 3 days. The
chondrocytes were harvested by treatment with a trypsin/EDTA solution when the cells reached a confluence
of 80%. The harvested chondrocytes were re-suspended in DMEM to prepare a cell suspension solution of
2.5x107 cells/mL for cell seeding. The chondrocytes were seeded into the scaffolds twice by adding 200 pL
of the cell suspension solution (1.0x107 cells/scaffold) to each of the cylindrical sides of the scaffolds. The
second seeding was performed 3 hours after the first to allow for cell adhesion. Cell seeding efficiency was
analyzed at 6 h after cell seeding on both sides (before adding the medium). The cells on the surface of
culture plates were collected and counted as inadhesive cells to scaffolds. The number of adhered cells to
scaffolds was obtained by subtracting inadhesive cell number from initial cell seeding number. The cell
seeding efficiency of each scaffold was calculated by dividing the number of adhered cells by the number of
seeded cells (n=6). The cell/scaffold constructs were then cultured in DMEM under an atmosphere of 5%
CO; at 37 °C with shaking (60/min) for 1 week. The medium was changed every 3 days.

The cell distribution in the collagen scaffolds was evaluated after 6 hours of culture by examining a
cross-section. After in vitro culturing for 6 hours, the cell/scaffold constructs were harvested, washed 3 times
with PBS and fixed using a 0.25% glutaraldehyde solution at room temperature for 1 h. The constructs were
embedded in paraffin and sectioned (7 pum thick sections). The vertical cross-sections were stained with
Hoechst 33258 (10 pg/mL) and observed under a fluorescence microscope (Olympus, Tokyo, Japan).

4.3.4 In vivo implantation

After 1 week of in vitro culture, the cell/scaffold constructs were subcutaneously implanted into the
dorsa of 6-week-old athymic nude mice. Fourteen mice were used, and each mouse was implanted with 2
constructs. After the constructs were implanted for 8 weeks, the mice were scarified and the implants were
harvested for further investigation. The animal experiment was conducted according to the committee
guidelines of the National Institute for Materials Science for Animal Experiments.

4.3.5 Histological and immunohistochemical evaluations

The implants, harvested after 8 weeks of in vivo implantation, were fixed in 10% formalin,
embedded in paraffin and sectioned (7 pm thick sections). The cross-sections were stained with hematoxylin
and eosin (HE), Safranin O and light green staining. The cross-sections were also immunostained for type Il
collagen and aggrecan. Briefly, the deparaffinized sections were incubated with proteinase K for 10 min for
antigen retrieval, and then incubated with peroxidase blocking solution for 5 min and 10% goat serum
solution for 30 min. The sections were next incubated with the first antibodies for 1 h, followed by
incubation with the peroxidase-labeled polymer-conjugated second antibodies (DakoCytomation Envision+)
(Dako, Carpinteria, CA, USA) for 30 min. The first antibodies were rabbit polyclonal anti-collagen type 11
(in a 1:100 working dilution) (Thermo Scientific, Rockford, IL, USA) and rabbit polyclonal anti-aggrecan
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(1:100 working dilution) (Thermo Scientific, Rockford, IL, USA). The sections were then incubated with 3,
3’ diaminobenzidine (DAB) for 5 min to develop color. The nuclei were counterstained with hematoxylin.
All procedures were performed at room temperature.

4.3.6 Measurements of cell proliferation and sulfated glycosaminoglycans (sGAG) levels as well
as mechanical testing

The scaffold/cells implants were harvested after 8 weeks of in vivo implantation. The cell
proliferation into the scaffold was investigated by measuring the DNA contents of the cell/scaffold constructs
after 6 h and 1 week of in vitro culture and after 8 weeks of in vivo implantation. Before this analysis, the
constructs were washed with pure water, freeze-dried and digested with papain solution (400 pg/mL, with 5
mM L-cysteine and 5 mM EDTA in 0.1 M phosphate buffer at a pH of 6.0). An aliquot of the papain-digested
material was dyed with Hoechst 33258 dye (Sigma-Aldrich, St. Louis, MO, USA) and the DNA amount was
measured under a spectrofluorometer (FP-6500, JASCO, Japan). The sGAG content was determined using a
Blyscan sulfated glycosaminoglycan assay (Benchmark Plus; Bio-Rad Laboratories, Japan) on the above
papain digests according to the manufacturer’s instructions. The ratio of SGAG to DNA was calculated from
the sGAG and DNA contents of each sample. Three samples were used to calculate the average and standard
deviation.

The mechanical properties of the engineered tissues after 8 weeks of in vivo implantation were
measured by the same method as that used for scaffolds described above. The average values were calculated
from three samples (n=3).

4.3.7 Gene expressions of the cartilaginous matrix proteins

The expression of cartilaginous genes in the cell/scaffold constructs of individual collagen scaffolds
was analyzed by real-time PCR (RT-PCR). After in vivo implantation for 8 weeks, the harvested individual
collagen scaffold constructs were washed with PBS and frozen in liquid nitrogen. The frozen constructs were
crushed into powder by an electric crusher and dissolved in Sepasol solution (Nacalai Tesque, Kyoto, Japan)
to isolate the contained RNA. The RNA was converted to cDNA by MuLV Reverse Transcriptase (Applied
Biosystems, USA). RT-PCR was used to amplify hypoxanthine guanine phosphoribosyl transferase 1 (HPRT
1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), type Il collagen (Col2al), and aggrecan (Acan).
The reaction were performed with 2 pL cDNA, 18 mM forward and reverse primers, and 5 mM PCR
problem and qPCR Master Mix (Eurogentec, Seraing, Belgium). The reactions were run for 40 cycles using a
7500 Real-Time PCR System (Applied Belgium). The expression levels of Gapdh were used as endogenous
controls, and the gene expression levels relative to Hprt 1 were calculated using the comparative Ct method.
The primer and probe sequences were also calculated using the comparative Ct method. The primer and
probe sequences are listed in table 4.1.
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Table 4.1. Primers and probes for real-time PCR analysis.

Gene Primer 5°—3° Probe 5°—3’

HPRT1 F: TGGCGTCCCAGTGAAATCA
R: AGCAGCTGGCCACAGAACA

GAPDH F: GCATCGTGGAGGGACTTATGA
R: GGGCCATCCACAGT CTTCTG

Col2zal F: AAGAAACACATCTGGTTTGGAGAAA
R: TGGGAGCCAGGTTGTCATC

Acan F: CCAACGAAACCTATGACGTGTACT

R: GCACTCGTTGGCTGCCTC

HRPTCAGTGACATGATCCAATG

CACTGTCCACGCCATCACTGCCA

CAACGGTGGCTTCCACTTCAGCTATGG

ATGTTGCATAGAAGACCTCGCCCTCCAT

4.3.8 Statistical analysis

Statistical analysis was carried out by the same method described in 2.3.7.

4.4 Results and Discussion

4.4.1 Collagen porous scaffolds with different pore sizes

The gross appearance of the collagen porous scaffolds after being punched into cylindrical shapes
is shown in Figure 4.2 A. The microstructure observed by SEM indicated that large pores were formed in the
collagen scaffolds (Figure 4.2 B-1). The large pores were spherical and well stacked. Many small holes could
be seen on the walls of the spherical large pores. The small holes connected the spherical large pores, making
the scaffold well interconnected. The sizes of the large pores in the collagen scaffolds prepared with ice
particulates having diameters of 150-250, 250-355, 355-425 and 425-500 um were 169 + 27, 263 + 34, 354 +
32 and 435 + 37 um, respectively. The sizes of small holes in the four collagen scaffolds were 52 + 21, 60 +
29, 65 £+ 28 and 70 + 30 wm, respectively. The sizes of the large pores were in a good agreement with the
sizes of the prepared ice particulates; the large pores should be negative replicas of the ice particulates. The
sizes of the small holes in all four scaffolds were similar. The small pores should be negative replicas of ice
crystals that formed during freezing, whose sizes were dependent upon the freezing temperature. The
porosity was higher than 98.8%. The four collagen scaffolds showed the same high porosity (Table 4.2). This
is because the same ration of ice particulates was used to prepare the four collagen scaffolds. Under the same
porosity, the results of pore size effect should be more reasonable and comparable. The collagen scaffolds
had high mechanical property (Figure 4.3). The mechanical property decreased with the increase of pore size.
The collagen scaffold prepared with ice particulates having diameters of 150-250 um showed the highest
young’s modulus.
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150-250 250-355 355-425 425-500 um

150-250 um 250-355 pm 425-500 pm

5. ﬁ:’zj

Figure 4.2 Gross appearances (A) and SEM photomicrographs (B-I) of the cross-sections of the four collagen
porous scaffolds prepared with ice particulates having a diameter range of 150-250 (B, F), 250-355 (C, G),
355-425 (D, H) and 425-500 um (E, 1) at low (B, C, D, E) and high (F, G, H, I) magnifications.

Table 4.2 Porosity of collagen scaffolds with different pore sizes.

Scaffold type Porosity

150-250 pm 98.8 £ 0.1%
250-355 pm 98.8 £ 0.2%
355-425 pm 98.8 + 0.1%
425-500 pm 98.8 £ 0.2%

No significant difference among the collagen scaffolds with different pore sizes.
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Figure 4.3 Young’s modulus of wet collagen porous scaffolds with different pore sizes. Data represent mean
+ SD, n=3. §, significant difference compared to all other groups, p<0.001. **, significant difference, p<0.01.
*, significant difference, p<0.05.

4.4.2 Cell distribution in the collagen scaffolds

The collagen scaffolds were seeded with bovine articular chondrocytes and cultured in vitro. The
scaffolds showed high cell seeding efficiency (Table 4.3). Most of the seeded cells were trapped in the
collagen scaffolds. The cell distribution was investigated by a nucleus staining of the cross-section after 6
hours in culture. Nucleus staining showed that the chondrocytes were distributed homogeneously throughout
all the four scaffolds (Figure 4.4). The cell distribution showed the same pattern as that of microporous
structure as shown in Figure 4.2. The result indicated that cells surrounded the spherical large pores. The
homogenous cell distribution in all the scaffolds should be due to the good interconnectivity of the scaffolds.
The interconnectivity among the spherical large pores facilitated the smooth delivery of cells throughout the
scaffolds to all the pores in the scaffolds.

Table 4.3 Cell seeding efficiency in the collagen scaffolds with different pore sizes.

Scaffold type Cell seeding efficiency
150-250 um 93.8£2.0%
250-355 pm 93.2+1.6%
355-425 pm 94.9+1.4%
425-500 pm 94.1+1.2%

No significant difference among the collagen scaffolds with different pore sizes.
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250-355 pm 355-425 pm 425-500 ym
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Figure 4.4 Cell distribution in the individual collagen porous scaffolds. Cell nuclei were stained by Hoechst
33258 and observed under a fluorescence microscope.

4.4.3 Histological and immunohistological stainings of regenerated cartilage

The cell/scaffold constructs were subcutaneously implanted into nude mice for 8 weeks. All the
four implants appeared glisteningly white (Figure 4.5 A). Cell morphology and extracellular matrices were
examined by Histological and immunohistological stainings. The stainings showed that the spatial cell and
ECM distribution was uniform and that tissue formation was homogeneous in the scaffolds (Figure 4.5 B-E).
HE staining indicated that the chondrocytes showed their typical round morphology in all four scaffolds. The
collagen scaffold was not degraded and some collagen debris was still observed (the red shown in Figure 4.5
B). Safranin O staining showed that GAG was abundant in the implants (Figure 4.5 C). Immunostainings of
type Il collagen and aggrecan were positive for the tissues formed in all four scaffolds (Figure 4.5 D and E).
These results indicated that chondrocytes maintained their round morphology and produced cartilaginous
matrices in all the four collagen scaffolds, suggesting cartilage-like tissue formation in all the scaffolds. The
cells cultured in the scaffolds prepared with ice particulates having diameters of 150-250 pm showed the
strongest staining for Safranin O staining and immunostaining of type 1l collagen and aggrecan.
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Figure 4.5 Gross appearances (A) and photomicrographs of HE staining (B), Safranin O/light green staining
(C) and immunohistochemical staining of type Il collagen (D) and aggrecan (E) of the cells in the four
collagen porous scaffolds after 8 weeks of in vivo implantation.

4.4.4 Quantification of the cartilaginous matrices and their gene expression

The cell proliferation was investigated by measuring the DNA contents of the cell/scaffold
constructs after 6 hours and 1 week of in vitro culture and after 8 weeks of in vivo implantation (Figure 4.6).
The DNA amount increased almost 4-fold after 1 week of in vitro culture and almost 6-fold after 8 weeks of
in vivo implantation. These results indicated that the cells proliferated continually during both in vitro culture
and in vivo implantation. The cells showed high proliferation during the in vitro culture and slow
proliferation during the in vivo implantation, which suggests that proliferation dominated during culture
while differentiation might have dominated during implantation.

The secretion of extracellular matrix proteins is very important for cartilage regeneration because
chondrocytes in cartilage are surrounded by abundant extracellular matrices. The SGAG amount was at
almost the same level in all four collagen scaffolds, which were prepared with different sizes of ice
particulates, after 1 week of in vitro culture. The amount of SGAG increased significantly after 8 weeks of in
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vivo implantation (Figure 4.6 B), when the chondrocytes cultured in the collagen scaffold prepared with
150-250 pm ice particulates produced the highest amount of SGAG. To show the SGAG amount produced per
cell, the sGAG/DNA ratio was calculated from the sGAG and DNA amounts (Figure 4.6 C). The
SGAG/DNA ratio increased significantly from 1 week of in vitro culture to 8 weeks of in vivo implantation.
The chondrocytes produced more extracellular matrix proteins during their in vivo implantation than they did
during their in vitro culture, which suggests the prevalence of differentiation during implantation. The
SGAG/DNA ratio in the collagen scaffold with the smallest pores was significantly higher than that in the
collagen scaffolds prepared with the 250-355, 355-425 and 425-500 um ice particulates. These results
indicate that the collagen scaffold prepared with ice particulates of 150-250 um was most favorable towards
the production of cartilaginous ECM and chondrocyte maturation.
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Figure 4.6 DNA amount (A), sSGAG amount (B) and SGAG/DNA ratio (C) in the cell/scaffold implants of the
four collagen porous scaffolds. Time points were after 6 h and 1 week of in vitro culture and after 8 weeks of
in vivo implantation. The data are represented as the mean £ SD, n=3. §, significant difference compared to
all other groups after 8 weeks, P<0.001. ***, significant difference, P<0.001. **, significant difference,
P<0.01. *, significant difference, P<0.05.

The expressions of genes encoding type Il collagen and aggrecan were analyzed by real-time RT
PCR (Figure 4.7). Compared to P1 chondrocytes, the chondrocytes in the individual collagen scaffolds
showed higher expression levels of the Col2al and Acan genes after 8 weeks of implantation. This result
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suggests that the three-dimensional culture occurring in the collagen scaffolds promoted the expression of
cartilaginous genes. The chondrocytes cultured in the collagen scaffold with the smallest pores expressed the
highest levels of Col2al and Acan among all the individual collagen scaffolds.
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Figure 4.7 Expressions of genes encoding type Il collagen (A) and aggrecan (B) in the cell/scaffold implants
of the four collagen porous scaffolds after 8 weeks of in vivo implantation. The data are represented as the
mean = SD, n=3. §, significant difference compared to all other groups, p<0.001. #, significant difference
compared to all other groups, p<0.01. *, significant difference, p<0.05.

The Young’s moduli of the implants after 8 weeks of implantation were measured (Figure 4.8). The
individual collagen scaffold implant prepared with 150-250 pum ice particulates had the highest Young’s
modulus.
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Figure 4.8 Young’s modulus of the cell/scaffold implants of the four collagen porous scaffolds after 8 weeks
of in vivo implantation. The data are represented as the mean + SD, n=3. **  significant difference, p<0.01. *,
significant difference, p<0.05.

Four collagen porous scaffolds with different pore sizes were prepared using pre-prepared ice
particulates that had diameters of 150-250, 250-355, 355-425 and 425-500 um. Spherical large pores with
diameters that were in a good agreement with the sizes of the prepared ice particulates were formed in the
collagen scaffolds. Many small holes were found in the walls of the spherical large pores, increasing the
interconnectivity of the scaffolds. The sizes of the spherical large pores varied with the sizes of the prepared
ice particulates because they were negative replicas of the ice particulates. The sizes of the small holes in the
pore walls were dependent on the freezing temperature because they should be negative replicas of the ice
crystals that formed during freezing. Typically, a low temperature results in the quick formation of dense,
small ice crystals and a high temperature results in the slow formation of sparse, large ice crystals.?3?° The
formation of these small holes on the walls of the spherical large pores suggests that the new ice crystals
formed during freezing were connected with the prepared ice particulates. In other words, it can be
speculated that during the freezing process, the ice particulates serve as nuclei that initiate ice crystallization
at their interface with the liquid phase collagen solution. This leads to ice crystal growth from the surface of
the prepared ice particulates into the bulk aqueous solution. The ice particulates, together with the newly
formed ice crystal network, determined the pore structures of the collagen porous scaffolds. By choosing the
appropriate ice particulate sizes and freezing temperature, collagen porous scaffolds with designed pore
structures could be prepared.

The four collage porous scaffolds were used for the three-dimensional culture of chondrocytes to
investigate the effect of pore size on cartilage tissue regeneration. The four scaffolds with different pore sizes
showed different effects on cartilaginous matrix production and cartilage formation. The collage scaffolds
prepared with 150-250 pm ice particulates best promoted cartilage regeneration, based on the performed
histological and immunohistological examinations. The promotion effect of cartilage regeneration in the four
scaffolds was in the following order: 250-355 pum scaffold = 355-425 pum scaffold < 425-500 pm scaffold <
150-250 um scaffold. A comparison of the gene expression and production of two cartilaginous matrix
proteins (type Il collagen and aggrecan) also confirmed that the scaffolds prepared with 150-250 pum ice
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particulates promoted the highest expression and production of type Il collagen and aggrecan. The Young’s
modulus of the cartilage tissue formed in the collagen scaffold prepared with 150-250 um ice particulates
was the highest. All of these results indicated that the beneficial effect of pore size on cartilage tissue
regeneration was in the following increasing order: 250-355 pm ~ 355-425 pm < 425-500 pm < 150-250
pm.

The fact that a pore size of 150-250 um has the most beneficial effect can be explained by cell
distribution. Typically, large pores are more easily accessible to cells than are small pores.’® However,
interconnectivity is also a very important factor for cell delivery and spatial distribution.?®?22® The good
interconnectivity among the spherical large pores in the collagen scaffolds facilitated the smooth delivery of
cells throughout the scaffolds. Therefore, the cells could be smoothly delivered and homogenously
distributed not only in the larger pore region, but also in the smaller pore region. Although all four scaffolds
showed similarly homogenous cell distribution, the larger pores required more cells to fill the entire free
space, while the smaller pores were more easily filled with cells. Filling the pores can increase the cell-cell
interactions and provide a real three-dimensional microenvironment to promote chondrogenic differentiation
and cartilage tissue formation.

There are many reports regarding the effect pore size has on tissue regeneration.’*® However, the
results of those reports are not in good consensus because the various pore structures have not been precisely
controlled. Some of the scaffolds used for such comparisons were prepared by freeze-drying.!* However, ice
crystals formed during the conventional freeze-drying process have flake-like shapes and result in the
formation of a flake-like pore structure. Additionally, the pore size and shape can change depending on
manipulation conditions and matrix materials. Preparing the same pore structure at different times and in
different laboratories is difficult. Therefore, the use of porogen materials is desirable to guarantee the
repeatability of a pore structure in a scaffold, which makes the data more comparable. When using the
conventional porogen leaching methods, some of the pores are isolated and some are interconnected.*® To
precisely control the pore shape and maintain good interconnectivity, the use of prepared ice particulates as a
porogen material is an effective and practical method. The pore size can be precisely controlled by the size of
the ice particulates, which can initiate the formation of new ice crystals to increase the interconnectivity.
Another advantage is the spherical pore structures that can be created. It has been reported that spherical and
ellipsoidal pores support chondrocytes to produce more cartilaginous matrix materials than do cubical
pores.3!

4.5 Conclusions

The effect of pore size on cartilage regeneration was investigated by using four collagen porous
scaffolds that were prepared using a porogen material of ice particulates having diameters of 150-250,
250-355, 355-425 and 425-500 pm. The collagen scaffolds had spherical pore structures of different pore
sizes with good interconnectivity. The pore structures could be precisely controlled by selecting the ice
particulate size and the freezing temperature. The collagen porous scaffolds prepared with ice particulates in
the range of 150-250 um showed the most promotive effect on the gene expression and the production of
cartilaginous matrix proteins as well as on cartilage regeneration.
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Chapter 5

Preparation of hybrid porous scaffolds of collagen and wollastonite

nanowires

5.1 Summary

Porous materials and scaffolds have wide applications in biomedical and biological fields. They can
provide biological and physical cues to promote cell adhesion, proliferation, differentiation and extracellular
matrix secretion to guide new tissue formation. In this chapter, hybrid scaffolds of collagen and wollastonite
nanowires with well controlled pore structures were prepared by using ice particulates having a diameter
from 335 to 425 pm. The hybrid scaffolds had interconnected large spherical pores with wollastonite
nanowires embedded in the walls of the pores. The wollastonite nanowires reinforced the hybrid scaffolds
and showed some stimulatory effects on cell functions. Human bone marrow-derived mesenchymal stem
cells showed higher proliferation and osteogenic differentiation and expressed higher level of genes encoding
angiogenesis-related genes in the hybrid scaffolds than did in the collagen scaffold. The results suggest the
hybrid scaffolds could facilitate osteogenic differentiation and induce angiogenesis and will be useful for
bone tissue engineering.

5.2 Introduction

Porous materials and scaffolds play an important role for tissue engineering and regenerative
medicine.!® Biodegradable porous scaffolds for bone tissue engineering should have biological and physical
cues to induce the osteogenic differentiation of stem cells and progenitor cells to guide new bone tissue
formation.*® Biological cues such as proteins and ions from the scaffolds will promote cell adhesion,
proliferation and differentiation.®*® Physical cues such as pore structures will control cell penetration,
distribution and cell assembly into newly regenerated tissues.!* Angiogenesis is another very important effect
of scaffolds for bone tissue engineering in order to provide necessary nutrients and remove metabolic
substances in the regenerated tissues.'? Scaffolds used for bone tissue engineering should promote capillary
formation to ensure the adequate supply of oxygen and nutrients throughout the scaffolds and regenerated
tissues.®* Furthermore, high mechanical property is desirable for bone tissue engineering scaffolds because
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high mechanical strength is required to support the porous structure and maintain the shape of engineered
bone tissues.’® And it has been reported that high stiffness is good for bone tissue formation.®

Collagen has been used for bone tissue engineering because collagen is one of the main
extracellular matrix components of bone.}”!® It can provide biological cues to support cell adhesion,
proliferation and differentiation. Meanwhile, bioceramics such as hydroxyapatite and beta-tricalcium
phosphate have also been widely used to prepare bone tissue engineering scaffolds because of their similarity
to the inorganic components in bone.*® Wollastonite, a naturally occurring calcium silicate, has attracted
much attention for its excellent bioactivity and biocompatibility in bone tissue engineering.22® The Si and
Ca ions released from wollastonite have been reported to stimulate proliferation and osteogenic
differentiation of osteoprogenitor cells. Recently angiogenesis effect of calcium silicates has been
reported.?+26

Mesenchymal stem cells

Ice particulates @
Wollastonite nanowires

v/

Collagen solution
Collagen/wollastonite nanowires hybrid scaffold

}

Osteogenesis
E=ENEY
Angiogenesis .

Figure 5.1 Hybrid scaffolds of collagen and wollastonite nanowires by using ice particulates as a porogen
material.

Therefore, in this chapter, wollastonite nanowires were incorporated in collagen porous scaffolds to
prepare hybrid scaffold of collagen and wollastonite nanowires. The porous structure of the hybrid scaffold
was precisely controlled by using the method described in chapter 1. The nanowires were used because
nano-structured materials have been reported to increase mechanical strength of porous scaffolds of
biodegradable polymers.?” The hybrid scaffold was used for three-dimensional culture of humen bone
marrow-derived mesenchymal stem cells (Figure 5.1). The osteogenic differentiation and angiogenesis
effects were investigated and compared with collagen scaffold.
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5.3 Materials and methods

5.3.1 Preparation of wollastonite nanowires and collagen solution

The wollastonite nanowires were prepared according to the following method.?® At first, 0.5 M
Ca(NOs). solution and 0.5 M Na,SiOs; solution were obtained by dissolving Ca(NOs),#4H,O and
Na>Si03*9H,0 in distilled water, respectively. The reactant molar ratio of Ca/Si was kept at 1.0. The
Ca(NOs3), solution was dropwisely added into the Na,SiOs solution at room temperature under stirring to
obtain a white suspension. Subsequently, the suspension solution was transferred into Teflon-lined
stainless-steel autoclaves and heated at 200 °C for 24 h. After the hydrothermal reaction, the suspension was
washed with distilled water and anhydrous ethanol for three times, respectively. The resultant powders were
dried at 60 °C for 24 h, and finally calcined at 800 °C in a furnace for 2 h.

The aqueous collagen solution was prepared by dissolving freeze-dried porcine type | collagen
(Nitta Gelatin, Osaka, Japan) in a mixture solvent of ethanol and acetic acid (20:80 v/v, pH 3.0) at 4 °C. The
ethanol and acetic acid mixture solvent was used to decrease the freezing temperature of the aqueous
collagen solution. The prepared collagen solution did not freeze at -4 °C, guaranteeing homogeneous mixing
with ice particulates during the next experiment. The prepared collagen solution was stored in a refrigerator
(at 4 °C) until use.

5.3.2 Preparation of hybrid porous scaffolds using ice particulates

Pre-prepared ice particulates were used as a porogen material. The ice particulates were prepared
by spraying Milli Q water into liquid nitrogen using a sprayer. The ice particulates were sieved by sieves
with mesh pores of 355 and 425 um to obtain ice particulates having a range of diameter of 355-425 pm. The
sieving was done at -15 °C in a low-temperature chamber (Espec, Osaka, Japan). The sieved ice particulates
were kept in a closed glass bottle at a -4 °C low-temperature chamber to balance their temperature. The
wollastonite nanowires were dispersed in 99.5% ethanol with ultrasonic treatment for 2 h. The
collagen/wollastonite nanowires solution was obtained by homogeneously mixing the pre-cooled collagen
solution (-4 °C) and wollastonite nanowires solution (-4 °C) at -4 °C for 30 min. The final collagen
concentration in collagen/wollastonite nanowires solution was 2% (w/v) and the weight ratio of wollastonite
to collagen was 10:90 (w/w). The temperature-balanced ice particulates were added into the
collagen/wollastonite nanowires solution in a 50:50 (v/w) ratio at -4 °C. The components were mixed
thoroughly with a steel spoon. The mixture suspension solution of collagen/wollastonite nanowires and ice
particulates was poured into a silicone frame that was then placed on a PFA film-wrapped copper plate. The
top surface was flattened with a steel spatula and then covered with a glass plate wrapped with
polyvinylidene chloride film. The entire set was frozen at -80 °C for 6 h. The frozen construct of
collagen/wollastonite nanowires/ice particulates was freeze-dried for 3 days in a Wizard 2.0 freeze dryer
(VirTis, Gardiner, NY) to obtain the porous scaffolds. The freeze-dried scaffolds were cross-linked with
glutaraldehyde vapor by placing them in a closed box with 20 mL of a 25% aqueous glutaraldehyde solution
at 37 °C. After cross-linking, the scaffolds were washed with Milli Q water three times and immersed in 0.1
M aqueous glycine solution for 24 hours to block the unreacted aldehyde groups. After the glycine treatment,
the scaffolds were washed with Milli Q water for more than six times. The hybrid scaffolds of collagen and
wollastonite nanowires were prepared after a second freeze-drying. The control collagen scaffold was
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prepared by the same procedure but without wollastonite nanowires. The collagen/wollastonite nanowires
hybrid scaffold and control collagen scaffold are defined as Col/nCS hybrid scaffold and Col scaffold,
respectively.

5.3.3 Scaffold characterization

The morphology and size of wollastonite nanowires were characterized by transmission electron
microscopy (JEM-2100F, JEOL, Japan). The micro- and nano-structures of the Col/nCS hybrid scaffold and
Col scaffold were observed using a scanning electron microscope (S-4800, Hitachi, Japan). The
cross-sections of the two scaffolds were coated with platinum by a sputter coater (E-1030, Hitachi, Japan)
before observation. The mean pore size of the collagen porous scaffolds was measured from their SEM
images by a MetaVue Image System (Universal Imaging Corp., Buckinghamshire, UK). Six images were
taken of each scaffold and used for the mean pore size calculation.

The mechanical property of the Col/nCS hybrid scaffold and Col scaffold were measured by a static
compression mechanical test machine (TA.XTPlus, Texture Technologies Corp.). Before testing, the samples
were punched into cylindrical samples (@96 mmxH4 mm). The samples were wetted by immersing in PBS
before measurement. Each sample was compressed at a rate of 0.1 mm/s to generate stress-strain curves. The
Young’s modulus was calculated from the initial linear region of the stress-strain curve. A minimum of four
samples were tested for each type of scaffold.

5.3.4 In vitro cell culture

For cell culture use, the Col/nCS hybrid scaffold and Col scaffold were punched into cylindrical
samples (@6 mmxH4 mm). The samples were sterilized with 70% ethanol, washed 3 times with Milli Q
water and conditioned with Dulbecco’s Modified Eagle Medium (DMEM) at 37 °C for 30 min. Human
mesenchymal stem cells (hnMSCs) were cultured in the scaffolds. The hMSCs were purchased from Lonza
(Walkersville, MD) and subcultured twice in DMEM containing 10% fetal bovine serum, 1000 mg/L glucose,
584 mg/L glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 0.1 mM nonessential amino acids, 0.4
mM proline, 1 mM sodium pyruvate and 50 pg/mL ascorbic acid under an atmosphere of 5% CO, at 37 °C.
The hMSCs (Passage 4) were harvested by treatment with a trypsin/EDTA solution after confluence. The
harvested MSCs were re-suspended in DMEM to prepare a cell suspension solution of 7.4x10° cells/mL for
cell seeding. The hMSCs were seeded into the scaffolds twice by adding 135 pL of the cell suspension
solution to each of the @6 mm sides of the scaffolds (2.0x10° cells/scaffold). The second seeding was
performed 3 hours after the first to allow for cell adhesion. The cell/scaffold constructs were then cultured in
DMEM (1 mL DMEM/cell scaffold construct) under an atmosphere of 5% CO, at 37 °C with shaking
(60/min) for 14 days. The medium was changed every 3 days.

5.3.5 Measurements of DNA content

Cell proliferation in the Col/nCS hybrid scaffold and Col scaffold was investigated by measuring
the DNA content of the cell/scaffold constructs after 1, 3, 7 and 14 days of in vitro culture. The constructs
were washed with pure water, freeze-dried and digested with papain solution (400 pg/mL, with 5 mM
L-cysteine and 5 mM EDTA in 0.1 M phosphate buffer at a pH of 6.0). An aliquot of the papain-digested
material was dyed with Hoechst 33258 dye (Sigma-Aldrich, St. Louis, MO, USA) and the DNA amount (n =
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4) was measured under a spectrofluorometer (FP-6500, JASCO, Japan).
5.3.6 Gene expression analysis

The expression of osteogenesis and angiogenesis genes in the cell/scaffold constructs were
analyzed by real-time PCR. After 14 days of in vitro culture, the cell/scaffold constructs were washed with
PBS and frozen in liquid nitrogen. The frozen constructs were crushed into powder by an electric crusher and
dissolved in Sepasol solution (Nacalai Tesque, Kyoto, Japan) to isolate the contained RNA from the cells.
Total RNA (1.0 pg) was used as a first strand reaction that included random hexamer primers and murine
leukemia virus reverse transcriptase (Applied Biosystems, Foster City, CA). Real-time PCR was amplified
for 18 S rRNA, glyceraldehyde 3 phosphate dehydrogenase (GAPDH), alkaline phosphatase (ALP), integrin
binding sialoprotein (IBSP), osteopontin (SPP1), runt-related transcription factor 2 (RUNX2), vascular
endpthelial growth factor (VEGF), epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1).
The reaction was performed with 10 ng of cDNA, 90 nM PCR primers, 25 nM PCR probe, and TagMan
Universal PCR Master Mix (Applied Biosystems). The expression levels of 18 S rRNA were used as an
endogenous control, and gene expression levels relative to GAPDH were calculated using the comparative Ct
method. The sequences of primers and probes are listed in Table 5.1. The primers and probes were obtained
from Applied Biosystems and Hokkaido System Science (Sapporo, Japan).

Table 5.1. Primers and probes for real-time PCR analysis.

MRNA Oligonucleotide
18S rRNA Hs99999901_s1
GAPDH Hs99999905_m1
ALP Forward 5’-GACCCTTGACCCCCACAAT-3’
Reverse 5’-GCTCGTACTGCATGTCCCCT-3’
Probe 5’-TGGACTACCTATTGGGTCTCTTCGAGCCA-3’
IBSP Forward 5-TGCCTTGAGCCTGCTTCC-3’
Reverse 5’-GCAAAATTAAAGCAGTCTTCATTTTG-3’
Probe 5’-CTCCAGGACTGCCAGAGGAAGCAATCA-3’
SPP1 Forward 5’-CTCAGGCCAGTTGCAGCC-3’
Reverse 5’-CAAAAGCAAATCACTGCAATTCTC-3’
Probe 5’-AAACGCCGACCAAGGAAAACTCACTACC-3’
RUNX2 Hs00231692_m1
VEGF Hs00900054_m1
EGF Hs00153181_m1
IGF-1 Hs00153126_m1

5.3.7 Statistical analysis

Statistical analysis was carried out by the same method described in 2.3.7.
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5.4 Results and Discussion

5.4.1 Hybrid porous scaffold of collagen and wollastonite nanowires

The wollastonite nanowires had a wire-like structure with a diameter of 20~30 nm and a length of
250~500 nm (Figure 5.2) which should be good for increase of scaffold mechanical strength and release of
stimulatory ions.

Figure 5.2 TEM image of the wollastonite nanowires.

The nanowires were mixed with collagen aqueous solution to prepare mixture suspension solution.
The solution was applied to pre-prepared ice particulates to fill the space among the ice particulates. After
freezing and freeze-drying, a hybrid porous scaffold of collagen and wollastonite nanowires (Col/nCS hybrid
scaffold) was formed. Collagen porous scaffold without wollastonite nanowires was also prepared as a
control by using the pre-prepared ice particulates (Col scaffold). The scaffolds showed white
appearance(Figure 5.3 a). Observation by scanning electron microscopy showed that porous structures were
formed in Col/nCS hybrid scaffold and Col scaffolds (Figure 5.3 b-e). The Col/nCS hybrid scaffold and Col
scaffold showed similar microstructures, indicating that wollastonite nanowires did not change the porous
structure of the scaffolds. Spherical large pores were formed in the porous scaffolds. Some small pores could
be seen on the walls of the large pores, which connected the spherical large pores. The interconnect pore
structure will benefit cell seeding and spatially homogeneous cell distribution. The size of the spherical large
pores in Col/nCS hybrid scaffold and Col scaffold was 356 + 34 and 359 + 38 um, respectively. The size of
small pores in Col/nCS hybrid scaffold and Col scaffold was 63 + 25 and 69 + 33 um, respectively. The large
pores were the replica of the pre-prepared spherical ice particulates and their size was in a good agreement
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with the size of the pre-prepared ice particulates. The small pores were the replica of ice crystals formed
during freezing, which were decided by freezing temperature. Therefore, pore structure of the porous
scaffolds can be controlled by the pre-prepared ice particulates and freezing temperature. Observation at a
high magnification of cross-section of the walls of the scaffolds showed the presence of wollastonite

nanowires in the hybrid scaffold (Figure 5.3 g). The wollastonite nanowires were embedded in the walls of
the pores.

Figure 5.3 Gross appearance (a) and SEM images of cross sections of collagen scaffold (b, d, f) and
collagen/wollastonite nanowires hybrid scaffold (c, e, g). The images are shown in low (b,c) and high (d, e, f,
g) magnification.
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Mechanical property of porous scaffold is important to protect the deformation of scaffold during
cell culture and implantation. 15 The Young’s modulus of the Col/nCS hybrid scaffold was significantly
higher than that of Col porous scaffold (Figure 5.4). It was 2.8-fold higher than that of Col scaffold. The
wollastonite nanowires increased the mechanical property of the collagen porous scaffold. This may be due
to the reinforcing effect of wollastonite nanowires on collagen fibers and in pore walls as shown in Figure
5.3 g. The role of the wollastonite nanowires as mechanical reinforcement is similar to that of carbon
nanotubes, which have been used to increase the mechanical property of porous scaffolds.?” Collagen is a
biocompatible polymer that has been widely used for biomedical applications. However, the weak
mechanical property of collagen porous scaffolds restricts some of their applications, especially for
load-bearing defect treatment. To increase the mechanical property of collagen-based porous scaffolds,
hybridization of collagen with mechanically strong biodegradable synthetic polymers has been reported.?®3°
In this chapter, the wollastonite nanowires reinforced the collagen porous scaffolds and will broaden the
applications of collagen-based porous scaffolds.
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Figure 5.4 Young’s modulus of wet collagen scaffold and collagen/wollastonote nanowires hybrid scaffold.
The data represent the mean + SD, n=4. *** significant difference, p<0.001.

5.4.2 Cell adhesion and proliferation in collagen/wollastonite nanowires hybrid scaffold

The Col/nCS hybrid scaffold and Col scaffold were used for three-dimensional culture of hMSCs.
The cells adhered and spread on both Col/nCS hybrid scaffold and Col scaffold (Figure 5.5). Cell
morphology was similar for the cells cultured in the two types of porous scaffolds. Incorporation of
wollastonite nanowires did not affect cell adhesion.
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LR

Figure 5.5 Cell attachment in collagen scaffold (a) and collagen/wollastonote nanowires hybrid scaffold (b)
after 6 h of in vitro culture.

DNA quantification showed DNA amount increased with culture time when the cells were cultured
in the scaffolds (Figure 5.6). The result indicates that cells proliferated in the porous scaffolds during cell
culture. The DNA amount in the Col/nCS hybrid scaffold was significantly higher than that in the Col
scaffold after culture for 7 and 14 days. Cell number in Col/nCS scaffold was nearly 1.4-fold higher than that
in Col scaffold after culture for 14 days. The cells proliferated more quickly in Col/nCS hybrid scaffold than
did in Col scaffold during long period culture. The wollastonite nanowires in the hybrid scaffold showed a
promotive effect on the proliferation of hMSCs. It has been reported that some ions, such as Si ions, released
from the wollastonite can stimulate the proliferation of mesenchymal stem cells.?% lons released from the
wollastonite nanowires in the Col/nCS hybrid scaffold should promote cell proliferation in the hybrid
scaffold.
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Figure 5.6 DNA amount in the cell/scaffold constructs of collagen scaffold and collagen/wollastonite

nanowires hybrid scaffold after 1d, 3d, 7d and 14d of in vitro culture. The data represent the mean + SD, n=4.

**significant difference, p<0.01. *, significant difference, p<0.05. §, significant difference compared to the
ones after 1d, 3d and 7d of in vitro culture, p<0.001.
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5.4.3 Osteogenic differentiation of MSCs in collagen/wollastonite nanowires hybrid scaffold

Induction of osteogenic differentiation of mesenchymal stem cells is important for bone tissue
engineering when porous scaffolds are used for three-dimensional culture of stem cells. When hMSCs
differentiate into osteoblasts, they should express ALP, SPP1, IBSP and an osteoblast-relating transcription
factor, RUNX2. The osteogenic differentiation of hMSCs in the Col/nCS hybrid scaffold and Col scaffold
was compared by investigating expression of osteogenic genes, ALP, SPP1, IBSP and RUNX2, by real-time
PCR analysis after 2 weeks of culture. The hMSCs cultured in the Col/nCS hybrid scaffold showed higher
expression levels of ALP, SPP1, IBSP and RUNX2 than did cells in the Col scaffold (Figure 5.7). The
Col/nCS hybrid scaffold promoted expression of these osteogenic genes. The results indicate that the
Col/nCS hybrid scaffold should facilitate osteogenic differentiation of mesenchymal stem cells and bone
tissue formation.

Because the diffusion of oxygen and nutrients from existing blood vessels is limited to within
150-200 pm of the blood supply, there is insufficient oxygen and nutrients passing through large size
scaffolds to maintain a viable activity and metastasis level for cells.3! Therefore, angiogenesis effect of
scaffold is important to induce formation of capillary network to support the regenerated bone tissue. The
potential of the Col/nCS hybrid scaffold to induce angiogenesis was analyzed by investigating expression of
genes encoding angiogenesis factors when cells were cultured in the scaffolds. Angiogenesis factor genes,
VEGF, IGF-1 and EGF, were investigated. The hMSCs cultured in the Col/nCS hybrid scaffold showed
significantly higher expression levels of these genes than did the cells cultured in the Col scaffold. Higher
expression levels of these genes will promote angiogenesis when hybrid scaffold and mesenchymal stem
cells are implanted in vivo. Incorporation of wollastonite nanowires in the hybrid scaffold showed promotive
effect on expression of angiogenesis factor genes.

The gene expression results indicated that the Col/nCS hybrid scaffold promoted the expression of
osteogenesis and angiogenesis genes without induction of osteogenic medium. The effects may be due to the
Si and Ca ions released from the wollastonite nanowires in the Col/nCS hybrid scaffold. Si and Ca ions from
calcium silicates have been reported to stimulate cell proliferation and induce capillary formation.?+2
Hybridization of collagen with wollastonite nanowires showed stimulatory effect on proliferation and
osteogenic differentiation of mesenchymal stem cells. And the porogen material, pre-prepared ice
particulates, created interconnected large pores in the hybrid scaffold to facilitate cell seeding and
distribution. Furthermore, the mechanical property of the hybrid scaffold increased by adding wollastonite
nanowires as a strength-enhancing additive. The Col/nCS hybrid scaffold will be a good candidate scaffold
for bone tissue engineering.
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Figure 5.7 Expression of genes encoding ALP, IBSP, SPP1, RUNX2, VEGF, EGF and IGF-1 in the
cell/scaffold constructs of collagen scaffold and collagen/wollastonite nanowires hybrid scaffold after 14
days of in vitro culture. The data represent the mean + SD, n=3. *, significant difference, p<0.05.

73



Chapter 5

5.5 Conclusions

Hybrid scaffolds of collagen/wollastonite nanowires with precisely controlled pore structure were

prepared by using ice particulates as a porogen material. The hybrid scaffolds facilitated cell seeding and cell
distribution. Compared to collagen scaffold, the hybrid scaffolds showed higher mechanical property, higher
cell proliferation and angiogenesis stimulation effects. Hybridization of collagen with wollastonite nanowires
has been proved to be a good strategy for the preparation of bone tissue engineering scaffolds.
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Chapter 6

Concluding remarks and future prospects

6.1 Concluding remarks

This research demonstrated a method by using ice particulates as a porogen material to precisely
control the pore structures of collagen-based porous scaffolds. At first, the method was established by mixing
the pre-prepared ice particulates with collagen aqueous solution at different mixture ratios and concentrations
and the detailed preparation conditions were investigated. Subsequently, the method was used to prepare a
collagen scaffold with a gradiently changed pore size to direcetly investigate the effect of pore size on
cartilage tissue regeneration. Furthermore, individual collagen porous scaffolds with different pore sizes
were prepared to quantitatively compare the pore size effect on proliferation and cartilaginous gene
expression of chondrocytes. Finally, the method was used to prepared hybrid scaffolds of collagen and
wollastonite nanowires with precisely controlled pore structures for bone tissue engineering.

Chapter 1 introduces the principles of tissue engineering and its key factors of cells, scaffolds and
growth factors. Subsequently, the development of scaffolds in tissue engineering was reviewed. Furthermore,
the role of scaffold pore structure in tissue regeneration was emphasized, and the current challenges in
fabrication of porous scaffolds with controlled pore structure were discussed. Finally, the objective of this
study was defined.

Chapter 2 describes the preparation of collagen porous scaffold with controlled pore structure by
using ice particulates as a porogen material. The detailed preparation conditions were investigated by mixing
pre-prepared ice paticulates into collagen aqueous solution at different mixture ratios of ice particulates to
collagen solution and different concentrations of collagen solutions. The collagen scaffold prepared with 2%
collagen and 50% ice particulates showed precisely controlled pore structure, such as uniformity,
interconnectivity and porosity and high mechanical property. What’s more, such collagen scaffold supported
chondrogenesis more strongly than did the control scaffold prepared using normal freeze-drying. These
results suggest that the method will be useful for the preparation of collagen-based porous scaffolds for tissue
engineering and regenerative medicine.

Chapter 3 describes the use of a gradient pore structure for comparing the effect of different pore
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sizes on cartilage regeneration under the same culture conditions. Firstly, the gradient collagen scaffold with
four different regions was prepared with ice particulates having a diameter range of 150-250, 250-355,
355-425 and 425-500 um. Then, bovine chondrocytes were cultured in this gradient collagen scaffold. Cell
distribution, HE staining, Safranin O/light green staining and immunohistochemical staining of type Il
collagen were performed to investigate cellular activity and cartilage regeneration. The micropores in the
gradient collagen scaffold prepared with ice particulates in the range of 150-250 pm showed the most
beneficial effect on cartilage regeneration. Gradient scaffolds prepared with ice particulates were a useful
tool to directly compare the effects of scaffold pore size on tissue regeneration.

Chapter 4 describes the further comparison of pore size effect on chondrocytes proliferation and
gene expression by using individual collagen scaffolds with different pore sizes. Firstly, individual collagen
scaffolds with different pore sizes were prepared with ice particulates having a diameter range of 150-250,
250-355, 355-425 and 425-500 pm. Then, bovince chondrocytes were cultured in these individual collagen
scaffolds and the cell/scaffold constructs were implanted in vivo for 8 weeks. The quantitative analyses, such
as physical property of collagen scaffolds, DNA and sGAG contents of cell/scaffold constructs, expressions
of genes encoding type Il collagen and aggrecan and young’s modulus were calculated. The results showed
that the collagen porous scaffolds prepared with ice particulates in the range of 150-250 um showed the most
promotive effect on the gene expression and the production of cartilaginous matrix proteins as well as on
cartilage regeneration.

Chapter 5 describes the preparation of hybrid scaffolds of collagen and wollastonite nanowires with
precisely controlled pore structure by using the method in chapter 1 for bone tissue engineering. The
scaffolds were used for three-dimensional culture of human bone marrow-derived mesenchymal stem cells
(hMSCs). Cell proliferation, osteogenic differentiation and angiogenesis factor gene expression were
investigated. The hybrid scaffolds facilitated cell seeding and cell distribution. Compared to collagen
scaffold, the hybrid scaffolds showed higher mechanical property, higher cell proliferation and osteogenic
differentiation and expressed higher level of genes encoding angiogenesis-related genes. Hybridization of
collagen with wollastonite nanowires was proved to be a good strategy for the preparation of bone tissue
engineering scaffolds.

In conclusion, a method using pre-preapred ice particulates as a porogen material was developed
for preparation of collagen-based scaffolds with precisely controlled pore structures such as pore size and
interconnectivity. The method was used to prepare collagen porous scaffolds with a pore size gradient and
different pore sizes to compare the effect of pore size on cell functions and cartilage tissue regeneration. The
effect of pore size on cartilage tissue formation was directly compared by culturing bovine articular
chondrocytes in the gradient collagen scaffolds. The effect of pore size on production and expression of
cartilaginous extracellular matrices was compared by using individual scaffolds having different pore sizes.
The collagen porous scaffolds prepared with ice particulates in the range of 150-250 um showed the most
promotive effect on the gene expression and the production of cartilaginous matrix proteins as well as on
cartilage regeneration. The method was also used to prepare hybrid scaffolds of collagen/wollastonite
nanowires for bone tissue engineering. The hybrid scaffolds could facilitate osteogenic differentiation and
induce angiogenesis when hMSCs were cultured in the scaffolds. The ice particulates method was
demonstrated to be a useful method to prepare collagen-based porous scaffolds and its hybrid scaffolds for
tissue engineering.
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6.2 Future prospects

This research demonstrated a method by using ice particulates as a porogen material to precisely
control the pore structures of collagen-based porous scaffolds, such as pore size and interconnectivity. This
method is very simple and low in cost, without the worry of residual solvents. The collagen scaffolds
produced by this method showed highly interconnected pore structure, which is essential for homogeneous
cell distribution and tissue formation. Besides collagen, the application of this method can be extended in
other nature polymers, such as gelatin, chitosan, silk fibroin, etc.

As we know, the optimal pore size may vary with different cell type and biomaterials. In this study,
the effect of pore size on cartilage tissue formation was directly compared by culturing bovine articular
chondrocytes in the gradient collagen scaffolds prepared by this method. Furthermore, the quantitative
reasearch of pore size effect was further inversigated by individual collagen scaffolds. This method provides
a good choice for determining optimal pore size for different cell type and biomaterials on the premise of
well interconnectivity of scaffolds.

The hybrid scaffolds of collagen and wollastonite nanowires with precisely controlled pore
structures could facilitate osteogenic differentiation and induce angiogenesis for bone repair.Base on this
research, combination of multi-biomaterials prepared by this method could be applied in more complicate
tissue regeneration.

The scaffold prepared by this method could support as a basic scaffold for drug delivery. This
process could be performed by modifying the scaffolds with proper bioactive molecules and growth factors,
enzymes, ECM proteins and DNA to facilitate the tissue regeneration process by mimicking the ECM
environment. The advantage of this method is that it could retain the biological activity of the bioactive
molecule within the scaffolds by utilizing less harmful processes, such as the use of organic solvents and
high temperature.

Above all, the scaffolds prepared by using ice particulates as a porogen material would have a
promising future in tissue engineering.
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