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Abstract

Hybrid Chitosan Alginate Scaffolds for Bone and Cartilage Tissue Engineering
Zhensheng Li
Chair of the Supervisory Committee:
Associated Professor Miqgin Zhang
Department of Materials Science and Engineering
College of Engineering

The regeneration of new bone or cartilage to restore the function of
traumatized, damaged, or lost bone or cartilage is a major clinical and
socioeconomic burden. In recent years, a new cutting-edge procedure, bone-
and cartilage-tissue engineering, has emerged as a new strategy for healing
musculoskeletal conditions. In this strategy, progenitors or mature cells are
combined with biocompatible scaffolds to initiate partial or full bone and/or
cartilage regeneration.

Scaffolding materials in tissue engineering should be bioactive and
biodegradable.  The synthetic polymers, such as PLA and PGA, are
biodegradable, but not bioactive. Furthermore, their bulky degradation style and
induction of foreign body reaction limit their clinical applications. Chitosan and
alginate, two natural polymers, have proven to be biodegradable and bioactive
for bone and cartilage regeneration. In this study, high-concentration (4.8% w/v)
chitosan-alginate hybrid scaffolds were successfully synthesized through a

thermally-induced phase separation technique. The produced hybrid scaffold was

thoroughly characterized for mechanical and biological properties and compared



to pure chitosan scaffolds of the same concentration and similar porosity. The
main pore sizes of the porous hybrid scaffolds was found to be 50-300 pm,
which can be controlled through freezing and coalescence processes. The hybrid
scaffolds demonstrated significantly-improved mechanical strength, water
permeability and stability compared to pure chitosan scaffolds at increased
porosity (92-95% vs. 87-89%).

The in vitro study showed that the hybrid scaffold induced better cell attachment
and proliferation rate, and maintained the functionality of the cells better than
chitosan scaffolds. The hybrid scaffolds were also shown to promote the bio-
mineralization of MG-63 osteoblast and the production of collagen type Il, and
maintain the characteristic cell morphology of chondrocytes. In vivo study
showed that the hybrid scaffolds were biocompatible and degradable, and
,promoted rapid vascularization, deposited connective tissue, and calcified matrix within
the whole scaffold structure. The results support the potential applications of
chitosan-alginate scaffolds as an alternative to other natural polymer-based
scaffolds in tissue engineering. This study provides insights to the principles of
interactions between biodegradable composite materiéls and biological systems,
and the information for fabrication of scaffolds of different mechanical strengths

for desired clinical applications.

Key words: tissue engineering, chitosan, alginate, lyophilization (freeze drying),

bone, cartilage
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Chapter One

Introduction and Overview

1.1 Musculoskeletal Conditions and Challenges in Orthopedic Surgery

Bone and joint (musculoskeletal) diseases affect more than one billion
individuals worldwide and this figure is increasing sharply with the aging of the
global populations.! These diseases have an enormous impact on society,
affecting people of all ages. In the United States, one out of 3 American adults
reports arthritis or chronic joint pain, with 1 out of 7 Americans (36.4millions)
reporting other musculoskeletal impairments. One out of 2 women and 1 out of 4
men over 50 years old will suffer an osteoporosis-related fracture in their resting
life and the number of individuals over age 50 is expected to double by 2020.
Each year, musculoskeletal conditions account for about 102.5 million visits to
physicians' offices, 4.7 million hospital outpatient visits, 26.3 million emergency
department visits, 2.4 million hospitalizations, and 7.6 million surgical
procedures.??

Musculoskeletal conditions pose a huge socio-economic burden to the U.S.,
costing an estimated $300 billion every year ($254 billion in year 2000). On

March 25, 2002, President George W. Bush 4 proclaimed the years 2002 through
2011 as the “National Bone and Joint Decade” to raise awareness about these
conditions.

Orthopedic physicians and surgeons manage and treat most

musculoskeletal conditions. The field of orthopedics, like many other specialties,
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has expanded in response to the need to correct deformities, restore function,
and alleviate pain. Orthopedic surgeons have succeeded in preventing major
losses of bodily function. For thousands of years, there were five primary
strategies for treating musculoskeletal conditions: "Relieving (symptoms)”,
“Removing (tumorous and infectious lesions)”, “Repairing (fractures, soft tissue
injuries and other disorders)”, “Replacing (degenerative joints)’ and “Rebuilding
(or reconstruction of defects).” Today, virtually all orthopedic surgeries involve
the last four ‘Re’ therapies and have produced remarkable results for many
musculoskeletal diseases. The treatments for complex fractures (repairing), end-
stage arthritic joint disease (replacement), limb deformities (resection), and
almost all surgical conditions have recently demonstrated dramatic
improvements. Patients with musculoskeletal diseases have more therapeutic
options today than ever before.

However, there continues to be a dire need for improved technologies and
therapies, particularly in the areas of repairing articular cartilage damage and
severe bone defects. Current surgical treatments for large bone defects fall into
two categories: bone transportation (the llizarov and other external fixing
devices) and bone graft transplantation (auto-, allo- and xeno-grafts; different
biomaterial implants). Osteotomy, followed by bone distraction (llizarov
technique), takes advantage of the regenerative potential of bone®, however the
device is highly inconvenient for the patient and requires a long recovery period,

often with complications. Graft transplants—those of vascularized bone or bone-
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muscle or bone-muscle-skin—are widely accepted and used but have a high rate
of complications such as infection and non-unions, insufficient autologous
resources, and contour irregularities. Furthermore, graft transplants are often not
an option for large reconstructions since they require large harvests of healthy
tissue, which result in major donor site morbidity.® While allografting and
xenografting are alternative strategies to autografting, they, too, have potential
complications such as possible disease transmission, rejection of allograft tissue,
major histo-incompatibility, graft versus host disease, and the potential need for

expensive immunosuppressive medicine.” It is time for an entirely new method!

1.2 Regenerative Medicine

The challenges in orthopedic surgery demand a new kind of medicine—
namely, regenerative medicine, a new category of surgery. Regenerative
medicine has seen a recent erhergence due to tissue engineering.

There are three key roles in tissue engineering: the cell—usually the
progenitor cells; growth factors which stimulate cells to attach, proliferate,
differentiate and functionalize; and scaffolds which support the cells’ attachment
and carry growth factors.

The scaffold plays a key role in tissue engineering, providing cells with a
suitable growth environment, optimal oxygen levels, effective nutrient and waste
transportation, and mechanical integrity. Scaffolds also provide 3D environments
to bring cells close together so that they can organize to form tissues. When the

scaffold is degraded, the cells produce extracellular matrix molecules (ECM) and
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eventually form 3D structures mimicking the native tissue morphology and
function. An ideal scaffold can also guide progenitor cell migration and stimulate

their proliferation and differentiation.

1.3 Dissertation Overview

As cells and growth factors fall outside the realm of materials science, this
dissertation is focusing on the scaffold. This dissertation will include, but not be
limited to, the scaffold materials selection, porous structure synthesis, stability
testing, mechanical testing, and in vitro and in vivo experiments.

Chapter one is the introduction and overview of the dissertation. Chapter
two reviews the development, key roles and approaches, and requirements of
tissue engineering. Chapter three reviews the categories and materials currently
available for tissue engineering, including ceramics and synthetic polymers.
Chapter four is dedicated to reviewing the physical, chemical, biological, and
rheological properties of chitosan and alginate. This is the background
knowledge for the materials selection in this project. Chapter five reports the
synthesis and optimization of hybrid chitosan and alginate scaffolds, and the
characterization of those scaffolds. This chapter also discussed the mechanism
of freeze-drying and thermally induced phase separation.

Chapters six through eight discuss the applications of the hybrid chitosan-
alginate scaffolds. Chapter six covers the experiments that use the scaffolds for
cartilage tissue engineering. HTB-94 cell line cells were used as chondrocytes to

test the biocompatibility of the scaffolds for cartilage regeneration. This work
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showed that the hybrid scaffolds maintained the normal functional morphology of
the chondrocytes in producing collagen type Il. It is therefore appealing to
consider using this hybrid scaffolds for in vivo cartilage tissue engineering.
Chapter seven covers the application of bone tissue engineering and our in vivo
study. Both in vitro and in vivo studies showed that the hybrid scaffolds were
highly biocompatible and biodegradable, promoting biomineralization of MG-63
osteoblasts as early as three days after seeding. It also invoked rapid blood
vessels formation and very limited foreign body reaction. Chapter eight focuses
on the application of calcium alginate gel to improve cell seeding in these
scaffolds. It is always a challenging goal in seeding highly density of cells on
scaffolds to mimic the physiological condition in vivo conditions. On site gel
formation of calcium alginate was studied in seeding cells on scaffolds. DNA
quantification was used to compare the final cell distribution in different layers of
the scaffolds. The results showed that on site calcium alginate gel formation is an

effective method in improving initial cell seeding density.

Notes to Chapter One
1. UNPD. World population ageing:1950-2050. (2002).
2. AAOS. Musculoskeletal Conditions in the U.S. (second edition). (1999).

3. USBJD. US Bone and Joint decade. http://www.usbijd.org.

4. Bush, G. W. National Bone and Joint Decade proclamation. Office of the
press secretary (2002).
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Chapter Two
Tissue Engineering and Scaffold Properties

2.1 Short history of tissue engineering

It was Wolter JR who first used the phase “Tissue Engineering” in 1984 by
accident to describe the organization of an endothelium-like membrane on the
surface of a long-implanted, synthetic ophthalmic prosthesis. He did not mean to
use “Tissue Engineering” as we use it today’. In 1985, Dr. Y.C. Fung used the
term “tissue engineering” in a proposal for NSF funding (NSF tissue engineering
report 2001). Conceptually, he described tissue engineering as using engineering
methodologies to study the level of biological organization between cells and
organs. Today, the widely accepted definition for tissue engineering is “an
interdisciplinary field that applies the principles of engineering and the life
sciences toward the development of biological substitutes that restore, maintain,
or improve tissue function,” thanks to the highly-cited review by Langer and
Vacanti in Science (1993) 2. The term “tissue engineering” was, in fact, ascribed
to Langer and Vacanti by some scholars.

Recently, a comprehensive definition of tissue engineering was made by
the Pittsburgh Tissue Engineering Initiative (PTEI):

“Tissue engineering is the field of biomedicine that unites biology,
engineering and medicine to restore or replace tissues and organs damaged by
disease, injury or congenital anomaly. It has the potential to revolutionize health
care treatment, improving the health and quality of life for millions of people
worldwide, while, at the same time, saving hundreds of millions of dollars each



year in associated health care costs.”
In 1994 the PubMed search engine showed that there were 10 published

papers with the key words “tissue engineering”; by 1996, that number had
doubled, and by 1998, that number had doubled again. In the 12-year interim, the
field of research in tissue engineering has exploded; there are currently 6356
published papers. Promising tissue engineering research is underway in North

America, Europe, Japan, and other parts of the globe.

2.2 Approaches and key roles in tissue engineering

In general, there are three main approaches to tissue engineering (Figure
2-1):
(i) Use isolated cells or cell substitutes as cellular replacement parts,
e.g., simple skin tissue engineering;
(i) Use acellular biomaterials capable of inducing tissue regeneration,
e.g., using calcium phosphate in substituting natural bone; and
(i) Use a combination of cells and materials and cellular factors (typical
tissue engineering)
Tissue engineering was started as an interdisciplinary field. It continues to move
forward together with stem cell research, gene therapy, new materials innovation,
and new cellular factor discovery. It also has contributed to other key techniques
in physics, chemistry and biology. Although there is a long list of involved
subjects, three of them are most important:

i) Cells (the fundamental and key role in building tissue),
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ii) Scaffolds (the three dimension porous structure in supporting the cells)

iii) Cellular factors (promoting the growth and differentiation and possible function

expression).

Figure 2- 1 Approaches and key roles for tissue engineering

2.3 Cells sources for tissue engineering

The stem cell and progenitor cell research development in recent years
has opened new horizons for sources of cells issues for tissue engineering. In
vitro tissue engineering requires the harvest of progenitor cells at various stages
of differentiation for expansion and maturation on appropriate scaffolds in culture
and subsequent implantation®. This form of tissue engineering is complicated by
progenitor cell availability, difficulty in culturing some progenitor cell types, the
need for cellular patterning and topographic control, and the need for providing a
microcirculation for the development of larger, biologically meaningful tissues.

Besides the cost is significantly high and the culture expansion is always at risk
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of contamination. Moreover, there is evidence that autologous cells can invoke

immunogenic with prolonged in-vitro culture. 4

2.31 Progenitor cells

An ideal progenitor cell source should be easily expandable, non-
immunogenic, and receptive to differentiation cues for the target tissue. The
harvest of adequate numbers of progenitor cells for in vitro expansion can be
problematic and depends on the cell source as well as the cell type. For
example, the harvest of osteoblast is time consuming, relatively few cells are
available after dissociation of bony tissue, and the cellular expansion rate is
relatively low. Most differentiated progenitor cells have a limited capacity for self-
renewal. Besides, regular culture techniques are not good for the long-term
maintenance of certain cells. For example, the chondrocytes lose their normal
morphology and function on Petri dishes or in flask culture. Hepatocytes rapidly
lose their liver-specific characteristics when maintained in standard tissue

culture®®.

2.32 Stem cells

Stem cells are undifferentiated cells with a high proliferation capacity, the
capability of self-renewal, and the potential for multilineage differentiation.
Totipotent stem cells are derived from the first two divisions of the fertilized
oocyte and are able to form the embryo and the trophoblast of the placenta. A

few days later, as the blastocyst forms, pluripotent stem cells can be harvested
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from the inner cell mass and these are known as embryonic stem cells (ESCs).
These cells can differentiate into any tissue arising from the three germ layers of
the embryo but are not able to give rise to another embryo and its supporting
tissues. Finally, multipotent stem cells can be harvested from mature tissues, and
these are known as adult stem cells. Adult stem cells are being actively studied

for tissue engineering because of the current ethical and sociopolitical debate

ZYGOTE BLASTOCYST

{NATLRAL OR CLONAL)

*HARVESTED"
o STEM CELLS

EMBRYONIC
STEM CELLS

EMBRYO

BONE TISSUES

MUBCLE TISSUES

FOR THERAPEUTIC LISES

Figure 2- 2 Stem cells and their possible therapeutic application. (Courtesy ARHP, CA)

over the use of ESCs, and also because undifferentiated ESCs have been shown
to give rise to teratomas and teratocarcinomas due to their unlimited proliferation
capacity®(Figure 2-1). Adult stem cells have been identified in bone marrow,
trabecular bone, periosteum, muscle etc. As they were all derived from

mesenchyme, they were also called mesenchymal stem cells (MSCs). MSCs are
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low in immunogenic nature and they have significant differentiation plasticity™
For instance, neural stem cells can differentiate into hematopoietic precursors
and muscle cells, and dermal stem cells can give rise to neurons, glia, muscle,
and fat cells. Bone marrow stromal cells can be induced to differentiate into
osteoblasts, chondrocytes, myocytes, tendon cells, adipocytes, hepatocytes, or
neural phenotypes.”®Limitations with adult stem cell use include the lack of
identifying markers and their scarcity in adults. It is estimated that 1 in 20 000 to
1 in 100 000 nucleated bone marrow cells is a stromal cell, representing 0.001%-
0.01% of nucleated cells.”® Whereas fat and muscle tissue are less cellular than
bone marrow, the adult stem cell prevalence in these tissues may be as high as
1 per 4000 cells." But adult stem cell numbers and their differentiation capacity
decrease with advancing age. The density of MSCs in newborns is approximately
1in 10, 000 as compared with 1 in 2, 000, 000 in an 80 year old."
2.33 Cell lines

Most tissue engineering uses the primary cells harvested from human
being or animals because they maintain the differentiated function and
morphology. But the primary cells are difficult to survive and to maintain the
differentiated functionality. They are also slow in proliferation or even display no
proliferation. In addition, it is very expensive and elaborate to isolate the primary
cells. For the convenience of in vitro experiments, cell lines were used. A cell
line is a permanently established cell culture that will proliferate indefinitely given

appropriate fresh medium and space. There are three ways to produce cell
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lines, naturally occurred mutation or derivation from tumor cells and purposely
infused to immortal cells. Usually the cell lines do not observe the Hayflick limit'?
and contact inhibition, but they still die. However as a group of cells, they are
immortal. We compared the primary cells with cell lines in Form1. It is estimated
that about 20% of human cell lines are different from the cells they are generally
assumed to be.”™ The reason for this is that some cell lines exhibit vigorous
growth and thus cross-contaminate cultures of other cell lines, in time
overgrowing and displacing the original cells. The most common contaminant is
the Hela cell line'*. Cell lines can be used when general properties such as cell
metabolism and morphology are investigated, but they should not be used for
functionality of specific cells.”®'® MG63 (ATCC CRL-1427) is a cell line
harvested and derived from a 14 years old caucasian boy who suffered bone
osteosarcoma, it maintains fibroblast morphology. This is a hypotriploid human
cell line. The modal chromosome number was 66 occurring in 44% of cells. The
rate of cells with higher ploidies was 2.0%. Eighteen to 19 marker chromosomes
were common to all cells. Presently this is a good cell line that mimic the primary
osteoblast.'”'® Cell line SW1353 (ATCC HTB-94) was initiated by A. Leibovitz at
the Scott and White Clinic, Temple, Texas in 1977 from a primary grade I

chondrosarcoma of the right humerus obtained from a 72 years old female

Caucasian. It functions like human chondrocytes and also maintains the
chondrocytes morphology and functionality. Both cell lines are relatively stable in

morphology and functionality. So far, no contamination or mutation has been
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reported (ATCC data).

Table 2-1 Comparison of primary cells and cell lines

Cell type and source Advantages Disadvantages

Primary cells: 1,retaining all differentiated | 1, very difficult to maintain
Directly from human | function vialbility and functionality
or animal tissue 2, Slowly or not proliferate
Cell lines: 1, Relatively easy to maintain. 1. Functional mutation
Immortalized or |2, proliferate well, immortal. 2, Safety issue
tumor-derived

2.4 Cellular Factors and Challenges

Sustained delivery of osteogenic growth factors enhances bone growth in
comparison with acute delivery of equivalents doses and certain bone growth
factor combinations have enhancing effects on bone growth.?%?? Cost-effective
osseous tissue regeneration will depend on a better understanding of growth
factor expression and doses in osteoneogenesis. Growth factors such as TGF-
R1, TGF-R3, and BMP-2, BMP-4, and BMP-7 are all chondrogenic.?*?® Other
growth factors involved in chondrogenesis include IGF-I through VI, bFGF,
connective tissue growth factor, and interleukin-1, interleukin-4, and interleukin-
11. The activities of growth factors involved in chondrogenesis have yet to be
fully defined, but they are known to be modulated by extracellular matrix proteins

such as collagen, and by proteoglycans, which has implications for
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chondrogenic scaffold development. 2’2

FDA recently approved BMP-2 (Infuse, Medtronic Sofamore Danek, Memphis,
TN) and BMP-7 (OP-1 Device, Stryker Biotech, Hopkinton, MA) products  for
limited orthopedic clinical applications. But commercially available BMP-2-
containing and BMP-7-containing products deliver BMP doses of tens of
milligrams per application, whereas naturally occurring BMPs comprise 0.1% of
total bone weight, indicating that they exist in concentrations on the order of
several micrograms per kilogram of bone. The cost-effective problem can also
hinder the application of these cellular factors. Another significant challenge in
osseous tissue engineering is the development of load-bearing, biodegradable
scaffolds that are able to integrate into the surrounding bone and also serve as

growth factor delivery system.

2.5 Scaffolds for tissue engineering

Scaffolds provide cells with a suitable growth environment, optimal oxygen
levels, and effective nutrient and waste transportation as well as mechanical
integrity. Scaffolds also provided 3D environments to bring cells in close
proximity so that they can organize to form tissues. While the scaffold is being
degraded, the cells produced their own extracellular matrix (ECM) molecules and
eventually formed 3D structures mimicking the native tissue in morphology.

Many factors affect the selection and properties of scaffold. These include but
not limit to biocompatibility, porosity, pore size, surface properties, and pH,

surface charge, and surface energy, biodegradability, mechanical properties, and
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ideally, the ability to recruit progenitor cells. Several requirements have been
identified as crucial for the production of tissue engineering scaffolds
(Hutmacher, 2001).%°
a) The scaffold should possess interconnecting pores of appropriate scale to
favor tissue integration and vascularization.
b) They are made from material with controlled biodegradability or bio-
resorbability so that tissue will eventually replace the scaffold.
¢) They have appropriate surface chemistry to favor cellular attachment,
differentiation and proliferation.
d) They possess adequate mechanical properties to match the intended site of
implantation and handling.
e) They should not induce any adverse response.

f) They are easily fabricated into a variety of shapes and sizes.

2.51 Scaffold pore size and porosity

Pores are necessary for bone tissue formation because they allow migration and
proliferation of progenitor cells, as well as vascularization. Besides, a porous
surface improves mechanical interlocking between the implant biomaterial and
the surrounding natural tissue, such as bone, providing greater mechanical
stability at this critical interface.*'** Porosity is a physical property independent
of the material and it is defined as the percentage of void space in a solid.

An ideal bone scaffold should have sufficient porosity to accommodate

osteoblasts or osteoprogenitor cells to support cell proliferation and differentiation
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and to enhance bone tissue formation. High porosity is important for scaffolds for
any tissue engineering applications, including bone. High interconnectivities
between pores are also desirable for uniform cell seeding and distribution, the
diffusion of nutrients to and metabolites out from the cell/scaffold constructs.>
Macroporosity (>50um) has a strong impact on osteogenic outcomes, but
microporosity (pore size <10 um) and pore wall roughness play an important role
as well. Hydroxyapatite ceramic rods with average pore size of 200 pm and
smooth and dense pore walls failed to induce ectopic bone formation in dogs, in
contrast to rods made from the same material with average pore size 400 ym but
with rough and porous pore walls. Microporosity results in larger surface area
that ié believed to contribute to higher bone inducing protein adsorption as well
as to ion exchange and bone-like apatite formation by dissolution and
precipitation. Surface roughness enhances attachment, proliferation and
differentiation of anchorage dependent bone forming cells. > *°

Porous (pore size 150-500 um) matrices with fully interconnected geometry and
large surface-area-to-volume ratios facilitate cell in-growth and mass transfer of
oxygen, nutrients, and metabolic byproducts. Small pores favored hypoxic
conditions and induced osteochondral formation before osteogenesis, while large
pores, that are well-vascularized, lead to direct osteogenesis (without preceding
cartilage formation)*®. Gradients in pore sizes are recommended for future
studies focused on the formation of multiple tissues and tissue interfaces. There

is a tradeoff between the degree of porosity and the scaffold's mechanical
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stability, and this tradeoff must be balanced with the mechanical needs of the
tissue to be replaced.

Scaffold pore size has been shown to influence cellular activity. The optimal
scaffold pore size that allows maximal entry of cells as well as cell adhesion and
matrix deposition has been shown to vary with different cell types® ¥ * .
Scaffold pore size has been observed to influence adhesion, growth, and
phenotype of a wide variety of cell types, notably endothelial cells, vascular
smooth muscle cells, fibroblasts, osteoblasts, rat marrow cells, chondrocytes.39
Scaffold heterogeneity has been shown to lead to variable cell adhesion and to
affect the ability of the cell to produce a uniform distribution of extracellular
matrix. A continuous in growth from the outer periphery was observed in the
random pore size scaffolds, while scaffolds with same sized pores and solid walls
promoted discontinuous ingrowth with bone islands throughout the whole
scaffold. Scaffolds with same sized pores and porous walls resulted in both types
of bone ingrowth®’. It was hypothesized that discontinuous bone ingrowth may
result in faster healing since bone will be forming not only from the margins but
also throughout the whole space of the defect. These studies demonstrate the
enhanced osteogenesis of porous versus solid implants, both at the macroscopic
as well as the microscopic level. 3

Hulbert et al*' reported that the minimum pore size required to regenerate
mineralized bone is generally considered to be 100 um . In his study calcium

aluminate cylindrical pellets with 46% porosity were implanted in dog femorals*'
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Large pores (100 - 150 and 150 - 200 pm) showed substantial bone ingrowth.
Small pores (75 - 100 um) resulted in ingrowth of non-mineralized osteoid tissue.
Smaller pores (10 -44 ym and 44 - 75 um) were penetrated only by fibrous
tissue. These results were correlated with normal Haversian systems that reach
an approximate diameter of 100 - 200 um. 4!
In conclusion, a pore size between 150-500um with porosity >75% is a good
choice for bone tissue engineering. This may vary depending on the cell size, cell
morphology, scaffold degradation rate and the speed of ingrowth of blood
vessels. It is also important to note that a larger pore size aids in the ingrowth of

capillaries; but may also make it more difficult for cell organization into a 3D

cluster and less of the cellular matrix will be formed.

2.52 Surface properties

The scaffold’s surface is not only limited to the external surfaces, but also the
interior surface of the pores which can be exposed to the cells and cellular
factors. The nature of the surface can directly influence cellular response,
ultimately affecting the rate and quality of new tissue formation. Initial events at
the surface include the orientated adsorption of molecules from the surrounding
fluid, creating a conditioned interface to which the cell responds. The gross
morphology, as well as the microtopography and chemistry of the surface,
determine which molecules can adsorb and how cells will attach and align

themselves. The focal attachments made by the cells with their substrate
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determine cell shape which, when transduced via the cytoskeleton to the
nucleus, result in expression of specific phenotypes.** ** Cell-adhesion molecule
density affects the cellular migration rate. Too few molecules will result in cellular
detachment from the surface, and too high a density of adhesion molecules will

cause the cells to ‘stick’ and not migrate into the scaffold interstices.* “*7

2.53 Degradation and mechanical properties

ldeal scaffolds are degradable by cellular enzymes but must be stable long

enough for the target cells to lay down their extracellular matrix® .

Premature
degradation of a scaffold can negatively affect regenerated tissue volume,
whereas scaffold persistence (e.g.,ceramics and silk) can inhibit tissue
development. Moreover, it has been demonstrated that degradation of the same
polymer can vary substantially between species, individuals, anatomic locations,
and clinical situations, making it difficult to define optimal degradation rates for
many scaffolds'!. Because no single scaffold material is ideal, and because a
single scaffold may not be ideal to support the various cell populations within a

given tissue, the development of composite scaffolds is an active investigational

area.> ¥

2.6 Challenges of tissue engineering
Tissue engineers have enjoyed fast development during the last decade due to
the availability of resources and have contributed to exciting discoveries in stem

cell research, innovations in material science and engineering technologies and
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discoveries of all kinds of cellular factors and their possible carriers.

Accompanying these advances, tissue engineering (especially cartilage and

bone tissue engineering) has progressed notably in past decade. However, the

challenges still remain; in particular, the complete restoration of the physiologic

structural and mechanical properties of the native tissue. Engineering the

complex architectures of these tissues may require the use of multiple cells

types, composite scaffolds, novel fabrication techniques, or a combination of

them all. Different cell types can influence each other in ways that cannot be

reproduced through the application of one or two growth factors. Scaffolds must

be fabricated such that they are capable of organizing different cell types and

maintaining the cells’ discrete phenotypic characteristics.

Notes to Chapter Two

1.

Wolter, J. R. & Meyer, R. F. Sessile macrophages forming clear
endothelium-like membrane on inside of successful keratoprosthesis.
Trans Am Ophthalmol Soc 82, 187-202 (1984).

Langer, R. & Vacanti, J. P. Tissue engineering. Science 260, 920-6
(1993).

Sharma, B. & Elisseeff, J. H. Engineering structurally organized cartilage
and bone tissues. Ann Biomed Eng 32, 148-59 (2004).

Meyer, U., Joos, U. & Wiesmann, H. P. Biological and biophysical
principles in extracorporal bone tissue engineering. Part Ill. Int J Oral
Maxillofac Surg 33, 635-41 (2004).

Hammond, J. S., Beckingham, I. J. & Shakesheff, K. M. Scaffolds for liver
tissue engineering. Expert Rev Med Devices 3, 21-7 (2006).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

22

Arosarena, O. Tissue engineering. Curr Opin Otolaryngol Head Neck Surg
13, 233-41 (2005).

Barry, F. P. & Murphy, J. M. Mesenchymal stem cells: clinical applications
and biological characterization. Int J Biochem Cell Biol 36, 568-84 (2004).

Barry, F. P. Biology and clinical applications of mesenchymal stem cells.
Birth Defects Res C Embryo Today 69, 250-6 (2003).

Devine, S. M., Peter, S., Martin, B. J., Barry, F. & Mclintosh, K. R.
Mesenchymal stem cells: stealth and suppression. Cancer J 7 Suppl 2,
S76-82 (2001).

Salgado, A. J., Coutinho, O. P. & Reis, R. L. Bone tissue engineering:
state of the art and future trends. Macromol Biosci 4, 743-65 (2004).

Muschler, G. F., Nakamoto, C. & Griffith, L. G. Engineering principles of
clinical cell-based tissue engineering. J Bone Joint Surg Am 86-A, 1541-
58 (2004).

Hayflick, L. The Limited In Vitro Lifetime Of Human Diploid Cell Strains.
Exp Cell Res 37, 614-36 (1965).

MacLeod, R. A. et al. Widespread intraspecies cross-contamination of
human tumor cell lines arising at source. Int J Cancer 83, 555-63 (1999).

Masters, J. R. Hela cells 50 years on: the good, the bad and the ugly. Nat
Rev Cancer 2, 315-9 (2002).

Nelson-Rees, W. A., Daniels, D. W. & Flandermeyer, R. R. Cross-
contamination of cells in culture. Science 212, 446-52 (1981).

Nelson-Rees, W. A. Responsibility for truth in research. Philos Trans R
Soc Lond B Biol Sci 356, 849-51 (2001).

Cenni, E. et al. Gene expression of bone-associated cytokines in MG63
osteoblast-like cells incubated with acrylic bone cement extracts in
minimum essential medium. J Biomater Sci Polym Ed 13, 1283-94 (2002).

Hattar, S. et al. Behaviour of moderately differentiated osteoblast-like cells
cultured in contact with bioactive glasses. Eur Cell Mater 4, 61-9 (2002).

Montanaro, L., Arciola, C. R., Campoccia, D. & Cervellati, M. In vitro
effects on MG63 osteoblast-like cells following contact with two



20.

21.

22,

23.

24.

25,

26.

27.

28.

29.

30.

23

roughness-differing fluorohydroxyapatite-coated titanium alloys.
Biomaterials 23, 3651-9 (2002).

Scaduto, A. A. & Lieberman, J. R. Gene therapy for osteoinduction.
Orthop Clin North Am 30, 625-33 (1999).

Lieberman, J. R. et al. The effect of regional gene therapy with bone
morphogenetic protein-2-producing bone-marrow cells on the repair of
segmental femoral defects in rats. J Bone Joint Surg Am 81, 905-17
(1999).

Woo, B. H. et al. Enhancement of bone growth by sustained delivery of
recombinant human bone morphogenetic protein-2 in a polymeric matrix.
Pharm Res 18, 1747-53 (2001).

Vehof, J. W., Takita, H., Kuboki, Y., Spauwen, P. H. & Jansen, J. A,
Histological characterization of the early stages of bone morphogenetic
protein-induced osteogenesis. J Biomed Mater Res 61, 440-9 (2002).
Vehof, J. W., Haus, M. T., de Ruijter, A. E., Spauwen, P. H. & Jansen, J.
A. Bone formation in transforming growth factor beta-I-loaded titanium
fiber mesh implants. Clin Oral Implants Res 13, 94-102 (2002).

Vehof, J. W. et al. Bone formation in transforming growth factor beta-1-
coated porous poly(propylene fumarate) scaffolds. J Biomed Mater Res
60, 241-51 (2002).

Vehof, J. W., de Ruijter, A. E., Spauwen, P. H. & Jansen, J. A. Influence of
rhBMP-2 on rat bone marrow stromal cells cultured on titanium fiber mesh.
Tissue Eng 7, 373-83 (2001).

Guilak, F., Awad, H. A., Fermor, B., Leddy, H. A. & Gimble, J. M. Adipose-
derived adult stem cells for cartilage tissue engineering. Biorheology 41,
389-99 (2004).

Goessler, U. R., Hormann, K. & Riedel, F. Tissue engineering with
chondrocytes and function of the extracellular matrix (Review). Int J Mol
Med 13, 505-13 (2004).

Goessler, U. R. et al. Expression of collagen and fiber-associated proteins
in human septal cartilage during in vitro dedifferentiation. Int J Mol Med
14, 1015-22 (2004).

Sachlos, E. & Czernuszka, J. T. Making tissue engineering scaffolds work,
Review: the application of solid freeform fabrication technology to the



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

24

production of tissue engineering scaffolds. Eur Cell Mater 5, 29-39;
discussion 39-40 (2003).

Kuboki, Y. et al. BMP-induced osteogenesis on the surface of
hydroxyapatite with geometrically feasible and nonfeasible structures:
topology of osteogenesis. J Biomed Mater Res 39, 190-9 (1998).

Story, B. J., Wagner, W. R., Gaisser, D. M., Cook, S. D. & Rust-Dawicki,
A. M. In vivo performance of a modified CSTi dental implant coating. IntJ
Oral Maxillofac implants 13, 749-57 (1998).

Karageorgiou, V. & Kaplan, D. Porosity of 3D biomaterial scaffolds and
osteogenesis. Biomaterials 26, 5474-91 (2005).

Liu, X. & Ma, P. X. Polymeric scaffolds for bone tissue engineering. Ann
Biomed Eng 32, 477-86 (2004).

Yuan, H. et al. A preliminary study on osteoinduction of two kinds of
calcium phosphate ceramics. Biomaterials 20, 1799-806 (1999).

Chvapil, M. Collagen sponge: theory and practice of medical applications.
J Biomed Mater Res 11, 721-41 (1977).

Chvapil, M. et al. Laboratory and clinical testing of an intravaginal
contraceptive collagen sponge. Contraception 15, 693-703 (1977).

Tsuruga, E., Takita, H., Itoh, H., Wakisaka, Y. & Kuboki, Y. Pore size of
porous hydroxyapatite as the cell-substratum controls BMP-induced
osteogenesis. J Biochem (Tokyo) 121, 317-24 (1997).

Zeltinger, J., Sherwood, J. K., Graham, D. A., Mueller, R. & Griffith, L. G.
Effect of pore size and void fraction on cellular adhesion, proliferation, and
matrix deposition. Tissue Eng 7, 557-72 (2001).

Simon, J. L. et al. Engineered cellular response to scaffold architecture in
a rabbit trephine defect. J Biomed Mater Res A 66, 275-82 (2003).

Hulbert, S. F. et al. Potential of ceramic materials as permanently
implantable skeletal prostheses. J Biomed Mater Res 4, 433-56 (1970).

Boyan, B. D., Hummert, T. W., Dean, D. D. & Schwartz, Z. Role of
material surfaces in regulating bone and cartilage cell response.
Biomaterials 17, 137-46 (1996).



43.

44,

45.

46.

47.

48.

25

Boyan, B. D., Lohmann, C. H., Romero, J. & Schwartz, Z. Bone and
cartilage tissue engineering. Clin Plast Surg 26, 629-45, ix (1999).

Wiesmann, H. P., Joos, U. & Meyer, U. Biological and biophysical
principles in extracorporal bone tissue engineering. Part Il. Int J Oral
Maxillofac Surg 33, 523-30 (2004).

Meyer, U., Joos, U. & Wiesmann, H. P. Biological and biophysical
principles in extracorporal bone tissue engineering. Part I. Int J Oral
Maxillofac Surg 33, 325-32 (2004).

Wiesmann, H. P., Nazer, N., Klatt, C., Szuwart, T. & Meyer, U. Bone
tissue engineering by primary osteoblast-like cells in a monolayer system
and 3-dimensional collagen gel. J Oral Maxillofac Surg 61, 1455-62
(2003).

MacArthur, B. D., Please, C. P., Taylor, M. & Oreffo, R. O. Mathematical
modelling of skeletal repair. Biochem Biophys Res Commun 313, 825-33
(2004).

Andersson, H. & van den Berg, A. Microfabrication and microfluidics for
tissue engineering: state of the art and future opportunities. Lab Chip 4,
98-103 (2004).



26

Chapter Three

Biomaterials for Bone and Cartilage Tissue Engineering

3.1 Introduction

Over the past 30 years, biomaterials have been developed and proposed as
ideal scaffolds for bone and cartilage tissue engineering, yet very few have
demonstrated clinical efficacy or have been clinically accepted. For bone and
cartilage tissue engineering biomaterials, regardless of whether they are
permanent or biodegradable, naturally occurring or synthetic, the scaffolds need
to be biocompatible, osteoinductive, osteoconductive, osteointegrative1, porous
and mechanically compatible with native bone. These materials provide cell
anchorage sites, mechanical stability and structural guidance. In vivo, the
scaffolds provide the interface to respond to physiologic changes and aid in
remodeling the extracellular matrix (ECM) to integrate with the surrounding native

tissue.

3.11 Bone

There are two types of bones: cortical bones and cancellous bones. Both are
relatively hypocellular and stress-oriented. Cortical bone makes up 80% of the
skeleton, and is found in the outer shell of bone. It is composed of tightly-packed
osteons or Haversian systems. Cortical bone has a slow turnover rate, a
relatively high Young’'s modulus ?(Table 3-1), and a high resistance to bending

and torsion.
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Cancellous bones are less dense and more elastic than cortical bone, have
smaller Young’s modulus? (Table 3-1), and higher turnover rates. They are found
in the epiphyseal and metaphyseal regions of long bones and throughout the
interior of short bones. The bone tissue consists of three functional cells:
osteoblasts, osteocytes and osteoclasts. Osteoblast is the non-mineralised
component of bone matrix, e.g., osteoid. Osteocytes maintain bone and comprise
90% of all cells in the mature skeleton.
Osteoclasts act in opposition to osteoblasts, and their functions are to resorb
bone tissue. Thus bone formation and resorption are coupled. Osteoblasts are
usually differentiated from mesenchymal progenitor cells. They produce pro- a1t
collagen (a major component of osteoid), osteocalcin and bone morphogenetic
proteins (BMP). They initiate mineralization of osteoid material, possibly by
modulating electrolyte fluxes between the extracellular fluid volume and osseous
fluid.
Bone matrix is made up of organic components (40% dry weight in mature bone)
and inorganic components (60% dry weight). The organic components include
collagen I(up to 90% of the bone matrix), proteoglycans, osteocalcin (makes up
10-20% of the collagenous protein of bone) and various growth factors. Collagen
provides bone's tensile strength, while proteoglycans contribute to the
compressive strength of bone and osteocalcin attracts osteoclasts.
The inorganic component is mainly carbonatehydroxyapatite, approximated by

the formula:
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(Ca,X)19(PO4,HPO4,CO3)(OH,Y)2

where X are cations (Mg,Na, K, Sr, Zn) > that can substitute for the calcium
ions, and Y are anions (chloride or fluoride ions) that can substitute for the
hydroxyl group. Usually it is idealized as calcium hydroxyapatite.
Cayg(PO4)s(OH)

The stoichiometric Ca to P molar ratio value for pure hydroxyapatite is 1.67. But
the Ca to P molar ratio of animal bones ranges around 1.67, depending on the
species, age, and type of bone.® Carbonatehydroxyapatite provides the
compressive strength of bone. It is responsible for mineralization of the matrix.
Mineralization is the transformation of hydroxyapatite from a soluble form to a
solid form, starting at multiple nucleation sites and then spreading by accretion,
or crystal growth. Primary mineralization occurs in gaps in collagen, while

secondary mineralization occurs at the periphery.

3.12 Cartilage

Cartilage is a form of connective tissue composed of chondrocytes and a
specialized extracellular matrix. This matrix consists of water, collagen,
proteoglycans and other components such as adhesives and lipids. There are
several different types of cartilage. Articular cartilage contains more collagen type
Il than other types of hyaline cartilage. It covers the bones of synovial joints and

functions in load distribution and decreasing friction. The articular cartilage matrix
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is avascular, aneural and alymphatic, relying on the process of diffusion to
provide nutrients for the chondrocytes.

Chondrocytes are important in the control of matrix turnover through
production of collagen, proteoglycans and enzymes for cartilage metabolism.
Articular collagen consists 90-95% type Il collagen (accounting 10-20% of wet
matrix weight) and a small amounts of types V, VI, IX; X and Xl collagen.
Collagen forms a cartilaginous framework which provides tensile strength.®
Articular cartilage is a highly hydrated material. Water distribution varies, making
up 65% of wet weight at the deep zone and 80% at the surface. Weight bearing
capacity is made possible through regional changes in water content which allow
deformation of the cartilage surface in response to stress. Water provides
nutrition and lubrication of cartilage.

Other types of cartilage include fibrocartilage, elastic cartilage, and physeal
cartilage. Fibrocartilage contains abundant thick bundles of mostly type | collagen
which can be seen with the light microscope. This type of cartilage is found at
ligament and tendon insertions into bone, in menisci, intervertebral discs etc.
Fibrocartilage provides good resistance to shear and compression forces. Elastic
cartilage is characterized by the presence of elastic fibers within the matrix that
increase elasticity in tissues such as the external ear and trachea. Physeal

cartilage provides longitudinal growth to immature long bones.
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3.2. Three generations of biomaterials

Hench’ et al. divided biomaterials into three generations according to their
properties. During the 1960's and 1970’s, the first generation of biomaterials was
developed for use inside the human body. The goal of all early biomaterials was
to “achieve a suitable combination of physical properties to match those of the
replaced tissue with a minimal toxic response in the host.”® ° By 1980, there were
more than 50 implanted devices (prostheses) in clinical use made from 40
different materials and some 2-3 million prosthetic parts were implanted in
patients in the United States annually. A common feature of most of the
materials was their biological “inertness.”®'" The principle of these biomaterials
development was to reduce the immune response to the foreign body to a
minimum.

The second generation of biomaterials are “bioactive” components that elicit a
controlled action and reaction in the physiological environment.'® ' '* These
bioactive materials include varieties of orthopedic and dental implants, such as
various compositions of bioactive glasses, ceramics, glass-ceramics, and
composites. In the mid-1980’s synthetic hydroxyapatite (HA) ceramics began to
be routinely used as porous implants, powders, and coatings on metallic

" YThese second generation

prostheses to provide bioactive fixation.'*
biomaterials were resorbable biomaterials that exhibited clinically relevant

controlled chemical breakdown and resorption. In this manner, the interface
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Table 3 1 Mechanical properties of human bone and cartilage®®

Type of bone Direction and type of load Ultimate Modulus of

strength(MPa) elasticity(GPa)

Cortical bone (mid  Longitudinal tension 133 17
femoral) Longitudinal compression 193 17
Longitudinal shear 68 3
Transverse tension 51 11.56
Transverse compression 33 11.5
Cancellous bone Axial 5.3-6.8 0.441-0.445
Cartilage Longitudinal Tension 3.7-10.5 0.7-15.3(MPa)

problem is resolved when the foreign material is replaced by regenerating
tissues, and ultimately results in no significant difference between the implant site
and the host tissue.” 2

Living tissues can respond to changing physiological loads or biochemical
stimuli, but synthetic materials cannot which limits the lifetime of artificial body
parts made by these biomaterials. It also signals that we have reached a limit to
our current medical paradigm that emphasizes replacement of tissues. The third

generation of biomaterials is clinically demanding that they must be cell and

gene-activating materials.” '® Third-generation biomaterials are being designed
to stimulate specific cellular responses at the molecular level. The separate

concepts of bioactive materials and resorbable materials must converge:
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bioactive materials are being made resorbable and resorbable polymers are
being made bioactive. Molecular modifications of resorbable polymer systems
elicit specific interactions with cell integrins and thereby direct cell proliferation,
differentiation, and extracellular matrix production and organization.7 Third-
generation biomaterials involve molecular tailoring of resorbable polymers for
specific cellular responses by immobilizing specific proteins, peptides, and other
biomolecules onto a material which mimic the extracellular matrix (ECM)

environment and provide a multifunctional cell adhesive surface.’”?°

3.3 Selection criteria of materials for tissue engineering

Lanza, Langer and Vacanti?' stated that the key role of an ideal material is to
elicit a desirable cell response. It should support tissue growth (such as
promoting cell-cell communication, cell availability to nutrients, growth factors
etc.) guide tissue response (such as enhancing some cell responses while
inhibiting others), and enhance cell attachment and cell activation. The
biomaterial also needs to prevent unwanted biological response (e.g. block
antibodies against allogenic or xenografts). In addition it should possess: i)
manufacturing feasibility (sufficient quantity); ii) capability of forming material into
a final product design, iii) mechanical properties for short-term function that do

not interfere with long-term function; iv) low or negligible toxicity of degradation.

3.4 Bioceramics

Calcium phosphate was first used clinically by Albee in 1922 and 30 years later
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by Ray.> ?With the development of tissue engineering and nanotechnology,
more research has been focused on calcium phosphate ceramics.
The commercially available calcium phosphate ceramics can be divided by
composition into at least four categories as shown in Table 2 and 3: (1)
hydroxyapatite; (2) B-tricalcium phosphate, Cas(POa)2; (3) biphasic calcium
phosphate, a mixture of hydroxyapatite and beta-tricalcium phosphate; and (4)
unsintered CaP or a calcium deficient apatite (Ca,Na)19(POs HPO4)s(OH)2.
3.41 CaP bioceramics in tissue engineering.

CaP biomaterials have a high affinity for proteins, making them ideal

2325 |t is generally

carriers for bioactive peptides, bone growth factors, or MSCs.
accepted that CaP biomaterials are osteoconductive but not osteoinductive, but
there are reports of its possible osteoinductive properties.?® 2’ This ostecinductive
property was found to be associated with the specific geometry of CaP
biomaterial. Reddi attributed this phenomenon to the binding of an optimum
amount of endogenous bone morphogenetic protein (BMP) in circulation to the
CaP biomaterial allowing the biomaterial to become osteoinductive®. It was
concluded that the geometry of the BMP carrier is one of the important factors
controlling the efficacy of the cell phenotype induction.?” These investigators
determined that the optimal pore size of porous blocks of hydroxyapatite as BMP
carriers to induce direct bone formation was 100 to 400 um. Ohgushi and Toquet

et al respectively reported that MSCs from bone marrow can be cultured in

porous CaP biomaterials (ceramic hydroxyapatite, coralline hydroxyapatite,
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biphasic CaP) in vitro and implanted as a tissue engineered material for bone
regeneration.?® 2% 2However, dissolution and degradation of the bioceramics
remains a problem for independent bone regeneration. In vitro dissolution of CaP
materials depends on the composition (hydroxyapatite versus b-tricalcium
phosphate), and sources of the materials of similar composition (hydroxyapatite
from natural or synthetic origin). The extent of dissolution will depend on particle
size, porosity (microporosity and macroporosity), specific surface area, and
crystallinity (reflecting crystal size and perfection).* 2> 2% % For synthetic CaP, the
extent of dissolution in acidic buffers is the highest for amorphous calcium
phosphate, followed by tetracalcium phosphate, alpha-tricalcium phosphate, £-
tricalcium phosphate, and is the lowest for hydroxyapatite.3° With biphasic
calcium phosphates, the dissolution property depends on the hydroxyapatite to
beta-tricalcium phosphate ratio: the higher the ratio, the lower the extent of
dissolution.?? In vivo data confirm the in vitro observations on comparative
degradation of CaP biomaterials. The factors that influence dissolution properties
in vitro (composition, surface area, surface topography, microporosity and
macroporosity) also were operative factors in vivo. Therefore, it is possible to use
an appropriate CaP material with appropriate biodegradation for particular clinical
applications. With biphasic calcium phosphates, control of biodegradation (and
bioactivity) by adjusting the hydroxyapatite to beta-tricalcium phosphate ratio has
been suggested.?

CaP ceramics are bioactive, osteoconductive and conditionally osteoinductive
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with very strong compressive mechanical strength but poor tensile mechanical
properties. CaP is very good to use as a coating materials for biotolerant metals
but is poor in independently as load bearing scaffolds. And the poor degradation

rate in vivo also limits its using in large amount in vivo.

3.5 Polymeric materials

The scaffolds for bone tissue engineering should be fabricated from
biocompatible polymers that do not have the potential to elicit an immunological
or foreign body reaction. The chosen polymer can degrade at a controlled rate in
concert with tissue regeneration. The degradation products should not be toxic
and must be easily excreted by metabolic pathways. Many types of polymeric
materials have been used for bone tissue engineering.’" ** 7 They can be simply
categorized as naturally derived materials (such as collagen, fibrin, chitosan,
alginates) and synthetic polymers (such as poly(lactic acid) (PLA), poly(glycolic

acid) (PGA), and their copolymers PLGA). Naturally derived materials have the



36

Table 3-2 Synthetic calcium phosphate ceramics and the commercially products

Synthetic CaP ceramics  Molecular structure Commercial Products
Calcium hydroxyapatite Ca1o(PO4)e(OH), Calcitite®, Osteograf®
beta-tricalcium phosphate  Caz(PO,), Synthograf®, Augmen®
Biphasic Calcium Triosit®, MBCP®,
Phosphate Osteosynt®

Calcium deficient apatite . Ca,Na)1o(POs HPO4)s(OH), Osteogen®

Table 3-3 Natural Calcium phosphate products and the commercial product

Natural CaP ceramics Source Commercial Products

Cadaver bones Human Tissue bank products

Bovine bone derived cow BioOss®, Endobone®, BoneAp®
Coral derived Coralline hydroxyapatite Interpore®, Pro-Osteon®

potential advantage of biological recognition that may positively support cell
adhesion and function, but they may exhibit immunogenicity and contain
pathogenic impurities. There is also less control over their mechanical properties
and biodegradability. An advantage of synthetic polymers is that they are
reproducible at large-scale production with consistent properties of strength,
degradation rate and microstructure. Therefore, synthetic biodegradable
polymers have already been widely used as vehicles for cell transplantation and

scaffolds for tissue engineering. The drawbacks of synthetic biodegradable
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polymers are that the degradation products always initiate some immunity
problems and accelerate the degradation. Some synthetic polymers degrade in a
bulky style and the scaffolds can be cracked in short pieces that limit their use in

tissue engineering.

3.51 Synthetic Polymers

The following section presents an overview of the synthetic biodegradable
polymers that are currently being used or investigated for use in wound closure
(sutures, staples); orthopedic fixation devices (pins, rods, screws, tacks,
ligaments); dental applications (guided tissue regeneration); cardiovascular
applications (stents, grafts); and intestinal applications (anastomosis rings). Most
of the commercially available biodegradable devices are polyesters composed of
homopolymers or copolymers of glycolide and lactide. There are also devices
made from copolymers of trimethylene carbonate and caprolactone, and a suture
product made from polydioxanone.

Polyglycolide (PGA)

Polyglycolide is the simplest linear aliphatic polyester. PGA was used to
develop the first totally synthetic absorbable suture, marketed as Dexon in the
1960s by Davis and Geck, Inc. (Danbury, CT). Glycolide monomer is synthesized
from the dimerization of glycolic acid. Ring-opening polymerization yields high-
molecular-weight materials, with approximately 1—3% residual monomer present
(Figure3-1A). PGA is highly crystalline (45—55%), with a high melting point

(220—225°C) and a glass-transition temperature of 35—40°C. Because of the
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high degree of crystallization, PGA is not soluble in most organic solvents; highly
fluorinated organics such as hexafluoroisopropanol being exceptions. Fibers from
PGA exhibit high strength and modulus and are too stiff to be used as sutures
except in the form of braided material. Sutures of PGA lose about 50% of their
strength after 2 weeks and 100% at 4 weeks, and are completely absorbed in
4—6 months. In an effort to reduce the stiffness of the resulting fibers, glycolide
acid has been copolymerized with other monomers.
Polylactide (PLA)

Lactide is the cyclic dimer of lactic acid that exists as two optical isomers,
d and |. L-lactide is the naturally occurring isomer, and d,l-lactide is the
synthetic blend of d-lactide and I-lactide. The homopolymer of |-lactide (LPLA)
is a semicrystalline polymer. These types of materials exhibit high tensile
strength and minimal elongation, and consequently have a high modulus that
makes them more suitable for load-bearing applications such as in orthopedic
fixation and sutures. Poly(dl-lactide) (DLPLA) is an amorphous polymer
exhibiting a random distribution of both isomeric forms of lactic acid, and is
unable to arrange into an organized crystalline structure. This material has
lower tensile strength, increased elongation, and a higher degradation rate,

making it more attractive as a drug delivery system. Poly(l-lactide) is about

37% crystalline, with a melting point of 175—178°C and a glass-transition
temperature of 60—65°C. The degradation time of LPLA is much slower than

that of DLPLA, requiring more than two years to be completely absorbed.
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Copolymers of I-lactide and dl-lactide have been prepared to disrupt the
crystallinity of I-lactide and accelerate the degradation process, thus providing
control over the degradation of the system.®
Using the polyglycolide and poly(l-lactide) properties as a starting point, it is
possible to copolymerize the two monomers to extend the range of homopolymer
properties (Figure3-1B). Copolymers of glycolide with both I-lactide and dl-lactide
have been developed for device and drug delivery applications. It is important to
note that there is not a linear relationship between the copolymer composition
and the mechanical and degradation properties of the materials. For example, a
copolymer of 50% glycolide and 50% dl-lactide degrades faster than either
homopolymer (see Figure3-1C). Copolymers of I-lactide with 25—70% glycolide
are amorphous due to the disruption of the regularity of the polymer chain by the
other monomer. A copolymer of 90% glycolide and 10% I-lactide was developed
by Ethicon as an absorbable suture material under the trade name of Vicryl. It
absorbs within 3—4 months but has a slightly longer strength-retention time.

PGA, PLA, and their copolymer PLGA, are the most popular and widely used
synthetic polymeric materials in bone tissue engineering.’* ** **These polymers,
having a long history of use as degradable surgical sutures and have gained
FDA approval for certain human use and are reasonably biocompatible. The
ester bonds in these polymers are hydrolytically labile, and these polymers

degrade by non-enzymatic hydrolysis.
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The degradation products of PGA, PLA and PLGA are nontoxic, natural
metabolites and are eventually eliminated from the body in the form of carbon
dioxide, carbonate and water. The degradation rates of these polymers can be
tailored to satisfy requirements ranging from several weeks to several years by
altering the chemical composition (e.g. the LA/GA ratio in the PLGA copolymers),
crystallinity, molecular weight®®3, and molecular weight distribution. Although
these polymers have already been widely used in bone tissue engineering

research, there are ongoing research efforts aimed at improving the functionality

of these polymers to further expand their applications.

3.52 Limitations of synthetic biomaterials

The degradation of synthetic polymers under both in vitro and in vivo conditions,
releases acidic by-products which raise concerns that the scaffold
microenvironment may not be ideal for tissue growth. Lactic acid is releases from
PLLA during degradation®®, reducing the pH, which further accelerates the

degradation rate due to autocatalysis*® '

resulting in a highly acidic environment
adjacent to the polymer. Such an environment may adversely affect cellular
function.*? Cells attached to scaffolds are faced with several weeks of in vitro
culturing before the tissue is suitable for implantation. During this period, even
small pH changes (6.8-7.5) in the scaffold microenvironment can significantly
affect bone marrow stromal cell expression of osteoblastic phenotypic markers.*?

Furthermore, particles released during polymer degradation can affect bone-

remodeling processes*® along with eliciting an inflammatory response and
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inducing bone resorption in vivo.* 4
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Figure 3-1 PGA, PLGA reaction and half-life of PLA and PGA homopolymers and copolymers
implanted in rat tissue. (Courtesy of Journal of Biomedical Materials Research, 11: 711, 1977.)

3.6 Composite polymer ceramic scaffolds

Each single polymer and ceramic material has its own characteristic advantages
and disadvantages. Composite materials often show an excellent balance
between strength and toughness and usually improved characteristics
compared to their individual components. As a matter of fact, natural bone
matrix is an organic/inorganic composite material of collagen and apatite. From

this point of view, composite materials are a better choice for bone tissue
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engineering scaffolds.*®% It is well established that hydroxyapatite (HA) mimics
the natural bone mineral and has been found to possess good mechanical and

481 Our group developed highly porous

osteoconductive properties.*”
biodegradable chitosan/apatite composite scaffolds through a thermally induced
phase separation technique. Porosity achieved was as high as 95%. The
mechanical properties of the composite scaffolds were significantly improved
over those of the pure polymer scaffolds. The compressive modulus reached the
same range as trabecular bone.*” *° The results consistently suggest that the
strategy of using composite scaffolds of biodegradable polymers and bone

mineral-like inorganic compounds is a viable approach in bone tissue

engineering.
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Chapter Four

Chitosan and Alginate

4.1 Chitdsan

Natural polymers include cellulose, chitin, chitosan, alginate, collagen, gelatin,
silk, fibrin etc. Collagen, gelatin and fibrin are popularly used, but these materials
are mainly harvested and/or purified from animals or cadavers which can pose a
threat of immunogenicity, disease transmission, ethical problems, etc. The
retrieval of a sufficient quantity and purity is also very expensive. Due to the
physical, chemical, biological, rheological and degradation properties of chitosan

and alginate they are a popular biomaterials and are herein investigated.

4.11 Source and structure of chitosan

Chitosan, a partially de-acetylated derivative of chitin, is extracted from
arthropod exoskeletons, such as crabs, shrimp and some bacteria. Structurally,
chitosan is a linear polysaccharide consisting of 3(1—4) linked D-glucosamine
residues with a variable number of randomly located N-acetyl-glucosamine
groups. It thus shares some characteristics with various GAGs and hyaluronic
acid present in articular cartilage due to the nearly identical structure (shown in
Figure4-1). Depending on the source and preparation procedure, chitosan’s
average molecular weight may range from 50 to 1000 KDa. Commercially

available preparations have degrees of deacetylation ranging from 50 to 90%.
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Figureure 4-1 The sources, extracting process and molecular structure of chtin and chitosan

4.12 Physical and chemical properties

Chitosan is a semi-crystalline polymer with the crystallinity a function of the
degree of deacetylation. Crystallinity is maximum for both chitin (i.e. 0%
deacetylated) and fully deacetylated (i.e. 100%) chitosan. Minimum crystallinity
is achieved at intermediate degrees of deacetylation. Chitosan has a unique
chemistry: it is a polycation in both neutral and acidic solutions (pKa equal to
6.0). It is normally insoluble in aqueous solutions above pH 7, but in dilute acids,
the free amino groups are protonated and the molecule becomes fully soluble
below pH 5. Therefore it is a neutral biopolymer at physiological situation (pH7-
7.4), which is favorable for a broad variety of industrial and biomedical

applications. The cationic behavior of chitosan is exploited in the recovery of
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proteins from food processing wastes and in the chelation of heavy metals from
waste water." 2 Chitosan may also be chemically modified with the activation of
the amine groups. Chitosan can be surface modified by carboxylates through
N,N-(3-dimethylamino-propyl)-N'-ethyl carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) (Figure4-2). Polysaccharides or amino acids have
been added to chitosan purposely for tissue engineering by several groups. Mao
used this method to attach the hyaluronic acid to chitosan and gelatin scaffold
surface.’ Lee used this method to attach the growth factor TGF-1 to chitosan
microspheres.* Chitosan has also been modified by arginine to make an
anticoagulation biomaterials.® Chitosan and gelatin were tethered to electrospun
nanofibrous poly(acrylonitrile-co-maleic acid) (PANCMA) matrix surfaces have
been used to fabricate dual-layer biomimetic supports for enzyme
immobilization. ® With EDC and NHS as coupling agents, chitosan can also

react with almost any polysaccharide that has active carboxy! groups.

4.13 Biological properties

Much of chitosan’s potential as a biomaterial stems from its cationic nature due
to the amine groups and high charge density in aqueous solution. The charge
density allows chitosan to form insoluble ionic complexes or complex
coacervates with a wide variety of water-soluble anionic polymers. Complex
formation has been documented with anionic polysaccharides such as GAGs
and alginates (Figure. 4-3), as well as synthetic polyanions such as poly(acrylic

acid).”""
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Figureure 4-2. EDC, NHS coupled carboxylates reaction for chitosan and alginate

Due to the dependence of chitosan charge density on pH, transfer of these ionic
complexes to physiological pH can result in dissociation of a portion of the
immobilized polyanion. This property can be used as a technique for local
delivery of biologically active polyanion such as DNA and GAGs. The cationic
nature of chitosan is primarily responsible for electrostatic interactions with
anionic GAG, proteoglycans and other negatively charged molecules.
Associations with various polysaccharides are of great interest because a large
number of cytokines/growth factors are linked to GAG (mostly with heparin and
heparan sulphate). To this end, a scaffold incorporating a chitosan-GAG
complex may retain and concentrate growth factors secreted by colonizing
cells.’> Moreover, the presence of the N-acetylglucosamine moiety on chitosan
also suggests related bioactivities. In fact, chitosan oligosaccharides have a
stimulatory effect on macrophages, and both chitosan and chitin are chemical

attractants for neutrophils both in vitro and in vivo.
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Figure 4-3 The molecular structures of Chitosan, Alginate and GAGs.

4.14 Degradation and In vivo Response

In vivo, chitosan is degraded by enzymatic hydrolysis, primarily by
lysozyme, which appears to target acetylated residues. However, there is some
evidence that some proteolytic enzymes show low levels of activity with chitosan.
The degradation products are chitosan oligosaccharides of variable length and
the degradation kinetics appears to be inversely related to the degree of
crystallinity which is due to the degree of deacetylation. Highly deacetylated
forms (e.g. >85%) exhibit the lowest degradation rates and may last several
months in vivo, whereas samples with lower levels of deacetylation degrade
more rapidly. This issue has been addressed by derivatizing the molecule with
side chains of various types.'®"'” Such treatments alter molecular chain packing
and increase the amorphous fraction, thus allowing more rapid degradation. They
also inherently affect both the mechanical and solubility properties.

In general, these materials have been found to evoke a minimal foreign
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body reaction. In most cases, no major fibrous encapsulation has been
observed. Formation of normal granulation tissue, often with accelerated
angiogenesis, appears to be the typical course of healing. Within the first week,
a significant accumulation of neutrophils in the vicinity of the implants is often
seen, but this dissipates rapidly and a chronic inflammatory response does not
develop. The stimulatory effects of chitosan and chitosan fragments on immune
cells mentioned above may play a role in inducing local cell proliferation and

ultimately integration of the implanted material with the host tissue.

4 .15 Rheological properties

J. Desbrieres et al"*%'® reported the rheological properties with different
concentrations of chitosan solution and different temperatures (preparation
temperature).

1. Influence of Concentration. The influence of the concentration on the
rheological curves is presented in Figure4-4. For low concentrations the solutions
exhibit a Newtonian behavior, but increasing the polymer concentration leads to
the appearance of a non-Newtonian behavior. Chitosan is able to form
hydrophobic intermolecular domains at concentrations larger than 1 g/L. These
domains are stable and only affected by heating or by the addition of salt, urea,
or ethanol.'! The nature of the stabilization of aggregates causing a
heterogeneous structure in the polymer solution is still unclear.?'® It is suggested
that neither hydrogen bonds nor hydrophobic interactions are responsible for the

aggregation of chitosan. The aggregates are concentration dependent, so it is
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more difficult to get higher concentrations of chitosan solution.

2. Influence of temperature. Testing the gel at a high concentration of 52.85 g/L,
taking into account the complex viscosities at 0.02 Hz, an activation energy equal
to 25.4 kJ/mol was measured in the 278-323 K temperature range when
experiments were carried out for discrete temperature values. This value is
smaller than the maximal value found previously (38 kJ/mol.)! As already proven
with other polysaccharides, it may be the consequence of an increase of the
stiffness of the macromolecular chain related and the increase of intermolecular
interactions when the polymer concentration increases, these interactions limiting
the mobility of the chains or the increase of intra-chain hydrogen bonds.

But when a continuous temperature increase was performed on the gel from 278
to 353 K at a frequency of 0.1 Hz, the derivated curve Inn*= f(1/T) showed the
viscosity deceased. Figure 4-4 showed that two extremums domains are
observed and dynamic rheological experiments show that the change in the
slope at high temperature corresponds to the gel-sol transition during the

temperature increase at 341K, e.g. 68°C.
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Figure 4-4 The concentration, shear rate and viscosity relationship (left) and the equation of
Inm*=£(1/T) for the relationship of viscosity and temperature (right). (Both are cropped from J.

Desbrieres' with permission. )

4.2 Alginate

4.21 Alginate source and characteristics

Alginates are usually extracted from seaweed, such as brown algae, or from

some bacterial species. They consist of unbranched, binary copolymers of 1-4

linked B-D-mannuronic acid (M) and a-L-guluronic acid (G), of widely varying

composition and sequential structure (MMM-blocks, GGG blocks and MGM-

blocks)(Figure4-5). The structure is influenced by the seaweed source as well as

the growing conditions of the weeds. The block structure ultimately dictates the

gelling properties of the alginate produced. Durvillea and ascophyllum species

tend to be high in mannuronic acid (MM blocks) whereas alginate sources such

as laminaria hyperborea stems tend to have a higher guluronic acid content (GG

blocks).




g side view

Figure 4-5 Molecular structure and the secondary structure of alginate (Courtesy Martin Chaplin)

4.22 Biological properties

Alginate is classified as an anionic mucoadhesive polymer due to its
carboxyl end groups. It has been reported that polyanion polymers are more
effective bioadhesives than polycation polymers or nonionic polymers.19 Peppas
et al found that mucoadhesion is achieved by chain penetration across a
polymer—mucosa interface . 2°' * These studies showed that alginate has a higher
mucoadhesive strength than polymers such as polystyrene, chitosan,
carboxymethylcellulose and poly(lactic acid). De Vos et al reported that it was the
physical imperfections of the individual capsules of medicine rather than the
chemical composition of alginate that caused immunogenicity.?? Alginate
implants rich in a-guluronic acid are also reported to have less immunological
responses at the implant sites than polyvinyl alcohol or agarose gels.?® Studies
employing alginates as surgical gauzes or fims have also demonstrated that not

only is alginate completely absorbed (biodegradable) in animal tissues, but the
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tissue reaction is found to be very minimal.?* Studies by Wee et al**®also
documented that little or no specific inflammatory response was associated with
the upper nasopharynx when high a-guluronic acid alginate microbeads were
used in mice. Studies®®*#showed that mitogenic impurities which are found in
commercial alginate but not in purified alginate are solely responsible for the side
effects observed. Side effects included cytokine release and inflammatory
reactions. Other groups have also shown that alginate rich in mannuronic acid

seem to activate cytokine production more than guluronic-rich alginate.

4 .23 Stability and degradation

Gelation of alginate occurs when the carboxyl groups of the polymers are
cross-linked with multi-valent cation (e.g. Ca?*, Ba*', La>*, Fe®"). With the cations
in the center, the alginate formed an egg-box-like secondary structure (Figure.4-
68). The strength of the gel varies depending on the nature of the cross-linking
cation, the length of the polymeric chains, the M:G ratio and the percentage of
the block structures. Therefore, hydrogels of varying mechanical strength,
elasticity and swelling characteristics can be produced.?” When cross-linked with
Ba®* or Ca?*, high-M alginates result in elastic gel, whereas microcapsules based
on high-G alginate exhibit high mechanical strength. High G-containing alginate
tend to form more rigid gels at a very specific concentration of cation whereas
higher M- alginate tend to form softer gels and over a wider range of conditions.
As alginate is a linear polymer, the viscosity is determined by the molecular

weight, rigidity and extension of the chain. Mixing of high-M and high-G alginates
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is an easy way for designing gels of desired strength and formability, particularly
if such material is taken from algae of the same genus. Suitable algal sources for

such alginate mixtures are Lessonia nigrescens and Lessonia trabeculata.

BN
2

&

Figure 4-6 The egg box theory of calcium alginate gel formation (modified from Allen Hoffman)

Degradation of a Ca®* crosslinked alginate gel can occur by removal of the
Ca® ions. This can be accomplished with the use of a chelating agent such as
EDTA, lactate, citrate and phosphate. As Ca?*ions are removed, the crosslinking
in the gel decreases and the gels are destabilized.?* ?® Alginate gels will also
degrade and precipitate in a 0.1 M phosphate buffer solution and will completely
dissolve in 0.1 M sodium citrate at pH 7.8%°. Degradation of the gel can be
prevented by storing the gel in a medium that contains free Ca** ions and by
keeping the Na*: Ca?*ratio less than 25:1 for high-GG alginates and 3:1 for low
GG-alginates. 3%
Like all polymers, alginates can be degraded by proton catalyzed hydrolysis

which is dependent on time, pH, and temperature. A crosslinked alginate matrix

delivery system, when exposed to low pH, can therefore undergo a reduction in
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alginate molecular weight. This results in faster degradation and release of a
molecule when the gel is reequilibrated in a neutral pH solution.?* >
Alginate forms strong complexes with polycations including chitosan,
polypeptides (such as polylysine) and synthetic polymers (such as
polyethyleneimine). These complexes do not dissolve in the presence of Ca®*

chelators and can be used to stabilize the gel or make strong scaffolds.”'%""24

4.24 Alginate extraction and purification

Crude commercial alginates are not recommended as starting materials as they
contain many inorganic and organic impurities including non-natural constituents.
These impurities can cause some unexpected immunoreaction when such
alginate is used in vivo.?* These alginates are usually polluted with components
of bacterial, fungal, animal and anthropogenic origin. Treatment of the raw algal
material by formaldehyde causes further complications because of partially
unknown interactions between alginate and impurities. Commercial products can
contain spores or components of gram-positive bacteria commonly occurring in
marine environments (e.g. Bacillus anthracis, Bacillus cereus and Bacillus
thuringiensis).®** Contamination by gram-positive debris has not received
attention by workers in the field, but is extremely important for the production of
biocompatible alginates. Furthermore, due to the harvesting and extraction
process, the viscosity (closely linked to the molecular weight) of commercial
alginates is also rather low, enhancing the risk of graft failure since the

cytotoxicity of polymers increases with decreasing molecular mass. These
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disadvantages do not exist when fresh stipe of brown algae (free of overgrowth
by epiphytes) are harvested directly from the sea, peeled and, most importantly,
subjected to antimicrobial treatment. The products of subsequent extraction and
purification can be improved further if the surface of the stipe are physically
cleaned. This treatment removes immunogenic surface proteins of non-plant
origin that are frequently found in alginates after extraction and purification.
Alginate is extracted by using a mixture of appropriate Ca2+-chelating agents
and purified by repeated alcohol (or acetone) precipitation. Under these
conditions, clinical-grade alginates of extremely high-viscosity (>30 mPa s; 0.1%

w/v solution) can be routinely produced on a large scale.?’

4.25 Rheological properties

Very few studies have been conducted on the rheological properties of
alginate salts alone, especially for high concentrations of alginate (>3%w/v). It is

h%, polyacrylate®’,

usually studied together with other polymers, such as starc
chitosan®, or some chemical reagents such as riboflavin.*® Experiments found
that alginate gel is easily autoclaved when the concentration is between 0.5-
3.0%(w/V) which partially degrades the gel strength and stability.>® Alginate gel
strength decreases with the increase of temperature; Increased concentration will
also increase the viscosity. Daubert®® et al reported a study aiming to
characterize the rheological properties of alginate/starch mixed gels. The mixed

gels were subjected to compression tests for rheological characterization at large

strain deformation. Oscillatory shear results showed that hot (80°C) mixtures of
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alginate/starch formed wéak gels which became stronger upon cooling (to 5°C).
For a given concentration of alginate, gel strength (G') increased by 2-5 times
with added starch (2-10% w/w). Fracture stress and strain of the mixed gels
under large deformation were not always consistent with gel strength. For
different types and concentrations, starch acts as filler in an alginate matrix or
may form a co-network resulting in different fracture behavior and textural

properties.

4.3 chitosan-alginate composite

Chitosan or alginate alone has low mechanical strength and high rates of
degradation. This consequently resulted in their use in composites and in
chemical modification by cross-linking to improve material properties and reduce
degradation rates.*! Mixing of alginate and chitosan will form a polyion complex
which has rheological properties similar to pure chitosan. Masuda et al confirmed
that the carboxyl anion of alginate and amino cation of chitosan can form
complexes. The complex develops most markedly at a mixing ratio of 1:1 to 1:2
in molar ratio depends on the specific chitosan and alginate being used.
Practically, the mixing ratio of the two polymers is usually prepared in weight
ratio.® The structure and yield of chitosan-alginate complex are strongly
dependent on the mixing ratio of the component polymers. The complex ratio of
1:1 to 1:2 develops a heterogeneous structure which produces relatively rough
surface on the bulky scaffolds. '8 18

Low concentration chitosan and alginate (<3%w/v) are frequently used for
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beads or film synthesis for drug release especially growth factors release as the

neutral gel forming conditions facilitate these protein based growth factor to be

incorporated.® 4% So far, to the best of our knowledge, we are the only group

using high concentrations of chitosan and alginate (>3% w/v) complex in making

scaffolds for tissue engineering. High concentration hybrid chitosan alginate

scaffolds will be discussed more in later chapters.
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Chapter Five

Hybrid chitosan-alginate scaffold synthesis and characterization

5.1 Introduction

Biodegradable porous polymer scaffolds are widely used in tissue
engineering to provide a structural template for cell seeding and extracellular
matrix formation. Several processing technologies have been reported to
fabricate porous polymeric scaffolds for bone or cartilage regeneration,
including solvent casting and salt leaching, gas foaming? rapid prototyping’
and thermally induced phase separation.*’Each of these techniques presents
its own advantages, but none is devoid of drawbacks. For example, solvent
casting and salt leaching can produce highly porous scaffolds with porosity up to
93% and median pore diameters up to 500 um’, but it can only be used to
produce thin wafers or membranes no more than 3-mm thick.® Additionally the
organic solvents used in this method must be fully removed to avoid any
possible damage to the cells that will be seeded on the scaffold. The gas
foaming method can easily produce a thick skin and the pores are not well
interconnected.? 8 The excessive heat used during compression molding
prohibits the incorporation of any temperature sensitive material into the
polymer matrix. Thermally induced phase separation is the first step of
lyophilization, which is a widely applied method in scaffold synthesis, biological

products protection, and bioactivity preservation. It separates the polymer from
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water and pores will appear after the water is removed by vaporization and
desorption. We employed this method in synthesize hybrid chitosan-alginate
scaffold and more details will be discussed later based on our experimental

results.

5.2 Materials and facilities

Chitosan (Mw 400,000, 85-90% deacetylated), sodium alginate powders
(from brown algae, Mw 50-100,000), glacier acetic acid, and calcium chloride
were purchased from Sigma-Aldrich. Facilities included freeze dryer, freezer (-10,
-20°C), blender (Oster), 24-well culture plates (Corning Ltd.), pH meter and

electronic thermometer.

5.21 Scaffold synthesis

Protocol |

We first separately dissolved 4.8 grams of sodium alginate 120 ml 1N NaOH
and 4.8 gram of chitosan in 80 ml 1N acetic acid. The two gels were mixed under
constant stirring in a blender for one hour to obtain a homogeneous 4.8% w/v
(2.4% chitosan and 2.4% alginates) chitosan-alginate solution. The pH of the
chitosan-alginate solution was adjusted to pH7.4 by adding glacial acetic acid.
The solution was loaded into 24-well cell culture plates and maintained in a
freezer at —20°C for 24 hours. The samples were then lyophilized in a freeze

dryer until dried. The dried scaffolds were again crosslinked with 1% w/v CaCl;
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solution for 5-10 minutes. The scaffolds were soaked in DI water overnight to
remove unbound CaCl,. The samples were dried again in the freeze dryer. * '°
Protocol Il

Recently, a renewed protocol was used in making these scaffolds. As
shown in Figure 1, this setup facilitated the polymer dissolving and temperature
control. The beaker was supported by a warming pot equipped with a sensitive
temperature control system. Inside the beaker, a strong electric stirrer ensured
that the polymers were well blended. Chitosan pellets (7.2 gram) and sodium
alginate powder (7.2 gram) were added directly into 300ml DI water in the
beaker. The blender was used to mix well the chitosan pellets and sodium
alginate powder. Sodium alginate can slowly dissolve in DI water, but the
chitosan cannot dissolve. Despite this, the chitosan pellets were well dispersed in
water. After the temperature of the water rose to 80°C, 3 ml glacial acetic acid
was added into 300ml DI water to dissolve the chitosan until there were no visble

chitosan pellets. Finally, a small electric blender (Oster) was used to blend the

mixture to get a uniform sol before loading into the 24 well cell culture plates.

5.22 Optimizing scaffold synthesis conditions

To optimize conditions for the synthesis of scaffolds, we designed a series of
experiments to test the effects of altering various parameters including polymer
concentration, freezing temperature, final PH, polymer ratio and coarsening time.
We also listed an excluding criteria as below:

a). The process is easy to perform and control.
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b). The hybrid solution can be easily loaded into the 24-well plates.
c). The scaffolds produced can maintain good exterior morphology, display no

shrinkage or large defects.

Thermometer

PH meter

Hea":er

Figure 5-1. The experimental setup of protocol Il.

d). The scaffolds can maintain good morphology in DI water and PBS after
crosslinking without significant swelling or dissolving.

Any conditions that violate the above mentioned criteria were excluded, and we
did not experiment within those conditions to make scaffolds. For example, a
polymer concentration (either chitosan or alginate, or composites) larger than six
percent is very viscous which creates difficulty in making the sol and loading
them to the plates. Additionally, we studied only ph values of 3, 5, 7 9 and 11, as
a ph of less than 1 or bigger than 13 is not physiologically compatible.

We studied the effects of only one parameter at a time; we did not experiment
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on any two or three parameter-combined conditions.
i). Different polymer concentration (other parameters: -20°C, pH7, coarsening
time 24 hours at -20°C.)
2%, 3%, 4%, 4.8%, 5.6%
ii). Different frozen temperature (other parameters: 4.8%, pH 7, coarsening time:
24 hours at -20°C)
-10°C, -20 °C, -70°C, -180°C.
iii). Different pH value (4.8%, -20°C, coarsening time 24 hours at -20°C)
pH3,5,7,9, 11.
iv). Coarsening time (4.8%, -20°C, pH7).

1). 0 hour, 2hours, 4hours at room temperature.

2). 2 hours, 12hours, 24 hours, 48hours at -20°C.

5.3 Characterization

5.31 SEM morphology

The pores’ morphology, wall texture, size and distributions were analyzed
by SEM. We also compared chitosan/alginate scaffolds with the pure chitosan
scaffolds. All scaffolds were sectioned into cylinders of 3mm thickness. Some
samles were sectioned vertically in order to view the vertical structure of the
samples. All samples were coated with Au/Pd. The Environmental SEM JOEL
840A and 7000 models were used for these samples. Digital pictures were taken

and used to measure pore size and morphology.
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The achieve an accurate measurement of pore size, we used the software
provided by the SEM JOEL 7000 model. Two hundred pores were counted at
random and categorized into 5 groups according their longest diameters: less

than 100um, 100-200um, 201-300um, 301-400um, and larger than 400um.

5.32. Porosity, pore sizes and interconnectivity

i) Mercury infiltration

Mercury intrusion porosimetry is a method used to measure both porosity
and pore size. The scaffolds are placed in a penetrometer and infused with
mercury under increasing pressure. As the pressure (P) increases, the radius of
pores (r) that can be filled decreases according to the Washburn equation'”.

P = 23 cosb/y
where § is the surface tension of mercury and 6 is the contact angle. The open
porosity( ) (porosity accessible to mercury intrusion) is given as'
7=Vintrusion/Vscaffold

where Vintrusion is the total intrusion volume of mercury and Vscaffold is the volume
of the scaffold.
ii) Liquid displacement method

The open porosity can be calculated by the liquid displacement method as
well'? '3, The scaffold is submerged in a known volume (V1) of liquid that is not a
solvent for the scaffold and a series of brief evacuation-repressurization cycles is
conducted to force the liquid into the pores of the scaffold. After these cycles the

volume of the liquid and liquid —impregnated scaffold is V2. When the liquid-
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impregnated scaffold is removed, the remaining liquid volume is V3 and open

porosity is given as'* '°;

TT=(V1-V3)/(V2-V3) X100%

iii) Water absorption

Hybrid chitosan-alginate scaffolds were compared with pure alginate
scaffolds. They were from the same size module and same morphology. We
compared their water or PBS absorption capabilty to see the pore
interconnectivity. If the pores are interconnected, the PBS or water will easily fill
in. If the pore is closed, then the PBS solution or water cannot fill in. We used 7
samples from each group and weighed them before we immerse them into PBS
(Dry weight, Wd). After the samples were immersed in the PBS for five minutes,
we picked the sample out and wiped the surface with Kiwi tissue, then quickly
measured the wet weight (Wet weight, Ww). We calculated the water absorption
capacity by the equation:

Absorption capacity = (Ww-Wd)/Wd

5.33 Mechanical testing

i) Compression test

The compressive mechanical strength and modulus of the scaffolds were
tested using an Instron 4505 mechanical tester with 10 KN load cells following
the guidelines in ASTM D5024-95a.'"'®The specimens were in cylindrical

morphology of 13 mm diameter and 12mm thickness. The crosshead speed of
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the Instron tester was set at 0.4 mm per minute and the load was applied until
the specimens were compressed to approximately 30% of their original
thickness.
ii) Tensile test

Tensile mechanical properties were evaluated by stress—strain response
using a micro-tensile testing machine designed for high accuracy with small
sample testing. The load cell has a loading range of +30 grams with an
incremental accuracy of 0.001 grams. The data were acquired through a
computer interface connected to a load transducer (Model $S-2) and an
electronic signal conditioner (PTC Electronics, Wyckoff, NJ) on the test machine.
The load was applied by a stepper motor system (Motion Group, Clovis,
California) controlled by a Lab-VIEW routine written by the authors. Nanofibrous
mats were cut in rectangular shape with a cross section of 60 mm?. The tensile

modulus was calculated from the stress verses strain curve.

5.34 Stability and degradation

i) Shape Retention
Shape retention capability of the chitosan-alginate composite scaffolds

was tested by immersing them into solution of varying pH. We used 1N HCI (pH=
0) as acidic solution, 1IN NaOH (pH=14) as basic solution and simulated body
fluid SBF (pH=7.4) as physiological solution. All samples were sectioned into a

cylindrical disk with average diameter around 13mm and thickness of 3mm. We
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measured scaffold diameter changes at different time points as a monitor of the

size retention capability.

5.35 FTIR

Infrared Spectroscopy was used to characterize scaffolds in powder form
before and after coacervation. A dried sample of 2 mg was carefully mixed with
300 mg dry KBr and pressed into a pellet using a macro KBr die kit. The solid
pellet was placed in a magnetic holder. The system was purged before testing.
Polarized Fourier Transformed Infrared (FTIR) spectra of 2000 scans at 8cm’™
were obtained using a Nicolet 5DX spectrometer with a DTGS detector and a

solid transmission sample compartment.
5.4 Results and Discussion

5.41 Optimization of scaffolds synthesis

We made a diverse selection of scaffolds under different conditions. Some of
these scaffolds were obviously of bad morphology or in very poor mechanical
condition. We excluded these specimens by the criteria listed previously. As
shown in Tables 5-1, 5-2 and 5-3, we finally optimized the range of conditions
including concentration of chitosan and alginate 3 to 4.8%( W/V), pH 5 to 9,
freezing temperature of -10°C to -20°C, and coarsening time 24 hours at -20°C.
We did not list a table for the coarsening time changes, as no significant
difference among the various coarsening times though pore morphologies are

found by SEM inspection. (Figure 5-3)
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Table 5-1 Diversity of scaffolds by different final polymer concentration

Concentration 2% 3% 4% 4.80% 5.60%
Mrphology " Poor Good better better good
Uniform of the pores  Not Yes Yes Yes Not
Macro-defects huge big No No skin, bubble
pores pores defects
Shape retention Swelling No No No slight

swelling swelling swelling swelling
Mechanical strength  poor good better better best

Water intrusion good better better good bad

Table 5-2 Diversity of scaffolds by different frozen temperature

Frozen temperature °C 0 -20 — .70 -180
Exterior Morphology good very good  bad very bad
Uniform of the pores by naked eye yes Yes No No
Macro-defects No No shattered Debris
Shape retention Swelling  No swell NA NA
Mechanical strength by hand good good NA NA

water infrusion Good Good NA NA
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Table 5-3 Diversity scaffolds by different final PH of the solution

P

pH pH=3 pH=5 ph=7 pH=9 pH=11
Exterior Morphology  poor best better  good poor
Pores uniformity  No Yes Yes Yes No
Macro-defects shrinkage pores  No No No shrinkage
Shape retention  swelling No No No Slight
swelling swelling  swelling swelling
Mechanics poor best better ~ much better poor
Water intrusion good better better  good bad

To optimize the conditions for scaffold production, we need to know the
mechanism of the freeze-drying process. Freeze-drying or lyophilization is the
process of removing water from a composite or product by sublimation and
desorption. This process is performed in lyophilization equipment that consists of
a drying chamber, a condenser (to trap water vaporized from the product), a
cooling system (to supply refrigerant to the shelves and condenser) and a
vacuum system (to reduce the pressure in the chamber and condenser to
facilitate the drying process).
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Figure 5- 2. The temperature-concentration polymer phase diagram

The lyophilization cycles consist of three steps: Freezing, primary drying,
and secondary drying. Freezing is the first step of lyophilization, a thermally
induced phase separation (TIPS) happening in the process. Figure 5-2 is a
general temperature-concentration polymer phase diagram. Above the curves,
the polymers are in a homogeneous one phase status, and below the curves
(bimodal curve) there is a two-phase region. The spinodal curve is defined as the
line at which the second-derivative Gibbs free energy of the mixture is equal to
zero, and it divides the two-phase region into an unstable and a metastable
region. If the system is quenched into the metastable region, phase separation
occurs in a nucleation and growth mechanism, leading to a bead like or isolated
cellular structure. On the other hand, if the system temperature is quenched into

the unstable region, the phase separation takes place in a spinodal
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decomposition mechanism, resulting in a microporous interconnected structure
as reported.'”?® For the chitosan and alginate composites, as reported by
Metsumoto?®', a uniform sol is formed when the temperature is above 80°C and
the sol is transformed to a uniform gel when the temperature drops to
approximate 70°C, the polymer rich phase containing chitosan and alginate, the
polymer poor phase containing water and some water-soluble salts, such as
sodium acetic, acetic acid etc. With decreased temperature, the gel strength
increases.?'"** Spinodal decomposition or nucleation happens in the early stage
of the gel formation or phase separation, but in the later stages, the coalescence
of phase separated droplets continuously proceeds to minimize the interfacial
free energy associated with the interfacial area. This process is called
coarsening.'®? During the coarsening process, the small pores will merge to be
bigger ones and increase the interconnectivity of the pores. Therefore it
increases the size and uniformity of the pores. The longer the coarsening time,
the larger the pores produced and the greater their interconnectivity. To attain
macroporous interconnecting scaffolds, it is highly desirable to use the
coarsening effect. For the chitosan and alginate composites, we controlled the

coarsening process both at room temperature and at -20°C. Room temperature

coarsening can also help to remove any possible gas bubbles. As for the -20°C
coarsening, we compared different time periods of 0, 2, 12, 24 and 48 hours. For
all the coarsening samples, we processed with two hours of room temperature

coarsening. The scaffolds without coarsening were very deformed. The SEM
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showed a sheet-like structure with large fractures, and no regular pores were
formed. The 2 hours-coarsening scaffold produced relatively uniform pores but
there were still some sheets-like structures seen. The 12 hours coarsening
scaffolds showed fewer sheet-like structures on both side-view and top-view of
pictures. For the SEM images of 12, 24, and 48 hours coarsening, no significant
differences were seen (Figure 5-3).

In the freezing process, the rate of cooling will also influence the structure
of the final scaffold morphology25. If the water freezes quickly, the ice crystals will
be small. This may cause a finer pore structure in the scaffolds with higher
resistance to flow of water vapor and also contribute to longer primary drying
time. If freezing is slower, ice crystals will grow from the cooling surface and may
be larger. The resultant scaffolds may have coarser pore structure and perhaps a
shorter primary drying time. The method of cooling will also affect the structure
and appearance of the matrix and final product. If the solution is frozen in holders
on the cooled shelf, ice will grow from the bottom of the holder toward the top,
while immersion in a cooling fluid will cause crystal growth from the bottom and
sides of the holder. This will cause the final scaffolds to assure either a sheet-like
structure or a directional tube-like structure.?® However, a long term, effective
coarsening process can adjust the morphology of the pores.

In the primary drying phase, the chamber pressure is reduced, the surface
temperatures on the scaffolds and on the condenser are different and a heat flow

exists, which will cause the frozen scaffolds to sublime the frozen water and the
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vapor to be trapped in the condenser. That which cannot be trapped will be
pumped out. The condenser must have sufficient surface area and cooling
capacity to hold all of the sublimed water from the batch at a temperature lower
than the scaffold temperature. It is important to control the drying rate and the
temperature difference during this phase. If the pressure is too low, the dried
product can be displaced out of the container by escaping water vapor. If the
scaffold in the chamber exceeds the ice vapor pressure of the product, water
may not be able to sublimate causing the pressure to melt the water which would
destroy the pore structures.. If the temperature difference is too high, the large
heat flow will melt the frozen water inside the scaffolds which would also destroy
the pore structure and crush the scaffold. This result would change the physical
characteristics of the dried material, making it visually unappealing.

At the end of primary drying, all polymer poor phase waters were dried,
and the heat flow by the temperature difference will increase the scaffold surface
temperature. The final temperature can reach the temperature outside the jar, or
the room temperature. The increased temperature desorbs bound water in the
polymer rich phase (pore walls) such as the water of crystallization. This process
is referred to as secondary drying or desorption.

With our optimization experiments, we found the best scaffolds were made when
the concentration was between 3.5% and 4.8% with chitosan and alginate at 1:1
ratio, PH between 5-7, freeze temperature at -20°C' and coarsening time of 24

hours at -20°C. We can easily conclude that there were many variables to control
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the morphology, porosity, pore size and mechanical strength of the composite
chitosan and alginate scaffolds. For the consistency of our characterization
experiments and in vitro biological tests, we used only 4.8% (2.4%chitosan and
2.4%alginate) scaffolds made at PH 5-7 and frozen at -20°C with 24 hours
coarsening time at -20°C.

All the scaffolds were made with same concentration (4.8%), same pH
value, and same freezing temperature; only the coarsening time varied. Figure A
shows the scaffolds without coarsening time. Figure B shows the scaffold with 2
hours room temperature with 2 hours -20°C. Figure C shows the scaffold with 2
hours room temperature with 12 hours -20°C. Figures A,B, C are the top view

image. Figures A’,B’ and C’ are the vertical views of A,B and C respectively.
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Figure 5-3 The SEM pictures of the scaffolds with different coarsening time

5.42 Pore structure and pore size distribution

The pore structures of the hybrid scaffolds are not uniform; they are typically
bird’s nest-like morphology with many shattered fragments. Numerous small
pores interconnect the big pores. The pore wall is rough. Comparatively, the pore
structure of pure chitosan looks less like a bird’s nest, there are fewer fragments

and fewer small interconnecting pores. The pore walls are smooth. Figure 5-4
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compares the pore structure and pore walls of the hybrid chitosan-alginate

scaffolds and the pure chitosan scaffolds.

Figure 5- 4 SEM microphotographs of the cross sections of porous scaffolds.

A and B: chitosan-alginate scaffold, and C and D: pure chitosan scaffold.

We measured the pore size with software provided by the JOEL 7000 SEM. Two
hundred random pores were measured by their longest diameter. The results
were categorized into 5 groups. We also compared the pore size with the pure
chitosan scaffolds. We did not measure the small pores on the large pore wall as

we regarded them as part of the pore wall. The average pore size of hybrid
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scaffolds is larger than the pore size of pure chitosan scaffolds (242 +45um vs
226152um).
The porosities of hybrid chitosan-alginate and pure chitosan scaffolds in
this study by liquid displacement method were determined to be 91.94 + 0.90%
and 84.86 + 2.18% respectively. The mercury intrusion porosimentry tests
showed the porosity of the hybrid scaffolds is 92-95%, while the porosity of pure

chitosan scaffolds is around 87-89%.

5.43 Mechanical properties

Scaffolds for bone tissue engineering must have mechanical strength
capable of supporting bone tissue growth at the site of implantation and
maintaining sufficient integrity during both in vitro and in vivo cell growth 272,
One of the major challenges in the fabrication of porous polymer scaffolds is the
tradeoff interest between adequate material porosity and mechanical strength. A
highly porous structure is necessary for cell ingrowth and proliferation, but the
mechanical strength decreases with the increasing porosity?>. The results of
compression testing for both chitosan (4.8%) and chitosan-alginate scaffolds
(4.8%) are shown in Figure5-5. The elastic modulus was calculated as the slope
of the initial linear portion of the stress-strain curve. The compressive yield stress
for pure chitosan and chitosan-alginate scaffolds, as shown in Figure 5-5 are
0.125 + 0.015 MPa and 0.46 + 0.022 MPa, respectively. The Young’s module of
the pure chitosan is 2.56 + 0.41 MPa while the chitosan and alginate scaffold has

Young’'s modulus of 8.16 £ 1.57 MPa. To the best of our knowledge, such high
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compressive strength and Young’'s modulus have not been reported on natural

polymer-based tissue engineering scaffolds that have porosity above 90%.

o
o

| =1 Chitosan

KX Chitosan
Composite

\~Z.7] Composite 410

o
3}

%

©
'
]

o
w
!

Yield Strength (Mpa)

Young's Modules (MPa)

o
—
I

IR
\\\\\\\\\\\\\\\\\\fﬂ

o
o

Figure 5- 5. Compressive strength and modulus of chitosan
and chitosan-alginate scaffolds.

We also tested the tensile mechanical strength for 4% chitosan-alginate,
pure chitosan and pure alginate scaffolds. We chose to test on the 4% scaffolds
rather than the 4.8% scaffolds because recently we were successful in making
4% pure alginate scaffolds with good external morphology and texture. Figure 5-

6 shows that the pure alginate scaffold (4% w/v) is the strongest scaffold in
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tensile strength (0.79MPa, strain 0.0091) among the three scaffolds. The pure
chitosan (4% wi/v) is the weakest scaffold in tensile strength (0.41, Strain
0.00825). The hybrid chitosan-alginate (4% w/v) scaffold falls between the other

two scaffolds (0.48, strain 0.0069).
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Figure 5- 6 Tensile tests for the chitosan-alginate scaffolds
and pure chitosan, pure alginate scaffolds.

5.44 Stability and degradation

Water intrusion or water permeability is a very important property that will
affect possible nutrient diffusion and transportation in the scaffolds. We tested
the water permeability by the water intrusion method. The results showed that
the hybrid chitosan and alginate can be thoroughly wet almost immediately after

the scaffolds are immersed. The absorption rate was 11.79 (+0.62,n=6) folds of
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dry weight. Comparatively, the pure chitosan scaffolds were slow in-the water
intrusion (Figure 5-7). Five minutes after immersion, the absorption rate was only
5.4(+0.29, n=4) folds of the dry weight; 15 minutes later, it had reached
8.18(+0.18, n=4) folds. Thirty minutes later, it reached a stable rate of 9.29(+0.39,
n=4) folds and there were still some parts of the pure chitosan scaffold remained
water impermeable. This was likely caused by the hydrophobic chitin that

remained in chitosan.
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Figure 5- 7. Water permeability of hybrid chitosan-alginate scaffolds
and pure chitosan scaffolds

Swelling behavior and structural stability of scaffolds are critical for their practical
use in tissue engineering. Most natural polymers, including chitosan, swell readily
in biological fluids. /n vitro culture studies® indicated that initial swelling is
desirable and the resultant increase in pore size facilitates cell attachment and
growth in a three-dimensional fashion. However, continuous swelling would lead
to loss of mechanical integrity and production of compressive stress to

surrounding tissue. Swelling behavior of a scaffold depends heavily on pH value
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at the implantation site. The swelling behavior of scaffolds prepared in this study
was investigated by exposure to media of a different pH. The scaffolds were
cylindrical in shape with a diameter of 13 mm and a thickness of 3 mm. The inset
in Figures 5-8 shows optical images of (A) chitosan-alginate and (B) chitosan
scaffolds in a simulated body fluid (pH = 7.4) after two weeks of sample
immersion. The chitosan-alginate scaffold appeared to retain its overall size and
cylindrical shape, while swelling was noted on the chitosan scaffold.

Swelling behavior was quantified by measuring the diameters of samples as
function of sample immersion time in solutions of 1N HCI (pH = 0), 1N NaOH (pH
= 14), and simulated body fluid (SBF) (pH = 7.4). The swelling behavior of the
chitosan scaffolds differed distinctly in three solutions of different pH (Figure 5-8).
The chitosan scaffold in 1N HCI started to swell rapidly and the sample was
dissolved in two hours. The chitosan scaffold in SBF solution (pH= 7.4) also
swelled over time with its diameter increased by ~ 20% within two hours but
underwent a minor swelling thereafter at a significantly reduced rate. The
chitosan scaffold in 1N NaOH basic solution (pH = 14) swelled initially (< 5%) but
retained its overall size thereafter for weeks. The chitosan scaffold is stable only
in solutions of physiological or high pH. In contrast to the chitosan scaffold, the
swelling behavior of the chitosan-alginate scaffold was about the same in all
three solutions: except an initial swelling (within a half hour), it retained its overall
size through the period of study (6 weeks). The initial swelling process is due to

the regaining of desorption water during the secondary freeze-drying. This
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suggests that the chitosan-alginate scaffold is stable regardless of the solution’s
pH value. This flexibility makes the scaffold applicable to a wider range of clinical
situations. Swelling and degradation of pure chitosan involve the protonation of
amino/imine groups on material surface and the mechnical relaxation of coiled
chitosan chains.>'® The stability of chitosan-alginate scaffold can be attributed
to (1) the interaction of amine groups on chitosan with carboxyl groups on
alginate which prevents the protonation of amino groups on chitosan, and (2) the

carboxyl groups on alginate that buffers the solution and slows down chitosan

degradation.
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Figure 5- 8. Shape retention Change in sample diameter as a function of sample immersion time
in 1N HCI, 1N NaOH, and SBF solutions. Ch and CA in the legend denote pure chitosan and
chitosan-alginate scaffolds, respectively. Inset: Images of A chitosan-alginate and B pure
chitosan scaffolds after two weeks of sample immersion in simulated body fluid.
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Figure 5- 9. FTIR of spectra of scaffolds

5.45 FTIR analysis

FTIR analysis showed strong ionic interactions between chitosan and
alginate to form a chitosan-alginate complex (Figure. 5-9). The characteristic
peak of alginate (Figure 5-9a) is seen at 1620 cm’ corresponding to carbonyl
(C=0) bond. The chitosan spectrum (Figure 5-9b) shows characteristic bands of
amide-l (1643 cm™), amide Il (1574 cm™), and amino group (1173 cm™).

Chitosan used in these experiments was 85% deacetylated. The double amide
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peaks for chitosan correspond to the partial N-deacetylation of chitin.®* The
peaks at 1424 cm™ and 1070 cm™ in both alginate and chitosan scaffolds
correspond to carboxyl -COOH and C-O stretching bands, respectively. In the
chitosan-alginate spectrum (Figure 5-9c), amide Il peaks were significantly
intensified, amide | peak shifted from 1643 cm™ to 1654 cm™, and the peak of
amino group (1173 cm™) was absent. These changes suggest the formation of
chitosan-alginate complex as a result of the ionic interaction between the
negatively charged carbonyl group (-COOH) of alginate and the positively
charged amino group (-NH;) of chitosan.***” An apparent change in spectrum is
seen after chitosan-alginate was cross-linked with CaClz (Figure 5-9d). The
amide-l (C=0, 1643 cm™) and amide-Il (C-N, 1574 cm™") bands were replaced by
a new band (1620 cm™), as a result of the interaction of two residual carboxylic

groups on alginate linking adjacent coacervates into a network matrix.
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Chapter Six

Hybrid chitosan-alginate scaffolds for cartilage tissue engineering

6.1 Introduction

Millions of people suffer from degeneration of articular cartilage in primary
osteoarthritis or following trauma. Since the damaged articular cartilage has a
very limited capability for self-healing, functional restoration of diseased and
damaged human articular cartilage is highly desirable. Tissue engineering is
recognized as a promising strategy for regeneration of long-lasting cartilage and
has been studied intensively in both research and clinical practice. For cartilage
treatment in tissue engineering, a scaffold serves to support chondrocyte cell
attachment and proliferation for new tissue regeneration as the scaffold gradually
degrades.’? An ideal scaffold in this context should be tissue compatible at the
site of implantation and biodegradable, have a highly porous structure of a three-
dimensionally interconnected network and sufficient mechanical strength, and
closely mimic the naturally occurring environment in the articular cartilage
matrix.* Collagen type Il and GAG, two components of the cartilage-specific
extracellular matrix (ECM), have been shown to play a critical role in regulating
expression of chondrocytic phenotype and supporting chondrogenesis both in
vitro and in vivo.®”’

A number of biologically derived or synthetic polymers have been studied

9

as potential scaffolds for cartilage tissue repair,® ° including collagen-based

sponges and gels,'®"""2 fibrin,"® hyaluronic acid, polyglycolide,' poly(lactide-
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)18 .'"" These materials can support

coglycolide and peptide hydroge
chondrocytes for formation of collagen and proteoglycan, but the results have
been inconsistent with the morphology of generated cartilage tissue ranging from
hyaline-like to fibrous in quality.'®?® This may be due to the fact that the chemical
compositions and structures of these scaffolds do not match well with the
extracellular matrix of articular cartilage.

Recently, there has been an increased interest in the use of naturally
occurring polymers as scaffolds for cartilage regeneration. Chitosan, a partially
deacetylated derivative of chitin composed of N-acetylglucosamine, is biologically
renewable, biodegradable, biocompatible, non-antigenic, non-toxic, and bio-
functional. It shares some characteristics with various GAGs and hyaluronic acid
present in articular cartilage.* Chitosan has been used as a scaffold for cartilage
repair.* '® 2! Studies have shown that chondrocyte cells retain a round shape on
a chitosan-coated surface and produce their characteristic ECM components

such as collagen type Il and proteoglycan. Alginate is a family of polyanionic
copolymers derived from brown sea algae and comprises 1,4-linked B-D-
mannuronic (M) and a-L-guluronic (G) residues in varying proportions. Alginate is
soluble in aqueous solutions and forms stable gels at room temperature in the
presence of certain divalent cations (i.e., Ba**, Ca?*). Alginate beads have been
developed to recover or expand primary chondrocytes. They promote cell
proliferation and retain cell functionality and phenotype.?? 2?*Here, chitosan-

alginate was studied for potential use as a scaffolding material for cartilage repair
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and regeneration. The demonstrated major advantage of this hybrid material is
its superior mechanical properties that neither chitosan nor alginate alone can
attain.?® Unlike chitosan or alginate, the chitosan-alginate scaffold can be
prepared from solutions of neutral pH, offering an additional advantage of
allowing proteins or drugs to be uniformly incorporated in its matrix structure with
no or minimal denaturization.?® Cell attachment, proliferation and phenotype of
chondrocytes on porous chitosan and chitosan-alginate scaffolds were studied
and compared. The microstructures of scaffolds and the morphology of cells
were characterized by scanning electron microscopy (SEM). Cell functionality
was examined by identification of collagen biosynthesis through SDS-PAGE

electrophoresis and Western Blot.
6.2 Materials and methods

6.21 Materials

Chitosan (MW 400,000; 85% deacetylated), sodium alginate, sodium
dodecyl sulfate (SDS), Dulbecco’'s phosphate buffered saline, antibiotics,
penicillin, and streptomycin were obtained from Sigma-Aldrich (St. Louis, MO).
Fetal bovine serum (FBS) was obtained from Hyclone, UT. Chondrocytes from
cell line HTB-94 (American Type Culture Collection, ATCC) were used as
received. Dulbecco’s Modified Eagle Medium (DMEM) 1X, containing high
glucose, L-glutamine, 110 mg/L, sodium pyruvate, and pyridoxine hydrochloride,
was obtained from Invitrogen Life Technologies (Grand Island, NY). Alamar Blue

solution was obtained from Alamar BioSciences (Sacramento, CA). 4-15% SDS-
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PAGE 12-well gel, Coomassie Blue staining solution, and blot transfer buffer
solution were obtained from Bio-Rad (Hercules, CA). CytoBuster™ Protein
Extraction Reagent was purchased from EMD, Biosciences, CA. Urea was
obtained from J. T. Baker (Phillipsburg, NJ). The primary antibody, secondary
antibody (goat anti-mouse antibody conjugated with HRP), and ECL detection
solutions were obtained from Chemicon International (Temecula, CA). All other

reagents were of analytical grade.

6.22 Preparation of chitosan-alginate and chitosan scaffolds

(See 5.2 of Chapter Five)

6.23 Cell culture

The scaffolds were sterilized with ethylene oxide gas and presoaked in a 12-
well cell culture plate containing DMEM culture medium for a couple of days
before cell seeding. Approximately 1 million chondrocyte cells in 1 ml Dulbecco's
Modified Eagle Medium (DMEM) were seeded on each scaffold disc. The DMEM
medium contained 10% fetal bovine serum (FBS), 50 IU mlI™* penicillin, and 50 ug

-1 streptomycin. The scaffolds were transferred to another cell culture plate

mi
after 3 hours of cell seeding. The culture medium in the plate was changed in 24
hours for the first time and every three days thereafter. A hemocytometer was
used to determine the concentration of cells in cell suspension. The morphology

of cells cultured on scaffolds was examined by scanning electron microscopy

(SEM, JEOL, JSM-840A). For SEM observation, scaffolds were fixed with
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Karnovsky's fixative overnight at room temperature and dehydrated in 50%, 75%,
95%, 100% ethanol, respectively for 2 hours. The samples were then dried by a

critical point drying apparatus, coated with Au/Pd, and examined with SEM.

6.24 Cell proliferation and viability

Cell proliferation was assessed using the Alamar Blue assay. Scaffolds
were seeded with cells in DMEM cell culture medium. After 24 hours of cell
seeding, the scaffolds were washed with PBS and placed into12-well culture
plates. 2 ml of 10% v/v Alamar Blue in DMEM medium was added to each well
containing scaffolds and the plates were incubated for 4 hours at 37°C.
Absorbance of the solution in each plate, which is proportional to the number of
cells attached to the sample, was measured with a micro plate reader (Molecular
Device, Versamax™ tunable microplate reader) at wavelengths of 570 and 600
nm. A calibration curve generated from a known number of chondrocytes
reacting with the Alamar Blue was used to calculate the number of cells.
Samples were assayed at 3, 7, 14 and 21 days, respectively after cell culture.

Cell viability was assessed using a Live vs. Dead assay kit (Molecular
Probes). Chitosan-alginate and chitosan scaffolds cultured with cells for 21 days
were placed in phosphate-buffered saline containing vital dye calcein-AM and
nuclear stain ethidium homodimer-1 (both from Live/Dead assay Kit). Calcein-AM
is a non-fluorescent, cell-permeant fluorescein derivative, which is converted by
cellular enzymes into cell-impermeant and highly fluorescent calcein. Calcein

accumulates inside live cells with intact membranes and causes the cells to
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fluoresce green. Ethidium-homodimer-1 enters dead cells with damaged
membranes and undergoes a 40-fold enhancement of fluorescence upon binding
to their DNA causing the nuclei of dead cells to fluoresce red. This staining
showed both live and dead cells attached on the scaffold. Images of cultured
chondrocyte cells on scaffolds were acquired using an inverted fluorescent

microscope equipped with a CCD camera.

6.25 Histology

Scaffolds seeded with chondrocyte cells were washed twice with PBS and
fixed with 4% paraformaldehyde for histological assay. The scaffolds were
embedded in paraffin and cut into 5 um thick sections using a microtome. The
sections were stained with Masson'’s trichrome, specifically, treated with Biebrich
scarlet-acid fuchsin, phosphomolybdic-phosphotugnstic acid, and aniline blue
solutions for 5, 10, and 3 minutes, respectively. The stained sections were then

mounted on glass slides, and examined with a Nikon 200 microscope.

6.26 Electrophoresis and Western Blot

The extracted cellar proteins from cells cultured on scaffolds were analyzed
by sodium dodecyl! sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The
scaffolds were harvested in triplet after 14 days and 21 days of cell culture,
respectively. After harvest, the scaffolds were washed twice with PBS and placed
in 50 ml tubes. 0.1% proteinase in CytoBuster™ protein extraction reagent was

used to extract proteins from the cells grown on scaffolds. The extraction solution
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was transferred to a 10 ml test tube and centrifuged at 14,000 rpm for 10 min.
After centrifugation, the supernatant was removed, and the pallet was washed
with cold 90% ethanol and air-dried. The pellet was treated by 10M urea and
boiled in 100°C water bath for 5 min for protein denaturization. An equal amount
of the protein was extracted from each sample as quantified by UV spectroscopy
and added into a well of the electrophoresis gel apparatus for protein analysis.
Proteins were subjected to electrophoresis on a 4-15% polyacrylamide gel, and
the protein bands were acquired with Coomassie Blue staining.

Western blot assay was performed to further confirm the production of
collagen type |l following the SDS-PAGE electrophoresis. The proteins in the
polyacrylamide gel were first equilibrated in transfer buffer for 15 min and then
electrophoretically transferred to nitrocellulose membranes. The transfer unit was
run at 100 volts for 1 hour in transfer buffer. The successfully transferred
membrane was blocked with 5% Blot-Quickblocker in TBST (Tris-Buffered Saline
+ 1% triton) buffer for 20 min at room temperature. Primary mouse anti-human
type Il collagen monoclonal antibody was diluted 1000 folds by the blocker
solution, and the diluted antibody was incubated with the nitrocellulose
membrane for 90 min at room temperature. After incubation, the membrane was
washed five times with TBST buffer on a rotator for 10 min each, and incubated
with the secondary antibody diluted at 1:2000 in TBST solution containing 0.5%
Blot-Quickblocker for 90 min at room temperature. The membrane was then

washed five times with 100 ml 1XTBST buffer for 10 min each and transferred
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into a solution with Chemilucent diluted at 1:1000 in peroxide solution of equal
volume of peroxide buffer and luminol/enhancer. Finally the membrane was
placed together with Kodak negative film in a cassette in a dark room to expose

light for protein blots.
6.3 Results

6.31 Microstructures of Scaffolds

Figure 1 shows the SEM images of the microstructures of (A) chitosan-
alginate and (B) chitosan scaffolds. Both scaffolds have a highly porous structure
with a fairly even pore distribution and a pore size ranging from 100 to 300 um, a
favorable size range for cell growth.?® The surface and pore walls of the pure

chitosan scaffold are relatively smooth, while the surface of the chitosan-alginate

scaffold is relatively rough and embedded with small grooves.

Figure 6- 1 SEM images of (A) chitosan-alginate and (B) pure chitosan scaffolds. The insets
detail the pore interconnectivity of the microstructures
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The further magnified images shown in Figure 1 as insets illustrate a high degree

of pore interconnectivity for both chitosan-alginate and chitosan scaffolds.

6.32 Cell proliferation

Chondrocyte-like HTB-94 cell line was selected as our model cell line
because it can express the characteristic features of chondrocytes with eternal
‘growth capability. Cell proliferation on both chitosan and chitosan-alginate
scaffolds as a function of time was assessed using the Alamar Blue assay, and

the results are shown in Figure 2.
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Fig 6- 2. Cell proliferation as measured by the Alamar Blue assay. PC stands for pure chitosan
scaffold, CA for chitosan-alginate scaffold. The star mark shows the time points where a
significant difference exits.
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The cells on both scaffolds were doubled within the first week of cell culture
and continued to increase over time. Three samples in triplet were tested and the
results were analyzed by a non-parametric test. No significant difference in cell
number was observed between the chitosan and chitosan-alginate scaffolds at
day 3 and day 7 after cell culture. However, the cell number on the chitosan-
alginate scaffold became notably higher than that on the chitosan scaffold at day

14 and day 21.

6.33 Cell viability

The fluorescence microscopic images of both live (green) and dead (red)

cells on chitosan-alginate and chitosan scaffolds incubated with chondrocyte

cells for 21 days are shown in Figures 3A and 3B, respectively.

Figure 8- 3. Fluorescence microscopic images of chondrocytes on (A) chitosan-alginate and (B)
pure chitosan scaffolds after 21 days of cell culture. Live and dead cells fluoresce green and red,
respectively.

On both scaffolds, the majority of cells were alive; a small number of dead celis
were distributed sporadically among the live cells. On the chitosan-alginate

scaffold, the majority of cells formed clusters, while the remaining isolated cells
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exhibited round-shape morphology. Cells on the chitosan scaffold formed fewer
clusters than on the chitosan-alginate scaffold, and mostly exhibited a spread

morphology, which is typical for fibroblast-like cells.

6.34 Cell morphology

Figure. 6-4 shows SEM images of chondrocyte cells grown on chitosan-
alginate (A, C) and chitosan (B, D) scaffolds after 14 and 21 days of cell culture.
Figures 4E and 4F show the the images taken at day 21 at a higher magnification
in order to detail the cell morphology. At day 14, chondrocyte cells on both
scaffolds proliferated well and exhibited a spherical morphology. At day 21,
however, the cells on the chitosan scaffold became more flattened and started to
assume a fibroblast-like morphology, while the cells on the chitosan-alginate

scaffold retained their initial spherical morphology.



Figure 6- 4. SEM images of chondrocyte cells grown on (A) chitosan-alginate and (B) chitosan
scaffolds after 14 days cell culture, and on (C) chitosan-alginate and (D) chitosan scaffolds after
21 days of cell culture. E and F are the images of higher magnification of C and D, respectively



Figure 6- 5. Optical micrographs of chondrocytes seeded on (A, C) chitosan-alginate and (B, D)
chitosan scaffolds stained with Masson's trichrome at day 14. (C) and (D) with 200x are images
of higher magnification of (A) and (B) with 100x.

Masson’s trichrome was used to stain the harvested scaffolds in order to study
the interaction of cells with materials and to visualize the formation of collagen.
Figure 6-5 shows the optical images of chondrocyte cells stained with Masson’s
trichrome and grown on chitosan-alginate scaffolds (A and C) and chitosan
scaffolds (B and D) after 14 days of cell culture, with cell nuclei appearing in red
and collagen in blue. The cells on the chitosan-alginate scaffold had smaller
nuclei and larger cytoplasm, in contrast to the cells on the chitosan scaffold
which had larger nuclei and smaller cytoplasm. Furthermore, the cells on the

chitosan-alginate scaffold tended to form aggregates with spherical cell
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morphology, while those grown on the chitosan scaffold exhibited a dominant

monolayer growth.

6.35 Cell functionality

Cell functionality was assessed by electrophoresis of cellular proteins in
terms of the production of collagen type Il. The proteins extracted from the cells
grown on the scaffolds were analyzed, and the results are shown in Figure 6A.

Lane 1 and lane 2 correspond to the protein extracted from cells on chitosan-

alginate

Figure 6- 6. (A) SDS-PAGE of proteins extracted from chitosan-alginate and chitosan scaffolds
for assessment of collagen biosynthesis. Lane 6: standard purified collagen Il. Lane 3: standard
proteins with different molecular weights. Lanes 1 and 2: proteins from chitosan-alginate scaffolds
harvested at day 14 and day 21, respectively. Lanes 4 and 5: proteins from chitosan scaffolds
harvested at day 14 and day 21, respectively. (B) Western Blot assay result. Lanes 1 and 2:
proteins extracted from cells on chitosan-alginate scaffolds at day 14 and day 21, respectively.
Lanes 3 and 4: protein extracted from chitosan scaffolds at day 14 and day 21, respectively.

scaffolds at day 14 and day 21, respectively, after cell culture. Lane 3 is the
standard protein molecular weight indicator. Lane 4 and lane 5 are the proteins
extracted from cells on pure chitosan scaffolds at day 14 and day 21,
respectively, after cell culture. Lane 6 represents the standard human collagen

type Il. The electrophoresis results show that collagen type Il bands were seen at
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day 14 and day 21 for both types of scaffolds on the corresponding lanes with
molecular weight slightly below 150 kD. However, the intensity of collagen type Il
band for the chitosan-alginate scaffold increased over time from day 14 (lane 1)
to day 21 (lane 2), as opposite to slightly decrease in collagen type Il intensity
observed for the chitosan scaffold for the same time period (lane 4 and lane 5,
respectively). The biosynthesis of cartilage-specific collagen type Il by
chondrocytes on both chitosan and chitosan-alginate scaffolds was further
confirmed by the Western Blot analysis. Mouse anti-human type Il collagen
monoclonal antibody was used to detect the cartilage-specific collagen type II.
Figure 6B shows the bands of cellular proteins extracted from cells on chitosan-
alginate (lane 1 and 2) and chitosan (lane 3 and 4) scaffolds. Collagen type Il
bands were seen in all lanes. However, for the chitosan-alginate scaffold
collagen type |l content increased from day 14 (lane 1) to day 21 (lane 2) while
for the chitosan scaffold collagen type Il content decreased over the same time

period, which is consistent with the results from SDS-PAGE assay.

6.4 Discussion

Cell attachments, proliferation, and differentiation on a material are the
indications of the cellular compatibility of the material and the suitability of the
material for tissue engineering applications. Our experimental results show that
HTB-94 chondrocyte cells attached well on both chitosan and chitosan-alginate
scaffolds without involvement of special cell adhesion techniques such as

dynamic seeding and incorporation of adhesion peptides. The cell adhesion
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property of chitosan is believed to be related to its polycationic nature, as it has
been shown that cell adhesion is inhibited with increasing degree of
deacetylation and thus decrease in positive charge.?” Chitosan-alginate hybrid
material appeared to inherit such cellular adhesive property. The cells increased
consistently on both chitosan and chitosan-alginate scaffolds over cell culture
time, and proliferated faster on the chitosan-alginate scaffold than on the
chitosan scaffold (Figure8- 2). Furthermore, the cell viability assay revealed more
live cells on chitosan-alginate than on pure chitosan (Figure 6-3). These results
are not surprising, as alginate is known to promote cell expansion; chitosan has
excellent cell adhesive property due to cationic nature'® and its degradation
product is a GAG-like glucosamine residue that is known to induce
chondrogenesis.'®?Thus chitosan-alginate hybrid material may combine
favorable properties of chitosan and alginate in terms of cellular attachment and
proliferation.

A scaffold for articular cartilage should maintain the normal phenotypic
characteristics of chondrocytes. A round cellular morphology is known to be

8

indicative of characteristics of non-dedifferentiated chondrocytes,” a normal

chondrocytic phenotype that results from organization of sparse active actine

12930 Conversely, a flat or spread morphology indicates the

filaments.
dedifferentiated state of the cell, which is believed to be mediated by the
formation of actin stress fibers.®* The ability of chitosan to maintain round

cellular morphology has been previously demonstrated for short periods of cell
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culture times (e.g., from 48 hours to a week).?" *Here, we extended the cell
culture time up to three weeks and found similar results for the first two weeks
but not for prolonged cell culture time. (Figures 6-4 D and F). On the other hand,
the cells maintained a round shape on chitosan-alginate for the same period
(Figures 6-4C and E). Primary chondrocytes isolated from bovine articular
cartilage showed a trend similar to immortalized chondrocytes (data not shown).
Compared to chitosan, chitosan alginate showed better maintained phenotype of
chondrocytes, presumably resulting from special characteristics of alginate
material in promoting chondrocyte recovery.>**

Both electrophoresis and Western Blot results showed that type |l collagen was
the dominant collagen produced by chondrocytes on both chitosan and chitosan-
alginate scaffolds. Collagen type Il is a biological marker for chondrocytic
phenotype, while collagen type | is a marker for induction of fibrous or
fibrocartilaginous tissue.* ® * The chitosan-alginate scaffold showed prolonged
support for collagen type Il production as compared to the chitosan scaffold. This
result shows a correlation between the biosynthesis of collagen type |l and
change in cell morphology, consistent with results reported in literature.'* ' 3
It is established that chondrocytes grown in monolayer culture for extended
periods exhibit a more elongated morphological appearance, produce less matrix
proteoglycans, and preferentially synthesize type | rather than type |l collagen.®®
40 Chifosan-alginate showed better productivity in biosynthesis of collagen type |l

than pure chitosan, which might be attributable to the ability of alginate to induce
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redifferentiation of culture-expanded, dedifferentiated cells. It has been reported
that after dedifferentiation to a fibroblastic morphological appearance in
monolayer culture, cells seeded into alginate beads reestablished characteristics
of differentiated chondrocytes.*'

The cells on the chitosan tended to form a monolayer, a possible marker of
chondrocyte dedifferentiation and fibroblastic phenotype.42' “3 In contrast, the
cells on chitosan-alginate materials formed much larger cell clusters (Figure 6-5).
Large cell clusters of chondrocytes in alginate beads have been shown to have
the dominant product of collagen type II, while small cell clusters of monolayer of
chondrocytes are shown to have the dominant product of collagen type 1.3 Thus,
this result also suggests that the chitosan-alginate hybrid material is superior to
chitosan in retaining chondrocytic phenotype and inducing chondrogenesis.

In addition, chitosan-alginate hybrid scaffolds have other advantageous attributes
as a tissue engineering material compared to chitosan, including high mechanical
strength, minimal swelling in water, the ability to incorporate proteins in solutions

of neutral pH, and excellent in vivo tissue compatibility.*®

6.5 Conclusions

The ability of chitosan-alginate to promote proliferation of chondrocyte cells
and production of collagen Type Il as shown in this study raises the possibility of
using chitosan-alginate as an improvement over the chitosan alone for cartilage
repair and regeneration. As a scaffolding material, chitosan-alginate exhibits

combined superior biological and mechanical properties over its chitosan
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counterpart, and shows great potential to accelerate tissue growth and retain the

phenotype of chondrocytes. Although the chitosan-alginate developed in this

study targets tissue engineering for cartilage, its use can surely be expanded to

other tissue engineering applications in view of its superior mechanical,

microstructural and biological properties.
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Chapter Seven

Hybrid chitosan-alginate scaffolds for bone tissue engineering

7.1 Introduction

A biodegradable scaffold in bone tissue engineering serves as a temporary
skeleton inserted into the sites of defective or lost bone to support and stimulate
bone tissue regeneration while it gradually degrades and is replaced by new
bone tissue.>’Both bioactive ceramics and polymers have been developed and
analyzed for use as tissue engineering scaffolds. Bioactive ceramics have a
chemical composition resembling that of natural bone, allow osteogenesis to
occur, and can provide a bony contact or bonds with host bone. 8 9n spite of their
favorable biological properties, bioceramics are inherently brittle and have low
biodegradation rates, which severely limit their clinical usage. Biopolymers, on
the other hand, have some distinct advantages over ceramic materials. Their
biodegradation rates and mechanical properties can be tailored to a certain
extent for specific applications. They are particularly amenable to implantation
and can be easily manufactured into desired shapes.'®'! The major concern
associated with most natural polymer scaffolds is low mechanical strength and

shape retention failure.

The development of biodegradable porous scaffolds made from naturally
derived chitosan and alginate continues to progress. The new chitosan-alginate
scaffold has significantly increased mechanical strength as compared with its

chitosan counterpart and is structurally stable due to the strong ionic bonding
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between the amine groups of chitosan and the carboxy! groups of alginate. It can
promote both osteoblast and chondrocytes cell proliferation and helps the
osteoblast to mineralize both in vitro and in vivo, while maintaining the function of
osteoblast. A powerful advantage is that it can be prepared from solutions of
physiological pH, providing safe conditions for incorporation of proteins. Just as

importantly, it can also promote rapid vascularization and deposition of collagens.
7.2 Materials and Methods

7.21 Cell culture and imaging

Scaffolds were sectioned into circular discs of 13 mm diameter and 3 mm
thickness. The scaffold discs were sterilized with ethylene oxide gas and placed
in a 12-well cell culture plate. Approximately 5 x 10° osteoblast-like MG63 cells
(American Type Culture Collection, ATCC) in 1 ml Dulbecco's Modified Eagle
Medium (D-MEM)(Invitrogen life technologies) were seeded on the scaffold
discs. The medium contained 10% fetal bovine serum (FBS), 50 IU. mI”" penicillin
and 50 pg.ml‘1 streptomycin. The samples were then placed in an incubator for
30 minutes and transferred to another cell culture plate. The medium was
changed after 24 hours for the first time and every three days thereafter.

The morphology of the cells cultured on scaffolds was examined by scanning
electron microscopy (SEM, JEOL, JSM-840A and 7000). For SEM observation,
scaffolds were fixed with "Karnovsky's Fixative" overnight at room temperature

and dehydrated in 50%, 756%, 95%, and 100% ethanol respectively for two hours.
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The samples were then dried by critical point drying, coated with Au/Pd, and

examined with SEM.

7.22 Histology

Scaffolds seeded with osteoblasts were washed twice with PBS and fixed
with 4% paraformaldehyde for histological assay. The scaffolds were embedded
in paraffin and cut into 5 um thick sections using a microtome. The sections were
stained with Masson'’s trichrome, mounted on glass slides, and examined with a

Nikon 200 microscope.

7.23 Von Kossa stain

Samples were first stained in 5% AgNOj; solution under light for 60 minutes,
and developed in 1% Kodak film developer D-76 for two minutes, followed by
fixation in 5% hypo solution (sodium thiosulfate) for 5 minutes and

counterstaining with Nuclear Fast Red for 5 minutes.

7.24 Cell proliferation and viability

Cell proliferation was assessed using the colorimetric indicator Alamar Blue
(Alamar BioSciences, Sacramento, CA). Alamar Blue changes color upon

reduction by the membrane potential across a cell. Scaffolds cultured with an

Alamar Blue indicator and cell medium were subject to absorbance
measurement. A calibration curve was generated to quantify the number of cells
present using this technique. Because Alamar Blue does not alter the viability of

cells, it permits continuous monitoring of cells in culture. 1 ml 10% (V/V) Alamar
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Blue indicator in cell culture media was introduced to 12-well tissue culture plates
containing scaffolds and cells. The plates were incubated for several hours at 37
°C until the medium color visibly changed to pink. Three 300 pl of the Alamar
Blue media was placed into a 96-well cell culture plate. Absorbance of the
solution was measured with a Diode Array Spectrophotometer at wavelengths of

570 nm and 600 nm.

7.25 In vivo study

Skeletally mature, female adult Sprague-Dawley rats (approximately 2
months old, weighing 200 g each) were anesthetized with phenol barbiturate. A
scaffold measuring 4 mm x 4 mm x 4 mm loaded with bone marrow was
implanted into the lateral side of the thigh. All rats were monitored for signs of
infection. All surgical incisions healed without evidence of infection or other
complications. Rats were euthanized with overdose of anesthetic to harvest the
implanted scaffold in groups of three at 1, 2, 4, 8, and 12 weeks after surgery.
The histological assessment was the same as in vitro with the exception that the
harvested samples were immersed in 10% formaldehyde.

7.3 Results
7.31 Osteoblast integration and function

Cell attachment to a material, proliferation, and differentiation over time are
indications of cellular compatibility and determine the suitability of the material for
tissue engineering applications. To study cell adhesion, proliferation and

osteoconductivity, chitosan and chitosan-alginate scaffolds of discs 13 mm in
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diameter and 3 mm in thickness were seeded with MG63 osteoblast cells and
cultured in standard culture medium without osteogenic reagents. Osteoblast-like
MG63 cell lines isolated from a human osteosarcoma were selected because
they express a number of characteristic features of osteoblasts."

Osteoblast proliferation on both chitosan and chitosan-alginate scaffolds was
assessed using the Alamar Blue assay. The numbers of cells on pure chitosan
and chitosan-alginate scaffolds were measured to be 3.54 + 0.012 x 10° and 3.91

+ 0.017 x 10° respectively at day 3 and 4.53 £ 0.011 x 10° and 5.02 + 0.039 x

10° respectively at day 7(Figure 7-1).

5.5x10°

—a&— Chitosan-alginate
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Figure 7- 1. Cell proliferation on chitosan-alginate and chitosan scaffolds.

Figure 2 shows SEM micrographs of osteoblasts on the chitosan scaffold after

three (Figure 7-2A) and seven (Figure 7-4B) days of culture. At day three,
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osteoblast cells on the chitosan scaffold showed an elongated shape and were
anchored to the surface by discrete filopodia. The SEM micrographs in Figures
2C and 2D detail the morphology of individual osteoblast cells on the chitosan-
alginate scaffold after 3 and 7 days of cell culture, respectively. Osteoblast cell
clusters on chitosan-alginate scaffolds after 3 and 7 days of culture are shown in
Figure 7-2E and Figure 7-4F, respectively. More cells were seen on the chitosan-
alginate scaffold than on the chitosan scaffold throughout the period of study. A
number of microvilli appeared on the dorsal surfaces of cells. The majority of
cells on the both scaffolds gathered together and formed clusters, while the
others randomly attached on the material surface. The surface of the cells on the
chitosan appeared to be smoother than those on the chitosan-alginate scaffold.
New cells appeared on the outer layers of the cell clusters. Most notably, cell
morphology on the chitosan-alginate scaffold differed distinctly from the chitosan
scaffold in that a layer of small particles covered the cells grown on the chitosan-
alginate scaffold. These particles are bone minerals as identified by energy
dispersive spectroscopy (EDS). Formation of calcium phosphate salts, or mineral
deposition, is a primary function of osteoblast cells.”*The chemical compositions
of cell surfaces and extracellular matrices (ECM) were characterized by EDS

(Figure 7-2). The EDS spectra in Figure 7-2 were taken from the cell surfaces as

well as the scaffold matrices (marked with white square frames) shown on the
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Figure 7- 2. SEM photographs of osteoblasts cultured on chitosan and chitosan-alginate scaffolds

and EDS Osteoblast cells on chitosan after( A) 3 and (B) 7 days of culture; individual osteoblast
cells on chitosan-alginate after (C) 3 and (D) 7 days of cell culture; Clusters of cells on chitosan-

alginate after (E) 3 and (F) 7 days of cell culture. EDS spectra show the chemical compositions of
cell surfaces and extracellular matrices. The spectra were taken from the areas marked with
white square frames on the SEM micrographs.
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Figure 7- 3. Optical images of Von Kossa histological stain assay on chitosan-alginate scaffolds

after (A) 10 days and (B) 28 days of culture in vitro; and (C) 4 weeks and (D) 8 weeks after
implantation in vivo. (Original 20 x optical magnification)

accompanying SEM images. The EDS cell surface spectra of osteoblasts on the
chitosan scaffold showed no sign of phosphate or calcium after 7 days of culture.
In contrast, it showed both calcium and phosphate signals from the cells on the
chitosan-alginate scaffold as well as the extracellular matrix, and their amounts

increased from day 3 to day 7. These results suggest that both the individual
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cells and cell clusters on the chitosan-alginate scaffold contributed to the
production of calcium and phosphate.

Mineral deposition in large areas was confirmed by Von Kossa' assay on
chitosan-alginate scaffolds after culture both in vitro (Figures 7-3A and 7-3B) and
harvested in vivo at 4 and 8 weeks after implantation (Figures 7-3C and 7-3D
respectively). Black, red, and pink correspond to calcified areas, nuclei, and
cytoplasm, respectively. During in vitro studies, calcium appeared scattered
around the cell clusters on the scaffold at day 10, and more calcium was seen on
day 28 and some of it gathered to form chunks. The mineralization increased
with cell culture time, in agreement with the results from the EDS analysis shown
above. During in vivo studies, calcium was seen on the scaffold at week 4. The
presence of calcium phosphate indicates the survival of osteoblasts and
osteocytes within the scaffold matrix. The scaffold harvested at week 8 shows
more calcium phosphate of different sizes. The presence and increase over time
of calcium and phosphate indicates that the chitosan-alginate scaffold promoted
bone cell growth and mineral deposition'®,

7.32 In vivo biocompatibility

Tissue compatibility of chitosan-alginate scaffolds infused with bone marrow
was assessed jn vivo by implanting them into muscles of rats and harvesting
after 1, 2, 4, 8, and 12 weeks of implantation. The scaffolds were stained with
H&E and Masson’s trichrome (Figure. 4). Figures. 4A and 4B show the tissue

response
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Figure 7- 4 Optical micrographs of scaffolds harvested at different times after implantation.
Scaffolds stained with H&E at (A) week 1 and (B) week 2 at showing foreign body reactions. (C)
and (D) scaffolds were stained with H&E at week 12 showing no evidence of fiberotic layers and
good integration of scaffolds with tissue. (E) Scaffolds stained with Masson’s Trichome at week 4
showing the formation of a large number of blood vessels (BV) in red and the initial appearance
of collagen in blue surrounding the blood vessels. (F) scaffolds at week 12 showing that the
blood vessels increased in size and collagen penetrated the entire scaffold (C,D optical
magnification 10X and A, B, E, F optical magnification 20X).

to the scaffold implantation at week 1 and 2, respectively, after implantation. It is

seen that marked neutrophiles migrated from blood into the scaffolds, but
subsided quickly over time from week 1 to week 2, suggesting that the

occurrence of an initial inflammation was caused by the tissue injury upon

|16

scaffold implantation rather than the material™™. The formation of blood sinus
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(marked with letter B) was clearly seen at week 4. The images taken at week 12
(Figures 7-4C and 7-4D) show no visible evidence of fibrosis between the
muscles (M) and scaffold (S), which is not the case observed for most synthetic
polymers where fibrotic layers are usually formed due to the adverse foreign
body reaction caused by acidic degradation products '".

Masson'’s trichrome was used to stain the harvested scaffolds to visualize the
formation of collagen and vascularization. Collagen (marked with letter C) in blue
appeared 4 weeks after implantation (Figure7-4E) and increased quickly over
time; at week 12 (Figure7-4F), collagen was deposited throughout the entire
scaffold indicating that the cells had fully penetrated the scaffold. A vascularized
environment is necessary for the construction of a large volume of tissue. At
week 4, a large number of small blood vessels were seen in the scaffold, and the
size of the blood vessels increased over time from week 4 to week 12 (Figure7-
4F). The highly angiogenic response of the host to the implanted construct
ensured sufficient nutrients in the scaffold and allowed all types of cells to survive
and proliferate after extended periods. At week 12, the scaffolds had been
completely degraded and new tissue was well integrated with adjacent muscles

cells.

7.4 Discussion
Studies have shown that natural polymers have better biological properties

than synthetic polymers'® '8, Among natural polymers that have been researched

up to date, chitosan has been identified to be one of the most promising
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candidates as a tissue engineering scaffolding material due to its excellent
biological properties'® '® '°. The major concern with chitosan (and other natural
polymers) for clinical use is its weak mechanical strength. Although we expected
that the chitosan-alginate scaffold would have biological property equivalent to
chitosan, our experiments showed that the chitosan-alginate scaffold is
surprisingly superior to its chitosan counterpart in terms of tissue compatibility,
formation of mineral matrices and vascularization. Previous studies found that
chitosan elicited a neutrophil response 2 to 4 weeks after implantation®2%?",
Wooley et. al. have conducted a thorough in vivo study on chitosan implants."®
They found that chitosan had a low level of cellular migration; fully cellular
infiltration never occurred during the period of the study. Collagen was never
deposited in the entire chitosan implant, and the vascularization was not noted
until 8 to 12 weeks after implantation. In contrast, vascularization in the hybrid
chitosan-alginate scaffolds occurred as early as 2 weeks after implantation and
at week 4 a large number of well developed blood vessels were distributed
throughout the scaffold. Collagen appeared at week 4 and was deposited
throughout the entire scaffold at week 12. Calcium deposition occurred by week
4, increased with implantation time, and formed small patches by week 8. The
scaffold was integrated with adjacent muscle cells well by week 12. These
encouraging results support the potential applications of the chitosan-alginate

scaffolds as a significantly improvement over other nature polymer-based
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scaffolds and represent a notable advance in developing scaffolding materials for
tissue engineering.

As far as degradation products are concerned, chitosan-alginate scaffolds
are thought to be suitable for tissue engineering applications because both
chitosan and alginate degradation products have been proven to be
biocompatible and safe for in vivo applications by clinical practice where they
served as scaffolds, drug carriers and cell encapsulaton. In addition to serving as
tissue engineering scaffolds, the material can also be used in a broad range of
biomedical applications, including serving as protein or peptide carriers for
controlled and sustained release. In this bone tissue engineering study, we
demonstrated that the hybrid chitosan-alginate scaffold can promote bone cell
proliferation and mineralization both in vitro and in vivo; that it promotes rapid
vascularization, and that it promotes deposition of connective tissue and calcified

matrix within the entire scaffold architecture.
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Chapter Eight
Improving Cell Seeding Capacity of Porous Scaffolds by On-site

Gelation of Calcium Alginate

8.1 Introduction

Engineered cartilage tissue systems incorporating synthetic or natural
biodegradable polymer scaffolds, growth factors, and seeded-chondrocytes
comprise an ever improving class of materials for diseased and missing cartilage
replacement that complements reconstructive and orthopedic surgery™? Within
this field, a common remedial approach is to harvest cells from a small tissue
biopsy, expand them in vitro, and seed the population into scaffolds, producing
an enhanced semi-artificial structure via the deposition of extracellular matrix
(ECM) by integrated cells. In this process, seeded cells have been closely
associated with enhancement of tissue formation in 3-dimensional constructs®,
including those for cartilage®, bone®, and cardiac tissue repair and regeneration.®

In producing high quality cell-assisted implantable materials, Almarza et a/ 7
has reported that cell seeding density significantly effects cartilage and bone
formation. Specifically, it was concluded that the morphology, collagen and

glycosaminoglycan content, and permeability of the engineered-cartilage were
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closely related to cell seeding density. Production of uniform, dense cell layers is
limited, though, by the complexity of the scaffold assembly, insufficient migratory
abilities of cells into the structure, and cell movement to the periphery and out of
the implantable materials.®®° Consequently, prolonged in vitro cell culture has
been required to meet effective cell density and distribution profiles prior to
implantation.®3°  Unfortunately, this can induce de-differentiation of seeded
cells, and can limit the utility of the procedure for patients requiring tissue therapy
under expedited terms.

To circumvent elongated cell culture requirements, a number of methods for
enhanced cell seeding in the scaffolds have been investigated.5® A cell seeding
device, utilizing the synergistic effects of the vacuum, centrifugal force and fluid
flow, has been used with porous tubular scaffolds in work produced by Soletti et
al'"’ Magnetic nanoparticles have been used to guide fibroblast cells evenly
through commercially available scaffolds. Here, magnetite nanoparticles were
directed with a magnetic field to induce “mag-seeding”, subsequently increasing
cell density and seeding efficiency.® Additionally, Zhao'? and McFetridge'
reported the use of a bioreactor for enhanced cell seeding. While all of these
systems have been demonstrated as effective facilitators of even cell dispersion,
most of them require large equipment, semi-invasive additives, or disruptive
processes that can effect cellular characteristics and materials activity in vivo. To

this end, a simplified lab bench-top method of cell seeding was
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pursued to temporarily engage a well-distributed cell mixture with the scaffold
body using a porous gel, prior to its structural decay.

Alginate is a family of polyanionic copolymers derived from brown sea
algae with 1,4-linked a-D-mannuronic (M) and b-L-guluronic (G) residues in
varying proportions. The copolymer is soluble in équeous solutions and forms
stable gels at room temperature in the presence of certain divalent cations (i.e.
Ba**, Ca%). As these gels can be prompted to form on-site, they can secure cells
inside scaffold pores, limiting their migration outwards, thereby promoting high
cell seeding densities. Additionally, the gel has been shown to promote
chondrocytes proliferation while conserving cellular functionality and
phenotype.' It is important to note that these porous gels are able to facilitate
nutrient and waste passage through the scaffolds upon implantation, but are
prone to degradation in vivo, freeing encapsulated cells after they have been
allowed to locally secure themselves to the scaffold.

A chitosan-alginate hybrid scaffold was used in combination with this gel
assisted seeding technique. The chitosan-alginate hybrid scaffold is that which
we have previously reported on regarding its efficacy for bone and cartilage
tissue engineering.''® These scaffolds possess over 90% porosity and

interconnected pores with very good mechanical strength, favorable for cell

seeding and growth. While these scaffolds foster cell attachment and

development, their pore sizes permit cellular escape and uneven cell distribution,



136
which provides an excellent structure for on-site gel formation and could be

evaluated as a cell-seeding stabilizer.
8.2 Materials and Methods

8.21 Preparation of chitosan—alginate scaffolds

Chitosan—alginate scaffolds were prepared following a method reported
previously with some modifications.®'? Chitosan pellets (7.2gram) and sodium
alginate powder (7.2 gram) were added to 300ml deionized water and blended to
a produce a homogenous solution. To expedite homogeneity, the temperature of
the solution was increased to 80°C and 3 ml of glacial acetic acid was added to
dissolve the chitosan. Upon complete dissolution, a small electric blender (Oster
Inc., Rye, NY) was used to blend the mixture to produce a uniform sol. The pH
was adjusted to 7-7.4 using sodium hydroxide. The solution was then poured
into 24-well cell culture plates, frozen at -20°C for 24 h, and lyophilized. The
scaffolds were trimmed to 10x13mm (thickness x diameter) cylinders and
crosslinked by immersion in a 1% w/v CaCl; solution for 10 min, washed with

deionized water, and lyophilized again.

8.22 Cell seeding accompanied by on-site gelation

The scaffolds were sterilized with ethylene oxide (EO) gas and pretreated in
a 12-well cell culture plate containing Dulbecco’'s Modified Eagle Medium
(DMEM) for several days before cell seeding. Chondrocytes (HTB-94; American

Type Culture Collection, Manassas, VA) were used as received, and cultured
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with regular culture medium (DMEM with 10% fetal bovine serum and 1%
penicillin/streptomycin antibiotics). Scaffolds were divided into two groups (n=12
for each group): (1) cells seeded on chitosan-alginate scaffold with a
conventional, freely-diffusive seeding technique (NGA group) (2) cells seeded on
scaffolds with the on-site gel assisted technique (GA group).

For the NGA group, cells were pelletized and resuspended with cell culture
medium to obtain a final density of ~1x 107 cells/ml. Each scaffold was directly
seeded with 1ml cell solution. After seeding, the scaffolds were incubated for 30
minutes, allowing for cell attachment, before more media was added. The
scaffolds were moved to new culture plates and maintained in a humid, 5% CO-
incubator.

For the GA group, chondrocytes were pelletized and resuspended in 1%
sodium alginate solution (pH=7.4, ~1x 107 cells/ml). The scaffolds were seeded
with 1 mL of the sodium alginate/chondrocyte solution, followed by drop-wise
addition of 0.2 mmol calcium chloride (3 ml), serving to initiate alginate gelation,
subsequently entrapping the chondrocytes in the scaffolds. The scaffolds were
then placed in DMEM media and incubated before further evaluation. After
seeding, the residual cell solutions of both groups were collected and analyzed to

indicate the number of cells that were not seeded on to the scaffolds. The initial

efficiency of cell seeding was then calculated as the following:

Efﬁciency (%) =1- cells in residual solution _ 100

cells in seeding solution
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8.23 Morphological evaluation and DNA quantification

The morphology of scaffold-bound cells was observed by scanning electron
microscopy (SEM; JEOL JSM-7000). In preparation for SEM evaluation,
scaffolds were collected after thee days of culture and fixed with Karnovsky’s
fixative overnight at room temperature. Samples were dehydrated in 50, 75, 95 or
100% ethanol for 2 hours. Scaffolds were then dried using a critical point drying
apparatus and then coated with Au/Pd.

DNA content was used to quantify cell distribution through the scaffold
assemblies. Scaffolds were collected after chondrocyte culturing periods of 1
hour, 1 day, 3 days, and 7 days, and immersed in 4% paraformaldehyde fixative
for 24 hours. Each sample was then sectioned into five layers (Figure 8-6B). To
isolate the cells from the scaffold structures, two drops of sodium citrate was
added to each layer, dissolving the scaffolds, followed by addition of 1 ml of
DNAzol to extract the DNA. The solution was centrifuged at 5,000 G for 5
minutes and the supernatant was removed. DNA was then precipitated out of
solution with the addition of 0.5 ml of 100% ethanol added to the supernatant (1
ml). Samples were mixed well and stored at room temperature for 1-3 minutes to
allow the DNA to fully precipitate. DNA was then collected by centrifugation at
10,000 G for 10 minutes at 4°C and washed with 0.8 - 1.0 ml of 75% ethanol.
The precipitate was then dissolved in 8 mM NaOH and UV absorbance was
measured at 260 and 280nm. The DNA content was calculated such that one

A260 unit equaled 50 pg of double-stranded DNA/mI. To calculate the cell
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number, a standard curve based on DNA extracted from cell pellets with varying
cell numbers (5X105, 1X10°, 1.5X10% 2X10°, 3X10° 4X10°) was produced. The
cell number of the different scaffold layers was then calculated by the extracted

DNA content measurements.

8.24 RT-PCR for collagen type | and type Il gene activity

RNA was extracted using the Qiagen mini RNeasy kit from scaffolds
incubated with chondrocytes for 2 or 3 weeks. The RNA concentration was
measured by UV spectrometry at A260 and reverse transcription (RT) was
performed with One Step RT kit from Qiagen Inc. The exon specific primer pairs,
5"GACTTTTCTCCCCTCTCTTTCTAAG3” (for  upstream  primer) and
5"AGAGGTGTTTGACACAGAATAGCAC3" (for downstream primer) were
synthesized by Integrated DNA Technology. These primers work at the C-
terminal propeptide domain of human collagen type 1l gene, proa1(ll) (with tm of
60°C and products size of 250bp). We also designed the human collagen type |
primers, 5"GGCAGCCAGTTTGAATATAATGTAG3" as upstream primers, and
5"AGTAGATGTGCAGAAGAAATGGAAG3" as downstream primers, with tm of
60°C and products of 515bp in size. As an internal standard, the upstream primer
S"TTCTAGGCGGACTATGACTTAGTTG3 and the downstream primer
S"GACTTCCTGTAACAATGCATCTCATSI” of R-actin (CTAB) cDNA with product
weight 288bp were synthesized. Total RNA (2ug) was used for first strand cDNA
synthesis. The cDNA was amplified for 35 cycles at 94°C (1 min), 60°C (1 min),

and 72°C (2 min). Analysis of all the PCR products was performed by agarose
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gel (1.00%) electrophoresis with ethidium bromide staining.

8.3 Results and Discussion

It has been asserted that high quality cell seeding requires high spatial
uniformity of attached cells, high scaffold cellularity to enhance the tissue
development rate, and sufficient nutrient and oxygen supplies to maintain cell
viability upon sequestration in the scaffold. In this work, it was demonstrated that
a large number of cells could be seeded into a porous scaffold, using a transient,
porous calcium-alginate gel. The viscous nature of the gel inhibits mobility of the
cell population, limiting outward migration of the porous matrix, as illustrated in

Figure 8-1.

Porous Scaffold

Seeded
Cells

Escaping ; .,,

Cells . :
Scaffold Cell Seeding Cell Escape from Scaffold

Figure 8 1 lllustration of cell seeding. After chondrocyte seeding of the chitosan-alginate
scaffold, cells can escape the porous matrix unless their mobility is limited. The addition of a
calcium-alginate gel can localize cells in the scaffold, and assist their attachment to the
neighboring scaffold wall.
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SEM micrographs revealed the differences in cell attachment behaviors
between the gel assisted (GA) and conventional non-gel assisted (NGA) seeding
methods throughout chitosan-alginate scaffolds (Figure 8-2). Higher cell density
of the GA scaffolds was observed versus the intermittent cell attachment of the
NGA scaffolds. Also, higher magnification SEM images show a thin gel coat
covering the cells inhabiting the GA scaffolds. This was also believed to be the
production of ECM in the local environment because of high activity levels of
seeded cells by the alginate gel-chondrocytes combo reported high level of ECM
production '®'®. Images indicating live versus dead cells in Figure 3 reveal that in
large, both the GA scaffolds and NGA scaffolds retained viable cells and very
few cells were dead. However, the GA scaffolds demonstrate a more uniform cell
distribution, covering larger expanses of the scaffold surface.

To illustrate the ability of the GA scaffold system in promoting increased cell
density and minimizing cellular escape from the scaffold, the number of encased
cells was determined using a DNA quantification assay (Figure 8-4). By this
analysis, it was observed that through the restrictive properties of the aliginate
gel, the GA scaffolds conserved ~95% of all seeded cells in the scaffold matrix
from day 0 to day 1. The NGA scaffolds, though, demonstrated about 15%

decrease in the cell population after day 1, indicating that the seeded cells were



142
escaping

Scaffolds Prepared with | Scaffolds Prepared with
Gel Assisted Seeding i Non-Gel Assisted Seedin

[

Top-Down View

Side View
"""f’"""'"""f"*“.""",'""'4""“_',“""“"

Figure 8-2 SEM micrographs of the top and side views of the chondrocyte-seeded scaffolds with
and without calcium-alginate gel assistance.

and migrating outwards from the scaffold or otherwise leaking into the cell
culture media. Accordingly, the total number of dividing cells in the NGA scaffolds
was not as high as that of the GA scaffolds at 7 days post seeding due to a lower
initial cell seeding number. At the end of the 7-day incubation period, the total cell
population inhabiting the GA scaffold increased 80% versus an observed 33%

increase for the NGA scaffold. In doing so, the GA method demonstrated a (1)
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higher initial cell number, (2) faster growth rate, and (3) higher cell density and

total cell number.

Figure 8-3 Live/dead fluorescence images of chitosan-alginate scaffolds after 7 days of cell
culture. Cells on scaffolds were seeded by (A) gel assisted seeding and (B) conventional non-gel
assisted seeding.

Cell distribution was evaluated after 7 days of incubation by DNA
quantification of sequential scaffold layers, as illustrated in Figure 8-5. The larger
cell population of the GA versus NGA scaffolds is corroborated by this data. The
total cell number in GA scaffolds increased by 90% while the NGA scaffolds
exhibited only 37% growth after 7 days of cell incubation. GA cell quantities for
days 0 and 7 showed an even distribution of cells throughout the scaffold while
there appeared to be an increase in cell number at the top and bottom layers on
day 7. This indicates that the static cell culture environment may hinder nutrient

and waste diffusion, and consequently cell growth as well. Conversely, the NGA
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scaffolds did not exhibit an even cell distribution, with significantly higher cell
numbers (24%) at the bottom of the scaffold versus upper layers at later time
points (16%). This was believed to be due to the gravitational force on the cells,
pulling the unsecured bodies through the large scaffold pores. At the same time,
an increase in cell number through all scaffold slices was observed with time,
indicating that chitosan-alginate hybrid scaffolds foster chondrocytic growth, in

addition to exhibiting a preferable mechanical properties profile.

As the cells added to the scaffold by the NGA seeding method enter the
scaffold by gravitational force, pore sizes of the scaffold influence cell seeding
efficiency.® Specifically, scaffolds with pore sizes below 100um inhibit the
permeation of cells inward, limiting uniform seeding, while scaffolds with pores
greater than 500um allow cells to enter with ease, but suffer from large-scale
cellular escape during in vitro culture. In this work, scaffold pore sizes were
maintained between 100 and 300um allowing uniform cellular infusion, but
suffered from active cell movement, necessitating gel stabilization to sustain

overall uniformity.
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Figure 8 4 Porous chitosan-alginate scaffolds were infused with a gel-chondrocyte combination to
limit cell mobility upon entry. The scaffold was then sectioned (top), dissolved, and DNA
quantification was used to identify the number of cells in each sequential slice. This data was
collected over seven days, demonstrating increased cell sequestration and overall density for
scaffolds using the gel assisted seeding (bottom). Bottom inset shows uncompromised scaffold
(left) and scaffold section (right).
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Figure 8-5 Total cell quantity inside the gel assisted (black squares) and non-gel assisted (red
circles) chitosan-alginate scaffolds

To verify that the seeded cells were still expressive of chondrocytic cell
function upon initiation into the scaffold/gel system, relative expression of
collagen type | and Il were examined by RT-PCR. Figure 8-6 illustrates this
expression as well as that of the house-keeping gene, R-actin (CTAB). Semi-
quantitative analysis of the band areas and intensities were performed, and the
ratio of collagen type | and Il genes relative to CTAB expression was calculated.
As shown in Figure 8-5, the collagen type | gene of the NGA scaffold-bound cells
almost doubled between weeks two to three, while the collagen type I
expression decreased during that time. The cells in the GA scaffolds, though,

demonstrated only a slight increase in collage type | gene activity, accompanied
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by an increase in collagen type Il expression. This shift in gene activity could be
associated with the phenotypic change of the cells as they moved to the
scaffolds’ outer surfaces, different than that of the round, chondrocytic
morphology maintained through gel assisted attachment to the pore walls.

It has been observed that the calcium alginate gel is a porous matrix, with
individual pores on the order of 5-200nm in diameter.'®?® These pores allow for
the diffusion of small molecules such as glucose and oxygen, while diffusion of
the larger proteins from the gels have been shown to be dependent on their
molecular weight.?' The pores allow for nutrient-waste exchange during initial
seeding of the cells, unlike other gels that limit small molecule diffusion. In
addition, cells are caused to move at a slower pace through the viscous gel,
allowing them to localize and bind to the scaffold wall prior to exposure of an
escape path. In a sodium-rich environment, the calcium ions of the gel are
supplanted and the alginate structure breaks down with time.?*** As such, the
gel provides a temporary matrix supporting the encapsulated cells while they find
neighboring scaffold surfaces with which to adhere, while simultaneously
providing a semi-diffusive environment for nutrient and waste exchange. With
time, the calcium-alginate gel breaks down or exits the scaffold, opening diffusive
channels in which bound chondrocytes may expand and form ECM within the

confines of the scaffold.
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Figure 8-6 Agarose gel of cDNA of Callagen types | and Il and the house keeping gene, B-actin
(ACTB) expressed by chondrocytes encapsulated in a chitosan-alginate scaffold (top). Semi-
quantitative analysis of the gene expression (bottom), showed that cells from scaffolds without
gel-assisted seeding increased their collagen | expression indicating the possibility of de-
differentiation. Cells immobilized by the calcium-agarose gel during seeding, showed no such
increase and maintained collagen |l expression after three weeks.
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While artificial scaffolds ‘bearing regions of highly-dense cellular clusters more
closely mimic in vivo conditions for enhanced compatibility, they also induce the
formation of larger quantities of ECM and assist chondrocytes in maintaining their
functional status and morphology. Long in vitro incubation periods of
chondrocytes with prepared scaffolds has led to the possibility of cellular de-
differentitaion, contamination in vitro leading to infections in vivo.** These
incubation times can be reduced with better, more efficient seeding practices.
Calcium-alginate gels have been shown to stabilize seeded cells, promote
proliferation of dense chordocyte clusters, and ultimately produce more robust
ECM regions within implanted scaffolds, further enhancing the scaffold-body

interface.

8.4 Conclusions

On-site calcium alginate gel formation has been shown to support uniform
cell seeding on engineered tissue scaffolds, while also increasing overall cell
density. Chondrocytes maintained in the gel demonstrated normal biological
activity, as indicated by collagen type | and type |l gene expression as well as
SEM analysis. It has been noted that this form of transient stabilization can be

applied to other scaffold systems, especially to those of other polymeric and

ceramic porous scaffolds in combination with alternative cell lines to produce a

new class of pre-seeded tissue systems.
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