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Abstract

To investigate the osteogenic response of sinusoidal loading frequencies in vitro, a
mechanical load with deformation in the physiological range was applied to a bone-like
construct and the change in the degree of calcification was monitored for 42 consecutive
days. Tissue-engineered bone was made by seeding pre-osteoblastic cells (MC3T3-E1)
into a type | collagen sponge scaffold in osteogenic medium. Sinusoidal mechanical
loads with a peak of 0.3% deformation with vibration (Gaussian quasi-white noise with
a standard deviation of 0.03% deformation) was applied to the constructs at 0.5, 1.0,
1.5, 2.0 and 2.5 Hz for 3 minutes per day for 42 consecutive days using a piezoelectric
mechanical stimulator. A non-destructive optical monitoring device using near-infrared
light was used for the detection of the calcification response of the tissue-engineered
bone once a day. The degree of calcification was evaluated as calcium content
(mg/cm?®) based on the initial calcium calibration curve.

Mechanical loading promoted higher calcification of the osteoblasts cultured in the
scaffolds when compared with the calcification of the scaffolds without loading. The
degree of calcification started to increase in the stimulated constructs after day 8. On
day 42, the calcium content of the control constructs was 1.19-fold higher than its initial
measurement (day 0). The calcium content in the stimulated constructs at 0.5, 1.0, 1.5,
2.0 and 2.5 Hz was 1.32, 1.52, 1.90, 2.00 and 1.32-fold, respectively, higher than that of
the control construct on day 42. From the results, it was concluded that the sinusoidal
loading frequency could function as a potent enhancer of osteogenesis in vitro,
suggesting the usefulness of mechanical loading in bone tissue engineering.

Keywords : Bone / Calcification / Infrared / Mechanical Stimuli / Piezoelectric / Tissue
Engineering
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CHAPTER 1 INTRODUCTION

Bones are rigid parts and they are major components of the endoskeleton in a human body.
Bones have many functions that are vital to human life. Nowadays, many people face
various problems pertaining to bones, rather by accident, osteoporosis or surgical operation.
The trend of this problem is rapidly increasing. But the materials used currently for healing
can cause many problems after surgical treatment. Bone tissue engineering is used for
creating tissue-engineered bone.  This kind of material not only has perfect
biocompatibility and good mechanical properties, but the material is also suitable for bone
replacement. However, the calcification in a bone cell culture takes too long a period of
time and the quantity of reinforcement is still low. This research focuses on mechanical
stimulation for the promotion of calcification in the cultured period of tissue-engineered
bone.

1.1 Bones

Bones are physiologically dynamic tissues whose primary functions are to transmit the
force of muscular contraction from one part of the body to another during movement,
provide for physical protection of soft tissues and organs, and also functions as a storage
feature for systemic mineral homeostasis in the body [1].

1.1.1Bone Morphology

The long bones (e.g., femur and tibia) are used as a classical model for the macroscopic
structure of bone (Figure 1.1). The typical adult long bone comprises of a central
cylindrical shaft (diaphysis), and two wider rounded ends (epiphysis). Conical regions
(metaphysis) link the diaphysis with each epiphysis. Most bone ends are wider than their
central part because the bone ends have joints which are covered by articular cartilage for
loading transmission to other parts [2].

EPIPHYSIS
Growth plate
} METAPHYSIS

Cortical bone

gy

Cancellous
bane

> Endosteun

DIAPHYSIS

Fused growth plate

Figure 1.1 Schematic diagram of a human tibia [3].



The diaphysis is mostly made of cortical or compact bone, the epiphysis and metaphysis
main contain cancellous, trabecular or spongy bone with a thin shell of the cortical bone
(Figure 1.2). The cortical bone is a solid mass and dense with many microscopic channels.
Approximately 80% of the bone mass in an adult human is cortical bone. The remaining
20% of the skeletal mass is cancellous bone which is found in the inner parts of bones
(Figure 1.3). Moreover, cortical and cancellous bones differ in their architecture,
development, function, proximity to the bone marrow, blood supply and turnover time, as
shown in Table 1.1 [4, 5].

Cancellous
bone (plate)

Figure 1.3 Thick ground section of a proximal tibia [3].



Table 1.1 Differential properties between cortical and cancellous bone [5]

Cortical Cancellous
- Bone mass 80 % 20 %
- Bone surface 33 % 67 %
- Surface/volume ratio 20 2.5
(mm?%/mm?3)
- Soft tissue 10 % 75 %
- Porosity Low High
- Marrow Fatty Hematopoietic
- Developmental Intramembranous Endochondral
ossification ossification
- Turnover Slow Fast
- Function Mainly biomechanical Mainly mineral homeostasis

1.1.2 Basic Bone Composition

Bone tissue is made up of water, organic and inorganic compounds. Regarding weight
basis, bone is approximately 60% inorganic compound, 30% organic compound and 10%
water. As for its volume basis, these ratios are about 40%, 35%, and 25%, respectively [6].
The organic phase of bone consists principally of type I collagen (90% by weight), some
other collagen types (Ill and VI), and a variety of non-collagenous proteins such as
osteocalcin, osteonectin (ON) and bone sialoprotein (BSP) [7]. The inorganic phase of
bone is a ceramic mineral crystal which is an impure form of calcium phosphate, mostly
referred to as hydroxyapatite (Caio(PO4)s(OH),) [8].

1.2 Statement of Bone Problems

Nowadays, there are a large number of patients who have been victimized by bone disease,
as well as accidents, osteoporosis, and so on. One of the most common bone diseases is
osteoporosis (Figure 1.4). The current definition of osteoporosis created at the Consensus
Development Conference in 1991 [9], was given credibility by a World Health
Organization (WHO) study group in 1994 [10]. It defines osteoporosis as “a disease
characterized by low bone mass and micro-architectural deterioration of bone tissue leading
to enhanced bone fragility and a consequent increase in fracture risk.” This indisposition is
characterized by reduced bone density, alteration in the micro-architecture of bone tissue,
reduced bone strength and an increased risk of bone fracture. The standard sites of
osteoporotic fractures are the hip, the spine and the wrist. Over 1.3 million fractures occur
annually in the United States of America and approximately 70 % of osteoporosis patients
are over 45 years of age [11].




Normal
\\ bone

Osteoporotic
| bone

Figure 1.4 Bone density comparisons between normal bone and osteoporotic bone [11].

The monetary cost associated with osteoporotic fractures is tremendous. The total cost for
medical and hospital expenses, possibly nursing-home care and lost productivity reached
16.9 billion U.S. dollars in 2005 (Figure 1.5). In the year 2000, there were estimated to be
620,000 new fractures at the hip and 620,000 clinical spine fractures in men and women

aged 50 years or more in Europe.

In many countries, people are living longer and the

proportion of the elderly in the population is increasing, especially those aged 85 years or
over. Global demographic changes are expected to increase the frequency of hip fractures

nearly 4-fold by the year 2050 [12].

Other, 33%

Vertebral, 27%

Pelvic, 7%

Wrist, 19%

Total fractures = 2.056 M

(A)

Other, 14%
Pey,,.
Svig, 59

Vertebral, 6%

Total costs = $16.9B

(B)

Figure 1.5 Information of osteoporosis patients in the United States of America (2005),
(A) numbers of bone fracture distribution by types,
(B) cost distribution by type of bone fractures [12].



1.3 Current Strategies for Bone Repair

Current treatments are found with autologous bone grafts (autograft), autogenous bone
grafts (allograft), metals and ceramics [13, 14]. With autologous bone graft, a bone is taken
from another part of the patient’s own body, it has been the gold standard of bone
replacement for many years because it provides bone cells as well as essential chemical
factors needed for bone healing and regeneration [14]. It is generally taken in the form of
cancellous bone from the patient’s iliac crest, but cortical bone can be used as well [15].
Although, it presents relatively good percentages of success, the spectrum of cases in which
it can be used is restricted, mostly owing to the limited number of the autografts that can be
acquired, and due to donor site unhealthiness [14-16].

Allograft is a bone which is taken from somebody else’s body. Although it can be an
alternative, the rate of graft incorporation is lower than autograft. Allograft bone presents
the possibility of immune system rejection and pathogen transmission from donor to
patient, and infections can happen in the recipient’s body after the transplantation [15, 17].

- ——

Figure 1.6 Human allograft for use in spinal fusion applications [18].

As an option to these two bone grafts, there are metals and ceramics. However, both of
them have several disadvantages. Regarding metals, for example; though supplying
immediate mechanical support at the site of the defect, it presents poor integration with
bone and tissue at the implantation site, and can fail because of infection, wearing, and
difference of modulus of elasticity between implant materials and bone tissue. Moreover,
ceramics have very a high modulus of elasticity and are brittle, and it should not be used in
locations of significant torsion, bending, normal stress or shear stress areas [13].

With these troubles, researchers have looked for alternative materials to current treatment
modalities. Tissue engineering theory represents a field of biological engineering research
where promising progress has been constructed. It is based on the principle of restoring



function, replacing damaged or diseased tissues through the application of engineering and
biological theories. In terms of its suitability to bone tissue, the objective is to create a
bone healing response in the anatomic area, the tissue constructed is integrated structurally
with the surrounding bone tissue and it has the biomechanical properties necessary to be
durable and effective. Furthermore, the bone regeneration and repairing by tissue
engineering occurs during the ordered sequence of cellular events that are affected by
several biological and mechanical factors [18-21].

1.4 Objectives
1. To fabricate a non-destructive optical monitoring device for evaluating calcification
of tissue-engineered bone in vitro.
2. Study the effect of mechanical stimuli (sinusoidal loading) to calcification response
in tissue-engineered bone in vitro to know the best condition of mechanical stimuli
for increasing the rate of new bone fabrication.

1.5 Expected Benefits
1. A non-destructive optical monitoring device for evaluating calcification of tissue-
engineered bone in vitro.
2. Mechanical stimulator using a piezoelectric actuator for producing mechanical force
to tissue-engineered bone.
3. Best condition of mechanical stimuli (sinusoidal loading) for increasing the rate of
new bone fabrication in tissue-engineered bone techniques.



CHAPTER 2 LITERATURE REVIEWS

2.1 Bone Formation Process (Osteogensis) [22-24]

Bone contains a distinctive population of cells, including osteoprogenitor cells, osteoblasts,
osteocytes, and osteoclasts (Figure 2.1).
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Figure 2.1 Histological structure of the typical bone [22].

Osteocytes are mature bone cells. They maintain and monitor the protein and mineral
content of the surrounding bone matrix. The minerals in the matrix are continually
recycled. Osteocytes direct both the release of calcium from bone to blood and the
deposition of calcium salts in the surrounding bone matrix. Osteocytes capture small
chambers, called lacunae which are sandwiched between layers of calcified bone matrix.
These bone matrix layers are known as lamellae. Channels called canaliculi spread out
through the bone matrix from one lacuna to another lacuna, they are close to free surfaces
and near blood vessels. The canaliculi, which are composed of fine cytoplasmic processes
and ground substances, connect to the osteocytes. These junctions join these processes and
provide a route for the diffusion of nutrients and waste products from one osteocyte to
another over gap junctions.

Osteoblasts are cuboidal in shape and found in a single layer on the surfaces of a bone.
These cells secrete organic components to the bone matrix. Osteoblasts are responsible for
the production of new bone, a process called osteogenesis. It is thought that osteoblasts
may respond to a variety of different stimuli, including mechanical and hormonal, to
initiate osteogenesis. If osteoblasts become surrounded by bone matrix, they will
differentiate into osteocytes.

Osteoprogenitor cells differentiate from mesenchymal stem cells (MSCs). These cells are
found in numerous locations, including the innermost layer of the periosteum and in the
endosteum lining the medullary cavities. Moreover, they can divide to produce daughter
cells that differentiate into osteoblasts.



Osteoclasts are large and multinucleate cells, they are found at sites where bone is being
eliminated. These cells are derived from the same stem cells that produce monocytes and
neutrophils. They secrete acid solutions through the exocytosis of lysosomes. The acid
solutions dissolve the bone matrix, releasing amino acids and stored calcium and
phosphate. This erosion process, called osteolysis, is for increasing the calcium and
phosphate concentrations in bodily fluids.

During embryonic development, either mesenchyme or cartilage is replaced by bone. This
process of replacing other tissues with bone is called ossification. The process of
calcification refers to the deposition of calcium salts in the bone tissue. Any tissue can be
calcified, but only ossification results in bone formation.

Intramembranous ossification starts when mesenchymal stem cells (MSCs) which
accumulate and differentiate into osteoblasts within embryonic or fibrous connective tissue.
Intramembranous ossification begins approximately during the eighth week of embryonic
development. The steps in the process of intramembranous ossification are shown in
Figure 2.2 and summarized as follows:

1. Ossification centers form in the thickened regions of mesenchymal stem cells
(MSCs); beginning at the eighth week of development, some cells in the thickened,
condensed mesenchymal stem cells divide, and committed cells that result then
differentiate into osteoprogenitor cells. Some osteoprogenitor cells turn into
osteoblasts and secrete semisolid organic components of the bone matrix called
osteoids. Multiple ossification centers develop with the thickened mesenchymal
stem cells as the number of osteoblasts increases.

2. The osteoid undergoes calcification; osteoid formation is rapidly followed by the
beginning of the process of calcification, calcium salts are deposited on the osteoid
which then crystallizes (solidifies). Both the organic matrix formation and
calcification happens at the same time at several sites with the condensed
mesenchymal stem cells. When calcification traps osteoblasts with lacunae in the
matrix, the trapped cells become osteocytes.

3. Woven bone and its surrounding periosteum formation; the newly formed bone
tissue is immature and not well formed, a type called woven bone, or primary bone.
This woven bone is finally replaced by lamellar bone, or secondary bone.
Mesenchymal stem cells which still surround the woven bone start to thicken and
ultimately organize to form the periosteum. The bone keeps growing, and new
osteoblasts are entrapped in the expanding bone. Moreover, osteoblasts are
continually produced as mesenchymal stem cells grow and develop. Newly formed
blood vessels also spread during this time.

4. Lamellar bone replaces woven bone as cortical bone and spongy bone forms;
lamellar bone replaces the spongy bone of woven bone. On the internal and
external surfaces, spaces between the spongy bones are filled, and then the spongy
bone becomes cortical bone.
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2.2 Bone Tissue Engineering

Tissue engineering is a new field that is swiftly rising in significance in many areas in the
domain of biomedical engineering. It is an interdisciplinary field that incorporates
principles of engineering and life sciences for the development of tissue or organ
replacement. The fields of mechanical and chemical engineering, chemistry, materials
science, medicine, cellular and molecular biology may all be applied to tissue engineering,
demonstrating the multidisciplinary approach that must be taken to solve the problem of
tissue or organ replacement [16, 25].

Tissue engineering is a term originally used to describe construction in the laboratory of a
device containing viable cells and biological mediators in a synthetic or biological matrix
that could be implanted into the patients for tissue regeneration. Recently, the definition
has widened to include any attempt to regenerate tissues in the body, either accomplished in
the laboratory or directly in the patient, by adding suitable biological mediators and
matrices. Tissues are contained cells, soluble molecules and an insoluble extracellular
matrix (ECM) that act as cell functional regulators. Therefore, a requirement for tissue
regeneration is composed of three necessary components as follows [20]:

1. Viable cells: It is necessary to increase the number of cells that construct the tissues
as well as reconstruct the structure to support the cells. In an adult, tissues which
are composed of labile cells (e.g., epithelial tissue) and stable cells (e.g., connective
tissue including bone) can be regenerated.

2. Scaffolds: These materials are to be used for the fabrication of a three-dimensional
matrix which can serve as a scaffold for cell attachment and proliferation.
Moreover, scaffolds can be formed as drug delivery carriers to control a site and a
time specific release in order to produce growth factors. These materials included
synthetic and natural calcium phosphate, synthetic polymers (e.g., polylactic acid
and polyglycolide), and natural polymers (e.g., collagen, fibrin and chitosan).

3. Growth factors: These are required to promote cell proliferation and differentiation
including polypeptides and steroid hormones.
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Figure 2.3 Schematic of tissue-engineered bone regeneration by in vitro method.
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Osteoblasts are the bone cells that function to form the bone. Mature osteoblasts are
generously polarized with a golgi body (typical of highly secretory cells). The main
secretory product of osteoblasts is type | collagen, but osteoblasts make other non-
collagenous proteins containing osteopontin (ON), osteocalcin, and bone sialoprotein
(BSP). Osteoblasts organize the bone by facilitating mineralization, but the mechanism by
which this happens is not well understood. One possibility is that the vesicles that bud off
of the bone cells create a micro environment where Calcium (Ca®*) and Phosphate (PO4>)
are concentrated in ratios allowing for optimized micro crystallization. These crystals
arrange on secreted collagen and form a nucleation site that facilitates subsequent
mineralization and hydroxyapatite (HA, Cajo(PO4)s(OH)2) formation. Another possibility
is that it is started by some constituents of the collagen molecules in a behavior that is not
needed for the vesicles. It is also possible that matrix vesicle-dependent and -independent
mineralization happens simultaneously. In any event, osteoblasts are significant in
mineralization because they produce vesicles and also secrete collagen molecules [1, 26].

Osteoblasts arise from mesenchymal stem cells (MSCs) (Figure 2.4) that can develop into
adipocytes, myocytes, and chondrocytes. The differentiation pathway is taken by the
progenitor cell which is regulated by specific transcription factors. For example, Runx2
(Cbfal) transcription factor enables progenitor cell differentiation into osteoblasts, the
MyoD transcription factor enables MSCs differentiation into myocytes, Sox5/6/9
transcription factor enables MSCs differentiation into chondrocytes, and PPARy
transcription factor enables MSCs differentiation into adipocytes. The pluripotent
progenitor cells are obligated to the osteoblastic lineage and proceed during three stages of
developmental differentiation, which are proliferation, matrix maturation and
mineralization. Although these stages and the genes expression during these stages have
been identified in vitro, they are excepted to reflect in vivo maturation of osteoblasts as
shown in Figure 2.5 [27].
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Figure 2.4 The mesengenic process, MSCs have the potential to differentiate into a variety
of mesenchymal tissues, such as bone, cartilage, muscle, tendon and fat [28].
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Figure 2.5 Temporary expression of genes characteristic of osteoblastic differentiation.
Osteoblastic cells in culture through stages of proliferation, maturation, and
mineralization. Type | collagen (COL I) and histone H4 protein peak while
the proliferative phase and decline thereafter. Alkaline phosphatase (ALP)
peaks during the matrix maturation phase, while osteopontin (OP) and
osteocalcin (OC) peak in late maturation or early mineralization phases [27].

In general, histone H4 protein and type | collagen peak during the proliferation phase and
decline after alkaline phosphatase (ALP) peaks during the bone formation phase and
declines afterward, while osteopontin and osteocalcin (OC) peak during the mineralization
phase (Figure 2.5). It is important to report that this differentiation sequence may actually
be more complicated. The fact that osteoblasts express phenotypically distinctive genes as
they differentiate in vitro has important assumptions for bone tissue engineering. For
example, one can inspect the effect of several materials on osteoblastic differentiation and
recognize biomaterials that support osteoblastic differentiation in the body. As well, one
can recognize biophysical and molecular signals that stimulate bone cell differentiation.
These biomaterials and chemical or physical signals could be utilized in bone tissue
engineering applications [27].

Although osteoblasts are possibly the most widely studied bone cells, the most plentiful
bone cell is the osteocyte. At least 90% of all bone cells are osteocytes [3]. However, they
are comparatively difficult to isolate and culture in vitro, so these cells are the least
examined of the bone cells. Osteocytes arise from osteoblasts which have become trapped
in the mineralized bone matrix. While osteoblasts differentiate into osteocytes, they
develop long dendritic like processes that live in small canuliculi. The processes of
characteristic osteocytes join with the processes of other osteocytes, as well as with
osteoblasts, and communicate via gap junctions, producing a communicative network of
cells in the bone matrix that is perfectly located to merge and increase extracellular signals
[19].

The regulation of osteoblastic proliferation and differentiation has undergone broad
investigation, but little is known concerning the regulation of the transition from osteoblasts
to osteocytes (the terminal step in osteoblastic differentiation). However, current studies
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have shown that MC3T3-E1 cells (preosteoblastic cells) can differentiate into osteoblasts
and osteocytes, there are stellate with interconnected processes, when cultured in a three-
dimensional scaffold. These cells do not fail to occur when the cells are cultured on
polystyrene material (PMMA) or polymethyl-methacrylate material (acrylic) [29].

2.3 Type | Collagen Scaffolds

Scaffolds form an essential part of bone tissue engineering. Scaffolds provide support to
the regenerating tissue and can also be used to transport bioactive molecules to accelerate
the healing process. The desirable properties for scaffolds to be used for bone tissue
engineering are that the materials should be biocompatible, biodegradable, have a
degradation rate that matches the rate of new bone formation, and have suitable mechanical
properties and an appropriate porosity to allow for cell ingrowth and bone tissue formation
[30].

Collagen is a group of fibrous protein, which is the most plentiful protein in the human
body. It is a major component of bone, skin, ligaments, and tendons. Collagen,
particularly type 1 collagen, possesses the unique physical, chemical, mechanical, and
biological properties that are appropriate for tissue regeneration. This protein has been
widely studied in the past two decades as a biomaterial for medical implant material
development. Of particular attention surrounding the various medical uses of collagen is
the repair of injured weight-bearing cartilaginous tissues for instance the menisci of a knee
joint, so an engineered collagen matrix template is often used to support and guide bone
regeneration [20, 25].

CollaCote is a product from the Zimmer dental company (USA). It is a three-dimensional
porous matrix (19 mm in width x 38 mm long) and made from type | bovine collagen.
Matrix morphology was analyzed using a scanning electron microscope (SEM) as shown in
figure 2.6. The pore sizes of the porous matrix, determined from the SEM images, are 89 +
28 um [31].

Figure 2.6 SEM observation of the type I collagen scaffold (CollaCote) [31].



14

2.4 MC3T3-E1 Cells

MC3T3-E1 cells are in the preosteoblastic cell line. They were isolated from newborn
mouse (Mus musculus) calvaria. Morphology of the MC3T3-E1 cell is fibroblast, and the
growth property is adherence to a cultured surface (Figure 2.7). MC3T3-E1 cells (passage
number less than 18) exhibit a high level of osteoblast differentiation after growth in 50
ng/ml L-ascorbic acid, 10 mol/dm® p-glycerophosphate, and 10°® mol/dm?® dexamethasone.
This cell line provides good models for studying in vitro osteoblastic differentiation,
especially extracellular matrix (ECM) signaling. The base culture medium for this cell line
Is Alpha Minimum Essential Medium (a-MEM) with 10 % fetal bovine serum (FBS),
ribonucleosides, deoxyribonucleosides, 2 mmol/dm® of L-glutamine and 1 mmol/dm?
sodium pyruvate, and with no ascorbic acid [32].

Figure 2.7 Morphology of MC3T3-E1 cells on two-dimensional culture
under an optical microscope [33].

2.5 Mechanical Stimulation

Static bone cell in vitro cultures have been ordinarily studied for many decades. These
methods have provided sufficient nutrients and oxygen to the bone cells using incubation in
a temperature controlled and Carbon dioxide environment with a bicarbonate buffer. In
order to make larger tissue-engineered bones (constructs), which have a higher number of
cells and larger sizes of constructs, many restrictions or limitations arise, such as problems
with nutrients and waste products that need to diffuse between the outside and the center of
the construct. If the cells can't get needed nutrients and release waste products between
them and the environment, those cell will die. This regularly allows for the fabrication of a
tissue-engineered bone that has cell viability and proliferation on the edge of the scaffold,
but with a cell seeded scaffold at a center area that is dead. The mechanical stimulation can
develop the conditions and also environment for a cultured engineered construct which can
induce the diffusion limitations of decreased nutrients and waste products. The
biochemical environment in a stimulator can be controlled by allowing the transport of
nutrients to cells and removal of degradation products away from cells. Other factors such
as pH, growth factors and signal molecules available to the construct can also be delivered
[34].
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The differences of mechanical stimulation for bone tissue engineering applications are
enhancement in mass transportation and utilization of physiologically significant loads to
the tissues, which enables tissue constructs to be conditioned in agreement with the
implantation environment and hydroxyapatite production to be accelerated in vitro, thus
reducing production time. This is especially pertinent to bone tissue engineering where
mechanical loading is a major requirement for the bone regenerative application [35].

In vivo investigations have mimicked and shown that the mechanical strain profile on the
human skeleton is made up of a number of elements. Long bones such as the tibia and
femur are not absolutely straight but curvilinear in nature. So the mechanical application of
force induces both localized compressive and tensile force [36]. The nature of the applied
mechanical loading is significant for affecting any possible response, for example, dynamic
loading of approximately 1000 — 3000 microstrain in vivo is known to induce bone
formation [37-39]. The major parameters which define the effectiveness of a particular
loading region in stimulation of an osteogenic response are strain magnitude, strain rate and
frequency [38, 40, 41]. The period of mechanical loading duration is known to have an
effect of cell viability and calcification, but increased periods of loading are known to have
a decreasing osteogenesis effect upon load induction, as the calcification response becomes
saturated [37, 41].

In the case of bone fracture repairing, the magnitude and type of loading (tensile and
compressive) can control which type of tissue will be formed from stem cell sources. In the
case of high magnitude strain profiles (5-15% deformation), they have been known to
induce fibrocartilage or connective tissue, but in case of low magnitude strain profiles
(0.15-0.3% deformation), they have been made to induce the intramembranous ossification
(bone formation) [42].

Stochastic resonance (SR) is a phenomenon whereby noise added to a system changes the
behavior system. This resonance, in which vibration increases the nonlinear system
response to a weak signal, has been monitored in several biological sensory systems.
Tanaka et al. [43] has extended experiments to investigate the effect of stochastic resonance
on the calcification response. They suggested that the mechanical sensation of osteoblasts
can be enhanced with the addition of low-amplitude, broad-frequency vibration noise. Due
to the Calcium channels and other ion channels present fundamental functions in bone cells
respond to external forces. It has been reported that the ion channels exhibit stochastic
resonance, suggesting the molecular mechanism for stochastic resonance in the bone tissue.
Therefore, stochastic resonance could be used for increasing the osteogenesis effects in
bone tissue engineering applications.

2.6 Piezoelectric Actuator

The piezoelectric effect is found in crystal structures which have an asymmetry structure
reference to positive and negative ions of the crystal lattice. Therefore, the requirement for
the event of the piezoelectric effect is the existence of polar axes in the crystal structure.
The meaning of polar is an electrical dipole moment in the axis directions made by the
distribution of an electrical charge in the chemical bond. For a better perceptive, the crystal
structure of a-quartz is considered (Figure 2.8) [44].
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Figure 2.8 Simplified crystal structure of a-quartz. (A) An arrangement of Si- and O-ions
with the main crystal axes, (B) two and three-fold axes [44].

Figure 2.8B shows a crystal structure which is composed of Si-ions (positive charged ions)
and O-ions (negative charged ions). It has three of two-fold polar rotations in the Xi, X;
and X3 axis of plane and a three-fold rotation Z axis of the perpendicular plane. Normally,
the electrical charge in this crystal is neutral. If there is a structural deformation in the
direction of the polar X;-axis, an additional electrical polarization (P) presents along this
axis. The electrical polarization is affected by the displacement of positive and negative
ions in the crystal structure against each other (Figure 2.9A) resulting in a change of
electrical charge on the crystal surface that is perpendicular to the X; axis and outside of the
polarization voltage. This effect is called the direct longitudinal piezoelectric effect. An
exposure to tensile and compressive stresses carried out perpendicularly to the X;j-axis
results in an additional electrical polarization with the opposite sign in the X;-axis direction
(Figure 2.9B). This behavior is called the direct transversal piezoelectric effect. Both these
effects are reversible, e.g., a contraction or expansion of the crystal structure presents under
the influence of the electric fields. This effect is called an inverse piezoelectric effect [44-
46].
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Figure 2.9 Direct piezoelectric effects within a crystal structure. (A) Longitudinal
piezoelectric effect, (B) transversal piezoelectric effect [44].
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Lead zirconate titanate or PZT is found in the Perovskit structure of ferroelectric crystals of
the ABOj3 kind. In the Perovskit structure, A represents a double positive charged ion
(lead), B presents a four-fold positive charged ion (titanium, zirconium) and O presents a
double negative charged oxygen ion. Above a certain temperature (Curie temperature, T),
the elementary cell of PZT provides a cubic structure (Figure 2.10A). In this crystal
structure, there is no piezoelectric effect because it is existing in the symmetry center.

Below the Curie temperature, the cubic structure changes to a tetragonal structure
spontaneously because of energetic reasons. The oxygen ion in the tetragonal structure is
shifted in the direction of the crystallographic c-axis, along with a displacement of the
positive ion which moves to the opposite direction. This results in an expansion of the
crystal structure towards the c-axis, while a contraction towards the two a-axes occurs at
the same time (Figure 2.10B). This deformation, induced by the transformation of the
paraelectric phase to the ferroelectric phase, is called spontaneous deformation [44, 47].
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Figure 2.10 Perovskit structures of ferroelectric crystals of the ABO3 kind.
(A) Cubic structure above the Curie temperature,
(B) tetragonal structure below the Curie temperature [44].

Spontaneous deformation results in the creation of a dipole moment from the center of the
tetragonal structure (asymmetry crystal). The amount of the dipole moment depends on the
volume of the unit cell, which is called polarization (Ps). As a result, the transformation of
the cubic structure to the tetragonal structure allows three directions for the spontaneous
expansion and six directions for the spontaneous polarization, respectively [48].

Applying the electric field causes additional deformation and polarization effects, which are
generated by the force impact on the centers of charge with the deformed tetragonal
structure. This is called the inverse piezoelectric effect. Causes to the elementary structure
by an external mechanical load bring about a mechanical stress in which the centers of
charge of the elementary structure are displaced. This effect causes an additional
polarization and deformation, this is called a direct piezoelectric effect [44].

The compressive or expansive deformation is combined with either a transverse
compression or expansion perpendicular to the electric field direction (transverse
piezoelectric effect). These facts are illustrated as figure 2.11.
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Figure 2.11 Transverse strain behaviors of PZT structure. (A) Polarized state,
(B) electric field aligned parallel, (C) electric field aligned
antiparallel to the remnant polarization [46].

The typical of PZT structure can be used for the realization of a monomorph structure as
shown in figure 2.12.
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Figure 2.12 Layer sequence of a monomorph [44].

A monomorph structure is composed of one piezoelectric and one elastic layer (Passive
layer). The movement of the piezoelectric component caused by its expansion or
compression is limited by the elastic layer.

From the result in figure 2.13, an internal dipole moment of piezoelectric layer appears to
be distorting the monomorph. Total deformation in the z-direction is much larger than the
deflection in the x- and y-directions. Because of the mechanical deformation of the
piezoelectric layer into a bending deflection, it is possible to generate large deformations in
the z-direction and the actuator is driven by the electric voltages in the 24-250V range [44,
46].

Figure 2.13 Behavior of a monomorph subjected by an electrical voltage [44]
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In order to increase the bending deformation of the piezoelectric beam actuator, the elastic
layers (passive layer) can be replaced by a second active piezoelectric layer. This
piezoelectric beam actuator structure is called a bimorph.

If the polarization (P) directions in the crystal structure of both piezoelectric layers are the
same, and if they are driven by the electrical parallel connection, then this structure is a
called parallel bimorph. However, if the polarization directions in the crystal structure of
both layers are arranged oppositely, and if they are driven by an electrical series
connection, then this structure is called a serial bimorph (Figure 2.14) [44, 46]

Figure 2.14 Behavior of a bimorph subjected by an electrical voltage. (A) Parallel bimorph,
(B) serial bimorph [44].

In summary, the piezoelectric actuator is superior to other power sources for movement
such as the servo motor, step motor or hydraulic actuator in terms of size, driving speed,
frequency response and control of microscopic displacement. Most importantly, the
electric fields and heat radiation from the piezoelectric actuator, which affects cultured
cells, are negligible because this actuator use only minimal electric power consumption
[46-49].

2.7 Near-Infrared Diffuse Reflectance Spectroscopy

In analytical chemistry, infrared (IR) spectroscopy is mostly used for the analysis of
organic components. The qualitative assessment of organic components is presented for
the identification of unknown compounds, or for the determination of the chemical
structure of compounds. Moreover, infrared spectroscopy analysis can be used for
expressing the quantity of the chemical components. Infrared spectroscopy is known as
vibration spectroscopy, because of the spectra result from transitions between the
vibrational energy levels of a covalent bond of a molecule. The infrared spectrum, which
ranges from 1 um to 1000 um, is part of the electromagnetic spectrum and is surrounded by
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the visible and microwave regions (Figure 2.15). The infrared region can be further
subdivided into the near infrared, the mid infrared and the far infrared regions [50].
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Figure 2.15 Infrared region of the electromagnetic spectrum [50].

Regarding external reflectance, the light energy which infiltrates to the sample is reflected
in all directions and this principle is called diffuse reflectance. The diffuse reflectance
(infrared) technique is commonly called DRIFT. The DRIFT can reflect the
electromagnetic radiation to the sample and collect the energy reflected back over a large

angle (Figure 2.16) [51].

Incident radiation

\ L

Sample

Figure 2.16 Illustration of diffuse reflectance [51].

Kubelka and Munk developed a theory to express the diffuse reflectance procedure for
samples which associate the concentration of samples to the scattered radiation intensity.

The Kubelka—Munk’s equation is as follows:
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(1-R)? ¢

2R k

(2.1)

where R is the absolute reflectance of the layer, c is the concentration of the sample and k
Is the molar absorption coefficient. An optional relationship between the concentration and
the reflected intensity is widely used in near-infrared diffuse reflectance spectroscopy,
namely:

log (%) =k'c (2.2)
where k” is a constant.

Near infrared (NIR) spectroscopy is used widely in biomedical applications [52]. Near
infrared light can penetrate the type | collagen porous scaffold or tissue-engineered bone
easily, so that diffuse reflectance light carries the information of hydroxyapatite crystals
inside the tissue-engineered bone [53]. With its safety for cell viability and its deep
penetration, near-infrared light is often used in the application of non-invasive biomedical
sensing technologies such as pulse oxygen meters [54], blood glucose meters [55],blood
pressure measurement [56] and bone densitometry [57].



CHAPTER 3 MATERIALS & METHODS

3.1 Materials and Equipment
All materials and equipment used throughout this study are shown in table 3.1.

Table 3.1 List of materials and equipment

Materials and equipment Company Country
35 mm culture dish (153066) NUNC Denmark
6v5-digit USB multimeter (NI USB-4065, 22-bit) National USA

instrument

6-well plate (140675, Denmark) NUNC Denmark
96-well plate (167008) NUNC Denmark
Alpha-modified eagle medium (a-MEM,
SH30265.01) Hyclone USA
Calcium carbonate, powder (CaCOg3, 239216-100G)  Sigma-Aldrich USA
Calcium chloride dehydrate (CaCl,-2H,0, 127- Ajax finechem Australia
500G)
Centrifuge tube 15 ml (366036) NUNC Denmark
Computer (A8JP model) ASUS Taiwan
Dexamethasone (D4902-25MG) Sigma-Aldrich USA
Dimethyl Sulfoxide (DMSO, 0231-500ML) Amresco USA
Di-Sodium Hydrogen orthophosohate anhydrous N .
(NapHPO,, 621-500G) Ajax finechem Australia
Ethanolamine (E0135-100ML, Sigma, USA) Sigma-Aldrich USA
Fetal bovine serum (FBS, 10270) GIBCO USA
Glutaraldehyde solution (3802-75ML) Sigma-Aldrich USA
Hemacytometer BOEGO Germany
High speed amplifier (HA400) PINTEK Taiwan
High speed near infrared light-emitting diodes :
(LEDs) at 850 nm (TSHG6200) Vishay USA
High speed silicon PIN Photo detector (PD) .
at 830 - 930 nm (VEMD2000X01) Vishay USA
HOECHST 33258 powder (H1398) Invitrogen USA
Hydrochloric acid (HCI, 9535-69) J.T. Baker Thailand
LabVIEW® software (version 8.6) National USA

instrument
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Materials and equipment Company Country
L-Ascorbic acid (A4544-25G) Sigma-Aldrich USA
Laser displacement sensor controller (LK-G5001) Keyence Japan
Laser displacement sensor head (LK-H022) Keyence Japan
Low power quad operational amplifiers (LM324) seml\ilsct)ir?gsgztor USA
Multifunction data acquisition_ . National USA
(DAQ, USB-6221 BNC, 16-bit) instrument
%gsglgg%tglajgg\)complex substrate Sigma-Aldrich USA
Penicillin/Streptomycin solution (15140) GIBCO USA
Piezoelectric actuators (LPD3713X) Nihon ceratec Japan
Potassium chloride (KCI, 383-1KG) Ajax finechem Australia
s o Srogen orthophosphat Ajax finechem  Australia
Power supply (HR501) T.P.K. Electric Thailand
Silicon rubber glue (748) Dow Corning USA
Sodium chloride (NaCl, K39486504) Merck Germany
Sodium Dodecyl Sulfate (SDS, SB0485) Bio basic Canada
SSC buffer 20x concentrate (S6639-1L) Sigma-Aldrich USA
T-75 culture flask (156499) NUNC Denmark
Trypan blue stain 0.4% (15250-061) GIBCO USA
Trypsin/EDTA 0.25% (25200, GIBCO, USA) GIBCO USA
Type | collagen scaffold (CollaCote) Zimmer dental USA
B-glycerophosphate (G9422-100G) Sigma-Aldrich USA

3.2 Non-Destructive Optical Monitoring Device
A non-destructive optical monitoring device was fabricated for evaluating the calcification
response of tissue-engineered bone in vitro. This device consists of four light-emitting
diodes (LEDs) and a photo detector (PD) surrounded by the LEDs underneath a culture

chamber (Figure 3.1).

The LEDs emit near-infrared light to a tissue-engineered bone

increasing its intensity linearly at 850 nm, so that diffuse reflectance light carries the
information of calcification inside the tissue-engineered bone to a photo detector (PD). The
slope of the relationship between intensity from the LED (lp) and intensity from the PD (1)

was used as a parameter to evaluate the calcification.
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| Culture chamber |

Tissue-engineered bone

lo

Photo Detector

A B
Figure 3.1 Optical monitoring device for the calcification or tne tissue-engineered bone.
(A) Tissue-engineered bone on a culture chamber is irradiated with near
infrared light (850 nm) from LEDs at an intensity of lo, the diffuse reflective
light from the tissue is detected by a PD at an intensity of I. (B) Optical unit
consisted of four LEDs and a one of PD.

The intensity of light emission of the LED was controlled by a computer through a
multifunction data acquisition (DAQ) with applied currents from 0 to 40 mA, which was
amplified by an operational amplifier. The detected signal by the PD was transferred to the
computer via a digit USB multimeter and the computer was operated by a program written
by LabVIEW® (Figure 3.2).
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Figure 3.2 Front panels design in the LabVIEW program for controlling the intensity of
LEDs and detecting intensity of a photo detector.

In order to reduce the size of the non-destructive optical monitoring device, a printed circuit
board (PCB) was designed and used for a circuit board (Figure 3.3).
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Figure 3.4 A non-destructive optical monitoring device.

3.3 Deposition of Hydroxyapatite (HA) for Scaffold

In order to calibrate the non-destructive optical monitoring device, type I collagen scaffolds
were deposited with a varying amount of hydroxyapatite. The degree of calcification of
tissue-engineered bone was defined and treated as an equivalent value to bulk density and
calcium content of a hydroxyapatite-deposited scaffold.

Type | collagen scaffolds were cut in a dimension of 16 mm (Width) x 19 mm (Length) x 2
mm (Thickness) with a razor blade (Figure 3.5A). The scaffolds were soaked in a 0.5
mol/dm?® CaCl, solution for 15 minutes followed by a 0.5 mol/dm® Na,HPO, solution for 15
min each. The scaffolds were thoroughly rinsed in Milli-Q water between immersions and
alternate immersions in CaCl, and Na,HPO, solutions and repeated with varying cycle
depositions. After this hydroxyapatite deposition, the scaffolds were rinsed in Milli-Q
water five times and then rinsed in the culture medium (a-MEM) five times (Figure 3.5B).
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A B

Figure 3.5 Type | collagen scaffold (CollaCote). (A) A scaffold in the dimension of
16 mm (Width) x 19 mm (Length) x 2 mm (Thickness).
(B) A hydroxyapatite-deposited scaffold after rinsing in a culture medium.

3.4 Calcium Evaluation on Scaffold by Colorimetric Quantitative Method
Colorimetric quantitative method, which is a conventional method, was performed to
quantify the calcium content of hydroxyapatite-deposited scaffolds and tissue-engineered
bone. In the principle of this method, O-cresolphythalein complexion (OCPC), which
integrates with alkaline earth element, produces a purplish red color. Calcium content of
the sample can be determined by measuring the absorbance of a sample solution at 570 nm.
The concentration of the purplish red color produced by OCPC is an indication of the
calcium content in the sample.

The wet scaffold samples were transferred to a 35 mm culture dish and kept in a desiccator
for 24 hours. The samples were then dried using a freeze dryer (FD4.0, Heto, Denmark) at
-50° C, 0 Pa for 6 hours. Dry samples (Figure 3.6) were dissolved in a 1 mol/dm* HCI
solution, minced into small pieces (Figure 3.7), and incubated at 4° C for 4 hours. The
frozen samples were homogenized using a plastic stick to get further solubility. The
sample solutions were centrifuged and separated into supernatant and scaffold debris.
Calcium content in the supernatant was mixed with an ethanolamine buffer solution and
OCPC substrate, and then the mixed solution was transferred to a 96-well plate (Figure 3.8)
and quantified the calcium content using a photo spectrometer (infinite 200, TECAN,
Austria). A standard curve was also prepared in a 1 mol/dm*® HCI solution with varying
amounts of CaCOs solution.



Figure 3.7 Small pieces of scaffold samples in a HCI solution.
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Figure 3.8 The purplish red solutions mixed with sample solutions, an ethanolamine buffer

solution and OCPC substrate in a 96-well plate.



28

3.5 Mechanical Stimulator

The mechanical stimulator was fabricated for stimulating the calcification response of
three-dimensional tissue cultures. Aluminum material was used as the base of the
mechanical stimulator (Figure 3.9) for a fixed position between a 6-well plate (culture
chamber) and moving plungers. Fixed plungers and moving plungers were made from
polymethyl-methacrylate (PMMA, Acrylic). Moving plungers were linked to piezoelectric
actuators, so that the displacement from the piezoelectric bending transferred the force and
movement to the moving plunger and tissue culture directly (Figure 3.10). Positions of the
piezoelectric actuators were fixed with Aluminum poles and these poles were at a fixed
position using an Aluminum base (Figure 3.11).

Strain waveforms from bending profiles of the piezoelectric actuators were controlled by
the computer which was operated by a program written by LabVIEW® program. A
voltage-signal was amplified by a high speed amplifier with a frequency response of 600
kHz via a multifunction data acquisition. The displacement at the center of the
piezoelectric actuator was measured by a laser displacement sensor with a frequency
response of 392 kHz and resolution of 0.02 pm.

Figure 3.9 The Aluminum base of a mechanical stimulator.
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Laser Displacement sensor

Piezoelectric actuator

Moving
Plunger

Fixed
Plunger

//

Tissue-engineered bone

Culture media

Figure 3.10 Schematic diagram showing the components and motion of
the mechanical stimulator.

Aluminum pole

Piezoelectric actuator

Scaffold

Moving plunger

Figure 3.11 Design of a mechanical stimulator.
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Piezoelectric actuator

Aluminum pole

Aluminum base

Moving plunger
Scaffold

Fixed plunger
6-well plate

Culture medium

Figure 3.12 A mechanical stimulator with type I collagen scaffolds in culture medium.

3.6 Evaluation of Mechanical Stimuli on Calcification Response of Tissue-

Engineered Bone
MC3T3-E1 cells at a passage number of 10 were pre-cultured and maintained in Alpha-
modified eagle medium (a-MEM) supplemented with 10% fetal bovine serum (FBS) and
1% antibiotics (0.05 U/ml penicillin and 0.05 pg/ml streptomycin). Type | collagen
scaffolds were cut in dimension of 16 mm (Width) x 19 mm (Length) x 2 mm (Thickness)
with a razor blade, then the scaffolds were attached to fixed plungers and moving plungers
of the mechanical stimulator with Silicon rubber glue (Figure 3.13).

The mechanical stimulator was sterilized by with ethylene oxide gas, then 1.0 x 10° of
MC3T3-E1 cells at a passage number of 14 (Figure 3.14) were seeded onto the top surface
of a scaffold. Eighteen samples were prepared, fifteen samples were stimulated by
mechanical stimulation (three samples per one condition), and another fifteen were
employed as non-stimulated controls. The tissue-engineered bone was cultured in an
osteogenic medium, which was a-MEM containing 10% fetal bovine serum (FBS), 1%
antibiotics (0.05 U/ml penicillin and 0.05 pg/ml streptomycin), 50 ug/ml L-ascorbic acid,
10°® mol/dm® dexamethasone, and 10 mol/dm?® B-glycerophosphate. The tissue-engineered
bone was cultured in a CO; incubator (3517, Shel lab, USA) at 37 °C with 5% CO, and the
culture medium was changed every 2 days.
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Figure 3.13 The mechanical stimulator was attached with type | collagen scaffolds and
sterilized with ethylene oxide gas

Figure 3.14 Optical microscope observation of MC3T3-E1 cells in two-dimensional
culture.
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Sinusoidal mechanical loads with a peak of 0.3% deformation with vibration (Gaussian
quasi-white noise with a standard deviation of 0.03% deformation and frequency
components up to 50 Hz) was applied to the constructs at 0.5, 1.0, 1.5, 2.0 and 2.5 Hz for 3
minutes per day for 42 consecutive days using a mechanical stimulator. A non-destructive
optical monitoring device was used for the detection of the calcification response of the
tissue-engineered bone once a day.

Tissue-engineered bone Piezoelectric actuator

Culture chamber Laser displacementsensor
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Figure 3.15 Schematic of experimental system.

Figure 3.15 shows the experimental system that consists of two parts, first is a mechanical
stimulation part. The movement of piezoelectric actuators was controlled by a computer
via a data acquisition board (DAQ) and a high speed driving amplifier. A laser
displacement sensor was used for verification of the piezoelectric movement, the moving
signal was sent to a computer via a data acquisition board (DAQ). The second part was
optical monitoring for calcification. The intensity of LEDs was controlled by a computer
via a data acquisition board (DAQ) and a current drive unit. Intensity of reflectance light
from a tissue-engineered bone was measured using a photo detector, and the intensity signal
was sent to a computer via a processing unit and a digital multimeter with high resolution.

3.7 Cell Viability Test by DNA Assay

The quantity of DNA in bone cells grown on tissue-engineered bone was determined using
fluorescence measurement with fluorescent bisbenzimide (Hoechst 33258) dye. The dye is
weakly fluorescent itself in a solution which binds specifically to the A-T base pairs in
dsDNA of bone cells.

On day 42, tissue-engineered bones were transferred to a 35 mm culture dish and kept in a
desiccator for 24 hours. The samples were then dried using a freeze dryer (FD4.0, Heto,
Denmark) at -50°C, 0 Pa for 6 hours. Dry samples were dissolved in an SDS lysis buffer
solution, and minced into small pieces, then incubated at 37 °C for 1 hour. The incubated
sample was homogenized using a plastic stick to get further solubility. The cell lysis
solution (Figure 3.16) was transferred to a 96-well plate and mixed with a Hoechst 33258
solution, then quantified the amount of DNA with fluorescence microplate readers (infinite
200, TECAN, Austria) at fluorescent intensity of solution at 355 nm (Excitation) and 460
nm (Emission).
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Figure 3.16 A cell lysis solution from a tissue-engineered bone in an SDS lysis buffer
solution

3.8 Scanning Electron Microscope (SEM) and Energy Dispersive

Spectroscopy (EDS) Analysis

To observe the distribution of the osteoblasts seeded in the scaffold and the hydroxyapatite
crystals, on day 42 the tissue-engineered bones were fixed with 2.5% glutaraldehyde in a
0.1 M phosphate buffer solution at 4° C for 2 hours. The samples were rinsed twice in a
phosphate buffer solution and once in distilled water, then dehydrated in a series of graded
ethyl alcohols. The samples in 100% alcohol were dried using a critical point dryer (CPD
020, Balzers union, Liechtenstein). The dried samples were frozen using liquid nitrogen
and fractured, the fractured sample was coated with gold by a sputter coater (SCD040,
Balzers union, Liechtenstein) (Figure 3.17). Scanning electron microscopy (SEM) and
Energy Dispersive Spectroscopy (EDS) (JSM-6400, JEOL, Japan) was performed for the
fractured plane, top plane, and bottom plane of the samples at 15 kV.

Figure 3.17 The dried samples were coated with gold for SEM observation and EDS
analysis.



34

3.9 Verification of Hydroxyapatite Crystals

In order to identify the Calcium crystalline phases, the dried sample of tissue-engineered
bone was analyzed with X-ray diffraction (D8Discover, BRUKER AXS, Germany) using
1.54 angstrom Cu K o radiation generated at 40 kV and 40 mA. The Specimen was
detected at two theta angle of 20 — 60° with a step size of 0.02° and a step time of 0.4
second. Diffraction peaks were identified using a hydroxyapatite standard JCPDS file
(reference number 74-0565).



CHAPTER 4 RESULTS & DISCUSSION

4.1 Calibration of Non-Destructive Optical Monitoring Device
In order to simulate the culturing condition of tissue-engineered bone in a mechanical
stimulator, type | collagen scaffolds, which were deposited with varying amounts of
hydroxyapatite, were dissolved in a culture medium (a-MEM) on a 6-well plate (Figure
4.1). A non-destructive optical monitoring device was used for getting the information of
calcification inside the scaffold using the slope of the relationship between intensity from
the LEDs (lp) and intensity from a photo detector (I) as shown in table 4.1.

Figure 4.1 Hydroxyapatite-deposited scaffolds were dissolved
in a culture medium on a 6-well plate.

Table 4.1 The slope of the relationship between intensity from LEDs (lo) and intensity
from a photo detector (I) of the scaffolds.

Time The Iy — I slope of scaffold
Number 1 | Number 2 | Number 3 | Number 4 | Number 5 | Number 6

1 0.1767 0.2064 0.2200 0.2757 0.3058 0.3548

2 0.1761 0.2066 0.2241 0.2805 0.3098 0.3623

3 0.1769 0.2081 0.2199 0.2682 0.3182 0.3477

4 0.1781 0.2078 0.2213 0.2706 0.3023 0.3623

5 0.1788 0.2043 0.2219 0.2788 0.3039 0.3577
Average 0.1773 0.2066 0.2214 0.2748 0.3080 0.3570
SD 0.0011 0.0015 0.0017 0.0053 0.0064 0.0061
SE 0.0005 0.0024 0.0008 0.0007 0.0028 0.0027

where number 1 is a scaffold without hydroxyapatite deposition, number 2 is a
hydroxyapatite-deposited scaffold by 0.2 mol/dm® CaCl./Na,HPO, solutions for 2 cycles,
number 3 is a hydroxyapatite-deposited scaffold by 0.2 mol/dm® CaCl,/Na,HPO, solutions
for 3 cycles, number 4 is a hydroxyapatite-deposited scaffold by 0.2 mol/dm?®
CaCly/Na;HPO, solutions for 4 cycles, number 5 is a hydroxyapatite-deposited scaffold by
0.5 mol/dm® CaCl,/Na,HPO, solutions for 3 cycles, and number 6 is a hydroxyapatite-
deposited scaffold by 0.5 mol/dm?® CaCl,/Na,HPO, solutions for 4 cycles.
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The wet scaffolds were dried with a desiccator and a freeze drier, and then weighed using a
precision balance for measuring the density of the scaffolds by their dry weight divided by
the bulk volume of scaffold, the result is shown in table 4.2.

Table 4.2 The bulk densities of scaffold.

Number | Number | Number | Number | Number | Number
Scaffolds
1 2 3 4 5 6
Bulk Volume (cm®) | 0.722 0.722 0.722 0.722 0.722 0.722
Scaffold (mg) 15.2 16.9 17.0 24.0 25.8 33.6
Density (mg/cm®) 21.1 23.4 23.5 33.2 35.7 46.5
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Figure 4.2 Relationship between the slopes of lp-1 curve and the bulk densities
of the scaffold. Data represents the mean + SE for five time
measurements.

The slope of the Io-1 curve of the scaffolds correlated positively and exponentially with the
bulk density of the scaffolds with a high correlation coefficient (r?) of 0.9825 (Figure 4.2).
Based on these relationships, the following regression curves were obtained and were
utilized as calibration curves of a type | collagen scaffold for this optical device as:

BD = 9.243¢*%°

(4.1)

where BD is bulk density of the scaffold (mg/cm®) and S is the slope of the Io-1 curve.
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After measuring the bulk density, dried scaffolds were measured for their Calcium content
by the colorimetric quantitative method (conventional method), the result is shown in table
4.3.

Table 4.3 The Calcium contents of scaffold.

Number | Number | Number | Number | Number | Number
Scaffolds
1 2 3 4 5 6
Bulk Volume (cm®) | 0.722 0.722 0.722 0.722 0.722 0.722
Calcium (mg) 0.88 1.60 1.90 2.97 4.41 7.37
Calcium Content |, 221 2.62 411 6.10 10.2
(mg/cm®)
SE 0.0002 0.0008 0.0008 0.0005 0.0009 0.0008

Table 4.2 and table 4.3 shows that hydroxyapatite-deposited scaffolds which were
deposited with higher concentrations of CaCl,/Na;HPO, solutions and numbers of cycles
had more bulk density and Calcium content than scaffolds which were deposited with a
lower concentration and number of cycles, because hydroxyapatite crystals can be produced
by chemical reaction between a CaCl; solution and a Na,HPQO, solution. Therefore, a higher
concentration of solution can produce a larger number of hydroxyapatite crystals than lower
concentrations of solutions. Moreover, higher numbers of deposited cycles can produce
more hydroxyapatite crystals in scaffolds since hydroxyapatite deposition per cycle is
limited, so a repeated cycle is necessary for a higher amount of hydroxyapatite deposition.
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Figure 4.3 Relationship between the slopes of Ip-1 curve and the Calcium contents
of the scaffold. Data represents the mean = SE for five time measurements.
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The slope of the lp-1 curve of the scaffolds correlated positively and exponentially with the
Calcium content of the scaffolds with a high correlation coefficient (r*) of 0.9814 (Figure
4.3). Based on these relationships, the following regression curves were obtained and were
utilized as calibration curves of a type | collagen scaffold for this optical device as:

CC = 0.2037e™9165 (4.2)

Where CC is the Calcium content of the scaffold (mg/cm®) and S is the slope of the lo-I
curve.

Figure 4.2 and 4.3 shows the exponential relationships between the slope of the lp-1 curve
and the bulk density or Calcium content, respectively. Therefore the relationships accorded
with Kubelka—Munk’s equation.
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Figure 4.4 Relationship between the bulk density of the scaffold predicted by the optical
system and Calcium content measured by the colorimetric quantitative method.

Figure 4.4 shows that the Calcium content of the scaffolds measured by the colorimetric
quantitative method correlated linearly with the bulk density of the bone predicted by the
non-destructive optical monitoring device with a high correlation coefficient (r?) of 0.976,
suggesting the reliability of the optical monitoring device.

In the past, only destructive ways such as the colorimetric quantitative method,
histochemistry by Alzarin red, Fourier transform infrared (FTIR), von Kossa staining
method, flame atomic absorption spectrometry, and X-ray diffraction were available and
employed to evaluate the calcification response in vitro. With these destructive methods, in
order to investigate accurate changes in calcification response over the long-term in the
culture period, many samples of tissue-engineered bone and time for investigation must be
prepared. In contrast, with a non-destructive method such has been used only for two-
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dimensional culture studies, mineralized nodules on the surface of a culture plate are
counted by with microscopic digital image analyzer. However, this method is not
appropriate for the detection of calcification in a three-dimensional cell culture because
visible light cannot penetrate a three-dimensional matrix because of the reflection and
scattering on the top surface of the scaffold. As a result, a non-destructive optical
monitoring device not only gives a more time- and work-saving investigation, but also
suggests the potency of this system for long term monitoring.

4.2 Calcification Response of Tissue-Engineered Bone under Mechanical

Stimulation

Sinusoidal mechanical loading was applied to the tissue-engineered bones at 0.5, 1.0, 1.5,
2.0 and 2.5 Hz for 3 minutes per day for 42 consecutive days using a mechanical
stimulator. A non-destructive optical monitoring device was used for the detection of the
calcification response of the tissue-engineered bone once a day. The results of bulk density
and Calcium content observation using an optical monitoring device are shown in figure 4.5
and 4.6, respectively.
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Figure 4.5 Change in the bulk density of tissue-engineered bones over time in culture.
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Figure 4.6 Change in the Calcium content of tissue-engineered bones over time in culture.

On day 42 of non-stimulated constructs (control), the Calcium content was 1.19-fold higher
than its initial measurement on day 0. This means that bone cells which are cultured in an
osteogenic differentiation medium without stimulate loading have a little of hydroxyapatite
formation and production to the bone matrix. On the other hand, the degree of calcification
started to increase in the stimulated constructs after day 8. On day 42, the calcium content
in the stimulated constructs at 0.5, 1.0, 1.5, 2.0 and 2.5 Hz was 1.32, 1.52, 1.90, 2.00 and
1.32-fold, respectively, higher than that of the control constructs.

Application of a mechanical load to a tissue-engineered bone results in the stimulation of
bone cells by two types of mechanical stimuli: construct strain and fluid flow from the
culture medium. These stimuli mimic the mechanical environment under mechanical
loading. Bone cells are exposed to fluid flow through canaliculi and lacunae in the bone
matrix that are strained by the loading. This event is called strain-induced fluid flow
(SIFF). When fluid flows in this construct, fluid shear stress occurs and acts on the bone
cells. Fluid shear stress has been reported to have a strong effect on osteoblastic activation
in vitro. Therefore, it could be considered that fluid shear plays an important role in the
promotion of calcification by mechanical loading cooperating with construct strain.
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As a result, a mechanical stimulation with higher frequency occurs with increased fluid
flow and fluid shear stress in a tissue-engineered bone. In the case of stimulation at 0.5 and
1.0 Hz, fluid shear stress which was happens is low and not sufficient to activate an
osteogenic response. However, fluid shear stress which occurs from stimulated condition at
1.5 and 2.0 Hz is suitable for osteoblastic activation of the osteogenesis process. Therefore,
the bulk density and Calcium content in these conditions are the highest in this experiment.
Nevertheless, the bulk density and Calcium content of stimulated constructs at 2.5 Hz are
low. It might be that fluid shear stress is very high and not proper for ossification.

Day 7 Day 42

Stimulated

Control

Figure 4.7 Close-up photographic images of the top view of constructs on days 7 and 42,
showing the change in the appearance of the control and stimulated
tissue-engineered bones over time in culture.

Figure 4.7 shows typical close-up photographic images of the tissue-engineered bones on
days 7 and 42. On day 7, there was no significant difference between the control and
stimulated constructs and there was no obvious calcified area in any construct. On day 42,
the stimulated construct was spotted with white turbid areas that represent calcification. In
contrast, the control construct also had white turbid areas at the edge only. It proved that
fluid flow from mechanical stimulation not only activates the osteogenesis process but also
transfers nutrients and waste products which affect the cell viability at the center of the
construct.
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4.3 Validation of Non-Destructive Optical Monitoring Device

On day 42, Tissue-engineered bones were measured for their Calcium content using the
colorimetric quantitative method (conventional method). The Calcium content by
colorimetric quantitative method was compared with the Calcium content predicted by a
non-destructive optical monitoring device, the error of Calcium content was calculated with
the following equation (Figure 4.8):

|CC from Colorimetric method — CC from optical monitoring device|

x 100% (4.3)

CC from Colorimetric method

Where CC represents Calcium content of the tissue-engineered bone.

Error (%)

)
e l ,-,L
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Condition

Figure 4.8 The percent error of Calcium content of tissue-engineered bone.
Data represents the mean * SE for three time measurements.

From figure 4.8, the percent error from optical measurement in every condition of tissue
culture is less than 5 %. It indicates a superior reliability of the non-destructive optical
monitoring device.

4.4 Cell Viability by DNA Assay

Cell viability in tissue-engineered bone was presented by the number of DNA. On day 42,
the tissue-engineered bones were measured for the number of DNA by fluorescence
measurement (Figure 4.9). MC3T3-E1 cells can proliferation from 1 x 10° cells on day 0
under all culturing conditions. The control construct had a higher number of DNA than the
stimulated construct, and the stimulated construct at 2.5 Hz had the lowest number of DNA.
So mechanical loading in higher frequency which has a high velocity of fluid flow and fluid
shear stress, indicated affects to cell proliferation.
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Figure 4.9 The number of DNA from tissue-engineered bone on day 42,
dash line represents the initial number of MC3T3-E1 cells on day 0.
Data represents the mean * SE for three time measurements.

4.5 Scanning Electron Microscope (SEM) and Energy Dispersive

Spectroscopy (EDS) Analysis

On day 42, the tissue-engineered bones were prepared for SEM observation and EDS
analysis. The top surface of tissue-engineered bone (Figure 4.10 — 4.11) had a higher
amount of cell density than the bottom surface (Figure 4.12 — 4.13) and middle region
(Figure 4.14 — 4.16). The tissue-engineered bones were made by placing MC3T3-E1 cells
that were suspended in a culture medium onto the upper surface of type | collagen
scaffolds. The cells drop down into the deeper side of the scaffolds by gravity, but mostly
cells were trapped by the fibril network of collagen in the upper region of the scaffolds,
resulting in a higher cell density.

Figure 4.10 — 4.16 show the heterogeneous calcification in many regions which are likely to
be caused by site-dependent differences in microstructure of the scaffolds and the local cell
density, both of which modulate the magnitude of fluid shear stress applied to the bone
cells which would affect the osteogenesis process. Therefore, improvements in the cell
seeding method are required to guarantee the homogeneous distribution of calcification in a
tissue-engineered bone.
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Figure 4.11 SEM observation of bone cells on the top surface of the stimulated construct,
the arrow points to the Calcium crystals.
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Figure 4.12 SEM observation of bone cells on the bottom surface of the stimulated
construct, the arrow points to the osteoblast.
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Figure 4.13 SEM observation of bone cells on the bottom surface of the stimulated
construct, the arrow points to the osteoblast.
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Figure 4.14 SEM observation of bone cells in the middle region of the stimulated
construct.

STREC 153KU

Figure 4.15 SEM observation of bone cells in the middle region of the stimulated
construct, the arrow points to the Calcium crystals attached to an
osteoblast.
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Figure 4.16 SEM observation of bone cells with calcium crystals in the middle region
of the stimulated construct.

Energy Dispersive Spectroscopy (EDS) was used for quantifying the elements of the
selected area from an SEM image. On the type | collagen scaffold without MC3T3-E1
cells (Figure 4.17), there is no energy of Calcium peak in an EDS spectrum (Figure 4.18).
On the tissue-engineered bone in a Calcium crystal area, has energy of Calcium peaks in
EDS spectrums (Figure 4.20, 4.22, 4.24), but in an MC3T3-E1 cell area, no energy of
Calcium peak is in the EDS spectrum (Figure 4.25) are indicated. From these results,
crystals which are shown in SEM images, are proven by EDS spectrums to be Calcium
crystals.



Figure 4.17 SEM observation of type | collagen scaffold without cells.
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Figure 4.18 EDS spectrum of SEM image from figure 4.17.
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Figure 4.19 SEM observation of bone cells with Calcium crystals in the middle region
of the stimulated construct.
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Figure 4.20 EDS spectrum of SEM image from figure 4.19 (circle area)
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Figure 4.21 SEM observation of bone cells with Calcium crystals in the middle region
of the stimulated construct.
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Figure 4.22 EDS spectrum of SEM image from figure 4.21 (circle area)



Figure 4.23 SEM observation of bone cells with Calcium crystals in the middle region
of the stimulated construct.
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Figure 4.24 EDS spectrum of SEM image from figure 4.23 (circle area).
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Figure 4.25 EDS spectrum of SEM image from figure 4.23 (dashed circle area).

4.6 Verification of Hydroxyapatite Crystals by X-Ray Diffraction (XRD)
In order to identify the Calcium crystalline phases, on day 42, tissue-engineered bone was
dried and prepared for the x-ray diffraction analysis. The diffraction peaks were verified

relative to the standard of hydroxyapatite crystals by referring to JCPDS files (reference
number 74-0565).
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Figure 4.26 X- ray diffraction patterns for the stimulated construct compared with
the hydroxyapatite standard peaks from the JCPDS file.
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From figure 4.26, X-ray diffraction of tissue-engineered bone revealed characteristic peaks
corresponding to the hydroxyapatite standard file. The broad diffraction peaks for
hydroxyapatite were indicative of nano-sized Calcium crystallites, similar to that measured
for human bone mineral.



CHAPTER 5 CONCLUSIONS

5.1 Conclusions

Many types of intervention such as physical or biochemical stimulation have been studied
and shown a potential to promote in vitro calcification of tissue-engineered bone.
Optimization of stimulation conditions is important in order to achieve successful
promotion of the calcification. However, it is time-consuming work with repetition of
examinations in every possible condition. Moreover, since only destructive measurement
methods are available currently for three-dimensional osteoblastic calcification, an
enormous number of samples have to be prepared. A non-destructive optical monitoring
device was therefore fabricated to evaluate calcification of tissue-engineered bone in vitro.
This device was calibrated with hydroxyapatite-deposited scaffolds, and the calibration
results correlated with Kubelka—Munk’s equation with a high correlation coefficient (r?) of
regression curves, suggesting the reliability of the optical monitoring device. The results
not only give a more time- and work-saving investigation but also suggest the effectiveness
of this device for long term monitoring. This device could contribute not only to the
advance of bone tissue engineering applications, but also to basic research in orthopedic
technology.

A mechanical stimulator was fabricated for encouraging the calcification response of the
bone cells. This stimulator using a piezoelectric actuator can makes it possible to produce
any physiological strain profile with a high speed frequency for stimulated tissue-
engineered bone in vitro. This device produced a mechanical strain to the construct for
induced fluid flow inside the tissue-engineered bone. Fluid shear stress which occurred
from fluid flow is a signal to activate the osteogenesis process of bone cells. In this study,
in vitro osteogenic stimulation was tested by applying the sinusoidal loading frequencies at
0.5 — 2.5 Hz for 42 days to a tissue-engineered bone. A non-destructive optical monitoring
device showed that sinusoidal loading frequencies at 1.5 — 2.0 Hz provided the best
stimulated condition for increasing the degree of calcification of the construct over the
culture period. From the results, it was concluded that the sinusoidal loading frequency
could function as a potent enhancer of the bone formation process in vitro, suggesting the
usefulness of mechanical loading in bone tissue engineering applications.

5.2 Recommendations

The height of a basketball or volleyball player is very high because the impact force during
their high jumping. Therefore, a jumping strain waveform with impact loading is an
interesting strain profile to stimulate tissue-engineered bone.

Mesenchymal stem cells (MSCs) should be used in future experiments because MSCs have
a higher potential of cell differentiation and calcification than the MC3T3-EL1 cell line.

Other stimulations such as light, electromagnetic or electrical, can combine with this
mechanical stimulator for a more successful calcification response.
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STANDARD CURVES



A.1 Calcium Content Standard Curve
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Figure A.1 Calcium content standard curve



A.2 DNA Standard Curve
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Figure B.1 An acrylic holder drawing in mm scale, (A) top view, (B) side view and
(C) front view.
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Figure B.2 An acrylic box no.1 drawing in mm scale, (A) side view, (B) front view and
(C) top view.
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Figure B.3 An acrylic box no.2 drawing in mm scale, (A) side view, (B) front view and
(C) top view.
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Figure B.4 An acrylic box no.3 drawing in mm scale, (A) side view, (B) front view and
(C) top view.
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Figure B.5 An acrylic box no.4 drawing in mm scale, (A) side view, (B) front view and
(C) top view.
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Figure B.6 An acrylic box no.5 drawing in mm scale, (A) side view, (B) front view and
(C) top view.



APPENDIX C

MECHANICAL STIMULATOR DRAWINGS
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Figure C.1 An Aluminum base drawing in mm scale, (A) top view, (B) side view and
(C) front view.
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Figure C.2 An Aluminum pole drawing in mm scale, (A) front view, (B) side view and
(C) top view.
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Figure C.3 An Aluminum locked pole drawing in mm scale, (A) front view, (B) side view
and (C) top view.
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Figure C.4 An acrylic méving plunger no.1 drawing in mm scale, (A) front view, (B) side
view and (C) top view.
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Figure C.5 An acrylic fixed moving plunger with piezoelectric actuator drawing in mm
scale, (A) front view, (B) side view and (C) top view.
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Figure C.6 An acrylic moving plunger no. 2 drawing in mm scale, (A) front view, (B) side
view and (C) top view.
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Figure C.7 An acrylic fixed plunger drawing in mm scale, (A) top view, (B) side view and
(C) front view.
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Figure C.8 An acrylic locked 6-well plate no.1 drawing in mm scale, (A) front view,
(B) side view and (C) top view.
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Figure C.9 An acrylic locked 6-well plate no.2 drawing in mm scale, (A) front view,
(B) side view and (C) top view.
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MECHANICAL STIMULATION WAVEFORMS
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Figure D.1 Sinusoidal waveform at 0.5 Hz with amplitude peak to peak of 10 V with
vibration (Gaussian quasi-white noise with a standard deviation of 0.5 V
deformation and frequency components up to 50 Hz)
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Figure D.2 Sinusoidal waveform at 1.0 Hz with amplitude peak to peak of 10 V with

vibration (Gaussian quasi-white noise with a standard deviation of 0.5 V
deformation and frequency components up to 50 Hz)
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Figure D.3 Sinusoidal waveform at 1.5 Hz with amplitude peak to peak of 10 V with

vibration (Gaussian quasi-white noise with a standard deviation of 0.5 V
deformation and frequency components up to 50 Hz)
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Figure D.4 Sinusoidal waveform at 2.0 Hz with amplitude peak to peak of 10 V with
vibration (Gaussian quasi-white noise with a standard deviation of 0.5 V
deformation and frequency components up to 50 Hz)
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Figure D.5 Sinusoidal waveform at 2.5 Hz with amplitude peak to peak of 10 V with
vibration (Gaussian quasi-white noise with a standard deviation of 0.5 V
deformation and frequency components up to 50 Hz)
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Table E.1 The lp— | slope of stimulated constructs at 0.5 - 1.5 Hz

The slope of Ip— |

Condition 0.5 Hz 1.0Hz 1.5Hz

Samples 1 2 3 1 2 3 1 2 3

0.1816 | 0.1801 | 0.1779 | 0.1752 | 0.1863 | 0.1789 | 0.1851 | 0.1790 | 0.1784

0.1805 | 0.1847 | 0.1769 | 0.1782 | 0.1837 | 0.1770 | 0.1828 | 0.1786 | 0.1772

0.1837 | 0.1807 | 0.1812 | 0.1786 | 0.1861 | 0.1789 | 0.1897 | 0.1814 | 0.1791

0.1813 | 0.1807 | 0.1799 | 0.1791 | 0.1849 | 0.1796 | 0.1840 | 0.1820 | 0.1802

0.1808 | 0.1810 | 0.1816 | 0.1803 | 0.1840 | 0.1811 | 0.1836 | 0.1810 | 0.1755

0.1826 | 0.1796 | 0.1830 | 0.1804 | 0.1853 | 0.1804 | 0.1862 | 0.1824 | 0.1766

0.1843 | 0.1810 | 0.1814 | 0.1809 | 0.1845 | 0.1800 | 0.1866 | 0.1850 | 0.1772

0.1846 | 0.1805 | 0.1830 | 0.1824 | 0.1835 | 0.1809 | 0.1865 | 0.1855 | 0.1781

0.1856 | 0.1824 | 0.1836 | 0.1829 | 0.1865 | 0.1849 | 0.1913 | 0.1863 | 0.1785

0.1876 | 0.1844 | 0.1846 | 0.1864 | 0.1898 | 0.1860 | 0.1909 | 0.1876 | 0.1789

0.1868 | 0.1828 | 0.1841 | 0.1863 | 0.1894 | 0.1868 | 0.1929 | 0.1908 | 0.1804

0.1878 | 0.1843 | 0.1858 | 0.1869 | 0.1878 | 0.1860 | 0.1905 | 0.1848 | 0.1825

0.1869 | 0.1853 | 0.1860 | 0.1882 | 0.1876 | 0.1848 | 0.1894 | 0.1851 | 0.1836

0.1889 | 0.1853 | 0.1861 | 0.1906 | 0.1877 | 0.1870 | 0.1932 | 0.1876 | 0.1839

Days

0.1896 | 0.1860 | 0.1860 | 0.1921 | 0.1854 | 0.1863 | 0.1939 | 0.1879 | 0.1861

0.1896 | 0.1862 | 0.1875 | 0.1921 | 0.1881 | 0.1866 | 0.1948 | 0.1882 | 0.1868

0.1910 | 0.1878 | 0.1868 | 0.1960 | 0.1886 | 0.1859 | 0.1971 | 0.1904 | 0.1891

0.1928 | 0.1887 | 0.1888 | 0.1949 | 0.1907 | 0.1875 | 0.2022 | 0.1932 | 0.1905

0.1923 | 0.1883 | 0.1891 | 0.1971 | 0.1901 | 0.1874 | 0.2051 | 0.1919 | 0.1926

0.1931 | 0.1902 | 0.1879 | 0.1971 | 0.1884 | 0.1876 | 0.2065 | 0.1930 | 0.1895

0.1937 | 0.1900 | 0.1912 | 0.1963 | 0.1903 | 0.1883 | 0.2048 | 0.1962 | 0.1910

0.1968 | 0.1933 | 0.1913 | 0.2001 | 0.1926 | 0.1908 | 0.2078 | 0.1980 | 0.1934

0.1960 | 0.1896 | 0.1918 | 0.2006 | 0.1930 | 0.1903 | 0.2132 | 0.2005 | 0.1904

0.1966 | 0.1922 | 0.1922 | 0.2013 | 0.1973 | 0.1920 | 0.2135 | 0.2037 | 0.1961

0.1978 | 0.1943 | 0.1940 | 0.2032 | 0.1980 | 0.1959 | 0.2177 | 0.2064 | 0.2017

0.1969 [ 0.1913 | 0.1949 | 0.2048 | 0.1997 | 0.1964 | 0.2249 | 0.2041 | 0.1998

0.1973 | 0.1934 | 0.1951 | 0.2053 | 0.1979 | 0.1956 | 0.2206 | 0.2035 | 0.1963

NN (NN N NN N R R R R R R R R P e
N|o|a|Rw|N|F|o|lo|o|No|lo|hw Nk |o]|@(R|N o0~ wIN PO

0.1980 | 0.1955 | 0.1969 | 0.2054 | 0.2018 | 0.1998 | 0.2208 | 0.2079 | 0.1993




Table E.1 The lp— I slope of stimulated constructs at 0.5 — 1.5 Hz (continued)
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The slope of Ip— |

Condition

0.5Hz

1.0 Hz

1.5Hz

Sam

les

2

1

2

3

2

Days

28

0.1991

0.1958

0.1978

0.2054

0.2027

0.1986

0.2292

0.2045

0.2030

29

0.1979

0.1957

0.1992

0.2059

0.2050

0.2002

0.2401

0.2094

0.2044

30

0.1983

0.1970

0.2002

0.2094

0.2026

0.2008

0.2479

0.2042

0.2065

31

0.2007

0.1986

0.2012

0.2114

0.2082

0.2020

0.2566

0.2102

0.2037

32

0.1992

0.1969

0.2022

0.2109

0.2080

0.2034

0.2540

0.2084

0.2087

33

0.2031

0.2002

0.2012

0.2139

0.2121

0.2054

0.2493

0.2091

0.2079

34

0.2031

0.2009

0.2047

0.2199

0.2168

0.2040

0.2593

0.2119

0.2141

35

0.2032

0.2011

0.2081

0.2191

0.2190

0.2090

0.2628

0.2107

0.2167

36

0.2069

0.2035

0.2082

0.2240

0.2233

0.2108

0.2623

0.2118

0.2157

37

0.2097

0.2071

0.2108

0.2211

0.2205

0.2104

0.2668

0.2128

0.2189

38

0.2134

0.2091

0.2124

0.2232

0.2205

0.2061

0.2702

0.2158

0.2154

39

0.2158

0.2089

0.2144

0.2326

0.2202

0.2086

0.2734

0.2283

0.2349

40

0.2166

0.2102

0.2190

0.2319

0.2268

0.2221

0.2732

0.2305

0.2392

41

0.2196

0.2133

0.2189

0.2379

0.2264

0.2244

0.2743

0.2360

0.2362

42

0.2208

0.2144

0.2160

0.2415

0.2280

0.2206

0.2716

0.2397

0.2369




Table E.2 The lp— I slope of stimulated constructs at 2.0 — 2.5 Hz and

controlled constructs
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Condition

20Hz

25Hz

Control

Sam

les

1

2

3

2

2

Days

o

0.1803

0.1755

0.1747

0.1783

0.1812

0.1711

0.1759

0.1744

0.1801

0.1856

0.1786

0.1801

0.1819

0.1855

0.1761

0.1800

0.1781

0.1786

0.1830

0.1759

0.1789

0.1809

0.1802

0.1769

0.1791

0.1770

0.1809

0.1860

0.1775

0.1804

0.1828

0.1817

0.1775

0.1834

0.1795

0.1822

0.1873

0.1774

0.1811

0.1818

0.1826

0.1781

0.1809

0.1797

0.1832

0.1801

0.1796

0.1809

0.1821

0.1818

0.1802

0.1809

0.1800

0.1820

0.1816

0.1804

0.1817

0.1814

0.1864

0.1790

0.1809

0.1809

0.1817

0.1823

0.1799

0.1832

0.1822

0.1833

0.1804

0.1812

0.1803

0.1830

O INO|OTBWIN -

0.1859

0.1833

0.1814

0.1843

0.1846

0.1792

0.1786

0.1808

0.1822

(o]

0.1902

0.1836

0.1814

0.1852

0.1858

0.1811

0.1829

0.1811

0.1824

[ERY
o

0.1894

0.1832

0.1815

0.1849

0.1854

0.1813

0.1814

0.1823

0.1833

0.1932

0.1866

0.1828

0.1866

0.1861

0.1821

0.1822

0.1824

0.1828

=
N

0.1921

0.1875

0.1820

0.1869

0.1853

0.1839

0.1842

0.1818

0.1823

=
w

0.1929

0.1830

0.1794

0.1870

0.1870

0.1838

0.1836

0.1818

0.1839

[EEN
NN

0.1952

0.1876

0.1807

0.1862

0.1866

0.1857

0.1856

0.1832

0.1834

[EY
ol

0.1954

0.1873

0.1829

0.1868

0.1873

0.1863

0.1847

0.1810

0.1828

=
(o]

0.1964

0.1904

0.1834

0.1873

0.1880

0.1865

0.1863

0.1821

0.1836

-
\l

0.2003

0.1897

0.1815

0.1884

0.1900

0.1869

0.1851

0.1845

0.1825

=
oo

0.2023

0.1903

0.1851

0.1893

0.1921

0.1888

0.1857

0.1832

0.1839

=
©

0.2022

0.1906

0.1888

0.1895

0.1908

0.1886

0.1858

0.1851

0.1856

N
o

0.2012

0.1900

0.1871

0.1904

0.1908

0.1888

0.1864

0.1837

0.1850

N
=

0.2027

0.1923

0.1914

0.1905

0.1921

0.1884

0.1852

0.1858

0.1867

N
N

0.2116

0.1896

0.1935

0.1927

0.1939

0.1907

0.1851

0.1856

0.1856

N
w

0.2163

0.1949

0.1913

0.1940

0.1949

0.1912

0.1864

0.1832

0.1850

N
~

0.2123

0.1964

0.1937

0.1913

0.1916

0.1932

0.1858

0.1854

0.1853

N
(6}

0.2152

0.1985

0.1930

0.1931

0.1925

0.1934

0.1876

0.1861

0.1868

N
[ep]

0.2226

0.1977

0.1934

0.1948

0.1948

0.1945

0.1872

0.1866

0.1862

N
-~

0.2285

0.1976

0.1978

0.1948

0.1957

0.1956

0.1884

0.1858

0.1865




Table E.2 The lp— I slope of stimulated constructs at 2.0 — 2.5 Hz and
controlled constructs (continued)
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Condition

20Hz

25Hz

Control

Sam

les

1

2

3

1

2

2

Days

28

0.2324

0.1996

0.1969

0.1974

0.1983

0.1979

0.1880

0.1877

0.1886

29

0.2315

0.2012

0.1999

0.1973

0.1967

0.1972

0.1893

0.1892

0.1877

30

0.2416

0.1989

0.2064

0.2008

0.2002

0.2009

0.1903

0.1898

0.1914

31

0.2479

0.2030

0.2027

0.2016

0.2000

0.2021

0.1906

0.1881

0.1890

32

0.2526

0.2018

0.2113

0.2003

0.2005

0.2055

0.1898

0.1906

0.1919

33

0.2580

0.2123

0.2139

0.2024

0.2019

0.2039

0.1911

0.1907

0.1919

34

0.2632

0.2194

0.2231

0.2024

0.2050

0.2049

0.1918

0.1914

0.1923

35

0.2590

0.2303

0.2155

0.2102

0.2059

0.2057

0.1902

0.1938

0.1902

36

0.2642

0.2309

0.2208

0.2062

0.2096

0.2095

0.1921

0.1880

0.1911

37

0.2658

0.2286

0.2143

0.2151

0.2126

0.2098

0.1939

0.1918

0.1912

38

0.2692

0.2261

0.2233

0.2170

0.2152

0.2123

0.1905

0.1925

0.1932

39

0.2660

0.2345

0.2266

0.2170

0.2196

0.2149

0.1929

0.1926

0.1938

40

0.2703

0.2320

0.2388

0.2199

0.2212

0.2149

0.1913

0.1899

0.1925

41

0.2756

0.2391

0.2442

0.2231

0.2206

0.2198

0.1917

0.1927

0.1900

42

0.2774

0.2406

0.2440

0.2199

0.2182

0.2147

0.1923

0.1932

0.1922
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