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CHAPTER 1

1. INTRODUCTION

1.1 Bone Tissue Engineering

An interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve tissue
function or a whole organ is called tissue engineering (Langer and Vacanti 1993). Principles of
engineering, chemical factors and cell properties are investigated to restore damaged tissues.
Applying principles of tissue engineering to treat bone related problems like osteoarthritis,
inflammation, etc. is called bone tissue engineering. The treatment method often employed is
replacing the bone with an implant material which is biocompatible and helps to repair the defect

in bone.

When a bone loss is caused by a clinical situation like disease, trauma tumor resection
like osteoblastoma, chondroblastoma, capacity of the bone to regenerate and remodel are
impaired. Using synergistic combination of cells, biomaterials and factor therapy, bone tissue
engineering aims to produce functional bone regeneration. Due to surplus supply and no
transmission of disease, engineered bone tissue is considered to be a potential alternative for

bone grafts. It can be used in the case of fracture osteoarthiritis, etc.

Bone graft substitutes provide a solution to treat bone related problems using tissue
engineering. Autografts, allografts, orthopaedic implants are some of the methods used in bone
tissue engineering. These strategies were designed by using the concepts of bone mechanics,

structure and characteristics. But these methods have limitations like lack of osteogenicity,



osteoconductivity and mechanical properties. Autografts are tissue organs that consist of cells
and growth factors which are taken from one area of the patient’s body and implanted into
another region. Allografts are bone fragments obtained from donors. Orthopedic Implants are
used to replace or support a biological structure. However, autografts and allografts are not only
expensive but are also patient specific. To overcome the drawbacks in these methods, bone tissue
engineering is being explored to use scaffolds for growing cells which can be implanted at the

injury site.

Scaffolds used in bone tissue engineering are biocompatible structures which can
reproduce the ECM properties like mechanical support, cellular activity and protein production
through biochemical and mechanical interactions (Bose, Vahabzadeh et al. 2013). They provide
a template for cell attachment and stimulation of bone tissue formation. Due to insufficient and
untimely vascularization of cells, bone tissue regeneration is limited to the periphery of the
scaffold. They are used in various applications like tissue induction, cell transplantation and
delivery of bioactive molecules. These scaffolds should be highly porous with interconnected

pore network to allow the flow of nutrients and metabolic waste.

1.2 Current Scaffolds Materials in Bone Tissue Engineering

A scaffold is a temporary structure which is used in tissue formation to support cells.
Scaffolds have been used in various branches of tissue engineering such as bone, skin, cartilage,
ligament, skeletal muscle, vascular tissues and neural tissues (Dhandayuthapani, 2011). They
serve as means to control delivery of drugs, proteins, and DNA. Scaffolds allow attachment and

migration of cells. They also deliver and retain biochemical factors and cells. Scaffolds used in



bone tissue engineering enable the diffusion of vital cell nutrients and expressed products.

Scaffolds are used in tissue induction, cell transplantation, delivery of bioactive molecules, etc.

Scaffolds used in bone tissue engineering are biocompatible structures which provide a
template for cell attachment and bone tissue formation. It is a three-dimensional and highly
porous structure with interconnected pore network to improve cell growth and transport nutrients
and metabolic waste. They exhibit properties like mechanical support, cellular activity and
protein production via biochemical and mechanical interactions. They are biocompatible and
bioresorbable. Mechanical strength and structure of bone tissue depends on the location and
dynamic loading conditions. It is difficult to produce a porous scaffold which is not only
mechanically strong but also retains integration properties of the host is difficult. Because of
insufficient and untimely vascularization, bone tissue regeneration is limited to the periphery of

the scaffold

Bioactive ceramics such as hydroxyapatite, tricalcium phosphate, and certain compositions of
silicate and phosphate, bioactive glasses and glass-ceramics such as apatite-wollastonit;
biological polymers like hyaluronic acid and collagen; synthetic polymers like polyfumarates,
polyglycolic acid (PGA), polylactic acid (PLA), and copolymers of PLA and PGA (PLGA), and
polycaprolactone are the materials which are used currently in bone tissue engineering (Velasco,
2015). Limitations of current scaffold materials involve lack of strength in material and material-
associated infection. Natural materials exhibit limited physical and mechanical stability and
hence they are not suitable for some load-bearing applications. Bioactive ceramics do not exhibit
sufficient degrability in a biological environment and their processability is very limited.
Synthetic biodegradable polymers which are hydrophobic do not provide suitable environment

for cell-material interactions. Biological polymers may exhibit immunogenicity and contains



pathogenic impurities. Also, stress shielding causes changes in bone morphology which effects
the flexibility of implants and the extent of bone loss (Huiskes, Weinans et al. 1992). Thus, there

is a need to investigate alternate materials for bone scaffold.

1.3 Magnesium as Metallic Scaffold Material

Magnesium can influence the bone mineral metabolism, formation, and crystallization
processes. It matches both the mechanical and biological context of real bone tissue matrix.
Magnesium apatites have been shown to support osteoblast differentiation and function. Bone
cement doped with magnesium showed controllable degradability and great mechanical and
biological performance. Magnesium alloys are very biocompatiable and show promise for use in
orthopaedic implant. Mechanical properties of the porous magnesium are in a range of those of
cancellous bone. Rate of degradation can be controlled by varying the porosity, it is
biodegradable. Current methods in fabrication of magnesium scaffolds have various limitations.
Parameters like porosity and permeability cannot be controlled. They are not suitable to produce
scaffolds based on the requirements of the injury size in patient. It is difficult to fabricate a
scaffold which exhibits proper vascularization along with good osteogenicity. Thus, there exists
a need to fabricate magnesium foam with proper morphological architecture suitable to be used

as scaffold.

14 Objective

The objective of this thesis is to develop a feasible method to fabricate a magnesium
scaffold with defined and reproducible scaffold architecture which can be used in bone tissue

engineering. The specific aims of this thesis are as follows:

Specific Aim 1: Investigate gas foaming technique to fabricate magnesium scaffolds
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Specific Aim 2: Investigate salt leaching and foaming technique to fabricate magnesium

scaffolds

Specific Aim 3: Investigate template assisted electrodeposition technique to fabricate magnesium

scaffolds

Specific Aim 4: Characterization of obtained foams.



CHAPTER 2

2. LITERATURE REVIEW

2.1 Tissue Engineering

Musculoskeletal disorders are one of the major health concerns due to aging and
accidents (Langer and Vacanti 1993). Tissue and organ failure caused on account of injury or
other type of damage, results for about half of the total annual expenditure in health care in the
US (Langer and Vacanti 1993). Treatment procedures available include transplantation, artificial
prostheses, surgical repair, mechanical devices and drug therapy (Langer and Vacanti 1993).
However, major damage to a tissue or organ cannot be repaired and long-term recovery is
dissatisfying (Langer and Vacanti 1993). Tissue engineering provides an alternative solution.
The tissue and/or organ which failed are treated by implanting natural or synthetic tissue and
organ. It helps restore and maintain tissues and organs (Griffith and Naughton 2002). Tissue

engineering helps to restore and reconstruct imperfect tissues (Murugan and Ramakrishna 2006).

Tissue engineering is defined as "an interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function or a whole organ” (Langer and Vacanti 1993). It combines
biochemical and physio-chemical factors to repair or replace portions of whole tissues and
organs like bone, blood vessels, cartilage, skin, muscle etc (Gerecht-Nir, Radisic et al. 2006). It
is more effective than traditional methods because it combines the principles of engineering,
biology, and chemistry to treat musculoskeletal disorders (CT, AM et al. 1999). To serve as
grafts for implants, tissue engineering provides functional substitutes (Meinel, Karageorgiou et

al. 2004). Using this technique, organs grow from implantation without immunological rejection.
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The tissue can be grown either in a patient or outside the patient. The tissues being used require
certain structural and mechanical properties for functioning. It is widely being used to treat
orthopedic disorders. Tissue engineering requires the following fundamental components:
scaffolds, cells and biomolecules. Precise combination of these components must be chosen to

obtain desired results for an applications (Sala, Ribes et al. 2013).

Tissue engineering research includes: development of biomaterials that are designed to
improve the growth and differentiation of cells to form a functional tissue; facilitating
methodologies for the differentiation and proliferation of cells to acquire the suitable source of
cells; angiogenesis, growth, differentiation and bone morphology for biomolecules; 2-D cell
expansion, 3-D tissue growth, vascularization, bioreactors, cell and tissue storage (Buddy D.
Ratner 2013). Tissue engineering strategy involves fabrication of biomaterials into porous
scaffolds for facilitating cell growth and to repair, restore and regenerate the tissue. It is the study
of the growth of new organs or connective tissues, formed from cells and a porous scaffold for

implantation.

2.1.1 Applications of Tissue Engineering:

Tissue engineering is being applied to various segments, like bone, cartilage and ligament, blood

vessel, heart valve and cardiac muscle.

Skin: Healing needs graft when skin lost is greater than 4 cm in diameter (Herndon, Barrow et
al. 1989). Due to the limited availability of donors for skin, grafting is not always
feasible.(Verbeken, Verween et al. 2012). Skin tissue engineering helps remodel barrier function.
It is used to treat burns, deep wounds, ulcers, etc. Collagen fibrin, poly (lactic glycolic acid) and

hyaluronic acid are used in skin substrates (Priya, Jungvid et al. 2008). Tissue engineered skin



has to be fastened to the wound bed and should not be rejected by the immune system. Its
disadvantages are wound contraction, scar tissue formation, incomplete healing, deficiency of
total healing of skin function and imperfect regeneration of skin components like glands and hair
follicles (MacNeil 2007). Cultured epithelial sheets are primarily used to construct autologous
grafts to regenerate skin when a vast portion is lost (De Luca et al., 1989; Gallico et al., 1984;
Romagnoli et al., 1990). Skin tissue engineering was mainly developed to overcome the
limitations of autografts and allografts. Tissue engineered skin is mainly used to cure burns when
availability of autologous skin is limited (Priya, Jungvid et al. 2008). It is mainly used to heal
acute and chronic wounds. Both acellular and cellular devices are used as skin substitutes
(Mansbridge 2008). Fig.2.1.1 shows a schematic representation of the steps involved in skin

tissue engineering.

(0C T3 ') SC X0

e —
——® =9~ Keratinocytes

Skin grafts Allogeneic skin grafts|

Tissue-engineered skin Autologous skin grafts

Fig.2.1.1 Skin tissue engineering (Groeber, Holeiter et al. 2011)

Liver: In cases of liver failures, complete replacement of damaged liver is crucial. The standard
procedure for treating damaged liver is transplantation. But, it is not very successful due to the
limitation of donor organ (Igor M. Sauer 2014). Support has to be given to patients waiting for
donor organs (Kulig and Vacanti 2004). Transplantation of hepatocytes in tissue engineering

involves the following steps: expanding hepatocytes in a 3D polymer substrate, maintaining



differential state and viability of cells (Buddy D. Ratner 2013). The functions of damaged liver
could be restored by developing hepatic tissues from scaffolds consisting of biomaterials.(Dvir-
Ginzberg, Gamlieli-Bonshtein et al. 2003). For the survival of graft, engrafting adequate number
of hepatocytes with vascularization acquires complex structural geometry of liver. Disadvantages
are evaluation of efficacy, toxicity and infection (Griffith and Swartz 2006). For liver tissue
engineering, porous scaffolds are made with alginate/galactosylated chitosan (ALG/GC) sponges
by lyophilization (Goh, Bertera et al. 2013). Spheroid formation and long-term liver-specific
functions of the immobilized hepatocyte were improved in ALG/GC sponge (Goh, Bertera et al.

2013). Fig 2.1.2 shows the schematic representation of steps involved in liver tissue engineering.

O_’@ ...... AT

Nanopatterned scaffolds for
Cell-laden microgels Synthetic linkers as ‘cell glue’ Microfabricated constructs mesoscale control of cell
shape and tissue structures

Gel-free microdevices

(U}

Engineered microtissue construct Multiply microtissue constructs
with fine microstructures into larger construct
TRENDS in Biotechnology

Fig.2.1.2 Liver tissue engineering (Ananthanarayanan, Narmada et al. 2011)

Pancreas: Type I Diabetes, diabetes mellitus, is highly prevalent. It can be diagnosed by
replacing the damaged pancreatic islet cells. Insulin is released into blood from transplanted
islets to restore normal blood glucose level. Following approaches are used: Islets encapsulated

by a tubular membrane, which connects to blood vessels, are embedded in a polymer matrix



present in hollow fibers and are encapsulated in microcapsules (Sullivan, Maki et al. 1991).
Biocompatible polymers which allow the diffusion of insulin into the blood stream are used to
develop the membrane used in coatings and perfusion devices in microcapsules. Inadequate
source of islet cells is a difficult task (Buddy D. Ratner 2013). Transplanting islet cell is limited
due to the lack of donors and rejection rate (A new approach for pancreatic tissue engineering:
human endometrial stem cells encapsulated in fibrin gel can differentiate to pancreatic islet beta-
cell). As a therapeutic alternative, bioengineered pancreas produced by regenerative medicine are
being investigated (Goh, Bertera et al. 2013). Improved function of cells and development of
tissues can be achieved by designing a scaffold for bioengineered pancreas (Goh, Bertera et al.
2013). Fibrin hydrogel scaffold is being considered for this purpose as it is not only
biocompatible, but also has specific properties as that of pancreas (Niknamasl, Ostad et al. 2014).
Fibrin promotes wound repair as it is derived from fibrinogen which is produced during injury
for producing blood clot. Fibrin helps to promote cell proliferation, differentiation, survival and
function. It also maintains islet cell architecture, aids the secretion of beta cell insulin and islet

angiogenesis (Riopel, Trinder et al. 2015).

Heart: Myocardial infarction followed by heart failure is a leading cause of death in western
countries (Radisic and Christman 2013). So far, no treatment has been found to prevent or undo
the damage caused by myocardial infarction (Radisic and Christman 2013). The aim of heart
tissue engineering or cardiac tissue engineering is to reproduce the structure and functions of
damaged myocardium by engineering a scaffold suitable to the tissue (Vunjak-Novakovic,
Tandon et al. 2010). Development and ailments of heart can be studied with the help of these
scaffolds (Vunjak-Novakovic, Tandon et al. 2010). In one of the studies, cell signaling in native

myocardium was imitated by subpopulations of neonatal rat heart cells were cultured at a
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physiologically high cell density in three-dimensional polymer scaffolds. In one of the studies,
native myocardium cell signaling was recreated by culturing subpopulations of neonatal heart
cells in a 3-D polymer scaffolds which is made of physiologically high cell density (Gerecht-Nir,
Radisic et al. 2006). Highly porous elastomer scaffolds with parallel channels were perfused with
cultured medium to create capillary network. Culture medium was provided with an oxygen
carrier as a substitute to the oxygen supply by hemoglobin. Electrical signals were applied to aid
the contraction of tissue constructs (Gerecht-Nir, Radisic et al. 2006). In eight days of
cultivation, tissue constructs contained electromechanically coupled cells demonstrating heart-
like differentiation and structure. They also contracted, like native heart, synchronously in

response to electrical stimulation (Gerecht-Nir, Radisic et al. 2006).

Non-viable heart valves are the currently available bioprostheses (Dohmen and Konertz 2009).
But, as the studies have shown, growth, regeneration and remodeling is attainable by viable heart
valves (Chambers, Somerville et al. 1997, Schoof, Gittenberger-De Groot et al. 2000).
Autologous viable heart valves can be produced by tissue engineering (Dohmen, da Costa et al.
2006). Scaffold and ingrowth of host cells are crucial for the production of tissue-engineered
valves (Dohmen and Konertz 2009). Heart valves are developed in tissue engineering by
transplanting autologous cells onto a scaffold. The cell-seeded scaffolds are grown and the
valves are transplanted into the patient. These scaffolds are usually made from biomaterials.
Decellularized heart valves from donors can also be used (Wilson, Courtman et al. 1995). They
possess extracellular matrix and can generate high immune response (Simon 2003). Collagen,
fibrin, synthetic polymers are used to make heart valves (Simon P. Hoerstrup 2000) They exhibit
high mechanical strength and malleability. Still, problems exist as the complex, mechanical and

electrical characteristics of heart arises problems to engineering myocardial tissues (Parker and
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Ingber 2007). Fig.2.1.3 shows the schematic diagram of steps involved in heart tissue

engineering.

7
g Intramyocardial injection
of cells in hydrogel

EXx vivo tissue
in hydrogel

Extracellular matrix

of natural tissues e s s
Artificial cardiac tissue

Fig.2.1.3 Heart tissue engineering (Galvez-Monton, Prat-Vidal et al. 2013)

Blood vessel: One of the leading causes of death in Europe is atherosclerosis (Stehouwer et al.
2009). Therapy options are being developed by pharmacological and minimally-invasive
techniques (Met et al. 2008). Widely used procedure for blood vessels in the lower extremity or
on the heart is a surgical bypass (J. Chlupac 2009). Currently available vascular prostheses,
polyethylene terephthalate (PET, Dacron) and expanded polytetrafluoroethylene (ePTFE), are
currently being used as prostheses, which exhibit desired results for large diameter replacements.
However, for small diameter blood vessels, their long term usage is not recommended (J.
Chlupac 2009) due to compliance mismatch and thrombogenicity (Edelman 1999). A functional

12



blood vessel must be non-thrombogenic (Nerem 2000). This can be achieved by endothelial-like
inner lining (Nerem 2000). To withstand artherial pressures and burst pressure, it must have high
mechanical strength (Nerem 2000). To guide the regeneration of blood vessels, polymer-based
scaffolds act as template. Microfabrication and microfluidic techniques allow complex structure
of a blood vessel with defined mircostructure (Fidkowski, Kaazempur-Mofrad et al. 2005).
Vascularization of large organs has not been attained yet. Upto the present, tissue engineered
blood vessels have been constructed in vitro and are being used for repairing flaws in animal

models (Zhang, Liu et al. 2007).

Nervous system: Approximately 265,000 people in the United States are living with spinal cord
injury in 2010. Neurons of peripheral nervous system have the ability to regrow damaged axons,
whereas, the neurons in central nervous system have a limited capability to regrow damaged cells
(Jin He 2012). Normal function of tissues will be affected when injured, sometimes leaving the
patient disabled (Sekhon and Fehlings 2001, Parr, Tator et al. 2007, Schroeder and Mosheiff
2011). Permanent functional impairment in the central nervous system is caused by injuries
because damaged site prevents the regeneration of neurons (Belkas, Shoichet et al. 2004) A
bridge that ranges the lesion gap with morphological, biological and chemical cues that imitate
normal tissue is built to restore damaged structures in disorganization of axons. Synthetic and
natural polymer bridges are being used for nerve regeneration (Bellamkonda and Aebischer
1994) A local sprouting response, remodeling the growing axons and stimulation of
reinnervation can be caused by controllable release of neurotrophic factors, growth factors and
neuronal adhesion molecules (Slack, Pezet et al. 2004).

Current procedures to treat peripheral nerve defects are surgical techniques (Carriel, Alaminos et

al. 2014). The best treatment procedure for critical nerve defects is autografting. Tissue
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engineering provides the possibility to design biomimetic nerve conduits from tissues and
biomaterials to produce nerve regeneration (Gu, Ding et al. 2011) (Daly, Yao et al. 2012)
(Nectow, Marra et al. 2012). Tissue engineering in the present day has shown favorable
developments in the processing of nerve conduits and nerve allografts (Kehoe, Zhang et al. 2012,

Konofaos and Ver Halen 2013)

2.2 BONE TISSUE ENGINEERING

2.2.1 Bone Biology

Bone matrix is composed of 95% type 1 collagen and 5% proteoglycans, which are high
molecular weight complexes and noncollagenous proteins (Einhorn 1995). Bone has the ability
to form and deposit crystalline salts which provide strength and rigidity to the tissue. It is a
connective tissue which serves the following three main functions: it provides mechanically
stable points for muscle attachment, protects internal organs and stores ions necessary for body
function (Sarkar, Wachter et al. 2001). Bone is made up of two structures, trabecular and cortical
bones. The inner part of bone, trabecular bone, is approximately 80% porous and the outer layer,
cortical bone, has porosity less than 10% (John P. Bilezikian, Lawrence G. Raisz et al. 2002).
Remodeling, differentiation and resorption of bone are controlled by osteocyte, osteoblast, and
osteoclast cells (Buddy D. Ratner 2013). These three components are necessary for fracture
healing (Schroeder and Mosheiff 2011). Osteoblasts account for bone formation and osteoclasts
account for resorption (Buddy D. Ratner 2013). During bone remodeling process, osteoclasts
resorb the bone (MacMillan, Lamberti et al. 2014). Osteogenicity is the ability of scaffold to help
bone formation in the absence of host cell invasion (Buddy D. Ratner 2013). Osteoconductivity

is the ability of scaffold to attach osteoblastic cells on the surface. Osteoinductivity is the ability
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of scaffold to increase the differentiation of mesenchymal stem cells on osteoblastic lineage,

which forms mineralized tissue (Buddy D. Ratner 2013).

Excessive physical loading, disease or aging can decrease bone density. A simple fracture
heals with rigid external fixation but multiple fractures cannot be easily set. Despite the high
regenerative capacity of bone, in situations where bone defects are caused due to tumor
resections like osteoblastoma and chondroblastoma, fractures or trauma, bone cannot be
regenerated or remodeled (Cato T Laurencin 2013). In such cases, surgical intervention is

required.
2.2.2 Clinical Challenges with Bone Repair

Some of the clinical conditions like diabetes, chronic inflammation, poly trauma, etc.,
correspond to delay in bone repair after fracture. These conditions negatively influence the bone
repair (Cato T Laurencin 2013). Repairing and regenerating defects of large bones caused by
disease or trauma is a significant clinical challenge (Fu, Saiz et al. 2011). For example, under
conditions of congenital defects, disease or injury, it is a clinical challenge to reconstruct
complex craniofacial deformities (Pagni, Kaigler et al. 2012);(Logeart-Avramoglou, Anagnostou
et al. 2005). Due to the insufficiency of integrated solutions, restoring tendons and ligaments that

are injured is a challenge (Lu and Thomopoulos 2013).

In some diseases like osteoarthritis which occur due to aging or excessive wear and tear
in a joint, a large portion of the articulating surface in cartilage overlying the bone is injured
(Cato T Laurencin 2013) The most commonly used treatment is replacing the entire joint.
Though most of the removed bone is replaced by the implant material, supplementary bony
implants may be necessary. The bony supplement must be biocompatible and improve bone

ingrowth and repair.
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Due to penetrating trauma (Gumieiro, Abrahdo et al. 2010), necrosis by radiation
(Papagelopoulos, Mavrogenis et al. 2007), treating tumors by surgery (Cancedda, Giannoni et al.
2007), or some chemical substances(Zaccaro Scelza, da Silva Pierro et al. 2010), a gap greater
than two and a half times of the bone radius, which is known as “critical size bone defect” is
generated, which is a major clinical problem (Bosch, Melsen et al. 1998) (Gugala and

Gogolewski 1999) (Horner, Kirkham et al. 2010).

Alternative methods are being investigated for regeneration and repair of bone due to
limited graft accessibility, donor site morbidity and high costs. (Geiger et al. 2003; Bishop and
Einhorn 2007). Currently, following three new strategies are being investigated (Rose et al.
2004): gene therapy, stem cell therapy and protein therapy (Ziyad S. Haidar, Reggie C. Hamdy et

al. 2009).
2.2.3 Current Strategies for Bone Repair

In the situations where additional intervention is required for healing, following methods are

used by surgeons:
2.2.3.1 Autograft

A tissue will be taken from one area of the patient’s body and implanted into another
region. It consists of cells, growth factors, proteins, structural and mechanical elements which
are required for bone repair and regeneration (Cato T Laurencin 2013). As the tissue is being
reimplanted into the same person’s body, there will be no risk of disease transfer or

immunogenic response (Laurencin, Khan et al. 2006).

Usually, tissue from trabecular bone is harvested because its porous nature makes the

tissue osteoconductive (Khan, Yaszemski et al. 2008). Bone at the defective site grows into it
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because of its porous nature. The amount of bone that can be harvested is limited as harvesting
too much will lead to new injury site. The site from where the bone is being harvested heals itself
but causes excessive pain, infection, etc (Cato T Laurencin 2013). As a result, donor tissues are
limited.So far, autograft transplantation has been used for diagnosis in 26 cases, including acute
and chronic chemical injury, contact lens-induced keratopathy, ocular surface failure after
multiple surgical procedures and thermal burns (Keivyon and Tseng 1989). In certain conditions
like benign and malignant tumors, bone deficiencies, osteomyelitis, and abnormal loss in the
maxillofacial area, large pieces of bone must be cut off (Logeart-Avramoglou, Anagnostou et al.

2005). In these cases, bone harvested from iliac crest is used for treatment.
2.2.3.2 Allograft

Tissues harvested from donor patient are treated to demineralize bone matrix. It can be
done by freeze-drying process, fresh frozen grafts or demineralized. Fresh frozen allografts could
transmit disease. Freeze dried tissue eliminates not only the possibilities of disease transmission
but also its osteoconductivity (Khan, Katti et al. 2004). When demineralized, osteoconductivity
is limited. Hence it is suitable for defects. Allografts are less osteoinductive, less osteoconductive

and are not osteogenic (Greenwald, Boden et al. 2001).
2233 Bone Graft substitutes

Complications in autografts and allografts led to the search for bone graft substitutes.
They are based on the concept of tissue engineering. These principles lead to the classification of
bone grafts based on biomaterials, cells and factors (Buddy D. Ratner 2013). Bio-material based
bone graft substitutes are classified as allografts, natural polymers, synthetic polymers and

ceramics.

Allograft-based substitutes: Thoroughly sterilized, decellularized and demineralized allograft
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bone tissues are used. While processing, controlled methods are used to ensure that non-
collagenous proteins, collagen and some of the growth factors present in the original bone tissue
are retained by the resulting demineralized bone matrix (AR Gazdag 1995). Upon
demineralization, tissue is exposed to soluble factors that could be obstructed in mineralized
bone, which improves osteoinduction (AR Gazdag 1995) (Whang et al. 2004). However, they
exhibit limited osteogenicity, osteoconductivity and mechanical properties (AR Gazdag 1995)

(Whang et al. 2004).

Natural polymer-based substitutes: Natural polymers are derived from vegetable and animal
sources (Logeart-Avramoglou, Anagnostou et al. 2005). These polymers are not only
biodegrabale and biocompatible, but also has properties which causes cells to adhere, proliferate
and function (Hubbell 1995). Bone graft substitutes derived from natural polymers are
commercially available (Buddy D. Ratner 2013). They are coated with bone marrow aspirate
before implanting to introduce progenitor cells on the matrix. It makes the matrix osteogenic
(Neen, Noyes et al. 2006). These structures are typically foams or fibers. They exhibit good
osteoconduction, but osteogenicity, osteoinduction and mechanical properties are less than

provided by autograft tissue (Khan, Katti et al. 2004).

Synthetic Polymer-based substitutes: Synthetic polymer substrates give better control over
degradation kinetics, surface chemistry and geometry. It provides much finer detail than natural
polymer substrates. Synthetic polymer substrates currently in use are: poly(a-hydroxyesters),
poly(glycolide), poly(lactide), poly(lactide-co-glycolide) and poly(caprolactone). These are made
by porogen leaching due to which increase in porosity causes decrease in mechanical integrity

(Thomson, Wake et al. 1995)

Ceramic-based substitutes: Ceramic substitutes are developed from calcium sulfate, calcium
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phosphate and bioglass. Substitute made from calcium sulfate resorbs in nine months after
implantation. It is osteoconductive and potentially immunogenic (Robinson, Alk et al. 1999)
(Khoury et al. 2002). Substitutes from calcium phosphate are made from either hydroxyapatite or
tricalcium phosphate. They are resorbed slowly and are osteoconductive, and osteoinductive.
Bioglass dissolutes in the body as it consists of more percentage of calcium oxide and sodium

oxide and less percentage of silicon dioxide. They are osteoconductive, as well as osteoinductive.
2.2.34 Orthopedic Implants

An orthopedic implant is usually used to support or replace a missing biological structure.
In applications such as, repairing non-unions, spinal reconstruction, total joint arthroplasty, soft
tissue anchorage, and fracture healing, implants are widely used (Goodman, Yao et al. 2013).
Fastening orthopedic implants by tissue ingrowth into the bone helps to control long-term
loosening of implant (M 1987). In some cases, metallic screws, rods and pins are used to join
bones for stabilizing in surgeries like joint replacement. Chances of obtaining infection due to
orthopedic device is <1%—2% (Widmer 2001). Orthopedic implants are made up of metals,

bioinert ceramics and polymers.
2.2.4 Bone Tissue Engineering

Bone tissue engineering is the science which deals with the regeneration of bone to
natural form and function (Di Silvio and Jayakumar 2010). It has been considered as an
alternative strategy to regenerate bone (Rose and Oreffo 2002). Bone tissue engineering can be
defined as applying the strategies of tissue engineering to construct grafts which are osteogenic,
osteoconductive, osteoinductive, resorbable and possess mechanical properties similar to that of
implant site (Buddy D. Ratner 2013).

The necessity to replace or restore the function of damaged, traumatized, or lost bone are
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of major importance (Rose and Oreffo 2002). Objective of bone tissue engineering is to promote
functional regeneration of new bone using the synergistic amalgamation of biomaterials, factor
therapy and cell (Amini, Laurencin et al. 2012). It involves the concepts of bone biology, bone
mechanics, bone structure and tissue formation, as it aims to repair or regenerate bone (Amini,
Laurencin et al. 2012). To promote orderly development of bone, tissue engineering bioreactor
must provide controlled cellular micro environment, relevant physical signals, and provide
transfer of mass to and from the cells (Freed and Vunjak-Novakovic 2000). Seeding cell, growth
factors and porous scaffold are the three factors involved in bone tissue engineering (Zhao and
Qin 2011). A temporary porous device is used as bone substitute to repair the defective site.

Fig.2.2.4 shows the steps involved in bone tissue engineering.

& Peptide

Scaffold
biofunctionalised with 9% Growth factor

osteoinductive signals ‘*CE”
Fig.2.2.4 Bone tissue engineering (Vallet-Regi, Colilla et al. 2011)

2.2.5 Limitations and Challenges

Bone tissue engineering not only depends on the principles of cellular and molecular
biology but it is also guided by biomechanics and bioengineering. Mechanical strength and

structure of bone tissue depends on the location and dynamic loading conditions (Buddy D.
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Ratner 2013). Developing a porous scaffold which is mechanically strong and retains integration
properties of the host and proper vascularization is difficult. Because of insufficient and untimely
vascularization, bone tissue regeneration is limited to the periphery of the scaffold (Buddy D.

Ratner 2013). It is not only expensive to manufacture, but also patient specific.

The strategies of bone formation are yet to produce mechanically and functionally
proficient bone (Rose and Oreffo 2002). Some of the limitations of current regenerative methods
include lack of mechanical strength of scaffolds, impaired cellular proliferation and
differentiation, and deficiency in production of extrinsic factors required for osteogenesis

(Walmsley, McArdle et al. 2015). Vascularization of large tissue constructs is also a challenge

(Stevens 2008).

2.3  Scaffolds

An artificial template, which supports tissue formation, onto which cells are implanted is
called scaffold. It is a 3D structure which delivers therapeutic agents, provides mechanical
stability and facilitates critical processes in tissue repair (Buddy D. Ratner 2013). To promote the
growth of tissues, scaffolds are made to be bioactive or bioresorbable (Bose, Roy et al. 2012).
Scaffolds play an important role for accommodating and guiding cell growth into a specific

tissue (Murugan and Ramakrishna 2006).

Requirements: For cell seeding and to accommodate diffusion through the cells and nutrients,
transportation of nutrients and metabolic waste, scaffolds must have high porosity with
interconnected pores (Hutmacher 2000). As a scaffold should be absorbed by the surrounding

tissues, it must be biodegradable, to avoid surgical intervention (Buddy D. Ratner 2013).
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Degradation rate must be close to the tissue formation rate because the scaffold provides

structural integrity while cells construct their matrix structure (Buddy D. Ratner 2013).

2.3.1 Scaffolds in Tissue Engineering

In tissue engineering, a highly porous extracellular matrix or scaffold is necessary for the
cell growth and tissue engineering (Yang, Leong et al. 2001). Scaffolds allow cells to formulate
their own micro environment to recapitulate the normal tissue development. They supply
essential support for cells to attach, proliferate and maintain their differentiated function and
regeneration of new tissues (Buddy D. Ratner 2013). Scaffolds are engineered to promote

vascularization and bone growth (Bose, Roy et al. 2012).

Scaffold allows cell migration, as well as attachment. It supplies and retains both
biochemical factors and cells (Buddy D. Ratner 2013) They allow diffusion of essential cell
nutrients and apply certain impact on biological and mechanical factors to change the behavior of
the cell phase. Therefore, for proper cell proliferation, differentiation and maintenance, scaffolds
must be integrated by appropriate biophysical, biochemical and biomechanical properties (Dutta
and Dutta 2009). Osteogenesis and chondrogenesis of induced cells depends on
osteoconductivity (Kuboki, Takita et al. 1998). It has been observed that osteogenesis is affected

by the pore size due to vascularization (Karageorgiou and Kaplan 2005).

Scaffolds for tissue engineering purposes are porous and made of biodegradable materials
(Bose, Roy et al. 2012). Surface of the scaffold must allow cell growth and adhesion (Freed,
Vunjak-Novakovic et al. 1994). However, scaffolds which are currently being investigated

demonstrated low mechanical strength and hence, they do not exhibit ideal characteristics for
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actual applications (Yang, Leong et al. 2004) They lack the mechanical strength and

interconnected pores are not guaranteed (Yang, Leong et al. 2004).
2.3.2 Applications of Scaffolds in Tissue Engineering

Tissue Induction: It is the process of ingrowth and infiltration of surrounding host tissue after
implantation through a substrate which is usually a porous acellular 3D scaffold. It depends on
cell migration, differentiation, vascularization and proliferation. Extent of tissue induction is
affected by scaffold design and material (Buddy D. Ratner 2013). For evaluating implants, the
impact of tissue inducing biomaterials, protein (e.g. growth factors) adsorption on the
biomaterial surface and their impact on the MSCs behavior is the key for implants evaluation

(Xu, Liao et al. 2013).

Cell Transplantation: Repair or regeneration of damaged tissues by cells placed on 2D or 3D
polymeric scaffold is called cell transplantation. Cells acquired from a donor site are expanded in
culture before seeding on a scaffold. Then, it is transplanted to the defect site (Cima, Vacanti et
al. 1991). Transplantation of differentiated cells includes fibroblasts, osteoblasts, chondrocytes,
smooth muscle cells and hepatocytes. Multiphasic scaffolds possessing greater than one cell can
be designed to develop heterogeneous interfacial structures (Cao, Ho et al. 2003) (Schek, Taboas
et al. 2004) (Spalazzi, Dagher et al. 2008). For pancreatic islet encapsulation, a multilayered
scaffold has been designed. To reduce immuno-protective barrier, an outer layer is provided

(Weber, Cheung et al. 2007).

Delivery of Bioactive Molecules: Bioactive molecules consists of soluble molecules which
modify the activity of cells and interact with them, like growth factors, cytokines, DNA, siRNA,
hormones and angiogenic factors (Holland and Mikos 2003). Delivery of bioactive molecules is

necessary to cause tissue formation and selectively modify cellular activities like differentiation,
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cell proliferation and ECM production. They can be delivered either directly from the supporting
matrix or by binding these molecules to substrate surface while processing the scaffold (Buddy

D. Ratner 2013).
2.3.3 Scaffolds in Bone Tissue Engineering

Several polymeric, inorganic and hybrid based scaffolds were examined to engineer
bone, but a material that exhibits optimal degradation kinetics and mechanical properties for
bone repair has not been found yet. Interconnected macro porosity is necessary for bone
regeneration to let 3D bone growth all through the scaffold. Integrating biodegradable scaffolds
with cells provides less vascularization (Buddy D. Ratner 2013) As a result, cells may die.

Hence, success rates are low.

To aid cell and tissue growth and differentiation metabolic waste, nutrients and paracrine factors
a 3D structure with interconnected pores should exist (Cato T Laurencin 2013). To develop the
in-growth and distribution of cells, scaffold must be highly porous with high surface to volume
ratios and interconnected structures (Logeart-Avramoglou, Anagnostou et al. 2005). A scaffold
should be bioresorbable or biodegradable with regulated resorption and degradation rates to
match cell and tissue growth. It must have suitable surface chemistry for cell attachment,
proliferation and differentiation (Cato T Laurencin 2013). It must match the mechanical
properties of the tissues at the site of implantation. It should be easy to process to form in
different shapes and sizes and must be osteoconductive (Logeart-Avramoglou, Anagnostou et al.

2005).

2.3.4 Scaffold Materials

Material for scaffold is determined based on several factors like processability,
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biocompatibility, degradability, surface characteristics and mechanical properties (Thomson,
Wake et al. 1995). The main type of material used for scaffolds are polymers (macromolecules),
which can be used in various applications, including bone and other mineralized tissues (Ma
2002). Polymer materials can be fabricated to a specific chemical structure, molecular weight,
end group chemistry and composition, which include copolymers, polymer blends and
homopolymers (Buddy D. Ratner 2013). Linear aliphatic polyesters, poly(glycolic acid),
poly(lactic acid), and their copolymers poly(lactic acid-co-glycolic acid) are the most commonly
used materials in tissue engineering (Ma 2002) (R Zhang 2001) (James M. Pachence 2000).

Degradation of these polymers is due to hydrolysis of the ester bonds (Li 1999).

A widely used material in scaffolding is PLA. It has reduced molecular affinity to water
which causes low hydrolysis rate because of the extra methyl group in the repeating unit (Ma
2004). To lose mechanical integrity in vitro or in vivo, PLA scaffold requires months or even
years (Ma 2004). Ratios of lactic and glycolic acids are used to synthesize poly(lactic acid-co-
glycolic acid) for attaining intermediate degradation rates (Ma 2004). Another widely used
material is PGA. Due to its relatively hydrophilic nature, degradation of PGA is fast in aqueous
solutions and mechanical integrity lasts for two or four weeks (Reed and Gilding 1981, Ma and

Langer 1995). Hence, it is widely used for scaffolds (Ma and Langer 1995).

Poly(e-caprolactone) (Ma 2004) and poly(hydroxy butyrate) (Woodward, Brewer et al.
1985) are other linear aliphatic polyesters used in tissue engineering research . Compared to
PLA, PGA, and PLGA, PCL has slower degradation rate (Ma 2004).

To improve degradation properties, PCL-based copolymers have been synthesized(Choi
and Park 2002). Fermentation caused by microorganisms produces PHB (Holland, Jolly et al.

1987) (Miller and Williams 1987).
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Poly(propylene fumarate), which degrades by hydrolysis of the ester bonds (Wolfe, Dean
et al. 2002) and tyrosine-derived polymers, which show good biocompatibility (James 1999) are
being investigated for bone tissue engineering (Hooper, Macon et al. 1998, Wolfe, Dean et al.
2002). Research is going on to develop biodegradable urethane-based polymers with less toxic
diisocyanates (Zhang, Beckman et al. 2000, Skarja and Woodhouse 2001, Guan, Sacks et al.
2002).

Collagen, a fibrous protein, is used for tissue regeneration applications, mainly for soft
tissue repair (Bell, Rosenberg et al. 1991, Pachence 1996). Scaffolds for tissue engineering are
made using collagen-glycosaminoglycan (GAG) copolymers (Yannas 1994, Mueller 1999)
(Collagen-glycosaminoglycan (GAG) copolymers). Denatured collagen (gelatin) is fabricated
into scaffolds for tissue repair (Ma 2004) (Collagen-glycosaminoglycan (GAG) copolymers).

Silk is a natural fibrous protein (Ma 2004), which is recently introduced in tissue
engineering (Altman, Horan et al. 2002). Chemical modification of silk to improve its
biocompatibility is being researched (Ma 2004). Other types of silks that can be used are spider
silks and genetically engineered silks. Polysaccharides, such as alginate (Altman, Horan et al.
2002), chitosan (Madihally and Matthew 1999), and hyaluronate (Solchaga, Gao et al. 2002) are

used as tissue engineering scaffolds (Ma 2004).
2.3.5 Limitations of Current Scaffold Materials

Current scaffolds are limited in various aspects like insufficient vascularisation, low
mechanical strength, issues relating to bone infection and osseointegration of the bioresorbable

scaffold (Liu, Lim et al. 2013).

Poly (a-hydroxy esters) were mainly explored, which includes poly (glycolic acid),

poly(lactic acid) and poly(lactic-co-glycolic acid).They can be easily processed into various
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shapes. But, they release harmful products while degrading which causes a drop in pH. This
generates acidic environment which could not only damage cells and tissues, but also catalyze
the degradation of polymers (Li, Garreau et al. 1990). To add cell adhesion peptides to lysine
groups, copolymers that integrates poly(a-hydroxy esters) and amino acids are generated (Cook,

Hrkach et al. 1997)

Due to their hydrophobic nature, degradation rates of PHB and PHB-based copolymers
are very low(Ma 2004). Collagen could potentially transmit pathogen, immune reactions, and
exhibits low mechanical properties and poor controlled biodegradability (Ma 2004). Degradation
rate of silk is very low (Ma 2004) and cytotoxicity is also a concern regarding silk (Kourie and
Shorthouse 2000). Inorganic materials cannot be easily fabricated to produce highly porous
structures and are mechanically brittle (Ma 2004). Fracture resistance of bioactive glass scaffolds

is low and they have limited mechanical reliability (Fu, Saiz et al. 2011).

Limitations of current scaffold materials involve mechanical failure of material and material-
associated infection, It also includes immunogenic reaction to implanted materials (Patel and
Fisher 2008). Natural materials exhibit limited physical and mechanical stability and hence they
are not suitable for some load-bearing applications. Bioactive ceramics lack degrability in a
biological environment and their processability is very limited. Biological polymers may exhibit
immunogenicity and contains pathogenic impurities. Synthetic biodegradable polymers which

are hydrophobic do not provide the ideal environment for cell-material interactions.
2.4 Magnesium as Scaffold Material in Bone Tissue Engineering

Magnesium can be used as scaffold in bone tissue engineering (Zhuang, Han et al. 2008)
not only because of its effect on the bone mineral metabolism, crystallization and formation

processes, but also because it matches the biological and mechanical factors of real bone tissue
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matrix (Buddy D. Ratner 2013). Because of their degradability and similarity to human cortical
bone, magnesium and its alloys can possibly be used as a metallic degradable materials for
orthopaedic implants (Wong, Yeung et al. 2010). Magnesium-based implants are used for load-
bearing applications as they are osteoconductive, biocompatible and degradable (Staiger, Pietak

et al. 20006).

It has been proven that magnesium apatites aid osteoblast function and differentiation.
Also, controllable degradability, biological and mechanical characteristics has been achieved by
mixing magnesium with bone cement (Buddy D. Ratner 2013). Magnesium is proven to be
bioresorbable and it does not induce systemic or inflammatory due to its non-toxic composition.
Magnesium is osteoconductive and improves bone growth (Staiger, Pietak et al. 2006). The rate
of degradation of magnesium scaffold can be regulated by varying the porosity. Magnesium

foams are currently being explored for its applicability as scaffolds for bone tissue engineering.

2.5 Introduction to Foams

Gas bubbles dispersed in a solid or liquid is called foam. A colloid of gas dispersed in
solid is called solid foam. Solid foams are lightweight materials used for engineering purposes.
Because of their low density, solid foams are good floating devices and thermal insulators and
because of their compressibility and lightweight structure, they are ideally used as packing
material. Volumetric mass transfer coefficient of a solid foam is not affected by the average pore
size (Stemmet, Meeuwse et al. 2007). Solid foams exhibit both high voids and surface area
(Stemmet, Jongmans et al. 2005). Solid foams are classified into three types. They are:

Polymeric foams, non-metallic foams and metallic foams.
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2.5.1 Polymeric Foams

A polymer foam generally consists of two phases, solid polymer matrix and gaseous
phase (Kurt C. Frisch 1995). These foams can be produced by physical, chemical or mechanical
methods. Solid polymeric foams can be organic, inorganic or organometallic (Kurt C. Frisch
1995). Poly(lactic acid), poly(glycolic acid), polyhydroxyalkanoates, polyurethane, polyvinyl
chloride are some of the polymer foams. They are used in various applications including thermal
and mechanical insulators,medical devices and solid supports for catalysis (Venkatram Prasad

Shastri 2000).

2.5.2 Metallic Foams

Metals which have integrated pores within the structure are called metallic foams Pores
which are sealed are called closed-cell foams and the pores which are interconnected are called
open-cell foams. Metal foams are defined by their high porosity. This property makes
them ultralight materials. They possess high impact energy absorption rate, low thermal
conductivity, good electrical insulation, and water and air permeability (Davies and Zhen 1983).
Higher the strength of foamed metal, greater is its density. Metallic foams can be reprocessed
into its original material. They possess physical properties as that of their original material. They
are used as shock absorbers, flame arresters, porous electrodes, catalyst supporters, etc. (Davies
and Zhen 1983). Metal foams possess high porosity and are ultralight materials. Their thermal
conductivity is low. They possess characteristics of high compressive strength and energy
absorption. Foams are used in automotive industry to help in assembly to decrease costs and
improve performance. Metal foams are classified based on their pore structure into following two

types: open-cell pores and closed-cell foams.
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Open-Cell Metal Foams: In this type of foam, the pores are inter-connected. The cells in inter-
locked pores are enclosed by gas or air. These are not as dense as closed-cell foam. These are
light in weight due to high percentage of air or gas. Open-cell foams exhibit properties of sound
absorption. Hence, they are widely used in acoustic insulation (Kurt C. Frisch 1995). They are

also used in various industries, like energy absorbers, heat exchangers, flow diffusers, etc.

Closed-Cell Metal Foams: In this type of foam, the pores are not inter-connected, i.e., the pores
are enclosed with material. In other words, pores in a closed-cell foam consists of gas trapped in
material. As a result, closed-cell foams are water resistant and have high compression strength.
Closed cell foams are more rigid .These are widely applied in thermal insulation (Kurt C. Frisch
1995). They are fire-resistant and are applied in medical packaging, protective packaging,
building materials and surgical drapes. An example for close-cell foam is rubber. The gas pores
are sealed, so they do not soak up water. There are many ways to fabricate closed-cell metallic

foams (Degischer and Kriszt 2002, Louis-Philippe Lefebvre 2008)..
2.6 Production Methods for Metallic Foams
There are many ways to produce a metallic foam (Davies and Zhen 1983). Following are
the widely used methods to manufacture metallic aluminum foams.
2.6.1 Foaming of Melts by Gas Injection (Hydro/Alcan)

Foaming of molten metal can be done by injecting gas into it (Banhart and Baumeister
2011). Aluminum melt is made by adding aluminum oxide, magnesium oxide, or silicon-carbide
to increase the viscosity to form a metal-matrix composite. Inert gas is injected into it by the
means of vibrating nozzles or rotating impellers, which produce uniformly distributed fine gas

bubbles in the melt (Duarte and Banhart 2000). A dry liquid foam is formed when this viscous
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mixture of gas bubbles and metal is floated up to the surface of the liquid (Duarte and Banhart
2000). Ceramic particles in the melt stabilize the foam (Duarte and Banhart 2000). The foam can
be removed from the liquid surface by using a conveyor belt to be allowed to solidify by cooling

down (Beals and Thompson 1997).

The solid foam obtained will take the shape of the container having liquid metal. The
thickness of foam obtained by this method is 10 cm, the mean size of particle varies from 5 mm
to 20 mm, and the amount of reinforcing particles varies from 10% to 20% (Kenny 1996).
Problems will arise if the size of the particles or volume is not calculated empirically. The
aluminum foam obtained by this method possesses density varying between 0.069 g/cm? and
0.54g/cm3 and average pore size varying from 3mm to 25 mm (Kenny 1996). The thickness of

wall varies from 50 mm to 85 mm (Kenny 1996)

The cell size 1s inversely proportional to the cell wall thickness and to the density. It can
be altered by varying the impeller speed, nozzle vibration and gas flow. The foam should be
pulled off vertically to avoid distorting the cells caused due to shearing forces. Setup is shown in

fig.2.6.1.
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Fig.2.6.1. Foaming by gas injection (Duarte and Banhart 2000)
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2.6.2 Foaming of Melts with Blowing Agents (Alporas)

In this method, blowing agent is added to molten metal and the mixture is heated to
decompose the blowing agent, which evolves gas (Davies and Zhen 1983). Setup is shown in
fig.2.6.2. To make aluminum foam, approximately, 1.5 weight percentage of calcium metal is
added at 680°C to the aluminum melt and is stirred to increase viscosity (Duarte and Banhart
2000). Rate of viscous nature depends on the calcium content present in the melt (Ma and Song
1998). Viscosity can also be increased either by passing oxygen or air into the melt or by adding
alumina powder (Duarte and Banhart 2000). When the desired viscosity is obtained, titanium
hydride is added, which serves as blowing agent. When heated, it releases hydrogen gas into the
melt. This expands the melt to expand and it takes the shape of the container. When the melt is
cooled below the melting point of aluminum, the foam solidifies. This process is done at a
constant pressure (Kondoh, 2012). Average cell diameter and the viscosity of the melt; foam
density and viscosity are empirically related. Density of the foam obtained varies between 0.18
g/cm3 and 0.24 g/cm3 the average pore size varies between 2 mm and 10 mm (Baumgértner,

Duarte et al. 2000).
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Fig.2.6.2. Foaming by blowing agents (Duarte and Banhart 2000)
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2.6.3 Foaming of Powder Compacts (Foaminal)

This process produces foam from metal powders (Baumgértner, Duarte et al. 2000).
(Duarte and Banhart 2000). In the first step, alloy powder is mixed with a blowing agent and the
blend is compacted to form semi-finished dense product by rod extrusion, compression or
powder rolling (Duarte and Banhart 2000). Care should be taken to see that residual porosity
does not exist, otherwise it causes defects. In the next step, the matrix material obtained is heated
to temperature close to the melting point. At this point, the blowing agent releases gas by
decomposing which expands the melt (Duarte and Banhart 2000). This produces a porous
structure. When the temperature is lowered below melting point, foam solidifies and takes the

shape of the container, as shown in fig.2.6.3.

33



l Starting materials:
,9

metal powder P
I foaming agent @

mixing
of powders
~\
compaction
of mixture
J

foamable metal

____________________

P

S

Final Product;

metal foam

Fig.2.6.3. Foaming of powder compacts (Duarte and Banhart 2000)

2.6.4 Solid-Gas Eutectic Solidification (Gasar)

As we know, some liquid metals form a eutectic system with hydrogen gas. When such a
metal is melted under high pressure in hydrogen atmosphere, it produces a homogenous melt
which is charged with hydrogen (Duarte and Banhart 2000). When the temperature is reduced,

the melt undergoes a eutectic transition to heterogeneous two-phase system (Duarte and Banhart
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2000). A segregation reaction takes place when the composition attains the eutectic
concentration (Duarte and Banhart 2000). As the melt solidifies, gas pores are trapped in it
(Duarte and Banhart 2000). Pressure applied, rate of removal of heat, volume of hydrogen and
the chemical composition of the melt can be used to characterize the pore (Duarte and Banhart
2000). Porosity of foam obtained in this method varies from 5% to 75%, while the diameter of
pore ranges from 10 mm to 100 mm and pore length varies from 100 mm to 300 mm (Duarte and

Banhart 2000). Pores could be either conical or corrugated (Duarte and Banhart 2000).
2.6.5 Foaming of Ingots Containing Blowing Agents (Formgrip/Foamcast)

In this method of foaming, titanium-hydride particles are added to aluminum melt.
Titanium hydride serves as a blowing agent. Either the temperature of the melt must be lowered
than the melting point of the metal or titanium hydride must be passivated to ensure that the
blowing agent does not decompose and release the gas before solidification (Duarte and Banhart

2000).
2.7 Production Methods for Magnesium Foams

Following are the methods that have been investigated and reputed to produce

magnesium foams.

Magnesium Foam Fabrication by Melt Foaming Method: Yang, Seo et al. 2008 have
fabricated magnesium foam using calcium carbonate powder as blowing agent. The apparatus
used in this method were: resistance furnace, crucible, a stirring paddle and a gas system to
supply the protecting gas (Yang, Seo et al. 2008). Magnesium alloy was melted in a crucible at a
fixed temperature. A mixture of carbon dioxide and sulfur hexafluoride were used to prevent

magnesium from igniting. To increase the viscosity of the melt, carbon particles were added by
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the impellor at a speed of 400 r/min for 10 min. Calcium carbonate powder was added to the
melt with the impeller at a speed of 800 r/min. This caused the melt to gradually foam. Then, the
melt was allowed to stay in the furnace to increase the bubbles in the melt, producing a cellular
structure. The crucible was then removed from the furnace. Foamed melt was solidified by
blowing air (Yang, Seo et al. 2008). However, gases like carbon dioxide and sulfur hexafluoride,
used prevent molten magnesium from igniting are greenhouse gases. Large scale production

leads to more global warming, therefore not environmental friendly.

Magnesium Foam Fabrication by Casting: Yamada, Shimojima et al. 2000 have used this
method to fabricate open cellular magnesium foam by using polyurethane foam as shown in
fig.2.7.1. Polyurethane foam was heated to 773K after being filled with plaster during which the
polyurethane foam was removed due to the heat, leaving porous plaster mold. Molten
magnesium was poured into the porous plaster mold and heated to 873 K. Magnesium did not
flow through narrow pores. Then the plaster mold was broken down by spraying water. This
produced open cellular magnesium foam (Yamada, Shimojima et al. 2000). But, handling molten
magnesium could be dangerous because it could catch fire when exposed to atmospheric gases in
molten form. From safety stand point, this method is not very appropriate if an alternative

method is available.
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Fig.2.7.1 Steps involved in fabrication of magnesium foam by casting method

Magnesium Foam Fabrication by Using Spacers: Wen, Mabuchi et al. 2001 have used spacers
to fabricate magnesium foam, as shown in fig.2.7.2. Spacer materials used were ammonium
hydrogen carbonate particles and carbamide particles of 200-600pum. They were chosen based on
chemical properties and size of the particles was calculated by empirical calculations.
Magnesium powder was mixed with spacer particles in an agate motor to ensure homogenous
blending of the particles. This mixture was uniaxially pressed at a pressure of 100 MPa to form
green compacts, which were heat treated for 7 hours to burn out the spacer particles. This formed

a highly porous magnesium foam (Wen, Mabuchi et al. 2001). However, the time duration for
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heat treatment is very long and the obtained foam cannot be made patient specific as this method

does not control the porosity and morphology of the foams produced.

Metal Powders
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2. Sintering of Metal Foam

Fig.2.7.2. Schematic of steps involved in fabrication magnesium foam by using spacers

Magnesium Foam Fabrication by Infiltration Casting Technique: Hartmann, Reindel et al.
2011 have fabricated magnesium foams by using the concept of low pressure die casting as
shown in fig.2.7.3. Hollow ceramic spheres with diameters of 2.8 and 3.7 mm were used. These
spheres were charged into a steel mold. To obtain dense packing, they were subjected to
vibration. Liquid magnesium was forced into the mold by Argon gas. Temperature of the melt
was maintained at 700°C while the minimum die temperature was 400°C. The time taken for
infiltration was 2 minutes. Once cooled, it formed closed cell magnesium foam (Hartmann,
Reindel et al. 2011). But open cell foam cannot be obtained in this method due to sphere wall
penetration (Hartmann, Reindel et al. 2011). Scaffolds in bone tissue engineering must be open

cell to transport the flow of nutrients and metabolic waste.
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Fig.2.7.3. Schematic of steps involved in infiltration casting technique
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CHAPTER 3

3. EXPERIMENTAL PROCEDURE AND TECHNIQUES

Three processes: gas foaming, salt leaching and foaming, and template assisted
electrodeposition were explored to fabricate magnesium foam that could provide scaffolds for

bone tissue engineering.

3.1 Gas Foaming

Gas foaming technique was used to fabricate magnesium foam according to the following
procedure. Magnesium was melted in a crucible to 1250 F and inert gas was passed from the top
and bottom of the crucible while cooling the melt down to trap gas molecules in the melt, which

forms a foam.

3.1.1 Setup

Crucible was fabricated with mild steel because its melting point (2730 F) is higher than
that of magnesium (1200 F) and it is of low cost, shown in fig.3.1.1. Dimensions of walls and
base of the crucible were calculated to prepare a 2x2 cm? foam. Schematic CAD figure of the

setup is shown in fig.3.1.2.
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Fig.3.1.1. Illustration of crucible setup for gas foaming method

Fig.3.1.2 CAD diagram of the setup for gas foaming method

Tool makers ink was applied on the metal pieces and dimensions were marked using
height gauge, as shown in fig.3.1.3. Excess metal was removed by cutting with band saw and the
metal pieces were grinded to obtain smooth surface finish. Walls were tapered to 15° angle for

easy movement of the foam.
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Fig.3.1.3. Metal pieces marked with tool markers ink for fabrication in gas foaming method

Two base plates with holes at the bottom to allow the flow of gas, one in circular pattern
and the other in square pattern, as shown in fig.3.1.4, were designed using Auto CAD, shown in
fig.3.1.5. Holes in circular pattern provided high concentration in upper half due to buoyancy and
bubbles disperse uniformly, whereas, holes in square or rectangular pattern reduced turbulence

more than a circular base. These were drilled using drillbit of 0.25 mm diameter.

Fig.3.1.4. Base plate for supporting flow of gas in gas foaming method
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Fig.3.1.5 CAD diagram of base plate for gas foaming method

Base plate and walls of the crucible were welded together by TIG welding, as shown in
fig.3.1.6. The burrs inside the crucible were removed by filing, while burrs on the outer surface

were grinded.

Fig.3.1.6. Crucibles used in gas foaming method to make magnesium foam

Base-plate was designed to act as a means to supply gas to the bottom of the crucible. It
had two gas inlets, drilled and tapped to fix fittings. Crucibles were welded on the base plate

without blocking the drilled holes to supply gas, as shown in fig.3.1.7.
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Fig.3.1.7. Crucible and base plate after welding for gas foaming method

A block was designed to act as a medium to supply gas from gas cylinder to the crucible,
as shown in fig.3.1.8, because cylinder was connected to rubber tubes, which could not be placed
in oven due to its low melting point. Block was made of stainless steel because it is not placed
inside the furnace, hence melting point is not a necessary factor. Two holes were drilled and
tapped on either side of the block and were connected to rubber pipes of cylinders through
fittings. Four holes were drilled and tapped on the top of the block to fix fittings, which were

used to connect the block to the base-plate through pipes.

Fig.3.1.8. Block with pipe fittings to supply gas from cylinder to crucible
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Stainless steel pipes were used (as they possess low weight, moderate melting point
(2462°F or 1350°C) and were easily available in tube form at low price) to supply gas from the
block to the base plate. Pipes were bent at appropriate length using “500 tube bender” and were
cut using “500 mini-cutter”. Since the melting point is not as high as mild steel, titanium fiber
was wrapped around the pipes to provide insulation from heat, as shown in fig.3.1.9. Also, the
inert gas flowing inside the pipes caused cooling effect. Pipes connected to the bottom of the
crucible supplied gas to the molten metal, whereas pipes connected to the top of the crucible

provided cooling effect.

Fig.3.1.9. Insulation for pipes which supply gas from the cylinder to the crucible

3.1.2 Procedure

Experiment 1: 2 grams of magnesium was heated to 1250 F for two hours to ensure
complete melting of magnesium. Inert gas (argon) was passed both from the bottom of the
crucible and from the top. Pressure of the gas was 5 Psi. Then, the crucible was gradually cooled

down.

Experiment 2: 2 grams of magnesium was heated to 1250 F for 2 hours to ensure
complete melting of magnesium. Flux MG-300 was used to cover magnesium to prevent it from
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oxidizing. Inert gas (argon) was passed at 5 Psi from both the bottom and the top of the crucible

gradually cooled down.

Experiment 3: 2 grams of magnesium was heated to 1250 F for 2 hours to ensure
complete melting of magnesium. Flux MG-300 was used to cover magnesium to prevent it from
oxidizing. Inert gas (argon) was passed from both the bottom and the top of the crucible.

Pressure was increased to 15 psi and melt was gradually cooled down.

Experiment 4: 2 grams of magnesium was heated to 1250 F for 2 hours to ensure
complete melting of magnesium. Flux MG-300 was used to cover magnesium to prevent it from
oxidizing. Inert gas (argon) was passed from both the bottom and the top of the crucible.

Pressure was decreased to 10 psi and melt was gradually cooled down.

3.2 Salt Leaching and Foaming

Magnesium was melted in a crucible to 1300 F. Sodium Chloride (salt) was used as
leaching agent because it’s melting point is higher than 1300 F and it dissolves in water. Flux
MG 300 was used to prevent magnesium from oxidizing. Inert gas was passed from the bottom

of the crucible while cooling the melt down to trap gas molecules in the melt, forming a foam.

3.2.1 Setup

Crucible from gas foaming process was improvised by making it detachable so that parts
can be cleaned thoroughly after each run. Base plate, walls and assembly are shown in fig.3.2.1.

It was made of 304L stainless because flux MG 300 does not react with it.
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Fig.3.2.1. Parts of the crucible used in salt leaching and foaming

3.2.2 Procedure

Experiment 1: 20 grams of magnesium and 10 grams of sodium chloride were heated to
1300 F. Flux MG300 was used to prevent oxidation of magnesium. Gas was passed at 5 psi

pressure. Melt was cooled down after an hour.

Experiment 2: 20 grams of magnesium and 10 grams of sodium chloride were heated to
1300 F. Flux MG300 was used to prevent oxidation of magnesium. Gas was passed at 15 psi

pressure. Melt was cooled down after an hour.
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Experiment 3: 20 grams of magnesium and 20 grams of sodium chloride were heated to
1300 F. Flux MG300 was used to prevent oxidation of magnesium. Gas was passed at 10 psi

pressure. Melt was cooled down after an hour.

Experiment 4: 20 grams of magnesium and 15 grams of sodium chloride were heated to
1300 F. Flux MG300 was used to prevent oxidation of magnesium. Gas was passed at 10 psi

pressure. Melt was cooled down after an hour.

3.3  Template Assisted Electrodeposition

Magnesium was electrodeposited on polymeric and ceramic foam templates. They were

heated to fusing temperature of magnesium to form a stable structure.

3.3.1 Setup

Polymeric template used was polyurethane foam, shown in fig.3.3.1, because it exhibits
excellent mechanical properties, stability and good biocompatibility. Polymeric scaffolds are

being used in artificial hearts, orthopedic applications and other blood contacting applications.

Fig.3.3.1. Polyurethane foam used in Template Assisted Electrodeposition
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Ceramic template used was carbon foam, shown in fig.3.3.1, because they possess low
density, high mechanical properties and good biocompatibility. They are not only being used to

make prosthetics for spine, limb, knee and foot, but also used as dental and orthopedic implants.

Fig.3.3.2. Carbon foam used in Template Assisted Electrodeposition

3.3.2 Procedure

Electrolyte was made by mixing three parts of tetrahydrofuran (ionic liquid) and four
parts of magnesium chloride, in the molar ratio of tetrahydrofuran to magnesium chloride (3:4).
Magnesium chloride solution was prepared by adding 18.72 grams of magnesium chloride salt to
40 ml of water, based on the solubility of magnesium chloride (0.468 g/ml). The setup for

electrodeposition is shown in the schematic diagram, fig.3.3.3.

A copper rod was inserted all the way through the foam for electrical conductivity. It was
used as cathode, while platinum rod was used as anode. Electrodepostion process was carried out
at current density of 0.15 A until it dropped to 0 A due to the evaporation of tetrahydrofuran.
Electrodeposition was carried out at room temperature using a DC power supply, as shown in
fig.3.3.4. After the electrodeposition, copper rod was removed from the foam and the sample was
air dried.
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Fig.3.3.3. Schematic diagram of setup for electrodeposition

Fig.3.3.4. Setup for electrodeposition
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34 Foam Characterization

The foams were analyzed by Optical Microscopy, Micro CT, porosity evaluation, mass

deposited, MATLAB and NIH Image J.

3.4.1 Optical Microscopy

The Leica Optical Microscope was used to observe micro-structure. A digital camera and
a computer were connected to the microscope. To capture the images, Leica Vision software was
installed in the computer. Microscope settings can be adjusted not only by varying the

magnification but also by varying options in the software.

3.4.2 Micro CT

Micro CT provides a three dimensional image of internal structure of objects. X-rays are
emitted by a micro-focus X-ray tube which filters and collimates the X-rays. These rays are
recorded by a two-dimensional CCD camera when passed through the object, which gives the

image. Images with various resolutions were obtained.

3.4.3 Porosity evaluation

Porosity of foam was measured using water dispersion method. This is a traditional
method to measure porosity of a given specimen. Specimen is immersed into water and the raise
in liquid level is recorded. When the obtained volume is deducted from the total volume of the
specimen, we get the volume of void space. Porosity is calculated by dividing the volume of void

space to the total volume of the specimen.

) total volume — volume of material
% porosity = ool * 100
total volume
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3.4.4 Mass Deposited

Mass deposited on the foam template is given by the difference between weights of the
foam before and after electrodeposition. Weight of the foam is measured before the
electrodeposition process and it is measured after drying the sample after electrodeposition. The

difference between these two values gives the mass of the magnesium deposited on the foam.

3.45 MATLAB

MATLAB is a mathematical software used to measure porosity. It converts the images
into black and white pixels (0 and 1) and mathematically depicts its properties. It calculates the
pixels which gives the porosity. Microscopic images were evaluated by this software to measure

the porosity of foams.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Scaffold Fabrication by Gas Foaming

Experiment 1: 2 grams of magnesium was gradually heated to 1250 F for 2 hours. Gas was
passed with a pressure of 5 psi from the top and bottom of the crucible to create inert
atmosphere. Then it was cooled down to room temperature. As illustrated in fig.4.1.1., from this
experiment we have observed that porous magnesium structure was not obtained. This was
because magnesium oxidized due to the presence of atmospheric gases in the furnace, as shown
in fig.4.1.1. Though gas was supplied from the top and bottom of the crucible, traces of

atmospheric air present in the furnace had caused magnesium to oxidize.

Fig.4.1.1. Image depicting outcome of experiment 1 by gas foaming

Experiment 2: Since the gas supply was not sufficient to create inert atmosphere in the previous
experiment, a flux, MG300 was used to create a protective layer on the surface of magnesium to
prevent atmospheric gases from reacting with molten magnesium causing it to oxidize. In this
experiment, 2 grams of magnesium was covered with a layer of MG300 and gradually heated to

1250 F for 2 hours. Gas was passed with a pressure of 5 psi from the top and bottom of the
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crucible. Then it was cooled down to room temperature. As illustrated in fig.4.1.2, the result
observed is a solid magnesium without porous microstructure. This can be explained by the fact
that magnesium did not foam as the gas did not penetrate through the molten magnesium because

the pressure was not sufficient.

Fig.4.1.2. Image depicting outcome of experiment 2 by gas foaming

Experiment 3: To overcome the drawbacks in the previous experiment, pressure was increased
by 10 psi to let the gas flow through the molten magnesium. 2 grams of magnesium was covered
with a layer of MG300 and gradually heated to 1250 F for 2 hours. Inert gas was passed with a
pressure of 15 psi from the top and bottom of the crucible. Then it was cooled down to room
temperature. The result from this experiment, as shown in fig.4.1.3, shows that the particles of
magnesium were scattered on the walls of crucible and the crucible had corroded. The rationale
to increase pressure, however, resulted in magnesium being blown to the walls. Also, MG300

reacted with the crucible because it was made of mild steel, causing it to corrode.
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Fig.4.1.3. Image depicting outcome of experiment 3 by gas foaming

Experiment 4: To overcome the blowing away of magnesium from the last run, pressure was
decreased by 5 psi to provide a moderate amount of pressure for the gas to pass through molten
magnesium while it is cooling down. 2 grams of magnesium was covered with a layer of MG300
and gradually heated to 1250 F for 2 hours. Gas was passed with a pressure of 10 psi from the
top and bottom of the crucible. Then it was cooled down to room temperature. As fig.4.1.4
illustrates, the result from this experiment was solid magnesium with no porous structure and
corrosion of crucible. This is because flux had corroded the crucible and blocked the holes which
were drilled to pass the inert gas to the molten metal. This caused the solidification of

magnesium without producing a porous structure.

Fig.4.1.4. Image depicting outcome of experiment 4 by gas foaming
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Gas Foaming Summary and Discussion: Although, this method was reported in Gasar (Duarte
and Banhart 2000) to produce metallic foams, application of settings had its challenges. Detailed
experimental setup is required to maintain inert atmosphere for eutectic transition, which is not

only complex but also reduces the flexibility to make patient specific scaffolds.

4.2 Scaffold Fabrication by Salt Leaching and Foaming

As rationale to overcome the defects in gas foaming method, a detachable crucible was
fabricated by 304L stainless steel because MG300 flux does not cause corrosion reaction with
304L stainless steel as it does with mild steel. The crucible was made detachable for easy

cleaning after every run.

Experiment 1: 20 grams of magnesium and 10 grams of sodium chloride were taken. MG300
was used to prevent oxidation of molten magnesium. This set up was heated to 1300 F while
passing gas at 5 psi from the bottom of the crucible. Fig.4.2.1 depicts the result of this
experiment which was a chunk of magnesium with sodium chloride at the bottom. This was
soaked in water until salt content had dissolved. Surface of magnesium exhibited porous
structure. As fig.4.2.2 depicts, when the obtained specimen was cut into a half, there was no
porous structure on the inside. This was because most of the salt settled at the bottom of the melt
and did not spread evenly into the solidified magnesium as the pressure of the gas was not

sufficient.
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Fig.4.2.1 and fig.4.2.2 Images depicting outcome of experiment 1 in salt leaching and foaming
Experiment 2: As rationale to agitate salt in magnesium, pressure of the gas was increased by
10 psi. 20 grams of magnesium and 10 grams of sodium chloride were taken. MG300 was used
to prevent oxidation of molten magnesium. This set up was heated to 1300 F while passing gas at
15 psi from the bottom of the crucible. As fig.4.2.3 depict, the result was particles of magnesium
and sodium chloride were scattered on the walls of the crucible. This was because the pressure

was very high and it caused the contents in crucible to blow to the walls, as shown in fig.4.2.3.

vy |

Fig.4.2.3. Image depicting outcome of experiment 2 in salt leaching and foaming

Experiment 3: To prevent the blowing away of contents crucible as seen in the last experiment,

pressure of the gas was decreased to 10 psi to maintain a moderate pressure. To ensure sodium
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chloride content was sufficient to generate pores, it was increased to 20 grams, i.e., magnesium
and sodium chloride were taken in 1:1 ratio. 20 grams of magnesium and 20 grams of sodium
chloride were taken. MG300 was used to prevent oxidation of molten magnesium. This set up
was heated to 1300 F while passing gas at 10 psi from the bottom of the crucible. Then it was
soaked in water once it cooled down to room temperature. As fig.4.2.4 depicts, the result of this
experiment was magnesium chunk which corroded. This was due to excess amount to salt. The

chloride content reacted with magnesium, leading it to corrode.

Fig.4.2.4. Image depicting outcome of experiment 3 in salt leaching and foaming

Experiment 4: To prevent the corrosion reaction, content of sodium chloride was reduced to 15
grams while the pressure of gas was maintained at 10 psi. 20 grams of magnesium and 15 grams
of sodium chloride were taken. MG300 was used to prevent oxidation of molten magnesium.
This set up was heated to 1300 F while passing gas at 10 psi from the bottom of the crucible
Then it was soaked in water once it reached room temperature. As shown in fig.4.2.5, the result
from this experiment was magnesium surface had exhibited porous structure. When cut in half,
however, the surface on the inside had no porous structure. Surface had pores but it did not reach

the inside of magnesium, as shown in fig.4.2.6.
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Fig.4.2.5 and fig.4.2.6.Images depicting outcome of experiment 4 in salt leaching and foaming

Characterization

Optical Microscopy: Microscopic images for the results obtained in experiment four were
taken by Leica Optical Microscope, shown in fig.4.2.7. Surface images were also taken using

camera, shown in fig.4.2.8.

From experiment 4, the surface of magnesium obtained after letting salt dissolve in water
had exhibited porous structure. The surface had minute pores which were visible to naked eye.
Hence, the surface had foamed. Also, top layer of magnesium had oxidized due to atmospheric

gases which is represented as the white area in the images shown below.
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Fig.4.2.7. Microscopic images of foam obtained under conditions: 20g of Mg and 15g of NaCl at
10 psi of Argon

Surface images were also taken by a digital camera, shown in fig.4.2.8

Fig.4.2.8. Surface images taken by camera. Conditions: 20g of Mg and 15g of NaCl at 10 psi of
Argon

Four microscopic images of the sample were taken by Leica microscope and analyzed by
MATLAB, a mathematical software used to measure porosity. It converted the images into black
and white pixels, as shown in fig.4.2.9. Porosity of the surface was calculated by the software
through a program written to calculate from the pixels. Microscopic images were evaluated by

this software to measure the surface porosity of foams.
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Fig.4.2.9. MATLAB images. Conditions: 20g of Mg and 15g of NaCl at 10 psi of Argon

Porosity was calculated for the images as following:

Porosity of the first image: 46.224%

Porosity of the second image: 47.7612%

Porosity of the third image: 37.3502%

Porosity of the fourth image: 36.4054%

Average porosity of the images was calculated as 41.395%
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Salt Leaching and Foaming Summary and Discussion: This technique reported in Alporas
(Duarte and Banhart 2000) was a paper related to general foam production and did not report on
foam architecture reproducibility. Challenges exist to find the optimal conditions for agitation of
sodium chloride within molten magnesium. Increasing pressure dispersed magnesium to the
walls of crucible, while decreasing pressure did not agitate sodium chloride in molten
magnesium. Due to limited control of agitation of filler material (sodium chloride) in molten
magnesium, this technique was not pursued further as controlled foam architecture is critical for

scaffolds used in bone tissue engineering to produce patient specific scaffolds.

4.3  Template Assisted Electrodeposition by Polymeric Foam

Magnesium was electrodeposited on polymeric foam template and heated to fusing
temperature of magnesium to form a stable structure. By this technique, scaffolds can be made
patient specific by using a template of required size, shape and porosity. According to the
procedure explained in section 3.3, magnesium chloride solution was prepared by adding 18.72
grams of magnesium chloride salt to 40 ml of water. Electrolyte was made by mixing three parts

of tetrahydrofuran in 4 parts of magnesium chloride.

Polyurethane foam was used because it is being used in artificial hearts and other blood
contacting applications as they exhibit excellent mechanical properties, stability and good
biocompatibility. A copper rod was inserted all the way through the foam to provide electrical
conductivity. It was used as cathode, while platinum rod was used as anode. Electrodepostion
process was carried out at current density of 0.15 A until it dropped to 0 A due to the evaporation

of tetrahydrofuran. Electrodeposition was carried out at room temperature using a DC power

supply.
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After magnesium was electrodeposited on polyurethane foam it was heat treated to 900 F
to fuse magnesium to the foam. Surface images of the foam were taken before and after heat

treatment, as shown in fig.4.3.1 and fig.4.3.2.

Foam was heat treated to fuse magnesium to the foam so that it would not wear away.

The white layer shows magnesium content on the surface of the foam.

-
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Fig.4.3.2. Polymeric foam after heat treatment in template assisted electrodeposition

Optical Microscopy: Microscopic images of polyurethane foam were taken before and
after electrodeposition, as shown in fig.4.3.3 and fig.4.3.4, using Leica microscope. As we can

see, pores in the images that were taken before electrodeposition were clear and free from any
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blockage. The images taken after deposition shows the layer of magnesium deposited on the

foam.

Fig.4.3.4. Microscopic images of polymeric foam after electrodeposition
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Mass Deposited: Mass of magnesium deposited on polymer foam was calculated by the
difference between weights of the foam before and after electrodeposition. Weight of the foam
was measured before the electrodeposition process and it was measured after drying the sample
after electrodeposition. The difference between these two values gave the mass of the

magnesium deposited on the foam.

Weight of the foam before electrodeposition = 0.0805 g
Weight of the foam after electrodeposition =0.1128 g
Therefore, mass of magnesium deposited = 0.1128-0.0805 = 0.0323 g

Weight of the foam after deposition is greater than before deposition because of the

magnesium content deposited.

Porosity evaluation: Porosity of polymer foam after electrodeposition was measured by
water dispersion method. Foam was immersed into water and the raise in liquid level was
recorded. The obtained volume was deducted from the total volume of the foam to get the
volume of void space. Porosity was calculated by dividing the volume of void space to the total

volume of the specimen.

Porosity of polymeric foam was characterized by this method before electrodeposition as:

, total volume — volume of polyurethane 2 -1
porosity = = = 0.5=50%
total volume 2

Porosity of polymeric foam was calculated by this method after electrodeposition as shown

below.

2-1.5

= 25%

Porosity =
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TABLE 1

POROSITY OF POLYURETHANE FOAM

S.No | Total volume (cm) | Volume of Polyurethane (cm) | Porosity (%)

1 2 1.5 25
2 2 1.5 24.6
3 2 1.48 26

Thus, the average porpsity of the sample = 25.2+ 0.72

Porosity of the foam is decreased after deposition due to the magnesium content

deposited. As magnesium is filled in pores, the porosity of the foam is reduced.

4.4 Template Assisted Electrodeposition by Ceramic Foam

Magnesium was electrodeposited on ceramic foam template and heated to fusing
temperature of magnesium to form a stable structure. By this technique, scaffolds can be made
patient specific by using a template of required size, shape and porosity. As explained in the
section above, magnesium chloride solution was prepared by adding 18.72 grams of magnesium
chloride salt to 40 ml of water. Electrolyte was made by mixing three parts of tetrahydrofuran in
4 parts of magnesium chloride. Carbon foam was used because magnesium could be fused
together without burning the foam out. Carbon is used in making prosthetics for spine, limb,
knee, foot, etc, as they have low density and high mechanical properties. They are also being

used as dental and bone implants.

A copper rod was inserted all the way through the foam to provide electrical
conductivity. It was used as cathode, while platinum rod was used as anode. Electrodepostion

process was carried out at current density of 0.15 A until it dropped to 0 A due to the evaporation
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of tetrahydrofuran. Electrodeposition was carried out at room temperature using a DC power

supply.

After the electrodeposition of magnesium on carbon foam, it was heat treated to 900 F to
fuse magnesium to the foam. Surface images of the foam were taken before and after heat

treatment, as shown in fig.4.4.1 and fig.4.4.2.

Foam was heat treated to fuse magnesium to the foam so that it would not wear away.

The white layer shows magnesium content on the surface of the foam.

Fig.4.4.1. Ceramic foam before heat-treatment in template assisted electrodeposition

Fig.4.4.2. Ceramic foam after heat-treatment in template assisted electrodeposition

Optical Microscopy: Microscopic images of ceramic foam were taken before and after
electrodeposition, as shown in fig.4.4.3 and fig.4.4.4, using Leica microscope. As we can see,

pores in the images that were taken before electrodeposition were clear and free from any
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blockage. The images taken after deposition shows the layer of magnesium deposited on the

foam.

Fig.4.4.4. Microscopic images of ceramic foam after electrodeposition

Mass Deposited: Mass of magnesium deposited on carbon foam was calculated by the
difference between weights of the foam before and after electrodeposition. Weight of the foam
was measured before the electrodeposition process and it was measured after drying the sample
after electrodeposition. The difference between these two values gave the mass of the

magnesium deposited on the carbon foam.

Weight of the foam before electrodeposition =0.2102 g
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Weight of the foam after electrodeposition =0.7141 g
Therefore, mass of magnesium deposited = 0.7141-0.2102 = 0.5039 g

Weight of the foam after deposition is greater than before deposition because of the

magnesium content deposited.

Porosity evaluation: Porosity of carbon foam after electrodeposition was measured by
water dispersion method. Foam was immersed into water and the raise in liquid level was
recorded. The obtained volume was deducted from the total volume of the foam to get the
volume of void space. Porosity was calculated by dividing the volume of void space to the total

volume of the specimen.

Porosity of ceramic foam before electrodeposition was characterized by porosity evaluation as:

total volume — volume of carbon  18.32 — 3
total volume - 18.32

porosity = = 83.6%

Total volume = nr’h = m(1.8)?(1.8) = 18.32 cm?

Porosity was calculated after electrodeposition by this method as shown below.

18.32—-4
18.32

Porosity = =78%

TABLE 2

POROSITY OF CARBON FOAM

S.No | Total volume (cm) | Volume of Carbon (cm) | Porosity (%)
18.32 4 78
18.32 4 77.7
3 18.32 3.8 79
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Thus, the average porosity of the sample = 78.2+ 0.68

Porosity of the foam is decreased after deposition due to the magnesium content

deposited. As magnesium is filled in pores, the porosity of the foam is reduced.

Micro CT: It provides a three dimensional image of internal structure of objects. X-rays
are emitted by a micro-focus X-ray tube which filters and collimates the X-rays. These rays are
recorded by a two-dimensional CCD camera when passed through the object, which gives the
image. Images with various resolutions can be obtained. Images of ceramic foam obtained
through micro CT after electrodeposition are shown in fig.4.4.5. Magnesium deposited is shown

by the white area.

Fig. 4.4.5. Micro CT images of ceramic foam after electrodeposotion
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CHAPTER 5

S. CONCLUSION AND FUTURE RESEARCH

5.1 Conclusion

The objective of this research is to fabricate a porous magnesium scaffold with defined
and reproducible scaffold architecture. Three methods, gas foaming, salt leaching and foaming,
template assisted electrodeposition, have been investigated to find the most convenient means of

producing magnesium scaffold.

In gas foaming method, when inert gas was passed to create inert atmosphere in the
furnace, the presence of traces of atmospheric air oxidized magnesium in molten state. So, flux
MG300 was used which created a protective layer and prevented magnesium from oxidizing, but
had corroded the crucible. This method should be carried out in inert atmosphere and rotating
impeller could be used to produce gas bubbles but it is not feasible to produce scaffolds for bone
tissue engineering as detailed experimental setup is required to maintain inert atmosphere, which

limits the control of parameters to produce patient specific scaffolds.

In the second method, a detachable crucible was made with stainless steel to avoid
corrosion by MG-300. Sodium chloride was used as filler material due to its high melting point
as it could be removed from the obtained magnesium by dissolving in water. In experiments run
by this method, the surface of magnesium had porous structure but when cut in halves, the inside
did not exhibit any porous structure. Due to limited control of agitation of filler material, this
technique was not pursued further as controlled foam architecture is critical in bone tissue

engineering scaffolds.
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In template assisted electrodeposition method, magnesium was deposited on polymeric
and carbon foams. By this method, scaffolds could be made patient specific by choosing the
template that meets the requirements of the scaffold for injury site. Parameters like porosity,
permeability and pore size could be controlled by the rate of deposition and by varying the
characteristics of the template. Therefore, this method is more efficient to produce patient

specific scaffolds for bone tissue engineering.

5.2 Future Research

A scaffold for tissue engineering purposes needs to be osteoconductive, porous, and
biodegradable to support attachment and proliferation of bone cells and guide bone formation
(Buddy D. Ratner 2013). Rate of degradation of the fabricated scaffold has to be investigated.
Methods to control the degradation of scaffold should be explored. Additional methods to

characterize the scaffold can be studied.
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