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4.1 INTRODUCTION

Biomaterials are a class of engineering materials that can be used in tissue
replacements, reconstructions, and regeneration without any long-term adverse
effect. The development of biomaterials and manufacturing techniques broadened
the diversity of applications for various biocompatible materials. A synthetic
material or processed natural material is engineered to treat or replace any compo-
nent or function of a biological organism while in continuous or intermittent contact
with biological cells or tissues. Any natural or synthetic material complying with this
definition is broadly classified as a biomaterial. In a nutshell, “A biomaterial is a
substance that has been engineered to take a form which, alone or as part of a
complex system, is used to direct, by control of interactions with components of
living systems, the course of any therapeutic or diagnostic procedure, in human or

veterinary medicine”." However, in this regard, biocompatibility is of paramount
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importance because debatable safety of the biomaterial may render its application
questionable. As defined by David Williams, “Biocompatibility refers to the ability
of a biomaterial to perform its desired function with respect to a medical therapy,
without eliciting any undesirable local or systemic effects in the recipient or
beneficiary of that therapy, but generating the most appropriate beneficial cellular
or tissue response in that specific situation, and optimizing the clinically relevant
performance of that therapy.”2

Depending on the host response and biocompatibility, biomaterials can be
typically classified under three categories’:

1. Bioinert or biotolerant materials, which, although biocompatible, fail to
induce interfacial biological bond between natural bone and synthetic
implant.

2. Bioactive materials, which are biocompatible and can easily attach with the
body tissues, forming chemical and biological bond at an early stage in the
postimplantation period.

3. Bioresorbable materials, which are gradually resorbed and are replaced by
new tissues in vivo.

As mentioned earlier, a biomaterial must be obligatorily biocompatible (i.e., it
must not educe unresolved inflammatory response or demonstrate immunogenicity
or cytotoxicity). Additionally, the biomaterial scaffold should be mechanically
strong enough, so as not to collapse during handling and the postimplant activities
of the patient. Also, tissue scaffolds must be easily sterilizable to avert chances of
infection.* A further requirement for a scaffold, particularly in hard tissue engineer-
ing, should have tailorable interconnected porosity to direct the cells to grow into
desired physical form and boost vascularization of the ingrown tissue. In fact, a
typical porosity of 90% and a minimum pore diameter of 100 wm are highly desired
for cell penetration and proper vascularization of the ingrown tissue.”’ Furthermore,
scalability, near-net-shape fabrications are highly desirable for cost-effective large-
scale production of scaffold materials.

For an immensely complicated system such as the human body, amalgamating the
biological and structural properties of a tissue into a biomaterial to engineer germane
scaffolds presents a mammoth challenging task. It must be remembered that
biomaterials are not subservient vehicles for introduction of cells into the diseased
spot whatsoever, but they must be equally proficient in nurturing the endogenous
progenitor cells functionally.

The use of materials as part of surgical implant is not new. More specifically,
biomaterials in the form of sutures, bone plates, joint replacements, ligaments, and
vascular grafts and medical devices such as pacemakers, biosensors, artificial hearts,
and blood tubes are widely used to replace or restore the function of traumatized or
degenerated tissues or organs, assist in healing, improve function, correct abnormal-
ities, and thus improve the quality of life of the patients. The substitution of bone
parts in the body has been done since the pre-Christian era. By the middle of 19th
century, medical science attempted to repair body parts with synthetic materials.
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FIGURE 4.1 Schematic summarizing existing issues with synthetic implants. Adapted from
Ref. [20], with permission from John Wiley and Sons.

In 1880, Gluck® used ivory prosthesis as implants in the body. In 1902, gold was
used in capsule form interposing between the articular heads of an implant.” This
was a big success, which leads to more study on chemically inert and stable
materials. In 1972, Boutin started to study on ceramics such as alumina and zirconia,
which did not have biological drawback and were considered everlasting.'® But both
of these ceramics were inert, so implantation was performed without cement
anchorage to the tissue. This led to implants loosening very quickly. Such loosening
leads to clinical failure, including fracture of the implant or the bone adjacent to the
implant. Figure 4.1 summarizes the various existing issues with the synthetic
implants such as host response, bone ingrowth, biocompatibility properties, and
so on. To improve this unpromising outlook, biologically active or bioactive
materials were developed, such as bioglass and hydroxyapatite (HA) by Hench''
and Jarcho,'? respectively.

Broadly, all biomaterials are being developed to attain a balance between the
physical properties of the replaced tissues and the biochemical effects of the material
on the tissue. A summary of the combination of aspects related to processing as well
as biological properties to be considered while developing bone analogue materials
are provided in Figure 4.2. Despite significant research on biomaterials,'>™"? it has
been realized that synthetic materials cannot mimic the extremely complex structure
of bone in all aspects and the important disadvantage of synthetic biomaterial is that
they cannot repair themselves as living bone does.?’ In addition, the scaffolding
offers the opportunity to introduce growth factors into the body. The highly porous
materials that are used for scaffolding can be modified with biomolecules, which
enhance the ability of the cells to migrate and grow. In this way, the scaffolding does
not function simply as a physical structure but instead triggers the proliferation of
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FIGURE 4.2 Schematic illustrating various approaches or issues to be critically considered
while developing bone analogue materials. Adapted from Ref. [20], with permission from John
Wiley and Sons.

cells and encourages the surroundings essential for tissue repair. Another approach of
tissue engineering is to work with the body’s tissues in vitro. In this approach, a small
sample of cells is taken from the body, usually with a needle, and then the cells are
grown in great number in a laboratory (Fig. 4.3).>' They may still be grown over
scaffolding to give them the necessary shape. These tissues can then be transplanted
back into the body.

A summary of the combination of aspects related to fabrication as well as physical
and biological properties of bone analogue materials is given in Figure 4.4. As far as
the fabrication and microstructure are concerned, there is a wide range of processing
techniques, which provide variation in microstructure. Among the physical propert-
ies, strength, modulus, and toughness are the important parameters. The physical
properties are related to the microstructure as well the surface properties of the as-
processed material. Surface properties include the surface roughness, porosity,

Donor tissue
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FIGURE 4.3 Schematic showing the tissue-engineering concept using a hypothetical
example of implantation of scaffold for leg regeneration. Adapted from Ref. [20], with
permission from John Wiley and Sons.
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FIGURE 4.4 Property requirements for porous scaffolds for bone tissue engineering.
MSC, mesenchymal stem cell. Idea adapted from Ref. 53.

charge, and wettability of the material. Antimicrobial properties of a material render
resistance toward the bacterial adhesion and therefore the prosthetic infection.
Among biological properties, cellular functionality and cell fate process are to be
considered. In vivo osseointegration is important for hard tissue replacement
applications. It is impossible to optimize the array of properties in a unique material
composition. Therefore, a synergistic approach to combining various properties in
designed composite materials is a possible solution.

Considering the options for various functional artificial biomaterials, the choice
has to be made among metals, polymers, and ceramics. Each group exhibits some
a priori advantages and drawbacks. Ceramics, for instance, are the most bio-
compatible materials and can be obtained with biostable, bioactive, or bioresorbable
properties. They are well known for their good bioactivity, corrosion resistance, high
compression strength, and high hardness. At the same time, they also have some
drawbacks such as low fracture toughness and high stiffness. The elastic modulus of
ceramics is at least an order of magnitude higher than those of hard tissues.
Therefore, one of the major problems in orthopedic surgery is the significant
difference between the stiffness of the bone and ceramic implants. As a result,
the bone is insufficiently loaded compared with the implant; this phenomenon is
known as “stress shielding” or stress protection. On the other hand, metals exhibit
problems of corrosion and toxicity, but their mechanical strength and toughness are
superior to those of ceramics. Polymers offer many possibilities depending on their
chemical composition and structure (e.g., biodegradability degree, hydrophilic—
hydrophobic ratio, toughness or flexibility), but very few have shown good bioactive
properties to ensure implant osteointegration. Therefore, it is important to reach the
best compromise possible, and it is quite usual to use two or more types of materials
in the same implant. Polymer—ceramic or polymer—inorganic composites could be
the alternative way to overcome many shortcomings, as mentioned earlier.
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This chapter is structured into following sections. After the introductory section
and general overview of biomaterials, the section on dense HA versus porous HA
scaffold emphasizes the necessity of porosity for better in vitro and in vivo properties.
The section on property requirements of porous scaffold describes the fundamental
aspects of these essential requirements. After this, the design criteria and critical
issues with porous scaffolds for bone tissue engineering are discussed. The next
section provides an exculpation of porous scaffolds. Section 4.5 summarizes the
requirement of porosity and future application. A detailed discussion follows on
various fabrication processes for porous scaffolds, including a brief discussion on
the advantages and disadvantages of typical processing routes in Section 4.6.
Section 4.7 provides an overview of physicomechanical property evaluation of
porous scaffold. The biological property evaluation in terms of in vitro and in vivo
assay results reported by various researchers is summarized in Section 4.8. This
chapter closes with the mention of some outstanding issues related to future research
on porous scaffold.

4.2 DENSE HYDROXYAPATITE VERSUS POROUS
HYDROXYAPATITE SCAFFOLD

The inorganic phase of our bones is apatite, more commonly known as hydroxy-
apatite (Ca,o(PO,)s(OH),).%? Its structure has the special ability to accommodate
several different ions in its three sublattices.”>*** Bone apatites could be considered
as basic calcium phosphates. To work for potential hard tissue replacement solutions,
it is essential to know the bone regeneration process. Wolf’s law dictates that the
bone remodels itself as a function of forces acting on it, hence preserving its shape
and density. 25 The mechanical loads of stress, compression, flex, and torsion in bones
and the interstitial fluid contained in them generate stresses and deformations at the
microscopical level, which in turn stimulate the bone cells.?®

Hydroxyapatite [Ca;o(PO4)s(OH),] is one of the most widely studied inorganic
material and is well known for its biocompatibility, bioactivity, high osteoconduc-
tivity, and relatively high strength and modulus.?”*® HA is the most important
bioceramic materials for its unique bioactivity and stability. Unlike other calcium
phosphates, HA does not break down under physiological conditions. In fact, it is
thermodynamically stable at physiological pH and actively takes part in bone
bonding, forming strong chemical bonds with surrounding bone. This property
has been exploited for rapid bone repair after major trauma or surgery. Although its
mechanical properties have been found to be unsuitable for load-bearing applications
such as orthopedics, it is used as a coating on load-bearing implant materials such as
titanium and titanium alloys or composites with other materials.

Porous HA ceramics have found enormous use in biomedical applications,
including bone tissue regeneration, cell proliferation, and drug delivery. HA with
controlled porosity is analogous to the natural ceramic in human bone. It is bioactive
in the sense that interfacial bonds can develop between HA and the living tissues,
leading to enhanced mechanical strength of the overall structure. However, the lower
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TABLE 4.1 Pore Size Distribution for an Ideal Scaffold in Bone Tissue Engineering
Applications

Pore Size Biological Function

<1 pm Protein interaction; responsible for bioactivity

1-20 pm Cell attachment; their orientation of cellular growth (directionally)
100-1000 pm Cellular growth and bone ingrowth

>1000 wm Shape and functionality of implant

Idea adapted from Ref. [29].

mechanical strength of pure HA has hampered its use as a bone implant material
because of conflicting requirements of porosity and strength.

Porous HA exhibits strong bonding to the bone; the pores provide a mechanical
interlock leading to a firm fixation of the material. Bone tissue grows well through
the pores, thus increasing strength of the HA implant in vivo. The ideal bone
substitute material should form a secure bond with the tissues by encouraging new
cells to grow and penetrate. New tissue and bone formation can easily take place on
osteophilic and porous implant and also helps to prevent loosening and movement of
the implant. When pore sizes exceed 100 pm, the bone grows through the channels of
interconnected surface pores, thus maintaining the bone’s vascularity and viability.
The application of implant depends on the pore size, as summarized in Table 4.1.%
Because porous HA is more resorbable and more osteoconductive than dense HA,
there is an increasing interest in the development of synthetic porous HA bone
replacement material for the filling of both load-bearing and nonload-bearing
osseous defects. In terms of simulating the human bone structure, porous HA
scaffold has a large surface area, which is beneficial for adhesion of biological
cells and growth of new bone phase.

4.3 PROPERTY REQUIREMENT OF POROUS SCAFFOLD

Scaffold properties depend primarily on the nature of the biomaterial and the
fabrication process. The scaffolds are based on various materials, such as metals,
ceramics, glass, chemically synthesized polymers, natural polymers, and combina-
tions of these materials to form composites. The properties and requirements for
scaffolds in bone tissue engineering have been extensively reviewed; recent exam-
ples include aspects of degradation,®®>* mechanical properties,>*>® cytokine
delivery,”‘43 and combinations of scaffolds and cells.*+*>

Porosity is defined as the percentage of void space in a solid,*® and it is a
morphological property, independent of the material. Pores are necessary for bone
tissue formation because they allow migration and proliferation of osteoblasts and
mesenchymal cells as well as vascularization.*’ In addition, a porous surface
improves mechanical interlocking between the implant biomaterial and the sur-
rounding natural bone, providing greater mechanical stability at the critical inter-
face.*® The most common techniques used to create porosity in a biomaterial are salt
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leaching, gas foaming, phase separation, freeze-drying, and sintering, depending on
the scaffold material. The minimum pore size required to regenerate mineralized
bone is generally considered to be ~100 wm according to the study by Hulbert et al.,
and this is on the basis of implantation experiments on calcium aluminate cylindrical
pellets with 46% porosity in dog femurs.*” Whereas large pores (100—150 and 150
200 pm) showed substantial bone ingrowth, smaller pores (75-100 wm) resulted in
ingrowth of unmineralized osteoid tissue. Smaller pores (10—44 and 44—75 pm) were
penetrated only by fibrous tissue. These results were correlated with normal
haversian systems that reach an approximate diameter of 100-200 wm. In a different
study, titanium plates with four different pore sizes (50, 75, 100, and 125 pm) were
tested in rabbit femoral defects under nonload-bearing conditions.’® Bone ingrowth
was similar in all the pore sizes, suggesting that 100 wm may not be the critical pore
size for nonload-bearing conditions.

Scaffold materials can be synthetic or biologic and degradable or nondegradable,
depending on the intended use.”" Various scaffolds can be categorized into different
types in terms of their structural, chemical, and biological characteristics (e.g.,
ceramics, glasses, polymers). Naturally occurring polymers, synthetic bio-
degradable, and synthetic nonbiodegradable polymers are the main types of poly-
mers used as biomaterials. It is known that the properties of polymers depend on the
composition, structure, and arrangement of their constituent macromolecules.

Scaffolds for bone tissue engineering are subjected to many interlinked and
often opposing biological and structural requirements. A major hurdle in the
design of scaffolds is that most of the materials are either mechanically strong or
bioinert, while degradable materials tend to be mechanically weak.>* Hence, the
fabrication of composites comprising biodegradable polymers and ceramics
becomes a suitable option to fulfill the requirements of bioactivity, degradability,
and mechanical competence. The desired features of a scaffold, such as inter-
connectivity, pore size and curvature, and surface roughness directly influence
cellular responses, and they also control the degree of nutrient delivery, penetra-
tion depth of cells, and metabolic waste removal.>® The design criteria and critical
issues with porous scaffolds for bone tissue engineering are summarized in
Figures 4.4 and 4.5.

It is important to meet some criteria while developing the porous scaffold to
fulfill the requirements of bone tissue engineering (Figs. 4.5 and 4.6). The property
requirements include (1) it must be biocompatible, which enables the cell growth,
their attachment to surface, and proliferation; (2) the material should induce strong
bone bonding, resulting in osteoconduction and osteoinduction; (3) the rate of new
tissue formation and biodegradability should match with each other; (4) the
mechanical strength of the scaffolds should be adequate enough to provide
mechanical constancy in load-bearing sites before regeneration of new tissue;
and (5) porous structure and pore size should be more than 100 um for cell
penetration, tissue ingrowth, and vascularization (see also Table 4.1).%’ As named,
porosity is an important factor to allow cells to migrate via pores. The inter-
connected pores allow cells to migrate in multiple directions under in vitro and
in vivo conditions.
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4.4 DESIGN CRITERIA AND CRITICAL ISSUES WITH POROUS
SCAFFOLDS FOR BONE TISSUE ENGINEERING

4.4.1 Cytocompatibility

The most important characteristic feature is compatibility of the implant or porous
scaffold with biological cells or tissue. The material should not only be cytocom-
patible but also foster cell attachment, differentiation, and proliferation. The
cellular functionality on porous scaffolds is cell-type dependent, and normally,
in vitro cell culture assay is performed using osteoblast-like cells or fibroblast-like
cell proliferation and adhesion behavior. Also, cell viability in terms of metaboli-
cally active cells is measured using a number of assays such as MTT, LDH, and
so on. Similarly, the cell differentiation behavior is investigated using an ALP
or osteocalcin assay.
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4.4.2 Osteoconductivity

According to Wilson-Hench,>* osteoconduction is the process by which bone is
directed so as to conform to a material’s surface. However, Glantz™> has pointed out
that this way of looking at bone conduction is somewhat restricted because the
original definition bears little or no relation to biomaterials. Osteoconductivity
essentially indicates the lack of fibrous tissue encapsulation but also reflects on
the possibility of formation of a strong bond between the scaffold and host bone.

4.4.3 Porous Structure

Pores are routinely created in scaffolds to promote three-dimensional (3D) tissue
growth, nutrient diffusion, and vascularization. The size of pores must be large
enough to allow the circumferential attachment of cells yet small enough to
encourage migration and proliferation. The scaffold should have an interconnected
porous structure with porosity of more than 90% and pore sizes between 100 and
500 wm, which would be helpful for cell penetration, tissue ingrowth, vasculariza-
tion, and nutrient delivery.

4.4.4 Mechanical Properties

The mechanical strength of the scaffold should be sufficient to provide mechanical
stability to constructs in load-bearing sites before synthesis of new extracellular
matrix by cells. The scaffolds should have enough compressive strength, depending
on the intended site of application.

4.4.5 Biodegradability

The composition of the material, combined with the porous structure of the scaffold,
should lead to biodegradation in vivo at rates appropriate to tissue regeneration. Cell
transplantation using biodegradable polymer scaffolds offers the possibility to create
completely natural new tissue and replace organ function. Tissue-inducing bio-
degradable polymers can also be used to regenerate certain tissues without the need
for in vitro cell culture. Also, the biodegradable polymers play an important role in
organ regeneration as temporary substrates to transplanted cells, which allow cell
attachment, growth, and retention of differentiated function.

4.4.6 Fabrication

The material should possess the ability to be fabricated into irregular shapes of
scaffolds, which could match with the defects in bone of individual patient. The
synthesis of the material and fabrication of the scaffold should be suitable for
commercialization. The ease as well as reproducibility should be considered to select
a processing route to fabricate porous scaffolds. The scaffolds should have good
enough compressive strength, depending on the intended site of application.
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A scaffold should provide an open porous network structure, allowing easier
vascularization, which is important for the maintenance of penetrating cells from
surrounding tissues and the development of new bone in vivo. The higher the macro-
porosity, the easier the vascularization of implant. The failure to develop an adequate
vascular network means that only peripheral cells may survive or differentiate,
supported by diffusion. Chang et al.>® proposed that the degree of interconnectivity
rather than the actual pore size has a greater influence on osteoconduction. Inter-
connectivity is a physical characteristic that aids in the delivery of nutrients and
removal of metabolic waste products. Some studies have shown that bone normally
forms in the outer 300 wm periphery of scaffolds and that this may be explained by the
lack of nutrient delivery and waste removal.”” When the pore size is too small, pore
occlusion can occur by cells, preventing further cell penetration and bone formation.>®
Pore size distributions for an ideal scaffold in bone tissue engineering applications are
summarized in Table 4.1. It is pertinent to note that much higher rate of mass transfer
exists at the periphery of a scaffold and that these higher rate promote mineralization,
further limiting the mass transfer of nutrients to the core of a scaffold.”® It is essential
that a scaffold possess a high degree of interconnectivity in conjunction with a suitable
pore size to minimize pore occlusion.

4.5 AN EXCULPATION OF POROUS SCAFFOLDS

The concept behind nearly inert, microporous bioceramics is the ingrowths of tissue
into pores on the surface or throughout the implant. The porosity is a critical factor
for growth and integration of a tissue into the bioceramic implant. In particular, the
open porosity, which is connected to the outside surface, is critical to the integration
of tissue into the ceramic, especially if the bioceramic is inert. The increased
interfacial area between the implant and the tissues results in an increased inertial
resistance to movement of the device in the tissue. The interface is established by the
living tissue in the pores. This method of attachment is often termed biological
fixation. The limitation associated with porous implants is that for tissue to remain
viable and healthy, it is necessary for the pores to be greater than 100-150 wm in
diameter. The large interfacial area required for the porosity is because of the need to
provide blood supply to the ingrown connective tissue. Vascular tissue does not
appear in pores, which measure less than 100 pm. If micromovement occurs at the
interface of a porous implant, tissue is damaged, the blood supply may be cut off,
tissue dies, inflammation ensues, and the interfacial stability can be destroyed.

The potential advantage offered by a porous ceramic is the inertness combined
with the mechanical stability of the highly convoluted interface when the bone grows
into the pores of a ceramic. The mechanical requirements of prostheses, however,
severely restrict the use of low strength porous ceramics to low-load or nonload-
bearing applications. Studies show that when load bearing is not a primary
requirement, nearly inert porous ceramics can provide a functional implant. Apart
from biological aspects, the mechanical requirement should also be fulfilled by the
engineered implant.
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The necessity for porosity in bone regeneration has been shown by Kuboki et al.%>¢!
using in vivo experiments in a rat model. Solid and porous particles of HA for bone
morphogenic protein 2 (BMP-2) delivery were investigated simultaneously. Whereas
no new bone formation was found on the solid particles, in the porous scaffolds, direct
osteogenesis occurred. Further support comes from studies with porous-coated
metallic implants compared with noncoated material. The treatment of titanium alloy
implant surfaces with sintered titanium beads created a porous coating that enhanced
the shear strength of the implants recovered from sheep tibia, but further coating with
HA beads did not result in significant improvement. Titanium fiber-metal porous
coatings (45% porosity and 350 wm average pore size) maximized bone ingrowth and
increased the potential for stress-related bone resorption of femoral stems in a canine
total hip arthroplasty model.%* A similar result was observed for plasma spray-coated
titanium implants with 56-60% porosity, although bone ingrowth was maximized for
an open-pore titanium fiber mesh (60% porosity and 170 wm average pore size) coated
with polyvinyl alcohol hydrogel.®®> D’Lima et al.** showed that surface roughness was
more important for osseointegration of titanium implants in rabbit femurs because an
acid-etched coating (highest surface roughness) showed a higher overall osseointe-
gration compared with grit-blasted fiber mesh (average pore size, 400 um) coatings.
The coating of titanium alloy implants with a 50 wm layer of porous HA did not
increase the percentage of osseointegrated surface in the mandibles of dogs, although
bone extended into the micropores of HA, resulting in an osseous microinterlocking.®®
However, there was more bone opposing the coated implants in the maxillae,
suggesting a beneficial effect for areas of poorer bone quality. Although macroporosity
(pore size ~450 wm) has a strong impact on osteogenic outcomes, microporosity (pore
size ~10 wm) and pore wall roughness play important roles as well. The HA ceramic
rods with average pore size of 200 wm and smooth and dense pore walls failed to induce
ectopic bone formation in dogs in contrast to rods made from the same material with
average pore size of 400 wm but with rough and porous pore walls.

Microporosity results in larger surface area, which is believed to contribute to
higher bone-inducing protein adsorption as well as to ion exchange and bone-like
apatite formation by dissolution and reprecipitation.°® The surface roughness
enhances attachment, proliferation, and differentiation of anchorage-dependent
bone-forming cells. The solid free form fabrication (SFF) technique allowed the
fabrication of poly(desamino tyrosyl-tyrosine ethyl ester carbonate) (a tyrosine-
derived pseudopolyamino acid) scaffolds with axial and radial channels and 500 pm
pores separated by 500 wm solid walls or 80% porous walls.®® Scaffolds from the
same material with random pore distributions were used as controls in the in vivo
experiments. Although there was no statistical difference in the bone formed in
cranial defects in rabbits, bone ingrowth followed the architecture of the scaffolds. A
continuous ingrowth from the outer periphery was observed in the scaffolds with
random pore size, but scaffolds with same sized pores and solid walls promoted
discontinuous ingrowth with bone islands throughout the entire scaffold. The
scaffolds with same-sized pores and porous walls resulted in both types of bone
ingrowths. It was hypothesized that discontinuous bone ingrowth may result in faster
healing because bone forms not only from the margins but also throughout the entire
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space of the defect.®” These studies demonstrate the enhanced osteogenesis of porous
versus solid implants, both at the macroscopic as well as the microscopic level.

4.6 OVERVIEW OF VARIOUS PROCESSING TECHNIQUES
OF POROUS SCAFFOLD

A tissue-engineered scaffold must provide a germane environment for in vitro cell
culturing in a bioreactor as well as providing a suitable environment after being
implanted in vivo. These two environments differ in terms of nutrient concentration
gradients, pressure gradients, and fluid velocities. In vivo, whereas diffusion is the
primary mechanism for transporting nutrients, fluid flow is the principal mechanism
for transport of nutrients and provision of mechanical stimuli in vitro.

For a scaffold to be considered successful, it is essential that it provides a nutrient-
rich environment within the scaffold core for cells to lay down new matrix and
minimize cell necrosis. The scaffolds with defined interconnected channels aid in the
processes of cell nutrient delivery, waste removal, and vascular invasion.

Many of the conventional techniques yield scaffolds with random porous archi-
tectures, which do not necessarily produce a suitable homogeneous environment for
bone formation (Fig. 4.7). Nonuniform microenvironments produce regions with
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FIGURE 4.7 Schematic illustration of different fabrication process for making porous
scaffolds for tissue engineering: rapid prototype three-dimensional printing (a), electrospining
(b), Freeze casting (c), gas foaming and salt leaching (d), and gel-casting method (e).
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insufficient nutrient concentrations, which can inhibit cellular activity and prevent
the formation of new tissue. In the following discussion, some of the widely used
processing routes are briefly described to illustrate how porous scaffolds can be
fabricated.

Rapid prototyping is the most common name given to a host of related
technologies that are used to fabricate physical objects directly from computer-
aided design (CAD) data sources. These methods are unique in that they add and
bond materials in layers to form objects. Such systems are also known by the names
additive manufacturing, additive fabrication, 3D printing (Fig. 4.7a), SFF, and
layered manufacturing. The advantages of this process are

1. Objects can be formed with any geometric complexity or intricacy without the
need for elaborate machine setup or final assembly.

2. Rapid prototyping systems reduce the construction of complex objects to a
manageable, straightforward, and relatively fast process.

A number of logical steps are to be sequentially followed in the 3D printing of
solids. After providing the input based on CAD design, the loose powder is
transferred from the powder delivery bed to the fabrication piston bed one layer
at a time in the 3D printing setup. After each layer of loose powder has been
transferred, an inkjet head (similar to an inkjet printer) dispenses a polymeric or
liquid binder to only select areas, binding the powder in these areas and leaving the
rest loose. After a layer is done, the fabrication piston moves down the platform, the
roller spreads a new layer of loose powder over the previous layer, and the process
repeats. The inkjet head is controlled by a computer that accepts CAD information,
allowing superior control over the structure to be built. The loose powder from the
previous layer acts as support material for the next layer, enabling overhanging
structures to be built. After the build, the binder is cured at slightly elevated
temperature, allowing all unbound powder to be removed by gentle agitation.
Depending on powder and binders, a high-temperature heat treatment process sinters
the bound particles, while the binder volatilizes, leaving a three-dimensional
structure. Since the invention of 3DP process,68*78 this process has been largely
used to fabricate solid structures with different sizes and shapes with limited efforts
in making porous materials.” ™'

Electrospinning (Fig. 4.7b) is considered the most efficient technique for micro-
and nanofiber production and one of the few processes to produce polymeric fibers on
a large scale. Many applications of electrospinning are related to the biomedical
field. In particular, electrospun polymeric fibers were used for the production of
scaffolds for vascular tissue engineering® % or hollow organ substitutes such as the
bladder, trachea, and esophagus.®®® In this method, polymer solution is injected
through a needle, which is maintained at a critical voltage (to create charge
imbalance) and placed in the proximity to a grounded target. At critical voltage,
charge imbalance begins to overcome the surface tension of the polymer fibers,
forming an electrically charged jet. Grounded target is a rotating mandrel, which
collects polymeric fibers.
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Although requirements for medical scaffolds are numerous and vary with every
application, some of them are fulfilled by the processing technique itself.** The
architecture of the fibrous scaffold produced by electrospinning displays a high
surface area for initial cell attachment and porosity for improved cell infiltration and
nutrition diffusion, thus providing some key features of the native extracellular
matrix.

Freeze casting (Fig. 4.7c) is a method in which rapid freezing of a colloidal stable
suspension of HA particles in a nonporous mold takes place followed by sublimation
of the frozen solvent under cold temperatures in vacuum. A different technique
involving gas as a porogen has been introduced to develop porous scaffolds; this
commonly known as gas foaming (Fig. 4.7d). The process begins with the formation
of solid discs of poly(lactic-co-glycolic acid) (PGA), poly(L-lactic acid) (PLLA), or
poly(lactic-co-glycolic acid) (PLGA) using compression molding with a heated
mold. Gel casting (Fig. 4.7¢), an advanced process for forming ceramics, was
originally developed at ORNL to make complex-shaped automotive parts such as
turbines. Gel casting is a wet ceramic-forming technique that involves the polymeri-
zation of a monomer in the presence of a solvent to form a rigid, ceramic-loaded
body, which can be machined directly in a complex mold.’® After gel formation, gel-
cast green samples can be easily demolded and are then dried in controlled
conditions.”’ The main advantage of this new process for making high-quality,
complex-shaped ceramic parts is the lower cost compared with conventional forming
techniques. In addition, gel casting appears attractive for an increasing number of
applications ranging from accelerator magnets to artificial bone. A gel-cast part is
soft enough to be machined quickly by less costly carbon steel tools.

Slip casting is a technique for making multiple, essentially identical parts
inexpensively. Slip-casting methods provide superior surface quality, density, and
uniformity in casting high-purity ceramic raw materials over other ceramic casting
techniques, such as hydraulic casting, because the cast part is at a higher concentra-
tion of ceramic raw materials with little additives. A slip is a suspension of fine
powders in a liquid such as water or alcohol with small amounts of secondary
materials such as dispersants, surfactants, and binders. Early slip casting techniques
used a plaster block or a flask mold. The plaster mold draws water from the poured
slip to compact and form the casting at the mold surface. This forms a dense cast
form, removing deleterious air gaps and minimizing shrinkage in the final sintering
process.

A replication technique has also been used to prepare highly porous material with
controllable pore sizes from inorganic materials and polymer materials. This
technique is a multistep procedure in which first a replica of the porous structure
is made from wax, polymer, or another material that can easily be removed by
melting, burning, or dissolution. This replica is then used as a negative casting mold,
and the interstices are filled with the desired polymer in the liquid phase. After
hardening of the liquid polymer by curing, cooling, or precipitation, the mold
forming the pore network is removed. A summary of conventional scaffold proc-
essing techniques as well as their advantages and disadvantages are summarized in
Table 4.2.7%%



OVERVIEW OF PHYSICOMECHANICAL PROPERTIES EVALUATION 95

TABLE 4.2 Conventional Scaffold Processing Techniques for Tissue Engineering

93,94

Process

Advantages

Disadvantages

Solvent casting and
particulate leaching

Fiber bonding

Phase separation

Melt molding

Membrane lamination

Polymer—ceramic fiber
composite foam

High-pressure processing

Freeze-drying

Hydrocarbon templating

Large range of pore sizes

Independent control of porosity
and pore size

Crystallinity can be tailored

Highly porous structures

High porosity

Highly porous structures

Permits incorporation of
bioactive agents
Independent control of
porosity and pore size
Macro shape control
Macro shape control
Independent control of
porosity and pore size
Independent control of
porosity and pore size
Superior compressive strength
No organic solvents

Highly porous structures
High pore interconnectivity
No thickness limitation
Independent control of
porosity and pore size

Limited membrane thickness
(3 mm)
Limited interconnectivity

Residual porogens

Poor control over internal
architecture

Limited range of polymers

Residual solvents

Lack of mechanical strength

Poor control over internal
architecture

Limited range of pore sizes

High temperature required
for nonamorphous polymer

Residual porogens

Lack of mechanical strength

Limited interconnectivity

Problems with residual solvent

Residual porogens
Nonporous external surface
Closed-pore structure
Limited to small pore sizes

Residual solvents
Residual porogens

4.7 OVERVIEW OF PHYSICOMECHANICAL PROPERTIES

EVALUATION OF POROUS SCAFFOLD

Although increased porosity and pore size facilitate bone ingrowth, the result is a
reduction in mechanical properties because this compromises the structural integrity of
the scaffold. The increased porosity resulted in a higher median pore size (0.2-8.7 pm)
and lower percentage of nanopores (< 100 nm).”* At the same time, lower compressive
strength (37,000-430 kPa) and Weibull modulus (2.0—4.2) were reported.

Porous foams were fabricated by sintering poly(lactide-co-glycolide) microspheres.
An increase in the microsphere diameter from 212-250 pm to 600 —710 pm resulted in
larger median pore size (72—-164 pm for 2h of heating and 101-210 pm for 4h of
heating) and a wider pore distribution (38—110 pwm in size, respectively) but had no effect
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on total porosity. The compressive modulus was decreased from 297 to 232 MPa.”
Similarly, higher porosity (80% vs. 58%) decreased mechanical properties of porous
poly(L-lactide-co-p,L-lactide) scaffolds as compressive strength decreased from 11.0 to
2.7MPa and modulus from 168.3 to 43.5 MPa.”® The porosity of these scaffolds was
~80% because lower porosity resulted in less interconnected pores’’ and higher porosity
results in low mechanical properties.”® Higher porosity (48% vs. 44%) of cancellous
structured titanium surface coating of dental implants resulted in lower tensile strength
(16.1 vs. 31.7MPa).” In general, the compromise in mechanical properties of the
scaffold with increasing porosity sets an upper limit in terms of porosity and the pore size
that can be tolerated.

Koc et al.'® fabricated and characterized porous tricalcium ceramics using a
modified slip-casting technique. The slip was prepared by suspending custom-made
tricalcium phosphate (TCP) powder and poly(methyl methacrylate) (PMMA) beads
in an aqueous medium stabilized with an acrylic deflocculant. Porous TCP ceramics
were obtained by sintering the polymer-free preforms for 2 h at 1000°C. The ceramic
was prepared from a casting slip, which contained 70% polymer beads in the size
range of 210-250 wm. The average size of large pores in the sintered ceramic was
around 190 pm. Koc et al.'® suggested that higher proportions of polymer beads in
slip solids led to the development of highly porous ceramics with thinner walls. As
the amount of polymer beads was raised, the size of interconnections increased
proportionately. It was concluded that porosity network of this nature would allow
free circulation of body fluids.

Li et al.'®" studied novel method to manufacture porous hydroxyapatite by dual
phase mixing. Their technique was based on mixing the immiscible phases of HA
slurry and PMMA resin. Naphthalene particles were embedded to get >50%
porosity. The majority of pores could be located within the range of 200-300 pm
for HA with 50% porosity. The average compressive strength was reported as
8.9 MPa for 50% porous HA and was only 4.8 MPa for HA with 60% porosity.
They also concluded that by controlling the process parameters such as the viscosity
of HA slurry, the HA-PMMA ratio or the mixing time and speed, it is possible to
adjust porosity, pore size, and interconnectivity.

Uniform porous hydroxyapatite scaffolds were also prepared by using another
solid phase, which was completely burnt out at the time of sintering. Polystyrene
microspheres were used by Tang et al., 192 and they developed HA material of varying
diameter and porosity (diameter, 436 £25nm, 892 +£20nm, and 1890 &+ 20 nm;
porosity, 46.5%, 41.3%, and 34.7%, respectively). On the other hand, Itatani et al.'®
used H,O, as a foaming agent and found that by changing the concentration of H,O,
solution from O to 20 mass%, HA compact exhibited pore sizes with maximum
porosity (71.7%) at around 0.7 pm, 5—100 pm, and 100-200 pm. In a different work,
Thijs et al.'"® studied a novel technique to produce macroporous ceramics using
seeds and peas as sacrificial core materials. The first step in this technique was to coat
the seeds and peas with wetting ceramic slurry that undergoes gelation. The coated
seeds and peas were consolidated by packing them in a container and infiltrating with
ceramic slurry, which underwent gelation. The compacts thus obtained were sub-
jected to the conventional steps of drying, binder burnout, and sintering. The
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resulting bodies had greater than 90% porosity with pore size determined by the size
of the seeds or peas.

The polymer replication or sponge technique is another commonly used process
to develop porous scaffolds for artificial bone applications. Ramay et al.'® devel-
oped the porous HA scaffold having apparent densities of 0.04-0.78 g/cm® and
compressive strength of 0.55-5 MPa (Figs. 4.8a and 4.9). Similarly, Sopyan et al.'*
adopted a similar processing route and reported enhanced properties. They reported
the compressive strength ranging from 1.3 to 10.5 MPa for the increased apparent
density from 1.27 to 2.01 g/cm®. It was concluded that the homogeneity of slurry and
the effect of heating rate on porosity and density of porous bodies in turn influenced
the compressive strength. More homogeneous slurries and a faster heating rate gave
porous bodies with the increased compressive strength caused by a higher apparent
density and crystallinity.

FIGURE 4.8 Scanning electron microscope (SEM) micrographs of an HA scaffold showing
the sintered structure of the pore walls and pores. (a) At struts with EDS spectrum as an inset
showing the amount of Ca and P present in the sintered scaffold. Printed with permission from
Ref. 129. (b) SEM micrograph of an HA scaffold sol-gel derived HA powder and polymer
slurry. Printed with permission from Ref. 129.
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FIGURE 4.9 A flow chart of process steps for scaffold fabrication using combined gel-
casting and polymer sponge methods. Idea adapted from Ref. 105.

The present authors'®” also developed the macroporous HA scaffolds using

polymer sponge replication method with interconnected oval-shaped pores of
100-300 pm with a pore wall thickness of ~50 um (Fig. 4.8b). The obtained
compressive strength of 60 wt% HA loaded scaffold was calculated 1.3 MPa. The
biological response of the scaffold was investigated using human osteoblast-like
Sa0S, cells. Their results showed that SaOS, cells were able to adhere, proliferate,
and migrate into pores of scaffold. Furthermore, the cell viability was found to
increase on porous scaffold compared with dense HA. They also investigated the
expression of alkaline phosphate and concluded that the differentiation marker for
Sa0S, cells was enhanced for porous HA scaffold compared with nonporous HA
disc with respect to the number of days of culture (Fig. 4.10).

Successful fabrication of porous bioceramic using polyurethane (PU) sponge was
reported by Soon-Ho Kwon et al.'® Porosity was controlled by the number of
coatings on the sponge struts. Single coating results in a porosity of ~90%, where as
five-layered coating gave rise to 65% porosity. In both cases, the pores were
completely interconnected. The compressive strength was strongly dependent on
the porosity and weakly dependent on the type of ceramics: HA, TCP, or HA-TCP
composite. At 65% porosity level, the strength was ~3 MPa. The TCP exhibited the
highest dissolution rate in a Ringer’s solution, while HA had the lowest rate. The
biphasic HA-TCP composite showed an intermediate dissolution rate. The bio-
degradation of calcium phosphate ceramics could be controlled by simply adjusting
the amount of HA or TCP in the ceramic.
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FIGURE 4.10 (a) ALP assay results showing the SaOS, cell response on dense HA and
microporous HA scaffold after 3, 5, and 7 days of culture. Asterisks represent significant
difference at P < 0.05 with respect to compositions, and error bars correspond to +/— 1.00 SE
for number of days of culture. (b) Comparison of BSA protein absorption behavior of scaffold
with dense HA and a negative control disc after incubation for 4 h. Idea adapted from Ref. 107.
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500 wm T 500 \m

FIGURE 4.11 A macrograph of a porous scaffold (a), SEM image of the macrostructure of
the sponge (b) and of the scaffolds sintered at 1300°C with the in-laboratory synthesized
powder (c), and the commercial powder (d). The porosity is open and highly interconnected in
both of the samples. Idea adapted from Ref. 109.

Gervaso et al.'” produced porous scaffolds with a polymer sponge templating
method using reactive submicrometer powders synthesized by a hydroxide precipi-
tation sol—gel route. The templating method ensured a highly interconnected macro-
channeled porous structure with a more than 500 um mean pore size and 90%
porosity (Fig. 4.11). The high reactivity of the powder led to an efficient sintering
mechanism with a high and crack-free linear shrinkage (19 &2%) and a significant
BET-specific surface area reduction (from 12 to 0.33 m?*/g). The powder does not
dissociate into secondary phases during sintering. Despite the extreme porosity, the
scaffolds had high mechanical performance (compressive strength ~0.51 MPa;
Weibull modulus~4.15) compared with similarly prepared scaffolds from high-
quality commercial HA powder (Fig. 4.12).

The slurry infiltration process for making porous ceramics was studied by
Schwartzwalder and Somers.''® In this process, PU foam was infiltrated with
ceramic slurry, and the body was compressed by passing it through a set of rollers
to remove the excess slurry. In this manner, the slurry remained coated on the PU
struts, and open pore channels were left in between. The coated PU foam was then
dried followed by burnout of the PU and sintering at a higher temperature. The foams
produced were reticulated foams with porosity within the range of 75-90%.

Zhu et al.''" investigated the influence of the compressive strain during roll
pressing and the number of passes on the foam microstructure. It was seen that the
quality of slurry coating on to PU struts was strongly dependent on the magnitude of
compressive strain rather than the number of passes. Higher compressive strain
resulted in thinner slurry coating on the struts and a lower bulk density. The coating
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FIGURE 4.12 Stress—strain curve of an SL scaffold subject to compression test. In the inset
is a picture of the failure of the sample that occurs at the peak of the stress. Idea adapted from
Ref. 109.

of slurry onto PU struts was also affected by slurry viscosity. Highly fluid slurries
were not very effective in coating the PU foam struts, resulting in accumulation of
slurry at the bottom of PU foam. On the other hand, Pu et al.'? pointed out that the
conventional roll-pressing procedure results in accumulation of slurries at the joint of
the polymeric struts. Lin et al.''* focused on the preparation of macroporous calcium
silicate ceramics using PEG as a pore former. The sintered compacts with porosity in
the range of 40-75% have been obtained by varying the amount and size of ceramic
and PEG particles and the sintering temperature. The molecular weight of PEG plays
an important role in the morphology, structure, and the pore size of the microporous
calcium silicate. Also, PEG plays a main role in larger pore formation when enough
mass of PEG with lower molecular weight is added.

A novel combination of PU foam method and a hydrogen peroxide (H,O,)
foaming method was used to fabricate the macroporous HA scaffolds.''* Such
scaffolds have a unique macroporous structure and special struts of polymer—ceramic
interpenetrating composites. Micropores were present in the resulting porous HA
ceramics after infiltration with PLGA polymer. The internal surfaces of the macro-
pores were further coated with a PLGA bioactive glass composite. It was found that
the HA scaffolds fabricated by the combined method show high porosities of 61—
65% and proper macropore sizes of 200-600 wm. The PLGA infiltration improved
the compressive strengths of the scaffolds from 1.5-1.8 MPa to 4.0-5.8 MPa.

Similarly, Narbat et al.''® fabricated porous HA—gelatin composite scaffolds.
They reported that the prepared scaffold has an open, interconnected porous structure
with the pore size of 80-400 pm, which is suitable for osteoblast cell proliferation.
The mechanical properties of the scaffolds with different weight fraction of HA (30,
40, and 50 wt%) was assessed, and it was found that the gelatin—-HA with a ratio of
50wt% HA has the compressive modulus of ~10GPa, the ultimate compressive
strength of ~32 MPa. The porosity and the apparent density of 50 wt% HA scaffold
were calculated, and it was found that the addition of HA could reduce the water
absorption and the porosity.
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The demonstration of potato starch as both a consolidator or binder and a pore
former in forming porous ceramics was reported by Lyckfeldt and Ferreira.''® In this
process, 16-60% starch was added as dry powder weight basis to ceramic slips and
homogenized for 2h. The homogenized slip was consolidated in a mold at 80°C
followed by drying, binder burnout, and finally sintering. The pore sizes in the range
10-80 wm and porosity between 23% and 70% were obtained by varying ceramic
loading and the nature and amount of starch. Importantly, increasing the amount of a
specific type of starch resulted in a large pore size because of a greater degree of
contact among the starch particles.

The freeze-casting route can produce porous HA scaffolds with porosities in the
range of 40-60%.""" By adopting this route, the pores were open and unidirectional
and exhibited a lamellar morphology. Such a porous scaffold has a compressive
strength of 145 MPa. Potoczek''® studied the gel casting of HA foams using agarose as
gelling agent. The viscosity of the slurries could be adjusted by agarose concentration
and HA solid loading. These parameters were essential in tailoring the porosity as well
as the cell and window sizes of the resulted HA foams. Depending on HA solid loading
(24-29 vol%) and agarose concentration (1.1-1.5 wt% with regard to water) in the
starting slurry, the mean cell size ranged from 130 to 380 wm, and the mean window
size varied from 37 to 104 wm. Depending on the porosity range (73-92%) and the
mean cell and window size, the compressive strength of HA foams was found to be in
the range of 0.8-5.9 MPa.

Chloroform as a binder was used to fabricate porous scaffold in a 3DP route by
Giordano et al.''"® They studied the mechanical properties of 3DP processed
PLLAparts. Test bars were fabricated from low- and high-molecular-weight
PLLA powders. The binder printed per unit length of the powder was varied to
analyze the effects of printing conditions on mechanical and physical properties of
the PLLA bars. The maximum measured tensile strength for the low-molecular-
weight PLLA (53,000 g/molecule) was 17.4+£0.7MPa and for high-molecular-
weight PLLA (312,000 g/molecule) was 15.9 + 1.5MPa. Kim et al.'* evaluated
the survival and function of hepatocytes on a scaffold with an intrinsic network of
interconnected channels under continuous flow conditions. The scaffolds were
designed and fabricated using the technique of 3DP on copolymers of polylac-
tide—coglycolide (PLGA 85:15). 3DP was also used to selectively direct a solvent
onto PLGA powder particles packed with sodium chloride particles (45—150 pm).
The polymer scaffolds were fabricated in the shape of a cylinder of 8 mm in diameter
and 7mm in height. They contained 12 interconnected longitudinal channels
(800 pm in diameter) running through the length of the scaffold and 24 intercon-
nected radial channels (800 wm diameter) at various lengths of the devices. The salt
crystals were leached out to yield porous devices of 60% porosity with micropores of
45-150 wm in diameter. The fabrication of scaffolds for tissue engineering requires
choosing a conformation method that yields pieces with interconnected porosity and
pores in the 20400 pm range.121

Table 4.3 lists some selected typical physical and mechanical properties of
scaffolds obtained by various processing routes. A similar material was processed
under different processing techniques, which result in varying physical properties.



TABLE 4.3 An Overview of Various Processing Techniques Used to Develop Porous Scaffolds with Varying Pore Sizes and Properties

Pore Size or Compressive
Technique Material Open Porosity Dimension (p.m) Strength (MPa) Reference
Freeze casting HA 47-52 5-30 12-18 [124]
HA 50-60 80-110 7.5-20 [125]
HA 40-65 20 40-145 [122,123]
HA-polycaprolactone 87 150-200 [126]
HA, PHBHHL., dioxane 88-92 - - [127]
Polymer sponge HA 86 420-560 0.21 [128]
Glass-reinforced HA 85-97.5 420-560 0.01-0.18 [129]
HA 70-77 200-400 0.55-5.0 [130]
4552 bioglass 89-92 510-720 0.27-0.42 [131]
HA - 100-200 - [132]
HA - 100-400 - [133]
HA-TCP 36 100-150 - [134]
Ca,MgSi,07 63-90 300-500 0.53-1.13 [135]
HA, polyvinyl alcohol, acetone 85 - - [136]
Gel casting HA 76-80 20-1000 4.4-74 [137)
HA 72-90 17-122 1.6-5.8 [138]
HA-PMMA 200-400 50 [139]
Slip casting 13-93 glass 4045 100-300 21-23 [140]
HA 85 200-500 1.09-1.76 [141]
Gas foaming PLGA 85-96 193-439 0.16-0.29 [142]
n-HA/PU 80 100-800 0.27 [143]
Salt leaching TCP cement calcium metaphosphate - 200 [144]
HA, PLGA, poly(lactic-co-glycolic acid; PMMA, p late; PU, p ; TCP, tricalcium phosphate.

103
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It can be summarized from Table 4.3 that the variation in pore size and open porosity
directly affects the mechanical behavior of the prepared scaffold. The freeze-casting
method provides the highest compressive strength of around 40-145 MPa. The lower
strength (<1 MPa) of porous constructs was obtained in the polymer sponge method
and gas-foaming process. Recent investigations have shown that porous HA scaf-
folds, with a lamellar-type microstructure and unidirectional pores, can be obtained
by freeze casting of aqueous suspensions.'?*1%3

4.8 OVERVIEW OF BIOCOMPATIBILITY PROPERTIES: EVALUATION
OF POROUS SCAFFOLDS

Karageorgiou and Kaplan'* investigated the influence of porosity on osteogenesis in
three-dimensional biomaterial scaffolds. It has been seen that the porosity and pore size
of biomaterial scaffolds play critical roles in bone formation in vitro and in vivo. The
minimum requirement for pore size is considered to be ~100 wm because of cell size
and migration requirements. However, pore sizes of ~300 wm are recommended
because of enhanced new bone formation and the formation of capillaries. The effect of
these morphological features on osteogenesis in vitro and in vivo, as well as relation-
ships to mechanical properties of the scaffolds, was addressed. In vitro, lower porosity
stimulates osteogenesis by suppressing cell proliferation and forcing cell aggregation.
In disparity, higher porosity and pore size result in greater bone ingrowth in vivo.

The kinetics of bone-like apatite formation on sintered hydroxyapatite in a
simulated body fluid was studied by Kim et al.'*® The surfaces of two HAs, which
have been sintered at different temperatures of 800°C and 1200°C, were investigated
as a function of soaking time in simulated body fluid (SBF) using transmission
electron microscopy (TEM) attached with energy-dispersive spectrometry (EDX)
and laser electrophoresis spectroscopy.

The synthesis of biomimetic Ca-hydroxyapatite powders at 37°C in synthetic
body fluids was reported by Tas.'*” Initially, HA was prepared as a nanosized
(~50nm), homogeneous, and high-purity ceramic powder from calcium nitrate
tetrahydrate and diammonium hydrogen phosphate salts dissolved in modified SBF
solutions at 37°C and a pH of 7.4 using a novel chemical precipitation technique. The
synthesized precursors were found to reach a phase purity of 99% easily after 6 h of
calcination in air atmosphere at 900°C after oven-drying at 80°C.

Biocompatibility and osteogenicity of degradable Ca-deficient hydroxyapatite
(CDHA) scaffolds were investigated by Guo and coworkers.'*® They made scaffold
from calcium phosphate cement for bone tissue engineering with a particle-leaching
method. They demonstrated that the CDHA scaffolds with porosity of 81% showed
open macropores with pore sizes of 400-500 wm. Thirty-six percent of these CDHA
scaffolds were degraded after 12 weeks in Tris—HCI solution. The results revealed
that the CDHA scaffolds were biocompatible and had no negative effects on the
mesenchymal stem cells (MSCs) in vitro. The CDHA scaffold, after 8 week
implantation in rabbit model shows good in vivo biocompatibility and extensive
osteoconductivity.
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Park et al.'*® reported the fabrication of patterned PLLA substrates with the
spatial organization of cells obtained using the 3DP route. They demonstrated an
integration of polymer processing and selective polymer surface modification using
methods suitable for construction of three-dimensional polymer scaffolds, which
may aid such cell organization. They concluded that their approach may be generally
useful for creating regionally selective, microarchitectured scaffolds fabricated from
biodegradable polymers for spatial organization of diverse cell types.

Peng et al."*° developed a novel scaffold with large dimension of 3—4 c¢m in
length and 1-1.5cm in diameter. They designed and fabricated the scaffold for
bone tissue engineering in vivo. Porous HA in the form of a tube coated with a thin
layer of poly(L-lactic acid) (PLA) held the HA spherules together and provided the
initial strength of scaffolds. Studies on engineering of large bone tissue were
underway by use of the hybrid scaffold implanted at different nonrepairing sites
such as muscle, peritoneum, and bone in vivo. The novel scaffolds were implanted
in different sites of dogs (Fig. 4.13). To compare the influence of the distribution of
biological substance on the osteogenesis, the HA spherules were mixed homo-
genously with comminuted bone granules before filling in the porous HA tube. The
primary tissue section showed a promising new bone growth induced by the
homogeneous addition of comminuted bone granules.

Becker et al."®' evaluated the ability of CAD synthetic hydroxyapatite and
tricalcium phosphate blocks to serve as scaffolds for intramuscular bone induction

FIGURE 4.13 Digital photos showing the implantation of the porous scaffold at different
sites of natural bone: beside the femur (a), in the muscle (b), in the abdominal cavity (c), and in
the peritoneum pocket (d). Printed with permission from Ref. 129.
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FIGURE 4.14 Digital photographs illustrating (a) insertion of a hydroxyapatite block into
the pouch. (b) A bovine HA block was placed into the pouch on the right side. Printed with
permission from Ref. 130.

in a rat model (Fig. 4.14). Individually, they kept the designed 3D-printed rounded
and porous HA and TCP blocks in pouches in the musculus latissimus dorsi in 12
Lewis rats bilaterally. For 8 weeks, the bone generation was monitored by computed
tomography and fluorescence labeling. For all scaffolds, toluidine staining revealed
vital bone directly on the scaffold materials but also in the gaps between the walls of
interconnected pores. They concluded that the specially shaped HA and TCP blocks
tested against the bovine HA blocks could exhibit good biocompatibility and
osteoinductivity in vivo.

The present authors also developed porous HA scaffolds using the polymer blend
method."*? In this method, PMMA was used as porogenous template to obtain micro-
and mesoporosity. The pore size in the sintered ceramics was in the range of
1-50 pwm. The cell adhesion test with human osteoblast cells (SaOS,) confirmed
good cytocompatibility of porous composite. Fluorescent staining of osteoblast
revealed a well-developed cytoskeleton with strong stress fibers (Fig. 4.15). The ALP
activity of osteoblast-like cells grown on the porous scaffolds for various culture
times was significantly higher than that of dense HA. The results suggested that the
porous HA-PMMA hybrid composite can be used as substrate, which should
facilitate better cell differentiation than sintered HA. It is consistent with the
previous reports that the polymer—-HA scaffolds are superior to the pure polymer
scaffolds for osseous tissue engineering'>® because the presence of HA hydroxyl
groups could promote calcium and phosphate precipitation and improve interactions
with osteoblasts.'>* It was concluded that such a processing approach offers a better
possibility to produce porous HA scaffolds with micro- and mesopores, which can
stimulate significant cell adhesion and osteoblast differentiation.

Kwon et al.'>> successfully fabricated porous bioceramics with varying porosity,
using the PU sponge technique. When a porous solid was produced by a single
coating, the porosity was ~90%, and the pores were completely interconnected.
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FIGURE 4.15 Fluorescent imaging of osteoblast cells revealing a well-developed cyto-
skeleton with strong actin stress fibers oriented in the adhered cells in their longitudinal
direction.

When the sintered ceramic was coated five times after the porous network had been
made, the porosity decreased to 65%. The compressive strength was strongly
dependent on the porosity and weakly dependent on the type of ceramics (i.e.,
HA, TCP, or HA-TCP composite). At a 65% porosity level, the strength was
~3MPa. The TCP exhibited the highest dissolution rate in Ringer’s solution
with HA exhibiting the lowest rate. The biphasic HA-TCP composite showed an
intermediate dissolution rate. The biodegradation of calcium phosphate ceramics
could be controlled by simply adjusting the amount of HA or TCP in the ceramic.

4.9 OUTSTANDING ISSUES

Although available literature, as summarized above, provides details on synthesis,
properties and different applications of porous scaffolds, it is quite clear that porous



108 MICROENGINEERED POLYMER- AND CERAMIC-BASED BIOMATERIAL

material with desired porous architecture for specific biomedical application is still
awaiting. Regardless of the type of porous scaffold (ceramic or polymer based), all
tissue engineering scaffolds should meet the following requirements:

1. Surface wettability properties to promote cell adhesion, proliferation, and
differentiation.

2. Mechanical properties to withstand stress.
3. Large ratio of surface area to volume to allow tissue ingrowth.
4. Controlled rate of degradation (particularly for polymer scaffolds).

In this chapter, emphasis has also been placed on the design of polymeric scaffold
materials that obtain specific, desired, and timely responses from surrounding cells
and tissues. The overall challenges concerning critical scaffold design parameters
include polymer assembly, surface properties, nano- or macrostructure, bio-
compatibility, biodegradability, and mechanical properties.

From the discussion on porous scaffolds, it should be clear that multiscale
porous scaffolds would be an interesting material to be developed and investigated
in the future. It is known that microporosity with pore sizes of less than 1 wm helps
in initial protein adsorption, and pore sizes of 1-20 pm aid in cell attachment as
well as oriented cellular growth at the initial stage of cell proliferation and growth.
Also, macroporosity with pore sizes of 100-1000 wm facilitates tissue or bone
ingrowth in vivo. It would be therefore ideal to produce a porous scaffold with top
surface of less than 1 wm pore size and of bioresorbable material followed by pores
of 1-20 wm size and subsequently pores of 100 wm or larger with a top-down
approach. Although the fabrication of scaffolds with such a controlled or gradient
pore size could be a major challenge in terms of processing, one can use 3D
printing method to produce such gradient porosity in HA-TCP or TCP-Ti system.
As mentioned earlier, the type and amount of binder as well as postprinting heat
treatment would be related challenges.

The potential for improving the mechanical properties of bioceramics or polymer
composite scaffolds with a fabrication approach has been demonstrated in several
systems with limited success to achieve mechanical properties, particularly com-
pression strength, or modulus in the range of values for cancellous bone. All of the
processing approaches can be conveniently classified into two categories: (1)
chemical precursor-based routes and (2) engineering-based approaches. Although
the first category largely results in uncontrolled porosity with heterogeneous or
untailored pore sizes, the second category (i.e., 3D printing or other rapid proto-
typing routes) produces porous scaffolds with tailored porosity. More emphasize
should be placed in the future to develop porous scaffolds with properties compara-
ble to those of cancellous bone.

Another key question that needs to be addressed in future research is whether
porosity in inherently bioinert scaffold material can induce bioactivity. To illustrate
this issue, one can do in vitro or in vivo experiments on porous Ti and porous HA
under identical conditions with similar porous architecture.
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4.10 CONCLUSIONS

This chapter has provided an overview of the processing and physical and biological
properties that play important roles in the design of porous ceramics. Various
illustrative examples of porous scaffolds have also been discussed in detail.

In summary, the design criteria and critical issues in developing porous scaffolds for
bone tissue engineering have been discussed. In addition, the suitability of porous
scaffolds for both in vitro and in vivo biocompatibility properties has been rationalized.
Various techniques for developing scaffolds along with their advantages and disadvan-
tages are discussed. A high degree of interconnectivity in conjunction with a suitable
pore size has been emphasized for porous scaffolds to minimize diffusion and pore
occlusion. However, there is a limited understanding in terms of the long-term in vitro
and in vivo biocompatibility properties of porous scaffolds. In particular, the degrada-
tion and ion-release kinetics of inorganic phases from highly porous systems. For bone
regeneration, the utmost challenge for porous scaffolds is to impart the mechanical
strength for replacing the bone defects as well as efficient load transmission. Despite the
availability of a number of fabrication techniques, the aspects of mechanical reliability
of scaffolds together with induction of vascularization and tailored degradability are yet
to be addressed. At present, none of the available fabrication routes offers such a
combination of properties in a designed porous scaffold. Reviewing the experimental
and clinical studies, it can be concluded that an ideal scaffold for tissue-engineered bone
and cartilage has not yet been developed. In general, the scaffolds require individual
external shape and well-defined internal structure with interconnected porosity to host
most cell types. From a biological point of view, the designed matrix should serve
various functions, including (1) as an immobilization site for transplanted cells; (2)
formation of a protective space to prevent unwanted tissue growth into the wound bed
and allow healing with differentiated tissue; and (3) directing migration or growth of
cells via surface properties of the scaffold or via release of soluble molecules such as
growth factors, hormones, or cytokines. At the closure, it needs to be emphasized that
future studies should concentrate more on adopting engineering-based processing
approaches to fabricate porous scaffolds with tailored porosity and to develop a
comprehensive understanding of relationships among processing, microstructure,
biocompatibility, and clinical performance. Toward this, a battery of in vitro bio-
chemical assays to evaluate porosity dependence of cell fate process as well as long-
term in vivo biocompatibility assessment in suitable animal model together with
investigation on bone regeneration using microcomputer tomography as well as
TEM of bone-implant interface are to be performed. In addition, molecular biology
techniques, such as flow cytometry, need to be used to quantifically assess the cell
proliferation, cell cycle and cell apoptosis or reactive oxygen stress (ROS) generation
for specific cell types when grown on porous scaffolds.
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