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I.

Literature Review

1.0 Introduction: Bone Tissue Engineering: Current Status

The World Health Authority, supported by the United Nations, has announced
the period 2000-2010 as the Bone and Joint Decade. Bone tissue is the second most
transplanted tissue in the USA.1 Every year, millions of bone transplants have been
performed by implanting a substitute to replace the damaged tissues. One traditional
method is autografting, which is to harvest a patient’s own tissue from one location
and implant it to another location of the body. Autografting typically yields good
clinical results because there is no immunological rejection. At the same time,
however, autografting does have some disadvantages associated with it. For example,
the size and amount of the tissue that may be harvested from the patient is limited. A
second incision is needed to remove the tissue from another location in the body that
causes additional pain and suffering for the patient. Another strategy, allografting,
involves the harvesting of tissue or organs from a donor and subsequent
transplantation to the patient. While this method solves the problems that are caused
by autografting, however, it does create new problems such as donor shortage and
immune rejection. With the pressing need for bone substitutes dramatically increasing,
scientists and researchers are eager to investigate and fabricate various biomaterials
and devices using ceramics, metals, along with natural and synthetic biopolymers, to
meet the need.2-9 In order to overcome the disadvantages of these traditional methods,
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bone tissue engineering is drawing more attention as a potential method to treat bone
problems.
For this section, it is useful to define several key terms that are used frequently
in orthopedic tissue engineering. “Osteoconductive” describes the ability of a given
material to provide a supportive medium for bone formation. “Osteoinductive” means
that a specific material can actually stimulate the body to produce osteogenic
proteins.10
There are two promising approaches for bone tissue engineering: (1) growth
factor-based tissue engineering; (2) or cell-based tissue engineering. Both of the
techniques utilize 3D scaffolds as carriers for growth factors and cells.11, 12 In the first
approach, the incorporation of bone growth factors into 3D scaffolds is involved.
Some bone-derived growth factors have been isolated from bone matrix or the media
conditioned by bone cells in culture. These growth factors include insulin-like growth
factors I and II, transforming growth factor-beta (TGF-β), acidic and basic fibroblast
growth factor (FGF), platelet-derived growth factor, bone morphogenetic proteins
(BMPs), and hematopoietic factors.13 So far, BMPs have been incorporated in growth
factor based bone tissue engineering.14-16 However, this approach has encountered
some difficulties. For example, in order to obtain the desired osteoinductive effect, the
concentration of the BMPs should be high.17 However, such high concentrations of
BMPs will cause side effects.18, 19 Furthermore, this method easily causes burst effects
and it is hard to maintain a controlled release of the protein over the long term.

2

Compared to growth factor-based bone tissue engineering, cell-based bone
tissue engineering, the more common approach, seeks to create biocompatible and
biodegradable 3D scaffolds. In this process, stem cells or progenitor cells are cultured
in the presence of the scaffolds, sometimes with the proper chemical, biological
trigger such as growth factors; such cells are allowed to grow, proliferate, and
differentiate to form functional tissue or organs to replace the damaged ones as shown
in Fig. 1.20

Healthy

Figure 1. Scaffold-guided tissue regeneration.20

Currently, scientists worldwide are engaged in providing suitable biodegadable
scaffolds and the appropriate cells to make successfully engineered materials for bone
regeneration.

The

scaffolds

that

have

been

used

thus

far

include

3D

naturally-occurring polymer and synthetic polymer fibers, sponges, foams, hydrogels,
bioceramics, metals, and polymer/bioceramic composites.21 In terms of cell choices,
mesenchymal stem cells (MSCs) have been widely used to engineer bones and
cartilage. Mensenchymal stem cells (MSCs) are multipotent progenitor cells that have

3

the ability to differentiate into a variety of cell types such as osteoblasts, chondrocytes,
myocytes, and adipocytes.22 The most abundant and accessible source to obtain MCSs
is believed to be bone marrow, from which MCSs can be collected by a relatively
simple aspiration approach.23 Thus, mesenchymal stem cells and marrow stromal cells
have been used interchangeably.
At this point, hundreds of papers on bone tissue engineering have been
published.24 However, most of these papers on bone repair at the in vivo level report
results from small animal models such as rats or rodents. A few experiments have
been carried out on larger animals such as pigs25 and sheep.26, 27 The first clinical trial
was done on three patients with various segmental defects.28 They loaded ex vivo
expanded human MSCs to a three dimensional scaffold matching the shape and size
of the missing bone fragment.28 External fixation, a surgical treatment use to set bone
fractures, was provided for stability and removed after appropriate time periods. All
three patients showed new bone growing in the defects at a rate faster than the
control.28
In spite of such promising results, bone tissue engineering still faces a number
of challenges. Among these, a key one is to insure that angiogenesis (a physiological
process of generating new blood vessels from the pre-existing ones.) occurs in a
timely manner by improving oxygen and nutrient supply in the scaffolds. New
materials with the proper composition are needed to minimize the foreign body
response, and the degradation of the materials should take place in a completely
predictable manner.

4

1.1 Materials for Bone Tissue Engineering

1.1.1 Metals
Metallic implant materials have played a significant role in the field of
biomaterials. Metals such as stainless steel, titanium-based alloys, and cobalt-based
alloys are conventional materials for orthopedic transplantation because of the
excellent mechanical strength and biocompatibility to support the desired function in
the body.29 For many biomaterial devices that have been applied as clinical implants,
most are made of metals (Fig. 2). However, metals are not biodegradable, often poorly
osteoconductive, and the surface properties of metals often make them difficult to
integrate with the sounding tissue. Such problems limit their use as ideal biomaterials
for orthopedic applications.29

Figure 2. Bone fracture repair. During bone fracture incision, screws, pins, or plates
are attached to or in the bone.30

5

1.1.2 Ceramics
As bone regeneration materials, ceramics, due to their osteoconductivity, have
been used in orthopedic applications and surgeries. The ceramics that have been
employed for this purpose include: widely-studied calcium phosphate ceramics such
as tri-calcium phosphate (TCP, Ca3(PO4)2), hydroxyapatite (HA, Ca10(PO4)6(OH)2),
and tetra-calcium phosphate (TTCP, Ca4(PO4)2O); alumina; and Bioglass. Bioglass is
a form of SiO2 (46.1 mol%) containing 26.9 mol% of CaO, 24.4 mol% Na2O, and 2.5
mol% P2O5, making it capable of surface reactions in v ivo.31 Ceramics are
osteoconductive (Fig. 3) as well as biocompatible, but they lack osteoinductive ability.
In addition, they exhibit a lower mechanical strength, brittleness/stiffness, and an
unpredictable, relatively slow degradation rate, while also presenting challenges in
terms of controlling shape, proper pore size distribution, and degradation rate in
vivo.32 For all of the above reasons, ceramics fail to be optimal bone tissue
engineering materials as well.33

Figure 3. Scanning electron micrograph showing bone cells attached to a new type of
cement made of calcium phosphate.34
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1.1.3 Polymers

1.1.3.1 Naturally-Occurring Polymers
Naturally-occurring polymers are particularly useful as biomaterials due to their
similarity to extracellular matrix (ECM). ECM is a biological composite material
composed of a gel in which a number of fibrous proteins are trapped that surrounds
cells and allows cells to adhere, signal each other, and interact in response to stimuli.
The ECM is composed of large molecules such as collagen and elastin fibers,
glycosaminoglycans, proteoglycans, fibronectin, and laminin, all of which are
produced and secreted by cells.35
Polymers such as collagen alternatively can be fabricated to form a useful 3D
matrix. Compared to collagen fibrils derived from ECM, some polymer nanofibers
have similar diameters. Both ECM and naturally-occuring polymers are
biocompatible and biodegradable. These polymers, similar to ECM, have the potential
to support cell adhesion and function. As a naturally-occurring polymer, collagen has
been used as a bone tissue engineering scaffold. For example, Hasirci’s group has
used chemically and physically modified collagen films that were stabilized by
different treatments, including dehydrothermal treatment (DHT). 36 Note that DHT is
a process that removes water from collagen; the result is the formation of crosslinks
through condensation reactions by esterification or amide formation.36 Other
crosslinking methods include the use of carbodiimide (EDC), and glutaraldehyde (GA)
to study how the modification and patterning influence cells.36 In Czernuszka’s group,
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bone tissue engineering scaffolds are manufactured from type I collagen with
hydroxyapatite (HA) by solid freeform technology and critical point drying, followed
by physically crossliking collagen by DHT.37 Solid freeform technology is a
technology of fabricating solid objects by the sequential delivery of energy and/or
material to specified points in space to produce that solid.38 Besides collagen, other
naturally-occurring polymers such as polysaccharides,39 starch-based materials,40 and
often natural proteins have also been used to fabricate scaffolds for bone tissue
engineering (Fig. 4).41 However, these materials may exhibit immunogenicity and
cause foreign body rejection. It is difficult to control the mechanical properties of
these types of materials because unlike synthetic polymers, it is challenging to tune
the molecular weight of naturally-occurring polymers. In some cases, the supply of
these materials is so limited that the price of these materials may be economically
unfeasible. 21

Figure 4. Optical micrograph showing a cluster of tiny beads made with a
naturally-occurring polymer, alginate, that is filled with bone cells.34

8

1.1.3.2 Synthetic Polymers
Compared to naturally-occurring polymers and other materials, synthetic
polymers have their own advantages. The primary advantages include the following:
tunable mechanical properties and degradation rates necessary for different
applications; diverse choices in terms of fabrication shape with various pore
morphologies conducive to tissue in-growth; finally, surface modification with
specific chemical functional groups to induce tissue in-growth.42
Among synthetic polymers, the majority of biodegradable polymers studied
have been polyesters.43 Polyesters have been considered as potential candidates for
tissue engineering, especially bone tissue engineering, due to the ease of degradation
of the ester linkage, the non-toxic degradation products being resorbed through
metabolic pathways, and a tunable pore size and structure.44 Poly(lactic-acid) (PLA),
poly(glycolic acid) (PGA), and their copolymer PLGA are among the most popular
synthetic polymers used for bone tissue engineering (Fig. 5).45 Other polymers that
have been used in bone tissue engineering include polyanhydrides,46, 47 poly (ethylene
glycol),48-50 polycarbonates,51 and polyphosphazenes.52
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Figure 5. Scanning electronic photomicrograph of PLGA microspheres obtained by
the multiple emulsion W/O/W method. Bar = 5 µm.53
1.1.4 Polymer Degradation
There are basically two known polymer degradation mechanisms: bulk erosion
and surface erosion. Many polymers can degrade by bulk erosion, which is a simple
hydrolysis of the hydrolytically-unstable backbone. Bulk erosion usually occurs in
two phases. In the first phase, water penetrates throughout bulk of the material and
attacks the backbone of a polymer. The long backbone breaks into shorter water
soluble chains. This occurs initially in the amorphous phase of the polymer, with a
lack of degradation in the crystalline phase. The molecular weight of the polymer
decreases, but the physical properties remain. In the second phase, enzymatic attack
occurs and a polymer breaks into pieces. The fragments are metabolized by
microphages.54 The other type of biodegradation is surface erosion. For surface
erosion, the rate of water penetrating the polymer device or scaffold is slower than the
rate of the polymer degrading into water soluble fragments. This causes the scaffolds
to become thinner over time, but keep its bulk structural integrity.
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1.1.5 Poly (ε-caprolactone)
Poly (ε-caprolactone) (PCL) is a FDA approved biomaterial used for drug
delivery in the human body and for sutures.55 PCL is a biocompatible, biodegradable
semicrystalline linear aliphatic polyester prepared by ring opening polymerization of
ε-caprolactone.56 PCL has a low melting point of 57ºC - 60ºC and a low glass
transition temperature of about -62ºC. Fig. 6 shows the structure of ε-caprolactone
and poly (ε-caprolactone). 57

(A)

(B)

Figure 6. The structure of (A) ε-caprolactone; (B) Polycaprolactone.

PCL can be degraded by microorganisms or hydrolytic mechanisms through
random hydrolytic secession of its ester linkages under physiological conditions.57 In
some cases, it is possible that crosslinked PCL goes enzymatic degradation –
enzymatic surface erosion.57 Low molecular weight PCL or the PCL degradation
products after non-enzymatic bulk hydrolysis can be absorbed by microphages
intercellularly.58 Compared to many other biodegradable polymer materials, PCL has
a relatively slow degradation rate. When PCL is implanted into animals, it will
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undergo two distinct stages of degradation. During the first stage (non-enzymatic bulk
hydrolysis), the implant will be encapsulated by collagen filaments. The connective
tissue capsule is found to be avascular with a thickness less than 100 μm. After 9
months, when the molecular weight of PCL decreases to about 5,000, the second stage
of degradation occurs. At this stage, fragmented PCL can be rapidly phagocytosed by
fibroblasts, macrophages, and giant cells. The toxicity of PCL has been studied and it
is considered to be a non-toxic material.59, 60
Due to the useful properties that PCL possesses, it is widely used as a polymer
matrix for a composite in biomedical devices.61-63 It has been tested as a scaffolding
material for skin,64 cartilage,65 nerve,66 liver,67 and bone cells.68 PCL has also been
fabricated into nanoparticles and microspheres for drug delivery applications.63, 69

1.1.6 Scaffold Fabrication Methods
A number of techniques targeted to fabricate 3D porous scaffolds for bone
tissue engineering have been developed. These technologies include solvent casting
and particulate leaching, gas foaming, emulsion freeze drying, rapid prototyping,
thermally induced phase separation, and electrospinning.70
Solvent casting and particulate leaching is a simple and most commonly used
method for fabricating 3D porous polymeric scaffolds for tissue engineering.71, 72 This
method involves mixing a water soluble salt (eg, sodium chloride) into a polymer
solution and then placing the mixture into a mold with the desired shape. After the
solvent is evaporated or lyophilized, the salt particles are then leached out with water
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to obtain the porous structures. This method has some advantages, such as ease of
fabrication, as well as control of the pore size and porosity by controlling the size of
the added salt crystal porogen and the salt/polymer ratio. This method has some
disadvantages as well. For example, the shape of the pore is always decided by the
shape of the salt crystal porogen. It is hard to obtain thick scaffolds because it
becomes difficult for the interior salt to be leached out if the scaffold is too thick.73 In
addition, pore connectivity is limited, which hinders uniform cell seeding and tissue
growth. This method has been modified by Ma and co-workers, who used paraffin
spheres as the porogen material to fabricate 3D scaffolds with spherical and well
interconnected pores in the scaffolds by a modified porogen leaching method.73
Paraffin spheres were fabricated by a dispersion method, and then formed into a 3D
assembly through heat treatment in a mold. The polymer solution was cast onto the
assembly. The porous scaffold was formed after dissolving the paraffin by hexane.
The size of the opening between the pore in the scaffolds can be tuned by the heat
treatment time of the paraffin spheres.73
The essence of the gas-foaming process is to use high pressure CO2 gas to
saturate a solid polymer disk. Due to the thermodynamic instability, CO2 bubbles will
be formed and be released from the disk and a porous polymer sponge will therefore
be formed.74 This method faces some difficulties as well. For instance, it is difficult to
obtain a highly interconnected porous structure and the outer surface of the scaffolds
is usually not porous. So if the gas-foaming method can be combined with the
particulate leaching method, it ideally eliminates more closed pores and improves the
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porosity and interpore connectivity significantly.75, 76
Another method, known as emulsion freeze drying, consists of mixing a
polymer/organic solvent solution with water to form an emulsion and removing the
organic solvent and water by freeze drying to fabricate porous structures. This
technique is suitable for making porous scaffolds with 20 – 200 μm pore size and
porosities greater than 90%.77
Rapid prototyping is a technique using a computer - designed model to produce
3D scaffolds which are generated by ink-jet printing a binder onto sequential powder
layers. The operation speed, the flow rate, and the drop position can be controlled by
computer, and growth factors can be incorporated into scaffolds during the process.
The disadvantage of this method is that the resolution is controlled by the jet size. It is
difficult to make fine microstuctures by this method. The porosity of scaffolds and the
mechanical properties need to be significantly improved in order to be used for tissue
engineering applications. 78
The thermally induced phase separation method was the first to fabricate porous
membranes and later was introduced to produce three dimensional polymer
scaffolds.79 In this method, the polymer is dissolved in a solvent at a high temperature
and then by lowering the solution temperature, phase separation is induced. The
solidified solvent-rich phase is removed by sublimation and therefore leaves behind a
porous polymer scaffold.80, 81 The advantage of this method is that it can produce
polymer scaffolds with great mechanical properties. However, the pores of the
scaffolds are usually 10-100 μm which is not good for osteoblast cell seeding and
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subsequent bone tissue growth.81, 82
Electrospinning is a straightforward way to use high electrical discharges to
form nano to micro level fibers from concentrated polymer solutions. Electrospinning
was invented by W. J. Morton in 1902,83 with further development by Anton Formhals
in the period of 1933 to 1944.84, 85 A great deal of attention has been directed to
electrospinning since the early 1990s, because it was found that nanofibers could be
fabricated by electrospinning many types of organic polymers.86 The standard setup
for electrospinning involves the following components: a high voltage power supply
ranging from 10 to 50 kv, a syringe with metal needle to direct the polymer solution,
and a rotating collector connected to ground as shown in Fig 7.

Figure 7. Optical image of the electrospinning apparatus.
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The polymer solution is loaded into the syringe connected to the high voltage
power supply. In high electric fields, the polymer solution forms a Taylor cone at the
tip of the needle from which a positively charged jet is formed when the electrical
force overcomes the surface tension. Because of the evaporation of the solvent and the
bending instability in the electrical jet, the polymer fibers are formed in the nano to
micro-scale size regime. These small fibers typically aggregate into large bundles,
which can be seen by the eye (Fig. 8).

Figure 8. Optical image of PCL electrospun fibers.

Recently, electrospinning has been used to fabricate porous scaffolds with
microscale interconnected pores for tissue engineering and drug delivery.87 The nano
to macro sized fibers which can structurally mimic the extracellular matrix, makes
electrospinning a promising approach for tissue engineering scaffold preparation.88
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1.1.7 Porous Three Dimensional Composite Scaffolds
In order to be a suitable tissue engineering scaffold, a material should possess
the following properties. First it should be biocompatible and biodegradable. The
degradation products should be non-toxic and easily excreted by a metabolic pathway
from the human body. The degradation of the scaffolds should be in a controllable and
predictable manner, which means that the degradation rate of the scaffolds should be
concurrent with the tissue regeneration. It should also possess proper mechanical and
physical properties.89 The scaffolds should be porous, which allow nutrients and
oxygen to get into the inner domains of the scaffolds and allow the metabolized waste
to come out from the scaffolds at the same time. The surface topology of the scaffolds
should allow cells to attach, proliferate, and migrate.90 Finally, the scaffolds should be
easily fabricated, suitable for sterilization, stable to be stored, and clinically
convenient for the doctors to administrate the scaffolds to the patients.
Although many polymeric scaffolds have been made for and applied to bone
tissue engineering applications, one single polymer can not satisfy all of the
requirements. So scientists and researchers have incorporated inorganic materials with
polymers to make organic/inorganic composites. Compared to the individual
components, composite materials attempt to cancel the disadvantages from both sides
and enhance other characteristics due to the combination. Natural bone, which is
composed of collagen fibers and hydroxyapatite, is a classic example of this type of
composite. So from this point of view, composite scaffolds are perceived to be better
bone tissue engineering scaffolds due to their similarity to bone.74, 91, 92
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Hydroxyapatite (HA), due to its good mechanical and osteoconductive
properties and presence in natural bone, is widely used as the inorganic component in
composites with synthetic polymers for bone tissue engineering scaffolds.82, 92-94 In
Kim’s group, poly (d,l-lactic-co-glycolic acid)/nano-hydroxyapatite (PLGA/HA)
composite scaffolds have been fabricated by a gas forming and particulate leaching
method (GF/PL) without using an organic solvent. Compared to the scaffolds made by
the conventional solvent casting and particulate leaching method (SC/PL), the
scaffolds fabricated by GF/PL exposed more HA nanoparticles on the surface of the
scaffolds. They also exhibited superior enhanced mechanical properties.82 In vivo and
in vitr o studies showed that the scaffolds made by GF/PL method exhibited higher
levels of cell growth, alkaline phophatase activity, and mineralization.83
Other than hydroxyapatite, the inorganic particles that can be used for the
fabrication of organic/inorganic composites include calcium phosphate, Bioglass,
ceramics, and hydroxyl-carbonate apatite.95,

96

A variety of scaffolds containing

polymer/ceramic components with large numbers of interconnected pores were
fabricated by Boccaccini and coworkers.97 In vitro and in vivo studies were carried out
and the biocompatibility and bioactivity were compared among different polymer and
ceramic compositions. The results revealed insufficient elastic stiffness and
compressive strength compared to human bone.98
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1.2 Bone Cells and Bone Formation

1.2.1 Bone Cells
Three types of cells are involved in bone formation, maintenance, and
remodeling: osteoblasts, osteocytes, and osteoclasts. Mensenchymal stem cells, as the
progenitors of osteoblasts, play an important role in the bone formation process as
well.

1.2.2 Osteoprogenitor Cells (Mensenchymal Stem Cells)
Given the fact that mensenchymal stem cells (MSCs) are isolated from bone
marrow, marrow stromal cells and mesenchymal stem cells have been used
interchangeably. They are multipotent progenitor cells that can differentiate into a
variety of cell types such as osteoblasts, chondrocytes, myocytes, and adipocytes.
These progeny eventually will give rise to different tissues: cartilage, bone, tendon,
ligament, marrow stromal, connective tissue, fat, etc., as shown in Fig. 9.

Figure 9. Differentiation of mesenchymal stem cells into skeletal tissues.99
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When MSCs are cultured in the presence of osteogenic stimuli such as ascorbic
acid, inorganic phosphate, and dexamethasone in vitro, the differentiation of MSCs to
osteoblasts will be facilitated at the extracellular matrix as well as within the rest of
the cell population.100 Under an in vivo environment, MSCs can be induced to
differentiate under the influence of growth factors such as bone morphogenetic
proteins (BMPs), FGF, platelet-derived growth factor (PDGF), and TGF-β.101 This has
been proved by scientists using in vitro and in vivo models.102 Since MSCs have the
the osteogenic potential to differentiate to skeletal tissues such as cartilages and bone,
they have been widely used for cell-based bone tissue engineering.103

1.2.3 Osteoblasts
Osteoblasts derived from osteogenitor cells have a large amount of rough
endoplasmic reticulum (RER) in the cytoplasm and a large Golgi apparatus present in
its center.104 They process a single nucleus which is large and spherical. The function
of osteoblasts is to contribute to the formation of bones. When MSCs differentiate to
osteoblasts (mature bone-forming cells), a series of genetic bone marker proteins will
be expressed including Osterix, Col1, ALP, osteocalcin, osteopontin, and
osteonectin.105 Osteoblasts can also synthesize the precursor of type I collagen
necessary for the bone matrix and regulate its mineralization. They can also produce
osteocalcin, which is the most abundant non-collagenous protein of bone matrix, and
proteoglycans which are rich in alkaline phosphatase.105
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1.2.4 Osteocytes
Osteocytes, the most abundant cells found in bone, are stellate (star shape) cells
and contain a nucleus and a thin ring of cytoplasm. When an osteoblast is trapped in
the mineral extracellular matrix, it occupies a small chamber called a lacuna and
becomes an osteocyte. An osteocyte reduces cellular differentiation, but it is capable
of bone deposition and resorption. It is also involved in bone modeling by passing the
biochemical signals caused by muscle activities to other osteocytes.106

1.2.5 Osteoclasts
An osteoclast is a large multiple nuclei cell that differentiates from another type
of cell called a macrophage. Bone formation is a dynamic process which involves the
bone formation by osteoblasts and the bone resorption by osteoclasts. Osteoclasts
break down bones by forming a specialized cell membrane which touches the bone
tissues and removes its mineralized matrix. This process involves activation of the
enzyme farnesyl pyrophosphate synthetase.

1.2.6 Bone Formation Process (Osteogenesis)
Bone, similar to other connective tissues, consists of cells and extracellular
matrix. It is a composite material which consists of organic components such as
collagen and nanostructured inorganic components such as hydroxyapatite or related
calcium phosphate, or calcium carbonate phases.107 Bone formation involves the
following steps (Fig. 10): 1. the recruitment of osteogenitor cells, followed by cell
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differentiation into osteoblasts; 2. the synthesis of osteoid, which is the unmineralized
protein extracellular organic matrix by osteoblasts; 3. the mineralization of the matrix
to form bone; 4. bone remodeling by resorption and reformation. In the resorption
process, osteoclasts become osteocytes, which are capable of transmitting
biochemical signals to other osteocytes.

Figure 10. Bone formation cell types and associated components 108

The difference between bone and other tissues is the mineralization of the
extracellular matrix which provides mechanical support and protection. Mature bone
is composed of ~70% inorganic salt and ~30% organic matrix by weight. The
inorganic part of bone is composed mainly of calcium and phosphate in the form of
the hydroxyapatite (Ca10(PO4)6(OH)2) crystals. Unlike the crystalline hydroxyapatite
which has a rod-like morphology, the hydroxyapatite in bone possesses a plate shaped
structure.109 Collagen (mostly type I) makes up over 90% of the organic component,
which is called osteoid.
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Mineralization plays an important role in bone formation.110 Mineralized
extracellular matrix formation is an indicator for osteoinductivity of biomaterials111
and it is often tested by in vitro acellular mineralization. By this method, biomaterials
are soaked in a simulated body fluid (SBF, pH=7.40) with ion concentrations nearly
equal to those of human blood plasma (pH=7.35-7.45). The composition of SBF is
shown in Table 1.112 If the material is suitable for orthopedic applications, calcium
phosphate will deposit on the surface of the biomaterial, which improves
cell-biomaterial interactions such as cell attachment and proliferation. In vitr o
mineralization of primary osteoblasts is often characterized by Von Kossa staining. It
is a technique for detecting calcium in mineralized tissue, using a silver nitrate
solution followed by sodium thiosulfate; calcified bone is usually stained to black.
The principle of this staining is that silver ions react with carbonate or phosphate ions
and form silver carbonate and silver phosphate. When these silver compounds are
exposed under direct bright daylight, UV light, or a stong reductive, silver ions will be
reduced to metallic silver, visualized as black deposites. Fourier Transform infrared
spectroscopy (FT IR), X-ray diffractometry, and transmission electron microscopy
(TEM) are also used.
It should be pointed out that this in vitr o mineralization assay using SBF is
another way to fabricate polymer/bioceramic composites, especially for coating
materials that may not intrinsically bioactive or biocompatible.
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Ion

Na+

K+

Mg2+

SBF
(mM)

142.0

5.0

1.5

Blood
plasma
(mM)

142.0

5.0

1.5

Ca2+

Cl-

HCO3-

HPO42-

SO42-

2.5

148.8

4.2

1.0

0.5

2.5

103.0

27.0

1.0

0.5

Table 1. The composition of simulated body fluid and blood plasma.112

1.3 Cell-Cell, Cell-Extracellular Matrix, and Cell-Biomaterial Interactions
Cells do not live isolated from each other. In order to function properly, cells
need to communicate by sending signals to other cells as well as receiving them from
the surrounding environment. These signals are mediated by a cell membrane, made
of a permeable lipid bilayer of proteins and lipids. Only some small molecules can
pass through this membrane. Thus, the information transfer between the inside of cells
and out side of cells is assisted by the proteins embedded in the cell membrane.
When cells come into contact with a matrix, the cell surface adhesion receptors
in the cell membrane will transmit the external information about the environment to
the inside of cells by interacting with proteins and other ligands from body fluid that
absorbed on the surface of the biomaterials to direct cells to attach, proliferate,
migrate, and differentiate. Two common cell surface adhesion molecules are the
integrin adhesion receptors and the vascular selectins.113 Integrin receptors can
interact with the ECM by selectively binding specific ECM proteins, plasma proteins,
and other ligands, as shown in Fig. 11.113 These interactions promote cell-matrix
binding. Cell adhesion will excrete growth factors to mediate cell activities.
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Figure 11. Specific cell-matrix interaction through integrins.113

1.4 Drug Delivery
Great progress has been made in the treatment of a variety of diseases by drug
delivery in the last 20 plus years.114 Controlled release remains the most important
topic in drug delivery technology. The goal of controlled drug release is to achieve a
delivery profile that would maintain an optimal blood level of the drug over a desired
time period. For traditional drug administration, when patients take drugs orally, the
drug concentration in the blood will reach a higher than desired therapeutic level
initially. It is a potentially toxic level which is harmful to the human body and
possibly causes side effects. Meanwhile, since some drugs are eliminated very quickly
from the human body, the concentration can drop to lower than the desired therapeutic
level very soon and there is no beneficial effect to patients at this point until the next
administration (Fig. 12). At the same time, instead of being released selectively to
certain diseased tissues or organs, some of the drug will pass through the human body,
be harmful to healthy cells, and cause harmful side effects. Controlled drug release
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not only means control of the release rate of drugs, but also ideally control of the
location where the drugs should be released. Compared to conventional drug
administration, controlled release has many advantages which include improved
efficacy, reduced toxicity, fewer side effects, and improved patient convenience.115

Figure 12. A comparison of systemic drug profiles established by conventional
administration and controlled release.116

Many biomaterials have been employed as drug delivery vehicles such as
polycaprolactone (PCL), PLGA, and hyaluronic acid (HA). These polymers can be
fabricated into various shapes such as nano/micro particles,2, 3 micelles,4, 5 sponges,6
disks,7 fibers,8 and hydrogels.9 Other materials, such as porous silicon,117
hydroxyapatite,118 calcium phosphate,119 aluminum oxide,120 gold121 etc. have been
used as drug delivery vehicles as well. At the same time, a number of drugs have been
used in controlled release studies, including peptides, proteins, growth factors,
vaccines, insulin, DNA, anticancer drugs, anti-inflammatory drugs etc.122 A few
examples of drug delivery carriers will be discussed in the following section.
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Many polymer materials, especially polymer nano and micro-particles, have
important potential applications in the pharmaceutical industry. For example, Langer’s
group used a hydrophobic monomer, carboxyphenoxypropane (CPP), and a slightly
less hydrophobic monomer, sebacic acid (SA), to make a copolymer with a tunable
degradation rate (by the monomer ratio) from a period of a few weeks to 3-4 years.123
Later, they incorporated one of the most toxic anticancer drugs, carmustine (BCNU)
into the polymer by compressing the polymer containing BCNU using a press to make
polymer-BCNU disks; eventually the polymer-BCNU disks were implanted as
anticancer delivery vehicles to treat brain cancer and thus damage to other organs was
avoided. Human clinical trials proved to be successful124-126 and this system was
approved by the FDA, the first time for a controlled release polymer-based
chemotherapy system.127
A variety of ceramics have been used as drug delivery vehicles to deliver
chemicals, biological molecules, and drugs for desired periods of time at various
implantation locations.128 For example, Kumar’s group fabricated doxycycline loaded
biphasic calcium phosphates (BCP) microspheres by a liquid immiscibility effect
using gelatin and paraffin oil for the treatment of periodontitis (a number of
inflammatory diseases affecting the periodontium). The morphology of the
microspheres can be tuned by gelatin content, by which more effective drug delivery
systems can be fabricated.129
Recently, Stellacci’s and Ivrine’s group at MIT have fabricated gold
nanoparticles surface modified with alternating bands of binary mixtures of
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hydrophobic and hydrophilic organic molecules.130 These gold nanoparticles, surface
coated with the well organized domain (the organic layer), can penetrate a cell
membrane without rupturing it. They used these particles to delivery fluorescent
imaging agents to the cell in order to study the mechanism of entry of some biological
substances (such as peptides) into cells.131

1.5 Mesoporous Silicon as a Biomaterial

1.5.1 Mesoporous Silicon Fabrication
Porous silicon was first discovered by Arthur and Ingeborg Uhlir at Bell
Laboratories accidentally in the late 1950’s.132 Uhlir was trying to produce surface
polished Si for microelectronic circuits by putting crystalline Si in solutions
containing hydrofluoric acid (HF) under certain applied current values. However,
instead of getting smooth surface-polished Si disks, he obtained Si surfaces with fine
pores instead.133 Unfortunately, this discovery did not draw extensive attention from
the scientific community and was only studied briefly for its potential use in transistor
gate technology.134 In 1990, porous silicon began to attract extensive interest because
Leigh Canham discovered that porous silicon may emit light efficiently in the visible,
thereby creating new opportunities for optoelectronics.134 The tunability of emission
wavelength with Si feature size suggested that a quantum confinement mechanism
might be responsible for these abservations.135, 136
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Porous silicon can be fabricated by an electrochemical etching process. A
silicon wafer is employed as anode and platinum as cathode in an anodization cell in
which both the anode and the cathode are immersed into hydrofluoric acid (HF)
electrolyte. Because the initial silicon surface is hydride-terminated and hydrophobic,
the porous layer can be made more structurally uniform if an ethanoic solution is used
to allow better penetration by the acid. By altering the current density, the etch
duration, the concentration of the electrolyte, and the crystalline orientation of the
wafer, the size and thickness of the pores will be changed from micro to meso to
macro, as shown in Table 2.137 The porosity, the fraction of total volume which is void
(empty) can range between 1% to 95%.
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By varying the porosity of the silicon

samples, the properties of the porous silicon can be changed between “bio-inert”,
“bioactive”, and “resorbable”.138 Figures 13A, B, and C show images of the
microporous, mesoporous, and macroporous silicon surface morphology.

PSi Type

Pore Width (nm)

Microporous

Mesoporous

Macroporous

Silicon

Silicon

Silicon

Less than 2

2~50

Larger than 50

Table 2. Porous silicon pore size classification.
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B

A

C

Figure 13. (A). SEM image of macroporous silicon. (B). SEM image of mesoporous
silicon. (C) AFM image of microporous silicon.139
While the mechanism of porous silicon formation is not fully understood,
consensus exists that hole (h+) injection at the surface Si atoms (generated by the
applied bias) results in nucleophilic attack of the Si-H bonds by F- to form Si-F.
Subsequent attack by another F- accompanied by H2 elimination results in eventual
dissolution of the Si in the form of SiF4 (H2SiF6 in acidic solution).140
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Figure 14. One proposed mechanism of porous silicon formation.141
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1.5.2 Key Properties of Porous Silicon
Several unique features highlight mesoporous silicon’s utility as a promising
biomaterial. In 1995, Canham found that hydroxyapatite can grow on the surface of
porous silicon. He then suggested that hydrated microporous Si could be a bioactive
form of the semiconductor and that Si itself should be seriously considered for
development as a material for widespread in vivo

applications.142 Based on

biomineralization experiments, porous silicon is assumed to be osteoconductive and
osteoinductive which will accelerate the bone formation process under suitable
conditions.143
As a biocompatible material, the highly porous structure with controllable and
tunable interconnected pores makes it an ideal candidate as a drug delivery carrier.
Surface modification can not only control the degradation rate, but also promote cell
adhesion.144 Previous studies by Bowditch et al have demonstrated porous silicon’s
ability to be resorbed in soft tissue with negligible inflammatory response in vivo.145
In this study, PSi disks were implanted at subcutaneous sites in guinea pigs to
investigate the inflammatory response. Surprisingly, erosion on the surface of the PSi
disks was observed after 4-week implantation by SEM analysis. Importantly, the
inflammatory response was not significant.145 The porous silicon degradation product
– silicic acid, Si(OH)4 is a non-toxic acid, which can be predominantly and rapidly
excreted in the urine.146 The release of silicic acid, due to the corrosion of this
semiconductor in plasma, stimulates the calcification147 which could eventually
accelerate new bone regeneration.
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1.5.3 Mesoporous Silicon for Bone Tissue Engineering
In our group’s previous work, two and three dimensional bioactive composite
materials in the shape of solid cubes and hexagons composed of a biodegradable
polymer such as PCL and mesoporous silicon were fabricated by a directed assembly
method. This method combined capillary forces and selective interfacial coupling
chemistry to fabricate macroscale (mm sized) structures.148
Some highly porous silicon-containing composites composed of bioactive
mesoporous silicon and PCL were prepared by Melanie Whitehead of our group using
salt-leaching and microemulsion/freeze-drying methods.149 Her results demonstrated
that the porous composite materials exhibited an interfacial behavior that stimulated
calcium phosphate deposition in simulated body fluid, with the porous Si acting as a
necessary component in the process. In vitro proliferation studies and viability assays
using human embryonic kidney cells (HEK 293) exhibited nontoxicity of the
scaffolds to the cells. An evaluation of mesenchymal stem cells grown in the presence
of there scaffolds revealed that the markers necessary for cell differentiation, alkaline
phosphatase and bone sialoprotein, are expressed in this system.150
In Fauchet’s group, it was demonstrated that porous silicon exhibited
osteoconductivity. They found that different PSi architectures, ranging from micro,
meso, to macro, induced different cellular responses of primary rat calvaria cells
(osteoblasts). The cells displayed different morphologies on the surface of these three
materials. The cells spread out on the surface of macro and nano porous silicon, while
they retained a spherical morphology on the surface of mesoporous silicon. Cell
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attachment studies and cell viability studies were performed by direct counting the
cells attached on the scaffolds or a cell viability assay measuring ATP content. In their
measurement, most cell attachment and the highest cell viability were constantly
found on macroporous silicon scaffolds. So among the three different pore size
materials, macro PSi turned out to be the best material for osteblast growth and
sustaining their functions.139 Unfortunately, macroporous Si does not degrade
sufficiently on a sufficient time scale to be a competitive component of a scaffold in
vivo or in vitro.

1.5.4 Mesoporous Silicon for Drug Delivery
In addition to conventional drug administration methods such as oral drug
delivery and injection, new routes such as implants have been continually studied.
Nanotechnology opens a door for drug delivery applications due to the size and
surface chemistry of the nanomaterials, where promising results have already been
reported.151-153 Research on mesoporous silicon for drug delivery applications started
in the late 1990s.154 Studies of mesoporous silicon for drug delivery have been
focused on controlled release, because PSi has a number of useful features: a large
internal tubular surface area, tunable pore size, and diverse options in terms of surface
modification. These drug delivery applications have been divided by the routes of
drug administration: (1) implantable/injectable drug delivery systems and (2) oral
drug delivery.
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1.5.4.1 Implantable and Injectable Drug Delivery
Coming from our group, the first study of a PSi implantable drug delivery
vehicle was reported in 1998.154 The transition metal complexes such as
cis-Pt(NH3)2Cl2, Ru(bpy)32+, and Ru(phen)32+ were encapsulated into hydroxyapatite
layers grown electrochemically on a porous Si/Si substrate. These transition metal
complexes were selected as a consequence of their anticancer activity or
polynucleotide binding ability (cis-platin) or polynucleotide binding ability (Ru
complexes). The controlled release of the complexes from the hydroxyapatite layers
were readily investigated spectrophotometrically.154 In another study, cis-platin
(cis-diammine dichloroplatinum(II)), carbo-platin [cis-diammine (cyclobutane1,1-dicarboxylato]

platinum(II)),

and

Pt(en)Cl2

(ethylenediamminedichloro

platinum(II)) were incorporated into calcium phosphate layers on porous Si/Si
substrates.155 The diffusion of the platinum species from the calcified porous Si matrix
was measured by UV/Vis and ICP. The impact of initial platinum concentration, the
influence of thermal annealing of the matrix, and the effect of varying the ligand
coordination sphere of the Pt complex to be delivered to the environments were
investigated.
In 2002, Leoni et al. reported the diffusion properties of porous silicon
membranes prepared by microfabrication methods.156 Three different sized molecules,
glucose (0.37 nm radius), human albumin (3.55 nm radius), and immunoglobulin (IgG)
(5.90 nm radius) were employed to study the effect of the pore size for
immunoisolation; diffusion of these molecules from pores ranging from 7 to 49 nm

34

were evaluated. Three scenarios were observed: 1. No diffusion occurs when the
solute size is greater than the pore width; 2. Non-Fickian diffusion is observed when
pore width is approximately the same as the molecular dimensions of the solute (up to
a 2 fold greater difference); 3. Fickian diffusion is observed when the channel widths
were 2-5 fold greater than solute size.156 They also studied the biocompatibility of the
membranes using membranes implanted into Lewis rats. Each rat received two
implants: one was sutured to the abdominal wall and the other was within the
omentum. The results demonstrated that the response to the two sites are different.
One particularly interesting application of PSi is for chemotherapy. In cancer
treatments, drug localization is important to improve treatment efficiency and reduce
side effects. For a given dose, Saffie et al. have reported that encapsulation of the
chemotherapy drug, chlorambucil in porous silicon effectively reduced mortality in
mice by 80%, compared to direct injection (10% vs 90%).157
PSi can also be used for composite structures. Mukherjee et al. fabricated
PSi/polymer composites containing PSi and PCL,149 as described earlier. These porous
Si composites can also be investigated for drug delivery. Self-assembled PSi/PCL
composites consisting of two PCL cubes containing a porous Si sandwich layer were
loaded with a model dye compound Ru(bpy)32+. These constructs have the ability to
dissociate into individual building blocks, with the release of the embedded model
compounds observed in a sustained manner.148
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1.5.4.2 Oral Drug Delivery
In a recent study, Salonen and coworkers used an electrochemical anodization
method followed by ball-milling to fabricate mesoporous silicon particles.160 The
mesoporous silicon was surface stabilized by a thermal carbonization process (TCPSi)
to form a SiC-terminated surface. This modification makes mesoporous silicon
suitable for non-degradable oral drug administration applications. In this study, five
model drugs, antipyrine, ibuprofen, griseofulvin, ranitidine and furosemide
representing a wide range of solubilities have been loaded into mesoporous silicon
and the drug loading and release behavior have been studied.161 The results show that
if the unloaded drugs have a high dissolution rate, a slightly delayed release will occur.
However, the loading into the mesoporous silicon improves the dissolution of poorly
dissolving drugs.161
Mesoporous silicon is not only used as drug delivery vehicles, but also used to
deliver nutrients such as vitamins, fish oils, lycopene and coenzyme Q10 because
mesoporous silicon can significantly improve the dissolution kinetics of the
hydrophobic nutrients.162

1.5.5 Mesoporous Silicon in Other Biomedical Applications
In addition to bone tissue engineering and drug delivery applications,
mesoporous silicon has been used in many other fields as well, most of which involve
biosensing. It has been evaluated for a number of biosensing applications such as the
detection of proteins,163, 164 DNA,165 enzyme activity,166, 167 viruses,168 and bacteria.169
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For example, Sailor’s group is engaging in synthesizing silicon-based micron-sized
devices equipped with porous nanoparticles composed of silicon or silica. These
materials are ideally capable of localized delivery at tumor sites to in vivo and
performing a variety of tasks such as detecting, imaging, and delivering therapies.170
They also used porous silicon photonic crystals as sensors for environmental toxins or
pollutants or for biological applications. The biosensors operate on the principle of
induced wavelength shifts in the visible-light reflectance spectra of appropriately
derivatized thin films of porous silicon semiconductors.171

1.6 Cell Culture and Bioassays

1.6.1 Mammalian Cell Culture
Tissue culture is a technique that removes cells, tissues, or organ from animals
or plants and places them in an artificial environment conducive to growth. The
culture of the whole organs or the intact organ fragments to study their function or
development is called organ culture. When the cells are removed from the organ
fragments which disturbed the normal cell-cell interaction, it is called cell culture.
From late 1940’s to early 1950’s, several developments made cell culture
widely used by scientists. The development of antibiotics made it possible to avoid
many contamination problems that prevented cell culture previously.172 The use of
trypsin permitted the removal of cells from culture vessels.173 Thirdly, scientists
developed standardized, chemically defined growth media which made cell, tissue, or
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organ culture much easier.173
Primary culture is a method that surgically removes cells from an organism,
places them into an appropriate culture environment, and lets them attach, divide, and
grow. There are mainly two methods for primary culture: explant cultures and
enzymatic dissociation (Fig. 15). For explant cultures, many pieces of tissues are
cultured in growth medium. The cells will be moved out from the tissues and attach
onto the surface of the tissue culture vessel where they will divide and grow. For
enzymatic dissociation, which is a more widely used method, digesting enzymes such
as trypsin or colleganase are added to tissue fragments to digest the cement that holds
cells together and generate suspensions of single cells. The cells are then placed into
culture medium and allowed to divide and grow.174

AB

C

D

Figure 15. Primary cell culture procedure. (A) Remove tissue from animals. (B)
Mince or shop tissue by scissors. (C) Digest tissue with proteolytic enzymes. (D)
Place the cell suspension in culture.
When cells occupy all of the available culturing substrate, they must be
subcultured (a microbiological culture made by transferring microorganisms from a
previous culture to a fresh growth medium)175 for continued growth. Usually, cells
will be detached as gently as possible from the culture vessels by adding enzymes
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such as trypsin which will breaking the protein bonds attaching the cells to the
substrate. Some cell lines can be harvested by scraping cells off the substrate. When
the cells detach from the bottom of the vessel, they can be subdivided and cultured in
new culture vessels.
If there is a surplus available, suitable cryoprotective agents such as dimethyl
sulfoxide (DMSO) or glycerol can be added to the cells and then the cells are
carefully frozen and stored at cryogenic temperatures (below -130ºC) until they are
needed. An alternative way to do primary culture is to buy established cell cultures
from organizations such as ATCC (American Type Culture Collection).
Cell cultures are usually described by cell morphologies or functions. There are
three main cell morphologies: fibroblast-like, epithelial-like, and lympoblast-like.176
For a fibroblast-like morphology, cells are attached to the culture vessel, appear
elongated and bipolar and usually form swirls in heavy cultures. Epithelial-like cells
are attached to the bottom of the culture vessel and they appear flattened and exibit a
polygonal morphology. Lympoblast-like cells appear spherical shape and are
suspended in culture.176 From the functional characterization point of view, cell lines
can be divided into infinite and continuous cell lines. When a cell line stops growing
and shows aging after a certain period of time, it is called an infinite cell line. When
an infinite cell line becomes immortal, either through a fundamental irreversible
change or transformation by using drugs, radiation, or viruses, their cell lines are
called continuous cell lines.176
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In order to provide an environment for cells to grow in a healthy manner, many
factors should be paid attention to. First, for most mammalian cell culture, the
conditions are maintained between 36º C to 37ºC, 95% humidity, and 5% CO2. This
can be achieved by culturing cells in a carefully calibrated incubator. Cells also need a
permeable or porous surface to attach and grow. Cell culture vessels provide this
surface by coating their bottom with collagen, gelatin, fibronectin, laminin, and so on.
The most important of the factors for healthy cell culture is growth medium. It should
not only meet basic nutritional requirements, but also should have the appropriate
growth factors, suitable pH (7.2-7.4 normally) and osmolality (a measure of the
osmoles of solute per liter of solution),177 and gases that are needed such as O2 and
CO2.176 In this research, human mensenchymal cells and mouse stromal cells have the
ability to differentiate into osteoblasts in osteogenic environment in vitr o. The
medium used for bone cell differentiation is osteogenic medium (also called
differentiation medium) which is basal growth medium supplied with Fetal Bovine
Serum (FBS), L-glutamine, penicillin/streptomycin, dexamethasone, ascorbic acid,
and β–glycerophosphate.176

1.6.2 Seeding of the Scaffold
Basic seeding requirements include: 1. High yield; meaning as many cells
attach as possible; 2. High rate of cell growth to minimize the time requested; 3.
Uniform distribution of cells on the scaffold.
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1.6.3 Selected Bioassays of Interest

1.6.3.1 Alkaline Phosphatase Assay
During the osteogenitor cell differentiation process, alkaline phosphatase
activity (ALP) is a marker for osteogenic differentiation. Alkaline phosphatase is an
enzyme that catalyses the hydrolysis of monophosphate esters under conditions of
alkaline pH. ALP activity is measured by p-nitrophenyl phosphate (p-NPP)
hydrolysis.217 The relevant reaction is shown in Fig. 16. Usually the yellow product
solution is measured at 405nm by a spectrophotometer.

Figure 16. p-NPP hydrolysis reaction.178

1.6.3.2 MTT Assay
The MTT assay is a standard colormetric assay for determining the cytotoxicity
of potential biomaterials and measuring the viability of cells. Yellow MTT (3- (4,
5-Dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide, a tetrazole) is reduced by
NADH dehydrogenase in living cells’ mitochondria (not dead cells) to purple
formazan and NADH is oxidized to NAD+ by oxidation. The purple formazan product
is not water soluble.179 It usually can be dissolved in dimethyl sulfoxide, an acidified
ethanol solution, or a solution of the detergent sodium dodecyl sulfate in diluted
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hydrochloric acid. The colored solution is measured by a spectrophotometer in the
range between 500 to 600 nm.180 The maximum absorption depends on the solvent
used. The overall reaction is shown as in Fig. 17.

mitochondrial
reductase

N N
N N

N
S

N

NH
N

N

S
N

Br

Figure 17. The reductive reaction of MTT associated viability assay. 180

1.6.3.3 Bradford Assay
The Bradford assay is a rapid and accurate method to determine the protein
concentration in a sample. It is a colormetric protein assay based on an absorbance
shift in the dye coomassie changing from coomassie red to coomassie blue as shown
in Fig. 18 by the binding of proteins. There are two types of bond interactions: ionic
interaction and Van der Waals forces. The maximum absorbance is measured at 595
nm by a spectrophotometer.181 The composition of solutions used in a typical Bradford
assay is shown in Table 4. After a standard curve is generated (using a well
characterized protein such as BSA), the absorbance associated with the unknown
protein solution is measured. For purposes of this dissertation, this assay is used as a
part of the cell differentiation assays. Specifically, as the cellular content in each well
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for a given sample type can vary somewhat, it is important to correct enzyme
expression levels for such variation.

Figure 18. Reaction scheme for Bradford assay.181

BSA (0.5mg/ml)

NaCl (0.15M)

Bradford Reagent

0µl

10µl

190µl

1µl

9µl

190µl

2µl

8µl

190µl

4µl

6µl

190µl

8µl

2µl

190µl

Unknown sample

NaCl (0.15M)

Bradford Reagent

3µl

7µl

190µl

Table 3. The composition of solutions used in a Bradford assay. BSA= bovine serum
albumin, Unknown sample= unknown protein solution.181
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II.

Mesoporous Si/Biopolymer Electrospun Fiber
Fabrication and Characterization
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2.0 Introduction

As previously mentioned in the literature review, electrospinning methods have
been extensively employed to fabricate porous polymer scaffolds for tissue
engineering. Numerous studies have documented the synthesis of highly porous
scaffolds using this method.87, 88 This section will focus on the use of electrospinning
to prepare composite scaffolds composed of mesoporous Si and the biopolymer
poly(ε-caprolactone) as well as poly(ε-caprolactone)/polyaniline (PANi).
In our group, various mesoporous Si/biopolymer composites have been
fabricated by different methods. For example, recall that solid PCL shapes containing
PSi in different locations in the polymer have been made and characterized.148 Porous
sponges composed of PSi and PCL for tissue engineering have also been fabricated by
salt-leaching and freeze-drying methods.149
In this chapter, the fabrication of several different types of PSi/polymer
scaffolds by an electrospinning technique is described. The composite scaffolds
include:
-

Porous scaffolds with PSi (1%, 5%, 10%, 20%) fully encapsulated in PCL fibers.

-

Porous scaffolds with PSi (1%, 5%, 10%) embedded on the surface of PCL fibers.

-

Electrospun fibers composed of PSi(20%)/PCL/gelatin.

-

More complex system: PSi/PCL/PANi composite with a layered structure.
The purpose of fabricating the first three different kinds of scaffolds is to study:

1. the role of concentration of PSi in acellular calcification; 2. the role of the spatial
location of PSi in acellular calcification, mouse stromal cell proliferation, viability,
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differentiation, and model drug release kinetics; 3. for the more complex system, the
goal was to prepare a nanofibrous composite scaffold which contains a conductive
component in order to ideally connect the semiconducting PSi to an external bias.149
After synthesis, characterization, and analysis of its cytocompatibility, the long term
goal of this type of scaffold is to focus on bias-induced effects on in vitro behavior.
Prior to any of these investigations, however, it is necessary to present details of
the different fabrication strategies necessary and the structural characterization of the
products; hence the focus of this chapter.

2.1 Experimental

2.1.1 Mesoporous Si/Poly-(ε-caprolactone) Electrospun Fiber Fabrication
Two types of PSi/PCL scaffolds were fabricated by an electrospinning
technique. To fabricate the first type of PSi/PCL composites, 0.5 g of PCL pellets
(Aldrich, MW ~ 65,000) were dissolved in 2 ml of chloroform (Pharmco) under
gentle shaking to obtain a 25 wt. % solution. Different amounts of PSi (65% porosity,
pSiMedica) was added to this PCL solution. The PSi/PCL mixture was stirred via
vortex mixing to form a homogeneous suspension and then placed into a 5 ml glass
syringe fitted with a 21 gauge needle. The experimental set-up for the electrospinning
apparatus was adapted from previous literature.86 A high voltage of 20 kV was applied
to the needle using a power supply. The distance between the metal needle tip and the
grounded aluminum was approximately 20 cm. In high electric fields, the polymer
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solution containing PSi particles forms a Taylor cone at the tip of the needle. A
positively charged jet was formed from the Taylor cone and was sprayed over the
collecting drum containing the aluminum foil. The as-spun fibers were dried under
vacuum at room temperature for 2 days for further studies. By this method, we
fabricated PSi/PCL composites with PSi fully encapsulated within PCL fibers with the
concentration of PSi ranging from 1% to 20%.
To fabricate the second type of PSi/PCL composites, a slightly modified version
of the above method was employed. First, a 25 wt. % PCL solution was prepared, and
the same electrospinning parameters were used to fabricate pure PCL electrospun
fibers. PSi was then embedded on the surface of PCL fibers evenly by physical
pressing, followed by wetting the surface with DI water. The wet composites were
place into an oven at 110ºC for a few seconds and then dried under vacuum at room
temperature for 2 days prior to further studies. By this method, PSi/PCL composites
with PSi embedded on the surface of PCL fibers with the concentration of PSi ranging
from 1% to 10% were fabricated.

2.1.2 Mesoporous Si/Poly-(ε-caprolactone)/Gelatin Electrospun Fiber Fabrication
The

mesoporous

Si/Poly-(ε-caprolactone)/Gelatin

(PSi/PCL/Gelatin)

electrospun fibers were fabricated according to a modified version of the previous
literature.182 Gelatin type A (0.1 g, 300 Bloom, Sigma, MO, USA) from porcine skin
in powder form was dissolved in 1 ml 2,2,2-trifluoroethanol (TFE) (99.0%, Fluka) to
make 10 wt.% gelatin solution. PCL pellets (0.1 g, Aldrich, Mn ~ 65,000) were

47

dissolved in 1 ml TFE to make a 10 wt. % PCL solution. The two solutions were
stirred adequately to obtain homogenous solutions and they were mixed together at a
ratio of 1:1 under vigorous mixing for the subsequent electrospinning of
PSi/PCL/Gelatin composites. The PSi/PCL/Gelatin composites were dried in a low
vacuum over for two days followed by immersion in DI water for seven days. The
scaffolds were removed from the DI water and dried at room temperature.

2.1.3

Mesoporous

Si/Poly-(ε-caprolactone)/Polyaniline

Electrospun

Fiber

Fabrication
The PCL/PANi/PSi composites were fabricated as follows. Both doped PANi
and PCL fibers were fabricated separately using 20 wt. % solutions in chloroform by
electrospinning. Specifically, 0.4 g of PANi (Mn ~ 65,000, Sigma) in its EB form (Fig.
19) and 0.4 g of PCL (Mn ~65,000, Sigma) were dissolved individually in 2 ml of
chloroform in 25 ml Teflon/PFA beakers. The contents were allowed to dissolve over
3h with constant stirring. The final PCL solution was transparent and the PANi
solution was dark green in color. The polymer solutions were electrospun separately
using the same parameters as described in Section 2.1.2.

Figure 19. The structure of Polyaniline.
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Approximately 5 mg of PANi electrospun fibers and 5 mg of PCL electrospun
fibers were weighed and the PANi fibers were placed on the top of the PCL fibers. DI
water was used to wet the fiber composite and then 1 mg of PSi was pressed on the
top of PANi/PCL fiber composite by a spatula. The composite was then put into an
oven at 110ºC. After a few seconds, when the PCL fibers began to melt, the composite
was removed from the oven and placed into a low vacuum oven for 2 days.

2.1.4 Electrospun Porous Si/Polymer Scaffold Morphology Characterization
The fabricated electrospun fibrous scaffolds were placed on a conductive
carbon tape adhered to an aluminum thimble and directly sputter-coated with a 15 nm
thin layer of gold. Their microscopic structures were observed with a scanning
electron microscope (SEM) (JEOL JSM-6100, JEOL Ltd., Tokyo, Japan) at an
accelerating voltage of 20 kV. The presence and distribution of PSi embedded in the
polymer scaffolds were detected by an energy dispersive x-ray (EDX) detector
coupled with scanning electron microscopy (SEM) at 3000× magnification at the
same acceleration voltage without sputter-coating.

2.2 Results and Discussion

2.2.1 Mesoporous Si/Poly-(ε-caprolactone) Electrospun Fibers with PSi Fully
Encapsulated in PCL Fibers
Fibrous scaffolds were prepared by electrospinning 25 wt. % PCL solutions in
chloroform loaded with 1%, 5%, 10%, and 20% concentrations of PSi particles (by
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mass). To ensure optimal dispersion of the PSi powder in the PCL/chloroform
solution, the mixture was stirred via vortex mixing until homogeneous. SEM images
in Fig. 20A show the pure PCL electrospun fibers which are relatively uniform in
width with a smooth surface. Fig. 20B demonstrates that the composite fibers
containing Si are randomly arrayed in a nonwoven mat. It should be noted that the
composite fibers are composed of wider areas and thinner sections. PSi is expected to
be located in the wider portion of a given fiber because of the inherent large sizes of
the PSi particles. A SEM image of a relatively large fiber shows the presence of small
pores on the surface of PSi/PCL fibers in Fig. 20C. Energy dispersive x-ray (EDX)
analysis further confirms the presence of PSi in the wider regions of fibers as seen in
Fig. 20D.
The electrospun fibers were also observed by light microscopy. Fig. 21A shows
the optical image of the pure PCL fibers as control. They are transparent with a
relatively homogeneous size distribution. Brown PSi particles (5% PSi) can easily be
seen encapsulated within the PCL fiber matrix by light microscopy, as shown in Fig.
21B. When the PSi content increased to 30%, the matrix becomes darker, consistent
with the presence of more PSi particles encapsulated in the fibers (Fig. 21C).
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Figure 20. SEM and optical microscopy images of 20% PSi/PCL scaffolds. (A) SEM
image of pure PCL fibers (B) SEM image of PSi/PCL fibers at lower magnification.
(C) SEM image of PSi/PCL fibers at higher magnification. (D) EDX analysis
confirms the PSi presents in the wider portions of the fibers.
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Figure 21. Optical images of PCL and PSi/PCL fibers. (A) pure PCL fibers, (B) 5%
PSi/PCL fibers, (C) 30% PSi/PCL fibers.
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Figure 22 shows SEM images of PSi/PCL fibers with 1%, 5%, 10%, and 20%
PSi, respectively. The average diameters of these composite fibers are found to
depend somewhat on the concentration of PSi originally in the solution to be
electrospun. For the pure PCL fibers obtained from 25 wt. % solutions, the average
fiber diameter is around 8.3 µm (Table 5), while the average fiber diameter increases
from 10.4 µm to 16.2 µm as the concentration of PSi is increased from 1% to 20%.
This modest increase is presumably because most of the measured fiber diameter does
not contain PSi particles. In some cases, the standard deviation masks any significant
difference between certain samples, but nevertheless an overall trend does emerge.
As indicated in previous studies,87,

88

the fiber diameter produced by the

electrospinning technique can be controlled in principle by many physical parameters
including applied voltage, solvent composition, polymer solution viscosity, and the
distance between the tip of the needle and the collecting drum. However, only the
viscosity of the polymer solution and concentration of PSi are considered as critical
factors in controlling fibrous morphology in this study since the other parameters are
kept constant. However, for our system, once the loading percentage of PSi goes
above 25 wt. %, the sespension becomes too concentrated to be ejected from the
needle; at the same time, instead of forming fibers, a bead-like aggregate is observed.
To form PSi/PCL fibers with a 20% PSi loading, the concentration of PCL in the
mixture at least needs to be higher than 20 wt. %. Below this threshold, the solution is
not viscous enough to hold the PSi powder. Instead of forming continuous fibers,
bead-like structures will be formed. Solutions containing 25 wt. % of PCL produced a
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stable and continuous microfiber structure.
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A
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D
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Figure 22. SEM micrographs of PSi/PCL electrospun fibers with different PSi
concentrations. (A) 1%. (B) 5%. (C) 10%. (D) 20%.

PSi wt.%

0%

1%

5%

10%

20%

Diameter

9.75µm

10.59µm

11.72µm

13.80µm

16.33µm

STDV

2.12µm

2.25µm

3.06µm

3.29µm

3.89µm

Table 4. The average diameter of PSi/PCL electrospun fibers with different PSi
concentrations and the pure PCL fibers as control. (Note: all PCL fibers were prepared
from electrospinning 25 wt% solution in chloroform.)
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In order to ideally increase the mechanical strength and the osteoconductivity of
the inorganic – polymer composites, higher loadings of PSi are preferred. After
changing a series of parameters such as PCL concentration in chloroform and loading
percentages of PSi, optimum experimental conditions-that is, those permitting the
greatest Si content-were found to be a 25 wt. % PCL/Chloroform solution, a 20%
loading of PSi, a voltage of 20 KV, and a 20 cm distance between the collecting drum
and the needle (21 gauge) of the syringe.

2.2.2 Mesoporous Si/Poly-(ε-caprolactone) Electrospun Fibers with PSi
Embedded on the Surface of PCL Fibers
In order to study the influence of PSi content, and especially its spatial location
on calcification and osteogenic differentiation, we fabricated PSi/PCL composites
with PSi embedded on the outer surface of PCL fibers, in contrast to the fibers
described above. PCL microfibers containing the PSi particles embedded at the
surface can easily be detected along a given fiber (Fig. 23A), unlike those structures
where the presence of the PSi particles present during the electrospinning event
results in a larger diameter fiber due to the presence of the encapsulated Si particle
widening the width of the fiber where it is located. For the PSi surface-embedded
material, the PSi particles and the PCL electrospun fibers both retained their original
morphology. The adhesion of PSi on the surface of PCL fibers did not increase the
PCL fiber diameter to a detectable level, as the diameter of the fibers remained at a
similar value to the pure PCL electrospun fibers. EDX confirmed the presence of Si
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on the surface of PCL electrospun fibers, as shown in Fig. 23B.
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Figure 23. (A) PSi/PCL fibers with PSi embedded on the surface of PCL fibers. (B)
EDX spectrum shows the presence of Si on the surface of PCL electrospun fibers.

2.2.3 Mesoporous Si/Poly-(ε-caprolactone)/Gelatin Electrospun Fibers
Fibers containing 20% PSi and equal amounts of poly-(ε-caprolactone) and
gelatin were fabricated by the electrospining method as described in Section 2.1.2. As
shown in Figs. 24A and B, the composite fibers are randomly arrayed in a nonwoven
mat. They are composed of thinner portions and wider portions, with an average fiber
diameter of 3.6μm. This diameter of PSi/PCL/Gelatin is much smaller than PSi/20 wt.
% PCL fibers due presumably to the different chemical interactions between the
polymers and the use of different solvents, thereby yielding different viscosities. The
same weight percentage of a given PCL/chloroform solution is much more viscous
than the equivalent gelatin/TFE solution. Fig. 24C shows the morphology of
PCL/Gelatin fibers as a control. Unlike the PSi-containing fibers, these fibers are
homogeneous in diameter. For the Si-containing fibers, EDX confirms the presence of
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Si in the wider portion of the fiber as shown in Fig. 24D. After soaking in DI water for
2 weeks, some of the gelatin was leached out from the fiber composites which caused
pore formation on the fiber surface. The surface of the composites lost its smoothness
and became more porous as shown in Fig. 25A. The pore size ranges from a few
hundred nanometers to 1 micron. The leaching of the gelatin from the matrix did not
result in significant loss of PSi from the fibers, as shown in the EDX spectra of Fig.
25B.
The main goal of this type of structure is to increase fiber porosity, thereby
allowing a more rapid exposure of PSi to the surrounding environment. This is
expected to manifest itself in two different ways. Recall that the main PSi the
degradation product, Si(OH)4, is rich in silanol groups known to undergo
condensation reactions that stimulate formation of CaO-P2O5-rich layers in SBF.183
These layers will later crystallize to form calcium phosphate, and the absence of a
polymer barrier layer in these porous fibers will presumably accelerate acellular
calcification. The degradation product, Si(OH)4 has the ability to enhance osteoblastic
differentiation.147
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Figure 24. SEM images of electrospun fibers containing 20% PSi made from 10 wt.
% PCL, 10 wt. % gelatin solutions with (A) lower and (B) higher magnification.
These fibers are composed of thinner and wider portions. (C) Electrospun fibers made
from 10 wt. % PCL, 10wt. % gelatin solutions as control. (D) EDX spectrum confirms
the presence of Si in the composite fibers.
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Figure 25. (A) SEM images of porous electrospun fibers containing 20% PSi made
from 10 wt. % PCL/10 wt. % gelatin solutions. (B) The associated EDX spectrum
confirms the presence of Si.
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2.2.4 Mesoporous Si/Poly-(ε-caprolactone)/Polyaniline Electrospun Fibers
Our former group member, Melanie Whitehead, previously fabricated
PSi/PCL/PANi scaffolds constructed on a base layer of porous PCL sponges
fabricated via salt leaching techniques.150 In her studies, PANi thin films (in the form
of a paste) were smeared onto PCL films and CHCl3 was then added to the PANi
surface dropwise. The desired amount of PSi was sprinkled onto the CHCl3 drops on
the sponge. These PANi-containing scaffolds showed increased conductivity and rate
of calcification on applying bias to these sponges while immersed in SBF at room
temperature. However, when these scaffolds were used for cell proliferation studies,
PANi flaked off of the sponge during sterilization. Thus, in order to carry out
cytocompatibility studies of materials of this composition, it was necessary to develop
a different architecture.
In order to avoid the PANi flaking off of the scaffolds, a layered structure
composed of electrospun fibers of PANi fused onto a base layer of PCL electrospun
fibers was prepared for cell proliferation studies. PSi particles were then embedded on
the surface of the top PANi layer, as shown in Fig. 26A. The top portion of Fig. 26B
shows the PCL fibers, the width of which is about 10 μm. The bottom part of Fig. 26B
is PANi layers composed of numbers of relatively short fibers in a more dense
collection relative to PCL. The width of the PANi fibers is about 1 μm.
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Figure 26. SEM images of PSi/PCL/PANi layered composite.
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2.3 Summary

In this chapter, the fabrication of various PSi/biopolymer scaffolds has been
discussed. Porous scaffolds with PSi fully encapsulated in PCL fibers were prepared.
By changing the concentration of PSi, the diameter of the composites can be slightly
tuned. For this kind of material, PSi cannot contact extensively with the environment
directly at the outset of exposure due to the coating by PCL. Other porous scaffolds
with different concentrations of PSi embedded on the surface of PCL fibers were
fabricated as well. It is presumed that the PSi on these scaffolds will degrade more
quickly because of the direct exposure to the surrounding environment.
PSi/PCL/Gelatin scaffolds were another kind of scaffold that has been made in our lab;
many pores are readily formed in this composite after soaking in DI water. These
pores on the surface of the fibers can provide many tiny channels for PSi to contact
with the external conditions, including cells and the necessary growth media for
proliferation.
In the next three chapters, attention will be focused on the application of the
scaffolds for orthopedic tissue engineering and drug delivery applications. The
acellular calcification, cytotoxicity, cell proliferation, cell differentiation, cell
ultrastructure studies, and drug model release kinetics will be discussed.
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III

Mesoporous Si/Biopolymer Electrospun Fibers:
Acellular Calcification Assays
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3.0 Introduction

In our group, mesoporous Si/poly (ε-caprolactone) composites have been
studied and have shown the ability to undergo acellular calcification when exposed to
simulated body fluid (SBF) at physiological temperature. The initial experiments in
this area were carried out by a postdoctoral fellow in our group, Dr. Priyabrata
Mukherjee, who studied the acellular calcification by immersing solid PCL structures
containing PSi in SBF.148 Recall that another type of composite scaffold, mesoporous
silicon/poly (ε-caprolactone) sponges, have been fabricated by salt-leaching and
freeze-drying processes in our lab, and it was found that only the porous Si-containing
composites will undergo calcification in SBF. Electrically conductive composite
materials composed of PCL, polyaniline (PANi), and PSi demonstrated accelerated
calcification when cathodic bias was applied to the scaffolds.149 Thus, all of these
results suggest that the Si-containing scaffolds demonstrate osteoconductive character
in vitro.
In this chapter, the acellular calcification of several types of mesoporous
Silicon/Biopolymer scaffolds, including porous scaffolds with PSi (1%, 5%, 10%,
20%) fully encapsulated in PCL fibers, porous scaffolds with PSi (1%, 5%, 10%)
embedded on the surface of PCL fibers, and PSi(20%)/PCL/gelatin electrospun fibers
have been studied. In these experiments, emphasis has been placed on two factors: the
location of the porous Si in the scaffold, and the relative extent of calcification
detected over time.

62

3.1 Experimental

3.1.1 Mesoporous Si/Poly (ε-caprolactone) Composites with the Mesoporous Si
Fully Encapsulated in PCL Fibers: Acellular Calcification Experiments
PSi/PCL electrospun fibers with PSi fully encapsulated in PCL fibers with 1%,
5%, 10%, and 20% concentrations of PSi were prepared for acellular calcification as
described in Chapter 2. Pure PCL fibers were used as a control. All the fiber mesh
samples were cut into 1.0 cm x 1.0 cm pieces and immersed into 2 ml simulated body
fluid (SBF) at 37°C. Recall that SBF is comprised of ions at concentrations similar to
that of human blood plasma, with 142.0 mM Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM
Ca2+, 148.8 mM Cl-, 4.2 mM HCO3-, 1.0 mM HPO42-, and 0.5 mM SO42-.112 The SBF
was buffered at pH 7.40 with 50 mM trishydroxymethylaminomethane and
approximately 1 M HCl. SBF was changed every other week. The pieces were
removed on weeks 1, 2, 3, 4, rinsed with DI water, and dried in a low vacuum oven
for at least two days before SEM observation. For a given sample, calcium phosphate
deposition was detected by EDX; surface morphology was observed by SEM after the
samples being sputtered with a 15 nm thick gold layer (to avoid sample charging).

3.1.2 Mesoporous Si/Poly (ε-caprolactone) Composites with the Mesoporous Si
Embedded on the Surface of PCL Fibers: Acellular Calcification Experiments
PSi/PCL electrospun fibers with PSi embedded on the surface of PCL fibers
with 1%, 5%, 10% were prepared for acellular calcification as described in Chapter 2.
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SBF assays were carried out as described in Section 3.1.1., removing samples for
analysis at weeks 1, 2, 3, and 4.

3.1.3 Mesoporous Si/Poly (ε-caprolactone)/Gelatin Fibers: Acellular Calcification
Experiments
In order to ideally increase the calcification rate, samples containing 20% PSi
were prepared from solutions containing 10 wt. % PCL and 10 wt. % Gelatin. The
electrospun fibers were fabricated for the calcification experiments as described in
Chapter 2. These as-spun fibers then were soaked in DI water for one week to leach
out most of the gelatin to form a porous structure. These porous scaffolds were cut
into pieces and immersed in fresh SBF over a 2 week period. The pieces were
removed from the SBF on week 1 and 2, rinsed with DI water, and dried in a low
vacuum oven for at least two days before SEM observation and EDX analysis. As
with the samples described above, a 15 nm thick gold layer was deposited on the
scaffolds by a sputter coater to avoid charging in the SEM imaging experiments.

3.2 Results and Discussion

3.2.1 Mesoporous Si/Poly (ε-caprolactone) Composites with Mesoporous Si Fully
Encapsulated in PCL Fibers: Acellular Calcification
After one week immersion in SBF, the mesoporous silicon/poly (ε-caprolactone)
composites with mesoporous silicon fully encapsulated in PCL fibers and the control
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fibers were analyzed by SEM and EDX. For the entire experimental period, the
control samples consisting only of PCL electrospun fibers did not induce calcification
under our experimental conditions. PSi/PCL electrospun fibers containing 1% or 5%
PSi did not demonstrate measurable calcium phosphate deposition until week 2. For
the rest of the samples, different levels of calcium phosphate deposition occurred over
the four week period as seen in Figures 27-33. Calcification occurred throughout the
scaffold surface with varying morphologies for the calcium phosphate deposits.
Exposure of a typical scaffold to SBF at 37ºC leads to detection of numerous
sub-micron sized particles present on the surface of the fibers. The calcification
occurred not only on the PSi containing regions on the fibers, but also extended to
areas containing only PCL. These particles accumulated on the surface of the PSi/PCL
fibers and formed thin or thick layers of calcium phosphate. EDX spectra shown in
Figures 27-33 confirm the presence of calcium and phosphorous.
The impact of time plays an important role in PSi/PCL scaffold calcification. In
order to determine the effect of the duration of SBF exposure on calcification,
PSi/PCL scaffolds with three different PSi loadings (1%, 5%, 10%) were soaked in
SBF at 37ºC for four weeks. The relative extent of calcification for these samples can
be assessed by an analysis of calcium to silicon (Ca/Si) ratio as a function of time, as
shown in Table 5. The results show a different response for each type of PSi/PCL
scaffold. While the Ca/Si ratio of the 5% PSi/PCL sample remained essentially
constant during the four week period, the 1% PSi-containing sample increased by a
factor of eight, and the 10% PSi-containing sample, a factor of two. If corrected for Si
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content, 5% and 10% PSi-containing samples reached comparable Ca/Si ratios by
week 4 (12.55 and 12.0, respectively), while the 1% PSi-containing sample reached a
significantly higher Ca/Si ratio during this time.
The impact of Si concentration on calcification also plays a role. The one week
calcification results clearly indicate that the higher the PSi concentration in PSi/PCL
scaffolds, the earlier the onset of calcium phosphate deposition. This can be
tentatively explained on the basis of insufficient Si(OH)4 release from PSi/PCL
scaffolds with relatively low PSi content during a relatively short time period (1
week). However, the data does not further show that the higher PSi loading during the
fabrication process necessarily results in significantly higher Ca/Si ratios after
several- week exposure in SBF at 37ºC.
Another important issue to address is the calcium to phosphorous ratio (Ca/P),
as shown in Table 6. Over the period measured, the Ca/P ratios for PSi/PCL scaffolds
with PSi fully encapsulated in PCL exhibit a range of different Ca/P values
(1.07-1.77). The calculated Ca/P ratio for hydroxyapatite (HAP), observed in natural
bone, is 1.67.184
In Table 6, the measured Ca/P ratios are 1.52 and 1.50 for 1% PSi/PCL
scaffolds on weeks 3 and 4. This value suggests that calcium phosphate is possibly
present in the form of tricalcium phosphate, α-TCP, β-TCP (each with Ca/P=1.50), or
perhaps

precipitated/calcium

deficient

hydroxyapatite

(DHA,

CDHA),

Ca10-x(HPO4)x(PO4)6-x(OH)2-x, which is similar to mineralized bone. It is a poorly
crystalline form with Ca/P ratios ranging from 1.5 to 1.67.

66

Given the steady increase in values associated with the 5% - containing PSi
sample, it is possible that this material has not reached structural equilibrium in terms
of stable calcium phosphate phase formation for the period measured.
For 10% PSi/PCL fibers on week one, the Ca/P ratio is 1.07 which can be
explained that the possible presence of dicalcium phosphate (DCP), CaHPO4
(Ca/P=1.00). Dicalcium phosphate and dicalcium phosphate dehydrate (DCP, DCPD)
are both biocompatible, biodegradable, and osteoconductive.185 DCPD is considered
to be a HA precursor material in bone. For 10% PSi/PCL scaffolds on weeks 3 and 4,
the Ca/P ratios are 1.74 and 1.77. For this sample, the data is in excess of 1.67, which
could be possibly due to the presence of tetracalcium phosphate monoxide (TTCP),
Ca4O(PO4)2, (Ca/P=2.00), or more likely, some disordered Ca-rich phase.
In any event, for all of these different samples, it must be emphasized that the
above assignments are only tentative suggestions and do not infer absolute phase
identification. X-ray diffraction is required, and the amount of sample precludes this
measurement at the present time.
As mentioned in the introduction, the release of Si(OH)4 has been known to
induce calcification in vitro.147 When the PCL layer degrades in SBF, PSi particles are
exposed to the environment and then the degradation product, Si(OH)4 formed is
released into the scaffolds, which presumably mediates nucleation. According to the
mechanism of calcification on Bioglass in SBF,183 Si-O-Si bonds break (due to the
loss of the Si(OH)4 to the solution in our case) and form silanol (Si-OH) groups at the
glass-solution interface. There is an enhanced ion product for calcium and phosphate
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induced by these silanol groups, which act as nucleation sites.183 Once the apatite
nuclei are formed, calcium phosphate can spontaneously grow by consuming the
calcium and phosphate ions from SBF solution, since SBF is highly supersaturated
with respect to the apatite phase. In our system, the polymer scaffold presumably acts
as a reservoir to concentrate such silanol moieties and thus enhance calcification.

A

Figure 27. (A) SEM image of mesoporous silicon/PCL fibers with 10% silicon fully
encapsulated in PCL fibers soaked in SBF for 1 week.
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Figure 27. Continue (B) EDX spectrum confirms the presence of calcium and
phosphorous in this 10% Si-containing sample.
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Figure 28. (A) SEM image of mesoporous silicon/PCL fibers with 1% silicon fully
encapsulated in PCL fibers soaked in SBF for 2 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous this 1% Si-containing sample.
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Figure 29. (A) SEM image of mesoporous silicon/PCL fibers with 10% silicon fully
encapsulated in PCL fibers soaked in SBF for 2 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous in this 10% Si-containing sample.
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Figure 30. (A) SEM image of mesoporous silicon/PCL fibers with 5% silicon fully
encapsulated in PCL fibers soaked in SBF for 3 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous in this 5% Si-containing sample.
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Figure 31. (A) SEM image of mesoporous silicon/PCL fibers with 1% silicon fully
encapsulated in PCL fibers soaked in SBF for 4 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous in this 1% Si-containing sample.
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Figure 32. (A) SEM image of mesoporous silicon/PCL fibers with 5% silicon fully
encapsulated in PCL fibers soaked in SBF for 4 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous in this 5% Si-containing sample.
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Figure 33. (A) SEM image of mesoporous silicon/PCL fibers with 10% silicon fully
encapsulated in PCL fibers soaked in SBF for 4 weeks. (B) EDX spectrum confirms
the presence of calcium and phosphorous in this 10% Si-containing scaffold. The
intense dark band passing horizontally across the image (A) is attributed to charging
of the thick insulating calcium phosphate film.
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Ca/Si

1% Si

5% Si

10% Si

Week

1

0.58

2

4.79

2.53

0.70

3

10.15

2.57

0.86

4

37.88

2.51

1.20

Table 5. Summary of calcium to silicon ratio of calcium phosphate deposited on
PSi/PCL fibers with PSi fully encapsulated in PCL fibers which have been soaked in
SBF over 4 weeks. The magnification used for each image for this EDX analysis was
3 kX.

Ca/P

1% Si

5% Si

10% Si

Week

1

1.07

2

1.31

1.29

1.21

3

1.52

1.30

1.74

4

1.50

1.48

1.77

Table 6. Summary of calcium to phosphorous ratio of calcium phosphate deposited on
PSi/PCL fibers with PSi fully encapsulated in PCL fibers soaked in SBF over 4 weeks.
The magnification used for this EDX analysis was 3 kX.
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3.2.2 Mesoporous Si/Poly (ε-caprolactone) Composites with Mesoporous Si
Embedded on the Surface of PCL Fibers: Acellular Calcification
After one week immersion in SBF, the PSi/PCL composites with PSi embedded
on the surface of PCL fibers were characterized by SEM and EDX. In a manner
different from the calcification of the PSi/PCL fibers with PSi fully encapsulated in
the PCL fibers, all of these surface-embedded samples with different PSi content
showed calcification at week 1. SEM images of calcium phosphate deposits on
PSi/PCL scaffolds are shown in Figures 34-37. The fibers were covered by
sub-micron sized particles or films of calcium phosphate, which deposited on the
surface of PCL fibers, and not necessarily only on PSi particles. The calcium
phosphate has a heterogeneous distribution in terms of morphology on the PSi/PCL
scaffolds. EDX spectra in Figures 34-37 confirm the presence of calcium and
phosphorous. The control samples consisting of pure PCL fibers did not demonstrate
calcium phosphate deposition.
In order to determine the role that time plays in PSi/PCL scaffold calcification,
PSi/PCL scaffolds with three different PSi loadings (1%, 5%, 10%) along with control
fibers (PCL only) were soaked in SBF at 37ºC for four weeks. Table 7 shows the
summary of calcium to silicon (Ca/Si) ratios for these samples. The basic trend is that
the Ca/Si ratio increases with the increasing of time for each type of PSi/PCL scaffold.
For 1%, 5%, and 10% PSi/PCL fibers, the Ca/Si ratio increased from 0.57 to 1.58,
0.67 to 13.51, and 0.13 to 3.50.
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In comparing the calcification of PSi/PCL scaffolds with that of pure PCL
fibers, it is clear that Si plays a role. As mentioned before, the PCL fibers did not
demonstrate calcification during the entire 4-week soak period, while the PSi/PCL
scaffolds induced calcification after a one-week soak. However, given the rapid onset
of calcification for all PSi/PCL fibers with PSi embedded on the surface of PCL, it is
difficult to demonstrate any relationship between PSi concentration and extent of
calcification. However, examination of the Ca/Si ratios for the 5% and 10%
PSi-containing samples does suggest some greater calcification with higher loadings
at week 4.
A summary of calcium to phosphorous ratio (Ca/P) for these PSi
surface-embedded samples is shown in Table 8. The Ca/P ratios for PSi/PCL scaffolds
with PSi fully encapsulated in PCL exhibit a range of different Ca/P values. The Ca/P
ratio for PSi/PCL fibers with PSi embedded on the surface of PCL over 4-week period
time exhibits a similar trend to the totally encapsulated analogs. For 1% and 10%
PSi/PCL scaffolds, the Ca/P ratio increased from 1.20 to 1.52, and 1.14 to 1.40 from
week 2 to week 4 respectively. For 5% PSi/PCL scaffolds, the Ca/P ratio remained
essentially constant during the measurement period with the value of 1.41. Precise
identification is difficult, but the values of the Ca/P ratio for 1% PSi/PCL scaffolds at
week 4 suggests (as with earlier samples) the possible formulation as precipitated or
calcium deficient hydroxyapatite (PHA, CDHA), or TCP. These compounds can be
readily obtained through straightforward solution chemistry at ambient temperatures;
so are possible candidates in this regard.185 The ratios of Ca/P for 5% and 10%
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PSi/PCL scaffolds at week 4 indicate the possible composition of calcium phosphate
could be the mixture of DHA (Ca/P=1.5-1.67) and OCP (Ca/P=1.33).
For each sample type, the week 1 data is higher than in later weeks and does not
fit a general trend. The value of Ca/P for 1% Si-containing sample at week 1 (1.80)
coupled with the observation of a Ca/Si ratio of 7.9, suggests that these deposits are
not any specific type of calcium phosphate phase in particular, but rather some mixed
metastable calcium/silicon/phosphorus structure or possibly due to the presence of
tetracalcium phosphate monoxide (TTCP), Ca4O(PO4)2, (Ca/P=2.00). For the week 1
data, it is possible that calcium-rich deposits bound to the surface are present, likely
attracted to the rapidly forming silanol species coming from Si(OH)4. By week 2, the
process is ‘settling down’ and closer to an equilibrium path. The measurable change
between week 1 and week 2 for all surface embedded samples suggests a similar
phenomenon for each.
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Figure 34. (A) SEM image of PSi/PCL fibers with 1% silicon embedded at the
surface of PCL fibers soaked in SBF for 1 week. (B) EDX spectrum confirms the
presence of calcium and phosphorous in this 1% Si-containing sample.
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Figure 35. (A) SEM image of PSi/PCL fibers with 5% silicon embedded at the
surface of PCL fibers soaked in SBF for 1 week. (B) EDX spectrum confirms the
presence of calcium and phosphorous in this 5% Si-containing sample.
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Figure 36. (A) SEM image of PSi/PCL fibers with 10% silicon embedded at the
surface of PCL fibers soaked in SBF for 1 week. (B) EDX spectrum confirms the
presence of calcium and phosphorous in this 10% Si-containing sample.
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Figure 37. (A) SEM image of PSi/PCL fibers with 1% silicon embedded at the
surface of PCL fibers soaked in SBF for 4 weeks. (B) EDX spectrum confirms the
presence of calcium and phosphorous in this 1% Si-containing sample.
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1% Si

5% Si

10% Si

1

7.90

0.67

0.13

2

0.57

5.71

1.47

3

1.15

11.75

5.34

4

1.58

13.51

3.50

Ca/Si
Week

Table 7. Summary of calcium to silicon ratio for calcium phosphate deposited on
PSi/PCL fibers with PSi embedded at the surface of PCL fibers which have been
soaked in SBF over 4 weeks. The magnification used for this EDX analysis was 3 kX.

1% Si

5% Si

10% Si

1

1.80

1.58

1.66

2

1.20

1.38

1.14

3

1.27

1.41

1.27

4

1.52

1.41

1.40

Ca/P
Week

Table 8. Summary of calcium to phosphorous ratio of calcium phosphate deposited on
PSi/PCL fibers with PSi embedded at the surface of PCL fibers soaked in SBF over 4
weeks. The magnification used for this EDX analysis was 3 kX.
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3.2.3 Mesoporous Si/Poly (ε-caprolactone)/Gelatin Fibers: Acellular Calcification
The purpose of adding gelatin to the composites is to make porous fibers due to
the high water solubility of gelatin. After PSi/PCL/gelatin electrospun fibers were
soaked in DI water, the gelatin was leached out, thereby exposing PSi to the
surroundings and making the surface of the fibers porous.
After the porous PSi/PCL/gelatin fibers were soaked in SBF for 1 week, the
surface of the fibers was coated with tiny sub-micron particles (as with earlier
samples). SEM images of calcified fibers at different magnification are shown in Fig.
38. EDX spectra confirms the presence of calcium and phosphorous (Fig. 38).
According to EDX analysis, the average calcium to phosphorus ratio was 1.92 for the
calcium phosphate deposited on PSi/PCL/gelatin scaffolds and the calcium to silicon
ratio was 14.14 on week 1. The Ca/P value suggests the possible presence of
tetracalcium phosphate monoxide, TTCP, Ca4O(PO4)2 (Ca/P=2.00).
On week two, the immersed fibers were observed to have fractured into small
pieces and more intense calcification was observed. The calcium to phosphorus has
increased to 2.18, and the calcium to silicon ratio increased to 137.60. The value of
Ca/P ratio indicates a possibility of a mixture of calcium phosphate compounds and
another calcium salt, such as calcium chloride. This conclusion is based on Figure
39B, which shows the presence of calcium, and chlorine in the EDX spectrum.
Time played a significant role in PSi/PCL/gelatin calcification. In addition to
Ca/Si ratio, the difference of the calcification samples for the two week can even be
discerned visually. For week one samples, the calcium phosphate was covered
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throughout the scaffolds, but there still were pores visible. For the week two samples,
because the calcification was so intense, all of the scaffolds were covered by such
thick layers of calcification that pores were not observed.
Gelatin also impacts the calcification. Compared to the calcification of PSi/PCL
fiber calcification, the reason for such rapid detection of calcification and the intense
increasing of calcium to silicon ratio is because gelatin can be leached out by SBF
easily due to the water solubility of gelatin, thereby forming many pores as a result.
These pores permitted rapid exposure of PSi to SBF, which presumably causes the
formation of more Si(OH)4. With time, more calcium phosphate was deposited on the
composite fibers and calcium to silicon ratio continued to increase. For the control
fibers, PCL/gelatin, no calcification was observed in the entire 2-week period.
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Figure 38. (A) SEM image of PSi/PCL/Gelatin fibers soaked in SBF for 1 week. (B)
EDX spectrum confirms the presence of calcium and phosphorous on the surface of
PSi/PCL/Gelatin fibers.
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Figure 39. (A) SEM image of PSi/PCL/Gelatin fibers soaked in SBF for 2 weeks. (B)
EDX spectrum confirms the presence of calcium and phosphorous in this sample.
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3.3 Summary

In this chapter, the acellular calcification of different types of PSi/Biopolymer
composites was described. All of the fibers in the composites were prepared by the
electrospinning technique with PSi fully encapsulated in the polymer fibers, located
within pores of PCL fibers, or embedded on the outer surface of the fibers. Acellular
calcification was observed in all of the composite materials when the materials were
soaked in SBF at 37ºC after a certain period of time and characterized by SEM and
EDX. All of the control samples with polymer(s) only did not show calcification
under the same experimental conditions. The results show that when the PSi was
embedded on the surface of the scaffolds, the calcification was faster compared to the
similar materials with PSi fully embedded in PCL fibers. For a given scaffold type,
there was no clear trend in calcification behavior as a function of PSi concentration,
likely a consequence of the role that adsorption of the Si(OH)4 in the polymer matrix
could play in such processes.
According to the literature, when calcium phosphate deposits on the surface of the
materials, the materials will become more biocompatible.186 Calcium phosphates,
regardless of which phase (amorphous or crystalline), always support relevant cell
attachment, proliferation, and differentiation. Thus, these polymer scaffolds
containing bioactive PSi have the potential to be studied in further detail with regard
to orthopedic tissue engineering applications.
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IV.

Interaction of Selected Cell Lines with Mesoporous
Si/Biopolymer Electrospun Fibers
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4.0 Introduction

The studies described in this chapter focus on the impact of the polymer
composites containing PSi on cell attachment, proliferation, viability, and
differentiation. Such studies, assessing the interaction between cells and the
PSi/biopolymer scaffolds, are a necessary component for testing their suitability for
bone tissue engineering applications.
In this dissertation, three types of cell lines have been used for in vitro studies:
Fibroblast cells (HEK 293, HEK = human embryonic kidney cells; 293 = cell line),
human mesenchymal stem cells (hMSCs) and bone-marrow-derived mouse stromal
cells (D1-ORL-UVA). Fibroblast cells, widely distributed in connective tissue, are
very robust cells, easy to culture, and have a relatively fast proliferation rate. These
cells can also secrete pro-collagen which can form collagen, the main organic
composite of extracellular matrix.187 They were used here initially for preliminary
screening experiments for biocompatibility.
The hMSCs and mouse stromal cells are bone marrow-derived cells, which
have the potential to differentiate in vitr o into bone, fat, and cartilage under
appropriate culture conditions, such as osteogenic differentiation or other stimuli.188
This feature makes these kinds of cells play a valuable role in repairing skeletal
defects. hMSCs are self-renewing, multipotent stem cells isolated from bone marrow.
They have the ability to differentiate into different cell types include osteoblasts,
chondrocytes, myocytes, adipocytes, and beta-pancreatic islets cells.188 hMSCs are
characterized morphologically by a small cell body with a few cell processes that are
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long and thin. The cell body contains a large, round nucleus, a small amount of Golgi
apparatus, rough endoplasmic reticulum, mitochondria and polyribosomes.189 The
capacity of cell proliferation and differentiation decreases with the age of the donor
and the time of cell in culture. However, in contrast to the primary cell line hMSCs,
mouse stromal cells could be subcultured for many passages without noticeable loss
of capability of osteogenic differentiation. Mouse stromal cells were thus used for
investigating the role of PSi contained in polymer scaffolds played in osteogenic
differentiation.
SEM characterization was employed for the cell attachment and qualitative
proliferation studies. The three different types of cells described above were used for
these studies. Fibroblasts, hMSCs, and mouse stromal cells were cultured in the
presence of 20% PSi/PCL scaffolds with PSi fully encapsulated in the scaffolds.
Mouse stromal cells were also cultured in the presence of PSi/PCL/PANi fibers. All
results show that different cells can attach on the surface of the scaffolds and
proliferate over a certain period of time. However, to confirm this cytocompatibility
in a more quantitative manner, the cell viability of the scaffolds in the presence of
osteogenitor cells had to be determined as well. MTT assays were employed to study
hMSC viability. The results show that the cell viability of the PSi/PCL scaffolds are
comparable to the control, hMSCs cultured directly in growth medium. To determine
the role of PSi in the porous scaffolds, as well as the location of PSi in the scaffolds in
mouse stromal cell differentiation, alkaline phosphatase assays were performed
according to established procedures. The presence of PSi in the porous scaffolds, as
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well as the location of PSi in the scaffolds affects mouse stromal cell differentiation.
In addition, cell ultrastructural studies using transmission electron microscopy (TEM)
were used to investigate cell mineralization.

4.1 Experimental

4.1.1. Fibroblast Cell Attachment Studies with PSi/Poly(ε-caprolactone)
Electrospun Fibers (PSi Fully Encapsulated in PCL)

4.1.1.1. Cell Culture
Transformed human embryonic kidney (293HEK) fibroblast cells were
obtained from American Type Culture Collection (ATCC). Cells were cultured in 25
cm3 tissue culture polystyrene flasks (VWR) containing growth medium and
maintained at 37°C in a humidified, 5% CO2 atmosphere. The complete medium is
Modified Eagle’s Medium (DMEM) (500 ml) supplied with 10% fetal bovine serum
(FBS) (Sigma-Aldrich), L-Glutamine (2 mM, VWR), 1% antibiotics (100 U/ml
penicillin, 100 U/ml streptomycin) (Sigma-Aldrich). Cells were fed every three days
by the complete medium until they were confluent, and then were trypsinized by
0.25% trypsin- ethylenediaminetetraacetic acid (Invitrogen Corp) and counted by a
hemocytometer for further cell seeding experiments.
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4.1.1.2 Cell Seeding and Growth on PSi/PCL Fiber Scaffolds for Cell Attachment
Studies
Samples with a dimension of 1.0 cm x 1.0 cm were cut from the as-spun
PSi/PCL membrane with PSi fully encapsulated within PCL fibers. For purposes of
sterilization, the samples were soaked in 70% ethanol for 24 hours, and then
immersed in sterilized DI water for 5 min followed by UV exposure for 2 hours. HEK
293 cells (passage 32) were used for preliminary screening experiments. Cells were
seeded at a density of 10,000 cells per well in 12 well cell culture plates (Fig. 40).
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Figure 40. Experimental layout for fibroblast attachment studies. Wells 1-3: HEK 293
cells only control. Wells 4-6: HEK 293 cultured with PSi/PCL electrospun scaffolds
for 3 days. Wells 7-9: HEK 293 cultured with PSi/PCL electrospun scaffolds for 10
days. Wells 10-12: HEK 293 cultured with PSi/PCL electrospun scaffolds for 18 days.

4.1.1.3 Cell Microscopic Observations
Qualitative analysis of cells attached to the PSi/PCL scaffolds with PSi fully
encapsulated within PCL fibers was observed by SEM. To prepare them for
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microscopic observation, all of the samples were washed by phosphate buffered saline
(PBS) to detach the dead cells and then fixed by a fixative for 60 min at room
temperature. The adding of the fixative was kept at a slow rate to avoid dramatically
changing of the environment surrounding the cells. The fixative was prepared by
mixing 30 ml of 8% glutaraldehyde, 30 ml of 6% paraformaldehyde, and 30 ml of
phosphate buffered saline, followed by the adjusting pH to 7.4. PBS was made by
mixing 0.2 M monobasic sodium phosphate and 0.2 M dibasic sodium phosphate in a
ration of 19 to 81 (volume). The fixed samples were then dehydrated by a series of
ethanol solutions of increasing concentration (30, 50, 70, 85, 95, and 100%) for 5 min
each and then passed through two more immersions of 100% alcohol to remove all
water.190 The samples were then placed in two successive changes of pure
hexamethyldisilazane (HMDS) (United Chemical Technologies, Inc.) for 30 min each,
followed by drying at room temperature overnight.191 The dehydrated samples were
placed on aluminum thimbles with a double-sided carbon tape and sputter coated with
a 15 nm thick gold layer. Observation was done using the JEOL SEM described in
previous Chapters with an accelerating voltage of 20 kV.

4.1.2 Human Adult Mesenchymal Stem Cell (hMSC) Attachment Studies with
PSi/Poly(ε– caprolactone) Electrospun Fibers (PSi Fully Encapsulated in PCL)

4.1.2.1 Cell Culture
Human adult mesenchymal stem cells (hMSCs) were from the Tulane Center
for Gene Therapy (New Orleans, LA). Cells were cultured in 25 cm3 tissue culture
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polystyrene flasks (VWR) containing growth medium and maintained at 37°C in a
humidified, 5% CO2 atmosphere. There are two different kinds of growth medium for
future cell experiments: complete medium and differentiation medium (osteogenic
medium). The complete medium is the same as the medium used for fibroblast
attachment experiments. The complete medium is prepared by Modified Eagle’s
Medium (DMEM) (500 ml) supplied with 10% fetal bovine serum (FBS)
(Sigma-Aldrich), L-Glutamine (2 mM, VWR), 1% antibiotics (100 U/ml penicillin,
100 U/ml streptomycin) (Sigma-Aldrich). The differentiation medium is composed of
DMEM supplemented with 10% FBS, L-Glutamine (2 mM), sodium pyruvate (1.0
mM), β-glycerophosphate (10 mM), ascorbic acid–2–phosphate (0.05 mM), and
dexamethasone (100 nM). When cultured in vitr o in the differentiation medium
mentioned above, hMSCs can be induced to differentiate along the osteogenic
lineage.30, 31 Cells were fed every three days by complete medium until they were
confluent,

and

at

that

time

they

were

trypsinized

by

0.25%

trypsin-ethylenediaminetetraacetic acid (Invitrogen Corp) and counted by a
hemocytometer.

4.1.2.2 Cell Seeding and Growth on PSi/PCL Fiber Scaffolds for Cell Attachment
Studies
Samples with a dimension of 1.0 cm x 1.0 cm were cut from the as spun
PSi/PCL membrane with PSi fully encapsulated within PCL fibers. The samples were
soaked in 70% ethanol for 24 hours, and then immersed in sterilized DI water for 5
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min followed by UV exposure for 2 hours. hMSCs (passage 2) were seeded at a
density of 10,000 cells per well in a 12 well cell culture plate (Fig. 41).
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Figure 41. Experimental layout for hMSC attachment studies. Wells 1-3: hMSCs only
control. Wells 4-6: hMSCs cultured with PSi/PCL electrospun scaffolds for 3 days.
Wells 7-9: hMSCs cultured with PSi/PCL electrospun scaffolds for 10 days. Wells
10-12: hMSCs cultured with PSi/PCL electrospun scaffolds for 18 days.

4.1.2.3 Cell Microscopic Observation
The procedure is the same as described in Section 4.1.1.3.

4.1.3 Mouse Stromal Cell Attachment Studies with PSi/Poly (ε-caprolactone)
Electrospun Fibers

4.1.3.1 Cell Culture
Upon receipt from ATCC, mouse stromal cells were stored in a microtube in 1
ml of 10% DMSO in growth medium at liquid nitrogen temperature. After removal
from liquid nitrogen, the cells were thawed at 37ºC in a water bath as quickly as
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possible. The cell suspension was mixed with 9 ml growth medium in a centrifuge
tube (15 ml) so that the DMSO was diluted to 1%. The new cell suspension was
centrifuged at 1500 rpm at room temperature (21ºC) for 5 min. The supernatant was
aspirated and 6 ml of growth medium was added to the cell pellet. The cell pellet was
gently broken up by a pipette and transferred to a tissue culture polystyrene flask (25
cm3, VWR) containing growth medium and maintained at 37°C in a humidified, 5%
CO2 atmosphere. Cells were fed every three days by complete medium until they were
confluent,

and

at

that

time

they

were

trypsinized

by

trypsin-

ethylenediaminetetraacetic acid (Invitrogen Corp) and counted by a hemocytometer
for the following cell seeding experiments.

4.1.3.2 Cell Seeding and Growth on PSi/PCL Fiber Scaffolds for Cell Attachment
Studies
Samples with a dimension of 1.0cm x 1.0 cm were cut from the as spun
PSi/PCL membrane with PSi fully encapsulated within PCL fibers. The samples were
soaked in 70% ethanol for 24 hours, followed by immersion in the sterilized DI water
for 5 min and UV exposure for 2 hours. Mouse stromal cells (passage 29) were seeded
at a density of 10,000 cells per well in a 12 cell culture plate (Fig. 42). The cells were
fed every three days by complete medium.
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Figure 42. Experimental layout for mouse stromal cell attachment studies. Wells 1-3:
Mouse stromal cells cultured with PSi/PCL electrospun scaffolds for 11 days. Wells
4-6: Mouse stromal cells cultured with PSi/PCL electrospun scaffolds for 2 week.
Wells 7-9: Mouse stromal cells cultured with PSi/PCL electrospun scaffolds for 3
weeks. Wells 10-12: Mouse stromal cells cultured with PSi/PCL electrospun scaffolds
for 4 weeks.

4.1.3.3 Cell Microscopic Observations
The procedure is the same as described in Section 4.1.1.3.

4.1.4 Mouse Stromal Cell Attachment Studies with PSi/Poly (ε-caprolactone)/Poly
–aniline Electrospun Fibers

4.1.4.1 Cell Culture
The procedure is the same as described in Section 4.1.3.1.
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4.1.4.2 Cell Seeding and Growth on PSi/PCL/PANi Fiber Scaffolds for Cell
Proliferation Studies
Samples with PSi embedded on the surface of PCL/PANi fibers were soaked in
70% ethanol for 24 hours, followed by immersion in the sterilized DI water for 5 min
and UV exposure for 2 hours. Mouse stromal cells (passage 26) were seeded at a
density of 10,000 cells per well in a 12 cell culture plate. The cells were fed every
three days with complete medium.

4.1.4.3 Cell Microscopic Observations
The procedure is the same as described in Section 4.1.3.3.

4.1.5 Human Mysenchymal Cell Viability - MTT Assay
hMSC viability was studied by a 3-[4, 5- dimethylthiazol- 2-yl]- 2,5-diphenyl
tetrazolium bromide (MTT) assay.180 MTT assay is a standard colorimetric assay
whereby yellow tetrazole is converted to purple formazan in the mitochondria of
living cells. The PSi/PCL scaffolds were soaked in 70% ethanol for 24 hours, soaked
in sterilized DI water for 5 min, and then exposed to UV light for 2 hours. hMSCs
were cultured for a period of time until confluent. Cells were incubated in 0.25%
trypsin for 5 min at room temperature and trypsinization was stopped by adding
culture medium containing 10% FBS. hMSCs, (passage 3) were collected and seeded
onto the scaffolds in a 12 well cell culture plate at a seeding density of 50,000 cells
per well.
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After culturing cells in the presence of the PSi/PCL scaffolds for 4 days, growth
medium was aspirated from each cell culture well followed by rinsing with 1 ml PBS.
MTT working solution (1mg/ml) in serum free medium (DMEM) was added to each
cell culture well. The cell culture plate was stored in a 37°C, 5% CO2 incubator for 4
hours. The precipitate in each well was dissolved in 1 ml of DMSO. Each solution’s
absorbance was measured by a visible spectrophotometer at 540 nm. The cells and the
scaffolds that support the growth of the cells were dissolved in 1 ml of chloroform.
PSi/PCL scaffolds with no cells were used as background controls. The experiments
were performed in triplicate.

4.1.6 Mouse Stromal Cell Differentiation – Alkaline Phosphatase (ALP) Activity
Cell differentiation ability was measured by cell alkaline phosphatase
activity.178 The two types of PSi/PCL scaffolds (PSi was fully encapsulated in PCL
fibers and PSi embedded on the surface of PCL fibers) were used for ALP studies and
their ability to direct cells to differentiate was compared. PCL only scaffolds were
used as control for both types of studies.
The scaffolds were sterilized by the same procedure described in section 4.1.1.2.
The passage 23 mouse stromal cells then were plated onto the scaffolds in a 12 well
cell culture plate at a density of 50,000 cells per well (Figs. 43, 44). The mouse
stromal cells cultured in the presence of all scaffolds were fed with complete medium
on day 1 and seeding in each type of scaffold was performed in six of the wells. Half
of the wells for each type of scaffolds were switched to differentiation medium on day
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2 and the cells in the other half of the wells were continued to be fed by complete
medium. The cells cultured in the presence of PCL fibers in complete medium or
differentiation medium were used as control. The cells were fed every three days.
At days 3, 6, 9, and 14 in culture, the medium was aspirated and 1 ml PBS was
added into each well to wash the cells as well as the scaffolds. The scaffolds were
then immersed into liquid N2 for a few seconds, transferred into microtubes, and
crushed with tweezers followed by soaking into 250 µl lysis buffer (5 mM MgCl2,
0.2% octylphenoxypolyethoxyethanol in DI water) in each microtube. A volume of
250 µl lysis buffer was also added to each cell culture well before placed onto a
shaker on ice for 10 min. P-nitrophenyl phosphate (pNPP) solution (1mg/ml) was
(Sigma-Aldrich) prepared by dissolving one pNPP tablet and one tris buffer tablet
from a pNPP kit into 5 ml of DI water. 100 µl of such solution was added to 80 µl
lysate, stirred via vortex mixing, and the solution was incubated in a water bath at
37°C for one hour. 100 µl of 0.2 M NaOH solution was added into the incubated
solution to stop the reaction. The solution was mixed again with vortex mixing
followed by measuring the absorbance at 405 nm with a spectrophotometer. The ALP
assay was employed on days 3, 6, 9, and 14. The experiments were performed in
triplicate.
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Figure 43. Experimental layout for alkaline phosphatase assays. Wells 1-3: Mouse
stromal cells cultured in the presence of PCL without dexamethasone, Wells 4-6: Cells
cultured in the presence of PCL with dexamethasone, Wells 7-9: Cells cultured in the
presence of 20% PSi/PCL (PSi fully encapsulated in PCL) without dexamethasone,
Wells 10-12: Cells cultured in the presence of 20% PSi/PCL (PSi fully encapsulated
in PCL) with dexamethasone
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Figure 44. Experimental layout for alkaline phosphatase assays. Wells 1-3: Mouse
stromal cells cultured in the presence of PCL fibers without dexamethasone. Wells 4-6:
Mouse stromal cells cultured in the presence of PCL fibers with dexamethasone.
Wells 7-9: Mouse stromal cells cultured in the presence of PSi/PCL composites (PSi
embedded on the surface of PCL fibers) without dexamethasone. Wells 10-12: Mouse
stromal cells cultured in the presence of PSi/PCl composites (PSi embedded on the
surface of PCL fibers) with dexamethasone.
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4.1.7 Mouse Stromal Cell Ultrastructural Studies (TEM)

4.1.7.1 Cell Culture and Cell Seeding
The PSi/PCL scaffolds with PSi fully encapsulated within the PCL fibers (PSi is
20% and PCL is 25 wt. %) were sterilized according to the same method mentioned in
Section 4.1.1.2. Passage 22 mouse stromal cells were cultured until confluent, then
trypsinized, and plated onto the scaffolds at a density of 10,000 cells per well. Mouse
stromal cells seeded in the presence of the PSi/PCL fiber scaffolds were cultured in
complete medium and differentiation medium respectively. The mouse stromal cells
were cultured in the presence of PCL fibers in the complete medium and
differentiation medium respectively as control.

4.1.7.2 Cell Fixation
Scaffolds were removed from the cell culture wells at weeks 1, 2, 3, and 4. The
cells and scaffolds were washed by 1 ml of phosphate buffer per well to remove the
dead cells followed by aspiration, and then fixed in a fixative for 60 min followed by
washed in phosphate buffer and post-fixed in 1% osmium tetraoxide in phosphate
buffer for 30 min as described previously. Cells and scaffolds were then dehydrated
through increasing concentrations of alcohol (as described in Section 4.1.1.3)
followed by three immersions of propylene oxide washings.
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4.1.7.3 Cell Embedding and Sectioning
The cells were flat embedded in plastic which was made according to a
previously reported procedure:192 The procedure is illustrated by the following: first
100 ml of Araldite was added to a 200 ml graduated cylinder, and then 70 ml of
dodecenylsuccinic anhydride (DDSA) was added to bring the total volume up to 170
ml. The mixture was poured into a 400 ml beaker (allowing about 5 minutes for the
cylinder to drain into the beaker). The plastic and DDSA were mixed by using
wooden stirrers. DMP-30 (3.4 ml) was added and stirred well, with care taken to
avoid bubbles. The plastic was stored in small bottles in a refrigerator. A 1:1 mixture
of unpolymerized plastic and propylene oxide was poured into plastic volumetric
tubes and then small pieces of cell layers were placed into the mixture. The mixture
was left overnight to allow plastic to infiltrate the tissue completely. The plastic was
placed into BEEM® capsules. The tissue was placed on the surface of the
unpolymerized plastic that has been stored overnight in the above mixture. The
mixture was placed in an oven at a temperature of 70ºC. The tissue settled down to the
tip of the capsule and was left in the oven for 2 days.

4.1.7.4 Cell Sectioning and Microscopic Observation
The capsule was removed to expose the newly formed “block” and the block
was trimmed by a razor blade and sectioned by ultramicrotone with a glass or
diamond knife. Sections in appearance of gold to silver (70-90 nm thick) were cut
onto distilled water using a 45° diamond knife. Sections were collected immediately
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on carbon mesh coated copper grids (Structure Probe. Inc) and then stained with a
combination of uranyl acetate and lead citrate,193 and dried at room temperature. The
samples were observed using a Philips EM 300 transmission electron microscope
(TEM).

4.2 Results and Discussion

4.2.1 Attachment of Fibroblasts as a Function of Time
The highly porous surface area of the PSi/PCL electrospun fibers provides
channels to transfer oxygen and nutrients necessary for fibroblast growth. Figure 45
and 46 show the optical and SEM images of typical morphology of fibroblasts. At the
very beginning in culture, most of the fibroblasts tended to form small spherical
shapes and did not attach very well on the scaffold surface (Fig. 46). This problem is
likely a result of the hydrophobicity of the PCL surface. By day 3, a few elongated
spindle-shaped HEK 293 cells were observed on the scaffolds (Fig. 47). With time,
more cells spread out and elongate on the scaffolds after 10 days of culture, as shown
in Fig. 48. All the cells enlarged and became spindle-shaped. HEK 293 cells
cultivated on day 18 were observed not only on the surface of the scaffolds, but also
into the void regions because of the relatively high surface areas of the PSi/PCL
scaffolds. The cells crosslinked the fibers, grew over the open regions, and formed a
morphology resembling a three dimensional extra cellular matrix (ECM) by
integrating the surrounding microfibers (Fig. 49). Due to the similarity between the
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fibrous scaffolds and the naturally-occurring ECM, the scaffolds provide an
environment for the cells to attach, migrate, and proliferate. Even though the PSi/PCL
scaffold is biodegradable, they are mechanically stable enough to hold the cells and
maintain structural integrity in the media during the culture period.
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Figure 45. Optical images of HEK 293 fibroblast cells cultured on glass slides in
Petri dishes. (A) day 3 (B) day 8.
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Figure 46. SEM images of HEK 293 cells cultured on glass slides in complete
medium as control on day 8.

107

A

B

C

D

Figure 47. SEM images of HEK 293 cells growing on PSi/PCL scaffolds as a
function of time on day 3 at different magnifications. Cells attached on the surface of
the fibers with spherical or spindle morphology at a low density. (A) 50X. (B) 170X.
(C) 200X. (D) 1000X.

A

B

C

D

Figure 48. SEM images of HEK 293 cells growing on PSi/PCL scaffolds as a
function of time on day 10 at different magnifications. Cells elongated to a typical
spindle-like morphology and began to interact with one another by contacting other
cells. ( A) 100X. (B) 200X. (C) 250 X. (D) 1000 X.
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Figure 49. SEM images of HEK 293 cells growing on PSi/PCL scaffolds as a
function of time on day 18 at different magnifications. Cells proliferated, migrated,
and became cell layers on the surface of the scaffolds. (A) 100X. (B) 50X. (C) 200X.
(D) 1000X.

4.2.2 Attachment of hMSCs as a Function of Time
Figure 50 shows the SEM images of typical morphology of hMSCs growing on
a Petri dish surface. On day 3 of culture, hMSCs scattered sparsely over the scaffolds
at a low density. Cells were separated from one another and retained a flat fibroblastic
morphology with a thin layer of cell body as shown in Figure 51. Cells crosslinked the
fibers through the elongated filopodia with actin fibers in the cell body. By day 10,
cells proliferated and began to contact to one another in some areas (Fig. 52).

By 18

days of culture, some areas of the scaffolds were covered with dense multilayers of
cells (Fig. 53).
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Figure 50. SEM images of hMSCs cultured on glass slides in petri dishes in complete
medium as control on day 8.
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Figure 51. SEM images of hMSCs cultured in the presence of PSi/PCL electrospun
fibers (with PSi fully encapsulated) in complete medium for 3 days at different
magnifications.
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Figure 52. SEM images of hMSCs cultured with PSi/PCL electrospun fibers with PSi
fully encapsulated in PCL fibers in complete medium during 10 days of cell culture at
different magnifications.
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Figure 53. SEM images of hMSCs cultured with PSi/PCL electrospun fibers with PSi
fully encapsulated in PCL fibers in complete medium during 18 days of cell culture at
different magnifications.
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4.2.3 Attachment of Mouse Stromal Cells on PSi/PCL Fibers as a Function of
Time
Mouse stromal cells were cultured in complete medium up to 4 weeks. Mouse
stromal cells attached to the PSi – containing PCL scaffolds presented fusiform or
asteroidal in shape and had an elongated, thin cell body on day 11 as shown in Fig.
54A. There were many star-shaped, triangle and polygon cells on three dimensional
scaffolds by day 14 (Fig. 54B).
By week 3, the scaffolds were covered by mouse stromal cell multilayers (Fig.
54C) and the matrix showed signs of calcification. Calcium phosphate particles were
found sitting on the cell multilayer film (Fig. 55A), consistent with the extensive
mineralization found inside and around the cells cultured on the scaffolds with PSi
fully encapsulated in PCL fibers by TEM (see Section 4.2.6). EDX confirms the
formation of calcium phosphate in these particles formed by the culturing of mouse
stromal cells with PSi/PCL scaffolds (Fig. 55B). At this time point, many fiber-like
networks were observed around cells on certain areas of the scaffolds (Fig. 56). These
fibers could possibly be collagen fibers synthesized by mature stromal cells.
By week 4, cell layers on the scaffolds became thicker and calcification can
also be observed on the surface of the cell layers. The control experiment with mouse
stromal cells cultured with complete medium did not show calcification after the same
period of time. The PSi/PCL fibers retained their initial dimensions this time period.
The scaffolds provided a slowly degradable and structurally stable template for the
cells to grow for up to 4 weeks in vitro.
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Figure 54. Mouse stromal cells (MSCs) grown on the PSi/PCL microfibers for (A)
week 1 (B) week 2 (C) week 3 (D) week 4.
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Figure 55. (A) Calcium phosphate particles were observed at the surface of the mouse
stromal cell layers by week 3. (B) Energy Dispersive X-ray (EDX) spectroscopy
confirmed the presence of calcium phosphate.
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Figure 56. SEM image of mouse stromal cells on PSi/PCL Fiber Scaffolds in the
presence of differentiation medium at week 3.

4.2.4 Attachment of Mouse Stromal Cells on PSi/PCL/PANi Fibers as a Function
of Time.
Mouse stromal cells were cultured with PSi/PCL/PANi composite scaffolds in
complete medium. Figure 57 shows the optical images of mouse stromal cells
cultured in the presence of PSi/PCL/PANi composites in a 12 well culture plate.
Figures 57A and C show the control cells in the cell culture well on day 7 and day 9.
Mouse stromal cells growing in the presence of PSi/PCL/PANi scaffolds are shown in
Figures 57B and D. The shaded areas in these two wells are the scaffolds. In a
qualitative comparison, these optical images show that the mouse stromal cells
cultured in the presence of PSi/PCL/PANi scaffolds proliferate at a relatively healthy
rate comparable to the cell only control.
By week 1, cells distributed on the scaffold heterogeneously due to the
heterogeneous composition of the scaffold. Some areas of the scaffold were full of
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cells, which means that cells proliferate healthily on the scaffold (Fig. 58D). There
were few cells on other areas and these cells presented a spherical morphology (Fig.
58C – see circled areas). These cells either needed more time to attach and proliferate
or some of the cells had already died. Thick multilayers of cells were also observed on
the same scaffold, but the area of these cell multilayers was small (Fig. 58A and B).
By week two, the whole scaffold was covered by thick cell multilayers (Fig. 59),
which means that the cells proliferated not only on the PCL fibers, but also on PANi
fibers and PSi particles. It should be noted that unlike the PSi/PCL/PANi sponges
described earlier, the PANi from PSi/PCL/PANi fibers did not flake off of the
scaffolds. Even though the environments on different areas of the scaffold are
different, the composite as a whole is suitable for mouse stromal cell attachment and
proliferation.
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Figure 57. Optical images of mouse stromal cells attached on Petri dishes in the
presence of the PSi/PCL/PANi scaffolds. (A) Day 7 control – cells only. (B) Mouse
stromal cells in the presence of a scaffold on day 7. (C) Day 9 control – cells only. (D)
Mouse stromal cells in the presence of a scaffold on day 9.
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Figure 58. SEM images of mouse stromal cells attached on PSi/PCL/PANi scaffolds
on week 1 in culture at different magnifications. (A) A cell aggregation attached on
the composite scaffold. (B) Higher magnification image of this aggregation (C) There
were few cells on some other regions of the scaffold. (D) A corner of the scaffold was
covered by mouse stromal cell layers.

Figure 59. SEM images of mouse stromal cells attached on PSi/PCL/PANi scaffolds
on week 2 in culture at different magnifications.

117

4.2.5 Human Mysenchymal Cell Viability - MTT Assay
In this study, MTT assays were employed to analyze the living cells throughout
of the scaffolds. 5% PSi/PCL scaffolds prepared as described previously were used.
hMSCs (passage 3) were seeded onto PSi/PCL scaffolds at a density of 50,000 cells
per well and the MTT assay was performed on day 4. Two sets of controls were used:
cells only cultured directly in the wells and PCL fibers only soaked in medium. The
cells-PSi/PCL scaffold composites were dissolved in chloroform to release cells
trapped inside of the fibrous mass and to account for the total number of cells
throughout the fibrous mesh. The same size of PSi/PCL scaffolds was dissolved in
chloroform to account for possible background interference.

1.200

Absorbance

1.000
0.800

Cells o n Fibers
(dissolved)
Control
(cells
only)

0.600
0.400

Cells in Presence
of Fibers

Control
(fiber
only)

0.200
0.000

Sample T ype

Figure 60. Results of MTT assays for hMSC viability studies.
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The results of the MTT assay in Figure 60 shows that the number of the hMSCs
growing throughout PSi/PCL scaffolds is about 2 fold higher than that of the cells
growing on the bottom of the culture wells in the presence of the PSi/PCL scaffolds. It
is found in Figure that the sum of cells presenting in the well, along with the cells
growing throughout the PSi/PCL scaffolds account for approximately 120% of the
sum of cell only control and PSi/PCL fiber only as control. These results further
confirm that the PSi/PCL scaffolds are not harmful to the hMSCs and they are as
biocompatible as PCL fibers in supporting cell proliferation. Such observations are
consistent with the SEM images of hMSC’s proliferation over time shown in Figures
51-53.

4.2.6 Mouse Stromal Cell Differentiation – Alkaline Phosphatase (ALP) Activity
Stromal cells are capable of differentiating into osteoblasts, chondrocytes, and
adipocytes in the presence of appropriate stimuli.188 Alkaline phosphatase is an
enzyme marker for stromal cell osteogenic differentiation. To test the hypothesis that
the degradation product of PSi in water, Si(OH)4 has the ability to accelerate the
calcification and differentiation process of mouse stromal cells,147 three sets of
experiments were performed. Mouse stromal cells cultured with PCL fibers (no
silicon) prepared from 25 wt. % PCL solution in both the presence and absence of
differentiation medium were used as controls. The other two sets of experiments were
(1) mouse stromal cells cultured with fibers containing PSi (20%) fully encapsulated
in PCL in both the presence and absence of differentiation medium, and (2) along
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with mouse stromal cells cultured with fibers with PSi (2%)embedded at the outer
surface of PCL fibers in both presence and absence of differentiation medium.
To check mouse stromal cell proliferation and morphology in the presence of
PSi/PCL scaffolds with PSi fully embedded in PCL for ALP experiments each time,
cells and scaffolds were observed by optical microscopy after the medium was
changed. Figure 61 shows the optical images of mouse stromal cells cultured in the
presence of different scaffolds in cell culture wells on day 6. Cells cultured in the
different scaffolds proliferated, accompanied by changes in cell morphology. Mouse
stromal cells cultured with scaffolds in complete medium are more organized than
those cells cultured in differentiation medium (Figures 61B and D). Some platelet-like
structures were observed in the well in the presence of PSi/PCL scaffold in
differentiation medium (Figure 61D). For the scaffold-containing cells, a change in
transparency is observed, consistent with possible development of mineralized
structures and an ECM-like morphology.
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Figure 61. Optical images of mouse stromal cells cultured in Petri dishes with
scaffolds on day 6. (A) Mouse stromal cells cultured with PCL fibers in complete
medium. (B) Mouse stromal cells cultured with PCL fibers in differentiation medium.
(C) Mouse stromal cells cultured with PSi/PCL fibers in complete medium. (D)
Mouse stromal cells cultured with PSi/PCL in differentiation medium.

By days 9 and 14 in culture, the morphological evolution of the materials in the
wells containing differentiation medium continued to visually show signs consistent
with additional mineralization (Figure 62 and 63).
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Figure 62. Optical images of mouse stromal cells cultured in Petri dishes with
scaffolds on day 9. (A) Mouse stromal cells cultured with PCL fibers in complete
medium. (B) Mouse stromal cells cultured with PCL fibers in differentiation medium.
(C) Mouse stromal cells cultured with PSi/PCL fibers in complete medium. (D)
Mouse stromal cells cultured with PSi/PCL in differentiation medium.
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Figure 63. Optical images of mouse stromal cells cultured in Petri dishes with
scaffolds on day 14. (A) Mouse stromal cells cultured with PCL fibers in complete
medium. (B) Mouse stromal cells cultured with PCL fibers in differentiation medium.
(C) Mouse stromal cells cultured with PSi/PCL fibers in complete medium. (D)
Mouse stromal cells cultured with PSi/PCL in differentiation medium.
For the cells cultured with PSi fully encapsulated in PCL fibers, the initial ALP
activities of all samples cultured in all conditions were relatively low at day 3 (Fig. 64)
and there was no significant difference among the samples; that is, all samples began
to show the sign of differentiation, but the percentage of the differentiated cells was
low. As time progressed, the ALP activities steadily increased in all wells.
Interestingly, at day 9, both of the cells cultured with PSi/PCL scaffolds in both the
presence and absence of differentiation medium showed significantly greater ALP
activities than those of the mouse stromal cells cultured with PCL fibers in both the
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presence and absence of differentiation medium. However, by day 14, the ALP
activities from the cells cultured in different environments were statistically
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Figure 64. Alkaline phosphatase assay results for mouse stromal cells cultured with
PSi/PCL fibers with PSi fully encapsulated in PCL.

For the mouse stromal cells cultured with PSi embedded at the surface of PCL
fibers, the initial ALP activities showed the same trend as the ALP activities of the
mouse stromal cells cultured with PSi fully encapsulated in PCL fibers, which
remained at a very low level at day 3 (Fig. 65). There was not a significant difference
of the ALP activities among samples cultured in different growth media at this stage.
By day 6, however, the ALP activities of mouse stromal cells cultured with PSi
embedded at the surface of PCL fibers in differentiation medium begins to show a
significantly higher value than the other three samples. At day 14, this difference had
grown four fold in value between it and the non – PSi containing analog. More
importantly, it should be noted that the PSi – containing fiber sample without
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differentiation medium shows a two fold greater level of ALP expression by the
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Figure 65. Alkaline phosphatase assay results for mouse stromal cells cultured with
PSi/PCL fibers with PSi embedded at the surface of PCL.

4.2.7 Mouse Stromal Cell Ultrastructural Studies
To understand the cellular organelle changes that can take place inside a single
cell during mouse stromal cell differentiation, two types of scaffolds, PSi fully
encapsulated in PCL fibers and pure PCL fibers as control were used for these
experiments. All of the samples with cells were fixed and dehydrated, embedded in
plastic, sectioned by microtone, stained by heavy metal salt solutions as described in
Section 4.1.1.3, and characterized by TEM at weeks 1, 2, 3, and 4 in culture.
By week 1, cell mineralization was found only in mouse stromal cells cultured
with 20% PSi/PCL scaffolds in differentiation medium，not for the other three
conditions. Figure 66A shows that a few tiny needle–like crystals were found in the
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cell nucleolus (part of the nucleus containing most of the genes) at week 1. Figures
66B and C show that many needle-like structures were in the cell nucleus and
cytoplasm. Numerous vesicles were also observed in the cell cytoplasm, and they
could possible store and transport the materials such as the mineral phase-forming
materials when released to the surrounding medium, which will facilitate formation of
apatite crystal nuclei.194 Figure 66D shows the well organized crystalline–like
structure outside cells, possibly a mineral phase. This result demonstrates that the
earliest cellular mineralization occurred in the company of two factors: differentiation
medium and PSi, thereby suggesting that the PSi degradation product, Si(OH)4 could
facilitate the formation of cellular mineralization, in the presence of dexamethasone.
Clearly, PSi is able to stimulate the formation of the structures which are key for bone
mineralization.
A

CM

N

C
5 0 0 nm

Figure 66 (A). Cells cultured with PSi/PCL fibers in differentiation medium at week
1. A few tiny needle-like crystals were found in the cell nucleolus. N: nucleus, C:
cytoplasm, CM: cell membrane.
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Figure 66 Con’t (B). Cells cultured with PSi/PCL fibers in differentiation medium at
week 1. Needle-like structures were found in the cell nucleus. N: nucleus, C:
cytoplasm, G: Golgi apparatus, RER: rough endoplasmic reticulum.
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Figure 66 Con’t (C). Cells cultured with PSi/PCL fibers in differentiation medium at
week 1. Needle-like structures were also found in the cell cytoplasm. N: nucleus, G:
Golgi apparatus, CM: cell membrane.
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D

500 nm
Figure 66 Continual (D). A mineral phase was found outside cells. Mouse stromal
cells cultured with PSi/PCL fibers in differentiation medium at week 1.
By week 2, many Golgi apparatus and rough endoplasmic reticulum (RER)
were observed inside cells. Bone nodules were also found in cells for the first time in
this study. These cellular organelle changes are the characteristics of differentiated
cells (Figure 67). Extensive crystal-like phases were observed outside the cells
cultured in the presence of PSi/PCL scaffolds in differentiation medium (Figure 68),
but also inside the cells cultured in the presence of PCL fibers in differentiation
medium (Figure 69). Cells cultured with PSi/PCL fibers in complete medium
exhibited extensive Golgi apparatus and RER, which are not present in stomal cells.
These cellular organelle changes are the characteristics of differentiated cells.
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Figure 67. Mouse stromal cells cultured with PSi/PCL fibers in differentiation
medium at week 2. R: ribosome, G: Golgi apparatus, RER: rough endoplasmic
reticulum

5 0 0 nm

Figure 68. Mineralized phases observed outside mouse stromal cells in the presence
of the PSi/PCL scaffold cultured in differentiation medium at week 2.
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Figure 69. Mouse stromal cells cultured in the presence of PCL fibers in
differentiation medium at week 2. A mineral phase can be observed inside the cells.
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Figure 70. Mouse stromal cells cultured in the presence of PSi/PCL fibers in
complete medium at week 2. M: mitochondria, G: Golgi apparatus, RER: rough
endoplasmic reticulum.

130

By week 3, cells cultured with PSi/PCL fibers still exhibited intense Golgi
apparatus and numerous RER. Bone nodules were also observed (Figure 71). Again,
these changes all showed signs of osteogenic differentiation. Significantly, a mineral
phase was observed inside of the cells cultured with PSi/PCL fibers (Figure 72).
Differentiation medium was not required to stimulate mineralization at this time. This
is likely due to the requisite corrosion of both PCL (to expose enough PSi) and
importantly, adequate Si(OH)4. Thus, on the third week, PSi/PCL had eroded to some
extent, so that more PSi degradation presumably triggered the mineralization. This
result confirms early observations of the inductive or enhancing effect of PSi on in
vitro mineralization.147 It is also worthwhile to emphasize that the mouse stromal cells
cultured with PCL fibers in the absence of dexamethasone (differentiation) failed to
show evidence of mineralization within the observed 3 week period.
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Figure 71. Mouse stromal cells cultured in the presence of PSi/PCL fibers in
complete medium at week 3. N: nucleus, C: cytoplasm, G: Golgi apparatus, RER:
rough endoplasmic reticulum, B: bone nodules.
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Figure 72. Mouse stromal cells cultured in the presence of PSi/PCL fibers with
complete medium at week 3. MP: mineral phase, N: nucleus, G: Golgi apparatus.
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By week 4, all the mouse stromal cells except cells cultured with PCL fibers in
the absence of differentiation medium showed differentiation. The result further
confirms that PSi plays a significant role in cell osteogenic differentiation. For the
cells cultured with PSi/PCL fiber in complete medium, many Golgi apparatus, RER,
and bone nodules were observed. Intense cellular projections were also found around
cells (Figure 73). All of these organelles showed that cells were at a very active stage
of differentiation.
Table 9 shows the summary of mouse stromal cell mineralization in the
presence of PSi/PCL scaffolds or PCL scaffolds (control) in the culture medium with
or without dexamethasone over 4 week period. Compared all of the samples on week
1, the mineralization occurred only in the cells cultured with PSi/PCL scaffolds in the
presence of dexamethasone. This result indicates that the presence of PSi can facilitate
the cell mineralization. On week two, the cellular mineralization occurred in the cells
cultured with PCL scaffolds or PSi/PCL scaffolds in the presence of dexamethasone.
On week three, only the cells cultured with PCL scaffolds in the absence of
dexamethasone did not show any cellular mineralization, while the cells cultured with
PSi/PCL in the absence of dexamethasone indicated cellular mineralization. This
result again demonstrates that the PSi plays a role in facilitating cellular
mineralization.
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Figure 73. Mouse stromal cells cultured in the presence of PSi/PCL fibers in
complete medium at week 4. M: mitochondria, C: cytoplasm, G: Golgi apparatus,
RER: rough endoplasmic reticulum, B: bone nodules, CP: cellular projections.

Scaffold
PCL - Dex

PCL + Dex

PSi/PCL-Dex PSi/PCL+Dex

Week 1

×

×

×

√

Week 2

×

√

×

√

Week 3

×

√

√

√

Week 4

×

√

√

√

Time

× no mineralization

√

mineralization

Table 9. Summary of cell mineralization over 4 week culture.
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4.3 Summary

This chapter focuses on the PSi/biopolymer composites for orthopedic tissue
engineering applications. Cell proliferation studies have been performed using three
types of cells (fibroblasts, hMSCs, and mouse stromal cells) attachment on the
PSi/biopolymer

scaffolds

to

study

scaffold

biocompatibility.

However,

biocompatibility is only one of the factors that impact the orthopedic applications of
the scaffolds. Cell viability and differentiation studies also prove that the PSi/polymer
scaffolds have the capacity to direct cell proliferation and enhance cell differentiation.
MTT assays were employed to study hMSC viability. The results show that the
viability of hMSCs cultured with PSi/PCL fibers was comparable to the cells cultured
in the presence of PCL fibers. ALP experiments were performed on mouse stromal
cells cultured with two types of Si-containing scaffolds: PSi/PCL fibers with PSi fully
encapsulated in PCL and PSi/PCL fibers with PSi embedded on the surface of PCL
fibers. The results indicate that the location of PSi did play a significant role in cell
differentiation. For the cells cultured in the presence of Si-containing scaffolds with
PSi fully encapsulated in PCL, the ALP activity of each sample was not significantly
different from other samples during 14-day culture. While for the cells cultured in the
presence of both types of Si-containing scaffolds in complete medium and
differentiation medium, the ALP assays showed much higher ALP activities than the
cells cultured in the PCL control fibers in the corresponding medium by day 14. The
different ALP activities caused by the locations of PSi can perhaps be explained by
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the silicic acid available to the surroundings in the respective scaffolds. When the PSi
is totally encapsulated in PCL, PSi can only contact the surroundings when a
significant fraction of PCL coated on the PSi degrades. The degradation time of PCL
is long (~60 days); the surface of the PCL fiber is perhaps slightly porous, but uptake
of Si(OH)4 by the PCL scaffold and an overall lack of accessibility to PSi to the
surroundings in effect is a leveling effect among all samples. Therefore, no significant
difference ALP expression levels is observed. When PSi is embedded on the surface
of PCL fibers, the silicic acid concentrations will reach the desire concentration in
shorter time, since the PSi at the surface of the scaffolds was immersed in the medium
directly. There results are consistent with previous research that silicic acid at
physiological concentrations enhances osteoblastic differentiation.147
In conclusion, studies at the cellular level have provided insights into the ability
of PSi/PCL scaffolds to have the potential to be used as a candidate for orthopedic
tissue engineering scaffolds.
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V PSi/Biopolymer Electrospun Fibers for Drug Delivery
Applications
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5.0 Introduction

In

previous

chapters,

the

fabrication,

characterization,

and

selected

orthopedically relevant assays of PSi/biopolymer fibers have been presented. This
chapter will focus on fundamental studies of these composites that are relevant to
drug delivery applications. The combination of the semiconductor mesoporous silicon
and biopolymers such as polycaprolactone (PCL) in the form of 3D scaffolds offers a
new opportunity to deliver therapeutic molecules in a sustained fashion to the target
bone site and at the same time ideally direct precursor cells to form new bones to
repair the injured or damaged ones in an appropriate biological environment.
Targeted delivery to diseased tissues or organs from nanomaterial hosts presents
possible solutions to several problems, including drug solubility. For example, around
40% of the small molecule cancer drugs in the present market suffer poor water
solubility122 and their effective administration has been restricted due to this problem.
Thus, a great challenge for treatment of diseases such as cancer is to effectively
develop biocompatible delivery systems for such drugs. In particular, mesoporous
materials have the ability to increase the solubility of poorly water soluble drugs due
to the fact that that the amorphous phase of a certain drug is more soluble than its
crystalline form. When the size of the pores of a mesoporous material is a few times
greater than the therapeutic molecule, the molecules are restricted from forming
crystalline phases due to the confined size of the pores and the drug will be forced to
stay in an amorphous phase with an accompanying increase in solubility.195
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Furthermore, for hydrophilic drugs, mesoporous particles have the ability to control
the drug release rate in a different manner from the hydrophobic drugs.
In this study, we have incorporated a model hydrophobic compound, cis(2,
2´-bipyridine) dichlororuthenium (II) (Figure 74) and a hydrophilic compound tris–(2,
2´- bipyridine) ruthenium chloride (TBRC) (Figure 75), into PSi microparticles. These
compounds were selected as a consequence of their strong absorption in the visible
and ease of detection spectroscopically at low concentrations. In order to study the
spatial dependence of delivery from the PSi matrix, we placed these complexes
loaded materials into two different locations on electrospun fibers of the biopolymer
PCL: either physically embedded onto the surface of PCL fibers or implanted within
the fibers and thus coated with polymer. In the preliminary experiments, described
here, the in vitro release of the model drugs was monitored spectrophotometrically by
UV/Visible absorption measurements. Importantly, the results show that the drug
release behavior in v itro is determined by its spatial location in these PSi/PCL
composites, the nature of the loaded drugs, as well as the amount of complex loaded
into the PSi.

Figure 74. Chemical structure of cis – (2,2´- bipyridine) dichlororuthenium (II)
(C20H16Cl2N4Ru • XH2O) (CBDR).
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Figure 75. Chemical structure of tris (2, 2- bipyridyl) ruthenium (II) chloride
(C30H24Cl2N6Ru • 6H2O) (TBRC).

5.1 Experimental

5.1.1 Hydrophobic Complex Cis–(2, 2´- bipyridine) Dichloro Ruthenium (II)
(CBDR) Loaded into PSi Particles.
To achieve suitable loading, 100 mg of classified PSi particles were soaked into
a 0.5mg/ml solution of CBDR dissolved in ethanol in a water bath at 80°C for 60 min.
After soaking, the mixture was filtered by Durapore® membrane filters (pore size:
0.45 µm) and rinsed with ethanol twice (1 ml) to ensure that any weakly absorbed Ru
complexes on the surface of PSi were removed. The drug loaded PSi was then placed
in a vacuum oven overnight to remove the residual solvent. The loaded amount of the
compound was determined by the difference in the absorbance at 486 nm of the
CBDR solution before and after exposure to the PSi powder by UV/Vis
spectrophotometry as described above, as well as the mass difference measured
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gravimetrically. However, it is also possible to detect the presence of the loaded
compound via energy dispersive x-ray analysis at concentrations on the order of 1
atomic %.

5.1.2 Hydrophilic Complex Tris–(2, 2´- bipyridine) Ruthenium Chloride (TBRC)
Loaded into PSi Particles.
To load TBRC into PSi particles, 100 mg of PSi powder was soaked in 10 ml of
5 mg/ml TBRC solution dissolved in water/ethanol solution with constant stirring at
75°C in a water bath for 60 min. After 24 h, the mixture was filtered by Durapore®
membrane filters (pore size: 0.45 µm) and rinsed with ethanol twice (1 ml total ) to
wash away the TBRC absorbed on the surface of PSi particles. The TBRC loaded
powder was then put into a vacuum oven overnight to remove the residual solvent.
The amount of TBRC loaded into the PSi was determined by the same methods
mentioned previously in CBDR loading.

5.1.3 Ru Complex-Loaded PSi/PCL Composite Fabrication

5.1.3.1 Cis–(2, 2´-bipyridine) Dichloro Ruthenium (II) (CBDR) Loaded PSi/PCL
Composites.
Two types of CBDR-loaded PSi/PCL scaffolds were fabricated by an
electrospinning technique: CBDR-loaded PSi/PCL scaffolds with PSi embedded on
the surface of the PCL fibers and CBDR-loaded PSi/PCL scaffolds with PSi fully
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encapsulated in PCL fibers.
To fabricate CBDR-loaded PSi/PCL composites with PSi embedded on the
surface of PCL fibers, PCL fibers were fabricated by electrospinning a 25 wt%
PCL/chloroform solution at 20 kV as described previously.5 The CBDR-loaded PSi
was physically pressed onto the surface of PCL fibers to produce fibers that contained
20% PSi by mass.
To produce CBDR-PSi fully encapsulated within the fibers, the loaded PSi was
added to a given PCL/chloroform solution and mixed well immediately prior to
electrospinning.

5.1.3.2. Tris–(2, 2´- bipyridine) Ruthenium Chloride (TBRC) Loaded PSi/PCL
Composite Fabrication.
The different types of TBRC-loaded mesoporous silicon/PCL composites were
fabricated. One is TBRC-loaded mesoporous silicon embedded on the surface of PCL
electrospun fibers and the other type of composites is TBRC-loaded mesoporous
silicon fully encapsulated within the PCL fibers. The fabrication methods are the same
as described in Section 5.3.3.1.

5.1.4 Ru Compex-Loaded PSi/PCL Composite Characterization
All of the samples were dried in a low vacuum oven for 2 days and placed on a
conductive carbon tape adhered to an aluminum thimble and directly sputter-coated
with a 15 nm thin layer of gold. Their microscopic structures were observed with a
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scanning electron microscope (SEM) at an accelerating voltage of 20 kV. The
presence and distribution of PSi embedded in the polymer scaffolds were detected by
an energy dispersive x-ray (EDX) detector coupled with scanning electron
microscopy (SEM) at 3000× magnification at the same acceleration voltage without
sputter-coating.

5.1.5 Model Drug Loaded PSi/PCL Composite In Vitro Release

5.1.5.1 CBDR-Loaded PSi/PCL System Release
4.2 mg of CBDR-loaded PSi surface embedded in PCL fibers was put into
dialysis tubing to prevent any PSi powder from scattering in the solution. The samples
were soaked in 3 ml of DI water in glass vials at 37°C for a release study. For
comparison, 25 mg of electrospun CBDR-loaded PSi (20%) /PCL (25 wt.%)
composites (which contains 4.2 mg of CBDR-loaded PSi) were soaked into 3 ml DI
water at 37°C. After a certain time period, 1 ml of the supernatant was drown from
each vial and measured by a UV/Vis spectrophotometer at 486 nm. 1 ml of DI water
was added to the same vial to maintain the sink condition to assure that sufficient
volume of solvent be available to dissolve the compound. The experiments were
carried out in triplicate.
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5.1.5.2 TBRC Loaded PSi/PCL System Release
The same experimental method used for CBDR-loaded PSi/PCL system was
used in the TBRC-loaded PSi/PCL system. 4.2 mg of TBRC-loaded PSi surface
embedded in PCL fibers placed into dialysis tubing and 25 mg of TBRC-loaded
PSi/PCL electrospun fibers were soaked into 10 ml aliquots of DI water for release
measurements. 1 ml aliquots were withdrawn at certain time periods and measured by
UV/Vis spectrophotometry at 452 nm; 1 ml of fresh DI water was placed back in the
solution to maintain a sink condition. The experiments were carried out in triplicate.

5.2 Results and Discussion

5.2.1 Morphology of Model Compounds Loaded PSi/PCL Composites

5.2.1.1 CBDR-Loaded PSi/PCL Composites
The CBDR-loaded PSi particles retained the same morphology as pure PSi
microparticles as shown in Figure 76A. Energy dispersive x-ray (EDX) analysis
shows the presence of Ru and Cl (the values of the Lα peak for Ru and the Kα peak
for Cl are very close), which confirm the presence of CBDR in the PSi particles of
Figure 76B. Spectrophotometric analyses reveal that the loading percentage of CBDR
in PSi ranged from 1 to 3%.
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Figure 76. (A) SEM image of CBDR-loaded PSi particles. (B) Energy dispersive
x-ray (EDX) spectrum of CBDR-loaded PSi sample confirms the presence of Ru and
Cl.
Figure 77A shows a SEM image of CBDR-loaded PSi/PCL electrospun fibers.
They exhibit the typical PSi/PCL fibrous morphology as reported in a previous
chapter (Section 2.2.1). They are highly porous non-woven fibers, which are
composed of thinner and wider regions. The CBDR-loaded PSi was located in the
wider sections. The dark brown PSi was trapped in transparent PCL fibers as shown in
Figure 77B. The diameter of the CBDR-loaded PSi/PCL fibers fall in a range
approximately 5 μm to 15 μm. The average diameter is about 8.92 μm as shown in
Figure 78.
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Figure 77. CBDR-loaded PSi/PCL fibrous composites. (A) SEM image of
CBDR-loaded PSi/PCL electrospun fibers. (B) Optical image of electrospun PSi/PCL
fibers. The dark brown PSi particles were trapped in transparent PCL fibers.
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Figure 78. The distribution of CBDR-loaded PSi/PCL fiber diameters. The average
diameter of the fibers is about 8.92 μm.
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Figure 79 shows the SEM image of CBDR-loaded PSi/PCL fibers with PSi
embedded on the surface of the polymer. The PSi particles were evenly coated on the
PCL fiber surface. Some of the PSi particles were trapped between the fibers. The
fiber diameter does not change significantly compared to pure PCL fibers.

Figure 79. SEM image of CBDR-loaded PSi/PCL fibers with PSi embedded at the
surface of PCL fibers.

5.2.1.2 TBRC-Loaded PSi/PCL Composites
Similar to the CBDR-loaded PSi particles, TBRC-loaded PSi particles retained
a similar morphology to unloaded PSi particles, as shown in Figure 80A. EDX
confirms the presence of Ru and Cl (the values of the Lα peak for Ru and the Kα peak
for Cl are very close) in the PSi particles, which indicate the TBRC in the presence of
PSi particles in Figure 80B. Spectrophotometric analyses reveal the loading
percentage of CBDR to PSi ranged from 3% to 14%.
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The TBRC-loaded PSi/PCL electrospun fibers have the typical morphology of
the PSi/PCL electrospun fibers. The fibers are composed of thinner and thicker
sections as shown in Figure 81A. As with the CBDR-loaded materials, the
TBRC-loaded PSi particles are assumed to be in the thicker sections of the fibers and
the optical image of the fibers confirms the presence of the brown PSi particles in the
wider sections coated with PCL (Figure 81B). The observed diameters of the
TBRC-loaded PSi/PCL fibers range from 5 μm to 23 μm. The average diameter of the
fibers is 12.17 μm, as shown in Figure 82. This number is statistically no different
from the diameters of PSi/PCL fibers and CBDR-loaded PSi/PCL fibers.
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Figure 80. (A) SEM image of TBRC-loaded PSi particles (5 mg/ml TBRC loading
solution). (B) EDX spectrum of TBRC-loaded PSi particles.
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Figure 81. TBRC-loaded PSi/PCL fibrous composite. (A) SEM image of
TBRC-loaded PSi/PCL electrospun fibers. (B) Optical image of electrospun
TBRC-loaded PSi/PCL fibers. The dark brown PSi particles were trapped in
transparent PCL fibers.
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Figure 82. The distribution of TBRC-loaded PSi/PCL fiber diameters. The average
diameter of the fibers is about 12.17 μm.
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A SEM image of TBRC-loaded PSi/PCL fibers with PSi embedded on the outer
surface of PCL is shown in Figure 83. The TBRC-loaded PSi particles were coated on
the surface of PCL fibers to produce a stable and homogeneous distribution on the
fiber surface and the particles penetrate part of the large porous region generated by
the overlapping fibers. The surface morphology of PCL fibers changed from smooth
to rough. TBRC is a fluorescent compound, thereby permitting the use of fluorescence
microscopy to detect its presence. Figure 84 shows the fluorescent images of
TBRC-loaded PSi with different loading concentrations. The TBRC-loaded powder is
clearly fluorescent. The PSi powder with higher loadings of TBRC has a higher
fluorescent intensity, as shown in Figure 85.

Figure 83. SEM image of TBRC-loaded PSi/PCL fibers with PSi embedded on the
surface of PCL fibers. The particle-coated porous scaffold have achieved a stable and
homogenous coating on the fiber surface.
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Figure 84. Fluorescent images of TBRC-loaded PSi with different loading
concentrations. (A) 3.04% (B) 6.84% (C)14.19%.
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Figure 85. Fluorescent spectra of TBRC-loaded PSi with different loading
concentrations. (A) 3.04% (bottom curve) (B) 6.84% (middle curve) (C) 14.19%. (top
curve).

5.2.2 In Vitro Release Studies

5.2.2.1 In vitro CBDR Release
For the in v itro release studies, each sample containing the same amount of
CBDR-loaded PSi (4.2 mg) was soaked in 3 ml of DI water at 37°C, with aliquots
removed at selected time intervals and Ru complex concentrations determined
spectrophotometrically at 486 nm. Two factors were studied: one is how the location
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of the CBDR-loaded PSi affects the release of the compound; the other is how the
loading amount of CBDR impacts the release kinetics from the PSi host matrix.
For the CBDR-loaded PSi/PCL composites (with PSi encapsulated in PCL or
PSi embedded on the surface of PCL), it is clear that the average location of the
loaded PSi particles impacts the observed diffusion of the Ru complex, as that of the
surface-embedded material enjoys both a larger initial rate of diffusion along with a
greater equilibrium concentration, achieved after approximately 24 hrs (Figure 86). In
the first 12 hours, the initial rate follows a linear relationship. The Ru release rate
from surface embedded PSi is much higher than that from fully encapsulated PSi. The
kinitial is 22.2 day-1 and day min-1 for Ru complex diffused from PSi surface embedded
on PCL fibers and that fully encapsulated in PCL fibers (Figure 87). During the 7-day
release period, the amount of Ru complex released from surface embedded PSi
remains at a higher concentration than that released from fully encapsulated PSi. The
lack of a diffusion barrier for the Ru complex loaded in the PSi surface embedded on
PCL fibers clearly makes a difference in the observed release behavior.
In addition, it is found that for loading percentages of the Ru complex in the
ranges of 1 to 3%, there is a direct and sensitive correlation between the amount of Ru
complex initially loaded into the PSi structure and the relative percentage of complex
released as shown in Figure 88. For example, for the case of 1.33% CBDR-loaded
material, approximately 7% of the embedded complex is released. If this loading is
increased two fold (to ~ 2.69%), then the percentage released goes up almost by a
factor of four.
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Figure 86. The release profiles for the CBDR emanating from surface embedded PSi
particles (top curve, diamonds) along with that of PSi particles fully encapsulated
within the PCL fibers (lower curve, squares) over a 7 day period. The loading
percentage of the complex in the PSi is 1.73 wt %. CBDR release was monitored by
spectrophotometric methods at absorption maximum of CBDR (486 nm).

kinitial=22.2 day-1

kinitial=13.3 day-1

Figure 87. The release of Ru complex from surface embedded PSi particles in first 12
hours. The Ru from PSi surface embedded on PCL fibers has faster release rate than
the on released from PSi fully encapsulated in PCL fibers.
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Figure 88. The comparison of CBDR release over 7 days from PSi surface embedded
on PCL fibers with three different CBDR loadings in the PSi. The CBDR loading
percentage is 2.69% (top, triangle), 1.73% (middle, diamond), and 1.33% (bottom,
square).
5.2.2.2 In Vitro TBRC Release
Figure 89 shows the release of TBRC from TBRC-loaded PSi particles.
Compared to the release of TBRC from PSi encapsulated in PCL fibers, the TBRC
released from PSi surface embedded on PCL fibers has a higher burst effect and
higher equilibrium concentration. As with the CBDR-loaded materials, the initial
release from PSi surface embedded onto PCL fibers with TBRC loading is faster than
that of fully encapsulated PSi/PCL analogs. The kinitial is 0.0048 min-1 for TBRC from
PSi surface embedded on PCL fibers, and 0.0034 min-1 for PSi fully encapsulated in
PCL fibers. After 100 min of release, the release percentage of TBRC from surface
embedded PSi reached approximately 80%, while the TBRC released from PSi fully
encapsulated in PCL fibers is only 40%. The total amount of TBRC from PSi/PCL
electrospun fibers is lower than that of PSi surface embedded onto PCL material.
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Figure 89. The release of TBRC from PSi surface embedded on PCL fibers loaded
with TBRC (top curve, diamonds) as well as fully encapsulated PSi /PCL electrospun
fibers loaded with TBRC (bottom curve, squires) over 60 min.
Figure 90 shows that the release of TBRC from TBRC-loaded PSi surface
embedded on PCL fibers. With higher loadings of TBRC, the TBRC shows a higher
burst effect and higher equilibrium concentration. All of the three samples reached
equilibrium at around 40 min. Theoretically, the higher drug loading leads to a higher
burst effect. This phenomenon was not observed in Figure 90, which was possibly
because the washing process was hard to control.
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Figure 90. The comparison of TBRC release over 150 min from PSi particles surface
embedded on PCL fibers with three different TBRC loadings in the PSi. TBRC
loading percentage is 3.04% (top curve, diamond), 6.84% (square), and 14.19%
(triangle).

5.2.3 Discussion

There are several ways to load drugs into the mesopores of PSi, but the most
common way is a simple immersion method, which was employed in my research as
well. The mechanism of drug loading into the pores by this method is that the drug
solution is allowed to diffuse into the pores by capillary action.
Temperature is one of the key factors affecting drug loading. Usually, this
method is performed at room temperature, but the increasing of temperature will
allow more drug molecules to diffuse into the pores from an average kinetic energy
point of view. However, high temperature leads to the risk of compound degradation.
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So, in this study, 75ºC and 80ºC were used to achieve an optimal loading condition
for TBRC and CBDR loading. At these temperatures, the compound loading amount
should be higher than the loading at lower temperatures such as room temperature and
at the same time, the temperatures were not high enough to cause the compounds to
degrade.
Another important character to determine drug loading is solvent. Using
suitable solvents will increase the drug loading amount. In this research, two kinds of
solvents were chosen based on the following reasons. For the CBDR loading, ethanol
was used as the solvent. CBDR is a poorly-water soluble compound, and the
maximum CBDR concentration in water achieved in room temperature is about 0.5
mg/ml. Water is not an ideal solvent for drug loading into PSi, because the surface of
hydrogen-terminated PSi is hydrophobic, which makes the drug loading process
difficult. CBDR has a similar solubility in ethanol. Moreover, the surface of PSi can
be wetted by ethanol without any difficulty. So ethanol was chosen for the CBDR
loading. Unlike CBDR, TBRC is a water soluble compound, and the solubility of
TBRC is lower in ethanol than that in water. To achieve the optimal loading condition,
a 1:1 water and ethanol mixture was chosen to be used as the loading solvent. Not
surprisingly, the water soluble compound TBRC has higher drug loading percentage
than the poorly water soluble compound CBDR.
The washing of the drug is a crucial step for drug delivery. Overwashing will
cause the loss of the compounds due to the diffusion of the compounds out from the
pores of PSi to the washing solvent. However, inadequate washing will also cause
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undesirable results. The most common consequence is a burst effect. So the volume
and duration of the washing solvent is one of the essential factors for achieving
correct result.
There are three primary methods by which drug can be released from the drug
delivery system: diffusion, degradation, and swelling followed by diffusion depending
on the delivery system and the pharmaceutical in use. For ceramic drug delivery
system, the drug release is controlled by diffusion mechanism, while compounds in
the ceramic/polymer scaffolds are usually released through a mixture of diffusion and
degradation controlled release mechanism.196 For the PSi/PCL combination described
here, the individual components break down with very different time scales. PSi has
the tendency to degrade much more rapidly than PCL under physiological conditions.
In studies reported by Anderson and co-workers, 6% (by mass) of medium (62%) PSi
porosity films dissolved in 24 hrs under physiological conditions (at pH 7 and above)
at room temperature.145 In contrast, PCL has a relatively slow degradation rate that is
depend upon molecular weight. In most in vi vo applications the average time is 60
days.197 According to previous literature,198 drug released from PCL fibers was
controlled by diffusion mechanism instead of erosion (degradation) mechanism.
The location of the complex-loaded PSi plays a role in release kinetics, because
the complexes are released from the matrices according to different mechanisms. The
release from the Ru complex-loaded PSi at the surface of the fibers is faster than the
loaded PSi fully encapsulated from the PCL fibers for both types of scaffolds. For the
Ru complex-loaded PSi embedded at the surface of PCL fibers, the complex
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molecules in solid or amorphous phase are inside the pores of PSi. It is assumed that
water is not able to penetrate the phase. The complex emerges as the surface of PSi
gradually dissolves. The dissolved complex first diffuses to the surface of the PSi
particles from inside and then away from the particles to the environment. For the Ru
complex-loaded PSi fully encapsulated in PCL, the release mechanism can be
explained as follows: Because there are many tiny pores on the surface of PCL
electrospun fibers (according to the SEM image shown in Figure 20C), these pores
allows water to penetrate inside of the fibers. Then with the erosion of the PSi
particles, the dissolved complex molecules diffuse to the surface of the PSi particles
from inside of the pores. These molecules are absorbed on the internal PCL surface,
and then released from the polymer barrier to the environment through the pores by a
diffusion mechanism.
The complex solubility rate can also have a significant impact on release
kinetics. In comparing CBDR-loaded PSi and TBRC-loaded PSi embedded at the
surface of PCL fibers, or CBDR-loaded PSi and TBRC-loaded PSi fully encapsulated
in PCL, the same phenomenon was observed. The Ru complex release from
TBRC-loaded PSi/PCL composite was always faster than that released from
CBDR-loaded PSi/PCL composite. The TBRC released from TBRC-loaded PSi/PCL
composites reached equilibrium within one hour, but the CBDR released from
CBDR-loaded PSi/PCL composites displayed total release time for more than 7 days.
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5.3 Summary

In this work, two Ru complexes, CBDR and TBRC, were successfully loaded
into mesoporous Si, and the release kinetics of Ru complexes from the PSi/PCL
composite were investigated. The initial burst effect was reduced by use of the totally
encapsulated composite. The study focused on the first week of the model drug
release from the PSi/PCL composites. The results show that when the drug loading
amounts are comparable, Ru complexes from the PSi surface embedded on the PCL
fibers diffused faster than the drug released from the Ru complex-loaded PSi/PCL
electrospun fibers with PSi fully encapsulated in PCL. In comparing the different
amounts of Ru complexes loaded into PSi, the higher loading levels lead to a greater
release percentage for the same period of time. Taken from a comprehensive
perspective, these initial studies confirm that with proper selection of location of PSi
in the composite and the amount of complex (drug) loaded into it, some tunability in
delivery can be achieved.
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VII Concluding Remarks

The work presented in the dissertation primarily focused on porous
Si-containing polymer electrospun scaffolds for orthopedic tissue engineering and
drug delivery applications. A previous paper reported that orthosilicic acid has the
ability to enhance the osteogenic differentiation. The degradation product of PSi is
slicic acid, so the role of PSi playing in the scaffolds during acellular calcification,
cell proliferation, differentiation became very interesting.
In Chapter II, the fabrication and characterization of PSi/biopolymer fiber
composites via electrospinning were discussed. Three types of PSi/biopolymer fiber
composites were fabricated: PSi/PCL electrospun fibers, PSi/PCL/gelatin electrospun
fibers, and PSi/PCL/PANi electrospun fibers. For the PSi/PCL electrospun fibers, the
PSi was placed in two different average locations: the PSi/PCL fibers with PSi fully
encapsulated in the PCL (Si content: 1%, 5%, 10%, 20%) and with PSi embedded on
the surface of PCL fibers (Si content: 20%). When the PSi/PCL/gelatin electrospun
fibers were soaked in SBF for 1 week, part of gelatin was leached out from the matrix,
PSi/PCL porous fibers were obtained. However, the distribution of PSi throughout the
polymer scaffolds is not continuous (a series of isolated particles). So it is necessary
to use a readily processible conducting polymer such as PANi to permit electrical
accessibility with the outside world.
To test if a scaffold has potential to be used as an orthopedic tissue engineering
material, an in vitro calcification assay is often used for initial screening experiment.
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In Chapter III, the PSi/PCL electrospun fibers with the Si content ranging from 1% to
20% and PSi (20%) /PCL/gelatin porous fibers were used for such assays. Acellular
calcification was observed in all of the Si-containing scaffolds when the materials
were soaked in SBF at 37ºC, while the control samples consisting only of PCL fiber
did not show any calcium phosphate deposition under the same experimental
conditions. The results show that the presence of porous Si can induce the formation
of calcification. When the PSi was embedded at the surface of PCL fibers, the
calcification was faster compared to the similar materials with PSi fully encapsulated
in PCL. The results also show that there is not a clear trend in calcification deposition
as a function of Si content for a given type of material.
In Chapter IV, interactions between cells and Si-containing scaffolds were
discussed. To test the cytocompatibility of the Si-containing scaffolds, three types of
cells - fibroblasts, hMSCs, and mouse stromal cells - were cultured in the presence of
the scaffolds. All of the three types of cells grew healthily on the scaffolds. They
proliferated, elongated and formed multilayers on the scaffolds. To test cell viability
on the scaffolds, hMSCs were cultured in the presence of the Si-containing scaffolds.
MTT assays were performed on Day 4 in culture. The results show that the cell
viability of the Si containing scaffolds was comparable to that of PCL scaffolds as
control. ALP assays was used to evaluate the ability of the Si-containing scaffolds to
support osteogenic differentiation. Two types of Si-containing scaffolds were used for
these ALP assays: PSi/PCL scaffolds with PSi fully encapsulated in PCL and
PSi/PCL scaffolds with PSi embedded at the surface of PCL fibers. The ALP results
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show that PSi enhanced osteogenic differentiation and the spatial location of PSi also
played a role in cell osteogenic differentiation. PSi embedded at the surface of PCL
resulted in a greater level of ALP expression than PSi fully encapsulated in PCL
under the same experimental conditions for a 2-week time period. This can be
explained by the more rapid release of silicic acid when PSi is embedded at the
surface of PCL compared to the PSi fully encapsulated scaffolds, since the PSi was
exposed to the medium directly. Mouse stromal cell ultrastructural studies, consistant
with the ALP results, show that PSi can facilitate cellular mineralization.
In Chapter V, the PSi/PCL scaffolds used for drug delivery systems were
discussed. Two different Ru complexes, CBDR and TBRC were loaded into PSi by a
simple soaking method. The Ru complex-loaded PSi was either encapsulated in PCL
by electrospinning method or embedded at the surface of electrospun PCL fibers. The
studies were focused on the relationship of the spatial location of Ru complex-loaded
PSi presence in the scaffolds and the fundamental release kinetics of the two Ru
complexes. The results show that the initial release of CBDR or TBRC from fully
encapsulated PSi in PCL is much slower than that released from surface embedded
PSi.
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There are a number of useful properties that make mesoporous silicon (PSi) an
interesting candidate as an active biomaterial: resorption in vitr o/in vivo with a
negligible inflammatory response; a porous morphology, thereby permitting drug
release; and an ability to stimulate calcification. Recent work from our lab has
focused on nanostructured composite materials composed of PSi and common
biopolymers such as poly (ε-caprolactone) (PCL). When fabricated in microfibrous
form, such composites can stimulate the deposition of calcium phosphate (the
inorganic component of bone) not only in simulated body fluid (SBF), but also on the
surface of cell layers adhering to the scaffolds during proliferation. Human

mesenchymal stem cells and mouse stromal cells were used for cell proliferation and
differentiation assays, along with scaffold attachment experiments. The results of
alkaline phosphatase expression as a specific biomarker for mensenchymal to bone
cell differentiation show that the scaffolds have the ability to mediate such processes.
Cell ultra-structural studies using transmission electron microscopy (TEM) also reveal
that PSi plays a role in accelerating the calcification process.
Drug loaded PSi/PCL composites also have the potential to be used as target
drug delivery vehicles. In one study, PSi was loaded with Cis – (2, 2´- bipyridine)
dichloro ruthenium (II) (CBDR) and Tris– (2, 2´- bipyridine) ruthenium chloride
(TBRC) as model hydrophobic and hydrophilic drugs, respectively. In order to study
how the spatial location of the loaded PSi affects the drug release behaviors, two
types of composites were prepared: one is where drug loaded PSi was fully
encapsulated into PCL fibers; the other involved drug loaded PSi surface embedded
onto PCL fibers. Both of the release profiles show the same trend in that the initial
release of CBDR or TBRC from fully encapsulated PSi in PCL is much slower than
that released from surface embedded PSi. The controlled-release of CBDR and TBRC
both depend on both the amount of drug loading and their spatial distribution in the
PCL fibrous scaffolds.
Overall, the results show that electrospun PSi composites can be considered as
biocompatible scaffolds with the potential as drug delivery materials for orthopedic
tissue engineering applications.

