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The objective of this study is to fabricate chitosan microparticles under mild
environmental conditions. These microparticles will serve as a better carrier for relevant
growth factors and facilitate the repair and regeneration of critical-sized defects in bones.
Chitosan is structurally similar with glucosaminoglycans, and this makes it particularly
attractive as a biomaterial for bone defects, as glucosaminoglycans are usually the
interacting molecules with osteoblasts. Chitosan and tri-ppolyphosphate (TPP)
microparticles were employed because this system can be engineered quantitatively to
obtain a scaffold with desired physical and biological properties. Coacervation technique
was employed to cross-link amine groups in chitosan with phosphate groups in TPP.
Temperatures below room temperature were maintained during the cross-linking process
to ensure maximum encapsulation efficiency of the growth factors. Physical and
morphological characteristics of the microparticles were determined using scanning

electron microscopy; the microparticles have a diameter in the range of 400-700 um, and



the surface was found to be groovy and rough. Degradation study conducted in vitro
indicated that the microparticles remained unaltered for 30 weeks when suspended in
phosphate buffered saline (PBS) of pH 7.4 containing lysozyme (10 mg/L), but when the
microparticles were suspended in PBS solution of pH 5.1 containing lysozyme enzyme,
the microparticles degraded within 15 weeks. In order to evaluate the harms of organic
solvents like hexane and acetone on growth factor encapsulation, cumulative release
profiles of insulin-like growth factor 1 (IGF-1) was compared between particles prepared
using the emulsification and coacervation techniques. These results indicated a
significant decrease (p<0.05) in the encapsulation efficiency, which in turn also
decreased the cumulative release from the emulsification microparticles in comparison
with coacervation technique during the two-week period. In order to optimize various
parameters that control the release kinetics of growth factor from microparticles, IGF-1
was used and it was found that microparticles with IGF-1 encapsulated in it and prepared
at below room temperatures using 50% TPP, exhibited a better controlled release profile.
With these optimized parameters, microparticles were fabricated incorporating bone
morphogenetic protein 7 (BMP-7), which is the protein of interest in this study and in
vitro experiments were conducted. BMP-7 was incorporated in two ways: encapsulation
and coating. The release study results suggest that BMP-7 encapsulated microparticles
exhibited a controlled release profile, while a burst release was observed in BMP-7
coated microparticles. Cell proliferation study conducted using DNA assay indicated a
statistical significant increase (p<0.05) in the amount of DNA obtained from BMP-7
encapsulated and coated microparticles in comparison with microparticles without any

growth factors. Cell differentiation study conducted by real time RT-PCR demonstrated a



significant up-regulation in the expression of transcription factors — runx 2 and osx as
well as late osteoblast markers — OCN, OPN and BSP, which lead to increased
mineralization. These results indicate that chitosan microparticles obtained by
coacervation method are biocompatible and help in improving the encapsulation

efficiency of BMP-7.

The local application and controlled release of growth factors and antibiotics is beneficial
to stimulate bone healing and prevent infection at the same time. Therefore, dual release
of growth factor bone morphogenetic protein-7 (BMP-7) along with antibiotics-
vancomycin and cefazolin respectively was also studied. In both the release study
experiments, only about 50% of the total encapsulated drug is released and it was
observed that cefazolin could inhibit bacterial growth to a greater extent (~85%) in
comparison with vancomycin (~80%). BMP-7 release profile in the presence of
antibiotics remained unaltered, indicating that the drugs do not affect the stability of the
protein. It is also important to consider the amount of drugs incorporated into the
microparticles, as it is cytotoxic for osteoblasts. 50 pg/ml and 100 pg/ml of cefazolin
were found to positively influence osteoblasts cell proliferation. In the complete duration
of our release study, the concentration of cefazolin remained <70 pg/ml. Interestingly, in
cefazolin and BMP-7 group, a significant increase in osteoblasts cell proliferation was
observed in comparison with BMP-7 only, indicating that cefazolin also may play a role
in osteoblast proliferation. On the other hand, 1000 pg/ml of vancomycin was found to
significantly reduce cell proliferation, indicating it is toxic for osteoblasts. Therefore, the

amount of vancomycin to be incorporated was chosen accordingly.



Microparticles with and without BMP-7 were finally tested in vivo to determine the
biological response in bone tissue in rats. Healthy bone growth was observed adhered to
the microparticles. Histology images indicated minor inflammatory response observed
around the microparticles at 6 weeks, which reduced by 12 weeks. Bone volume fraction
was found to be significantly less in comparison with controls, which can be explained by
the presence of microparticles occupying the defect site. u-CT analysis of bone surface
density and porosity was found to be significantly more (p<0.05) for microparticles
containing groups, which include microparticles without growth factors, microparticles
with BMP-7 encapsulated and BMP-7 coated microparticles in comparison with controls,
which suggests that the new bone formed in the presence of microparticles is more
interconnected and porous. Collagen fibrils analysis conducted using multiphoton
microscopy indicated a significant improvement in the formation of bundled collagen
area (%) in microparticles containing groups in comparison with controls, from which we
understand that the collagen fibril diameter is higher and therefore the cross-linking
between the fibrils is higher. The effect of BMP-7 was not effectively observed and this
can be hypothesized to be due to (i) insufficient concentration of BMP-7 incorporated (ii)
formation of fibrous capsule by macrophages around the microparticles, which inhibit
growth factor release and (iii) highly acidic conditions created by macrophages at the
surface of the microparticles may degrade the growth factor being released. This study
therefore proves that even though the microparticles with growth factors significantly
improved proliferation and differentiation of osteoblasts in vitro, in vivo conditions are
completely different, and all the observations from this study should be considered for

fabricating chitosan microparticles in future for bone tissue engineering applications.
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Chapter 1

Introduction

Bone is a remarkable organ playing critical functions in many physiological processes in
humans, which include movement, protection of critical organs, blood production,
mineral storage and homeostasis, blood pH regulation, multiple progenitor cells
production (mesenchymal, hemopoietic), and others. It is known that bone is one of the
few tissues that can heal without forming a fibrous scar. It is a dynamic organ in the
body, which is constantly being resorbed and formed, through very meticulous processes.
Bone remodeling requires coordination of cellular, hormonal, and systemic components
in response to chemical and mechanical stimuli. This ability of bone to remodel with its

high degree of vascularity gives it the high regeneration potential.

However, despite the excellent regenerative capacity of skeletal tissue, the biological
process fails sometimes and fractures healing in unfavorable anatomical position show a
delay in healing or even develop pseudo-arthrosis or non-union. These situations may

arise either due to diseases such as osteogenesis imperfect, osteoarthritis, osteomyelitis,

1



and osteoporosis in which bone does not function properly or due to traumatic injury or

total joint replacements.

Bone graft is a huge business, generating sales of more than $2.5 billion a year [1]. Of
nearly 3 million musculoskeletal procedures done annually in the United States, about
half involve bone grafting with either an autograft or an allograft [2]. Although autografts
are considered the gold standard for healing bone defects, their usage is limited by donor
site. morbidity and supply [1]. Limitations of using allograft include immunogenic
response and potential disease transmission [3]. Due to these limitations, the development
of new orthobiologic materials to aid in the management of bony defects is increasing.
Demineralized bone matrix (DBM) is produced by acid extraction of allograft cortical
bone and possesses both osteoconductive and osteoinductive properties [3,4]. However,
the potency of different DBM preparations depends on the manufacturing process [4].
BMP-2 and BMP-7 have been found to possess independent osteoinductive activity and
have been approved for clinical use [1,4]. Contraindications for the use of BMP include
pregnancy, history of cancer, skeletal immaturity and history of bone tumors [1]. Cost is
a major limitation of BMP products: one 5-ml vial costs around $5000 [1]. Further
research lead to the usage of osteoconductive bone graft substitutes like coralline
hydroxyapatite, collagen based matrices, calcium phosphate and bioglass. These products
however lack osteoinductivity unless an osteoinductive product is added [5]. But due to

either their mechanical or degradation properties, they are not considered ideal.



1.1 Problem

The lack of ideal bone tissue engineering scaffolds necessitates continuous research for
new biomaterials and novel fabrication techniques to improve the repair of load bearing
bone defects. A number of biocompatible natural and synthetic biomaterials including
polymers and ceramics have been explored for critical-sized bone repair and regeneration
in the past [6]. Natural polymer chitosan has been investigated for a variety of tissue
engineering applications, but the fabrication techniques used were not favorable for
serving as a carrier for therapeutically relevant factors [7] and the scaffolds thus obtained

generally suffered from inferior biomechanical properties [8,9].

1.2 Objective

In thus study, we intend to fabricate chitosan microparticles/scaffold for bone tissue
regeneration, which will act as a favorable carrier for the growth factors and antibiotics;
is biocompatible so that the scaffold can be well-integrated into the host tissue without
much immune response; is mechanically competent to withstand local stress and very

importantly, is biodegradable, and the degradation products are not toxic.

1.3 Approach

In order to achieve the above-mentioned objective, we divided our experimentation into

five segments:



Aim 1. To fabricate and characterize chitosan-tri polyphosphate (TPP)
microparticles using mild environmental conditions. Hypothesis: The microparticles
formed using mild environmental conditions will have biocompatible surface morphology
and composition to support active growth factor encapsulation and cell attachment,

proliferation and differentiation.

1. Optimize the parameters of fabrication method of chitosan-TPP microparticles to
obtain spherical shape microparticles with desired surface morphology and
composition.

II.  Compare insulin like growth factors (IGF-1) incorporation into the microparticles
prepared using ionic-crosslinking and emulsification method to determine the
effect of organic solvents on the proteins.

III.  Study the degradation of optimized coacervation microparticles.

Aim 2. To design an efficient method of growth factor encapsulation for improved
encapsulation efficiency and sustained release of protein over time and test its
bioactivity. Hypothesis: The sustained release of growth factors encapsulated into the
microparticles is dependent of several parameters like the degree of cross-linking of the
microparticles, amount of growth factor being encapsulated, method of incorporation of

the growth factor and pH of the release medium.

1 Quantify the growth factors being released to optimize the amount of growth
factor that needs to be encapsulated, degree of cross-linking and method of

growth factor encapsulation for sustained release.



II.  In order to determine the effect of temperature on stability of the growth factors,
microparticles were prepared at room temperature and below room temperature

and compared.

Aim 3. To perform in vitro cell studies to demonstrate the biocompatibility of the
chitosan microparticles and bioactivity of the growth factors released from the
microparticle. Hypothesis: Pre-osteoblasts will show improved cell attachment,
proliferation and differentiation in the presence of the chitosan microparticles with and

without growth factors over controls.

1. Determine whether the surface of the microparticle can initiate attachment and
adhesion of the undifferentiated cells, which play an important role how they
react to the material.

II.  Determine whether the surface of the microparticles supports survival of the
attached cells and promotes their proliferation over its three dimensional
structure, which is known to be directly governed by the surface morphology.

1II.  Determine the effect of the interaction of the microparticles with the cells to
dictate their differentiation into mature osteoblasts that later produce calcified

matrix, which are necessary to bone remodeling.

Aim 4: To design efficient encapsulation of antibiotic for their sustained release
from chitosan microparticles and determine the activity of the released drug.
Hypothesis: The concentration of antibiotics released from the microparticles should be
optimized in order to prevent microbial contamination as well as improve bone healing

at the same time.



1. Define the influence of a range of antibiotic concentrations on pre-osteoblasts to
determine which concentrations will not affect their proliferation and can be
incorporated into the microparticles.

II.  Optimize the release of antibiotics from the chitosan microparticles.

1II.  Determine the effect of the released antibiotics on the growth of Staphylococcus
epidermidis to demonstrate the bioactivity of the released antibiotic and determine
the time period until which the encapsulated antibiotic can be released in a

sustained manner to inhibit bacterial growth.

Aim 5: To perform in vivo studies to determine bone healing after implanting
chitosan microparticles with and without growth factors in rat femur. Hypothesis:
Rats will show improved and faster healing in the presence of microparticles with and
without growth factors in comparison with controls which do not have any scaffold

material inserted in the defect site.

I.  Examine the formation of new bone in the presence and absence of chitosan
microparticles over a period of time and compare it with control to determine the

effect of chitosan microparticles

1.4 Outline

Chapter 1 presents a brief introduction stating the significance of conducting the research
and the objectives that will be addressed in this study. Chapter 2 includes a detailed
review on the structure and physiology of bone, understanding the process of fracture

healing, the role of chitosan as a biomaterial, various fabrication techniques used and the



disadvantages associated with them and the importance of controlled growth factors and

antibiotics delivery.

In Chapter 3, microparticles are fabricated using two approaches - emulsification and
coacervation and were compared to determine encapsulation efficiency of the growth
factor. Section 3.2 describes the methodology followed to obtain the two types of
microparticles and their characterization by scanning electron microscopy (SEM).
Enzyme linked immunosorbent assay (ELISA) was used to quantify the growth factors.
Section 3.3 compares the results obtained and section 3.4 discusses the reasons for the

obtained results and compares it with the existing literature.

From Chapter 4 onwards, we consider only the microparticles obtained by coacervation
method (as concluded from Chapter 3). In Chapter 4, we optimize various parameters
considered necessary for the controlled release of growth factor. For the purpose of
optimization, insulin-like growth factor 1 (IGF-1) was used. Section 4.1 and 4.2 describe
the various parameters considered, ELISA was used to quantify the growth factor and the
bioactivity of the released growth factor was tested by live/dead cell assay, vonkossa and
real time RT-PCR. Section 4.3 describes the results obtained and section 4.4 discusses the

reasons for the observations and compares it with the literature.

One of the aims in this study was to observe the influence of BMP-7 incorporated
chitosan microparticles in vitro and in vivo. Therefore, in Chapter 5, we conducted in
vitro studies to demonstrate the effect of BMP-7 incorporated chitosan microparticles on

pre-osteoblasts. Section 5.2, 5.3 and 5.4 describe the various methods used to determine



the influence, the results obtained and the discussion regarding the observations

respectively.

In Chapter 6, since infections are also a major concern after bone surgeries, therefore we
intended to incorporate antibiotics also along with growth factors, to determine their
release kinetics, determine the influence of antibiotics on osteoblasts and also determine
the bioactivity of the released antibiotics by microbial tests. Section 6.2, 6.3 and 6.4
describe the various methods used to determine the influence, the results obtained and the

discussion regarding the observations respectively.

In vitro and in vivo conditions are completely different, and therefore to test the
performance of the chitosan microparticles in vivo, we conducted our experiments by
creating critical size defects in rat femurs. Chapter 7 focuses on the methodology (section
7.2) and results (section 7.3) obtained when BMP-7 coated and encapsulated

microparticles are used in vivo.

Chapter 8 includes a summary of the conclusions obtained from this research.

Chapter 9 presents a business plan for commercialization of this invention. This includes
sections on the opportunity rationale (section 9.1), product and product line description
(section 9.2), customer segment (section 9.3), detailed market analysis (section 9.4),
competitors (section 9.5), key resources (section 9.6), and distribution channels (section

9.7).



Chapter 2

Literature Review

2.1 Structure and Physiology of Bone

The skeleton serves a variety of functions, which include providing structural support for
the body, permit movement and locomotion by providing levers for the muscles, protect
vital internal organs, provide maintenance of mineral homeostasis and acid-base balance,
serve as a reservoir of growth factors and cytokines and provide the environment for

hematopoiesis within the marrow spaces [10].

There are four general categories of bones — long bones, short bones, flat bones and
irregular bones. Long bones are composed of a hollow shaft — the diaphysis, cone-shaped
metaphyses below the growth plate and the rounded epiphyses above the growth plates.
The diaphysis is composed of primarily of dense cortical bone, while the metaphysis and
epiphysis are composed of trabecular meshwork bone surrounded by relatively less dense

cortical bone.



The adult human skeleton is composed of 80% cortical bone and 20% trabecular bone
overall [11]. Different bones in the skeleton have different ratios of cortical to trabecular
bone: the ratio is 50:50 in the femoral head and 95:5 in the radial diaphysis. Cortical bone
is compact structural tissue, with only 10% porosity, while trabecular bone is composed
of a honeycomb-like network of trabecular plates and rods interspersed in the bone
marrow compartment. Both cortical and trabecular bone are composed of repeating units
of haversian system or osteon, which is primary anatomical and functional unit. They are
cylindrical in shape approximately 400 mm long and 200 mm wide at the base and form a
branching network within the cortical bone [11]. Each osteon has concentric layers of
mineralized matrix, called concentric lamellae, which are deposited around a central
canal called haversian canal, each containing a blood and nerve supply (Figure 2.1).
Cortical bone is covered by a highly vascularized fibrous connective tissue, the
periosteum on the outside and an inner endosteal surface. Bone formation usually
exceeds bone resorption on the periosteal surface, resulting in appositional growth and
therefore bones normally increase in diameter with aging. The endosteal surface has a
higher rate of remodeling activity than periosteal surface, mainly due to greater
biomechanical strain or greater cytokine exposure from the adjacent bone marrow. Bone
resorption typically exceeds bone formation on the endosteal surface, so the marrow
space normally expands with aging. Cortical bone is metabolically less active than
trabecular bone. This can be understood from the fact that an estimated 21x10° cortical
osteons are there in human adults with an total haversian remodeling area of 3.5 m’ in
comparison with approximately 14x10° trabecular osteons, but a total remodeling area of

7 m* [12].
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Figure 2.1: Detailed structure of bone (Courtesy: Mcgraw-Hill Companies, New York
City, New York)

Cortical and trabecular bone have a lamellar pattern, in which collagen fibrils are laid
down in alternating orientation [11]. The mechanism by which the osteoblasts lay down
the collagen is unclear, but lamellar bone has a significant strength due to the alternating
orientation of collagen fibrils. The normal lamellar pattern is absent in woven bone, in
which the collagen fibrils are laid down in random manner. Woven bone is normally
produced during the formation of primary bone and therefore is weaker than lamellar

bone.
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Bone marrow is composed of hematopoietic tissue and stromal cells [13]. Recent studies
have shown that marrow stromal cells are the progenitor cells for skeletal tissue [14].
There are five different cell types involved in bone maintenance and remodeling;
osteoclasts, osteoblasts, osteocytes, mesenchymal stem cells (MSCs), and bone lining

cells (Figure 2.2).

Cancellous
bone
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\/
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~ h. .
_;_"_‘-t
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Trabecula —

(b) 1= Canaliculus

Figure 2.2: Structure and components of bone tissue (Courtesy: Mcgraw-Hill Companies,
New York City, New York)

Osteoclasts are responsible for bone resorption, which is the first step in bone remodeling
process, followed by bone homeostasis [15,16]. These cells are large multi-nucleated
cells that differentiate from a fraction of monocytes found in peripheral blood [17]. They

bind to the bone matrix via interactions between integrin receptors in their cell
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membranes and RGD (arginine, glycine and aspargine) containing peptides in the matrix
proteins. Osteoclast-mediated bone resorption takes around 2-4 weeks during remodeling
cycle. Their formation, activation, and resorption are regulated by the ratio of receptor
activators of NF-KB ligand (RANKL) to osteoprotegerin (OPG), IL-1 and IL-6, colony
stimulating factor (CSF), parathyroid hormone, 1,25-dihydroxyvitamin D and calcitonin
[18,19]. Activated osteoclasts secrete hydrogen ions via H+-ATPase pumps and chloride
channels on their cell membranes to lower the pH within the bone resorbing compartment
to as low as 4.5, which helps solubilize bone mineral [20]. Resorbing osteoclasts also
secrete tartarate-resistant acid phosphatase, cathapsin K, matrix metalloproteinase 9 and
gelatinase from cytoplasmic lysosomes to digest the organic matrix, resulting in the
formation of saucer-shaped lacunae [21]. Soon after resorption phase, the osteoclasts
undergo apoptosis [22].

At the completion of bone resorption, the cavities contain a variety of cells including
monocytes, osteocytes released from bone matrix and preosteoblasts recruited to begin
new bone formation. The signals linking the end of bone resorption and beginning of
bone formation are unclear, but derived factors such as TGF-B, IGF-1, IGF-2, BMPs,
PDGF and FGF have been found to play an important role [23,24]. Bone matrix releases
TGF-B, which decreases osteoclast resorption by inhibiting RANKL production by
osteoblasts. Another reason for the reversal phase has been proposed to be mediated by
the strain gradient in lacunae [25]. Osteoblasts are derived from mesenchymal stem cells
via Wnt/ B-catenin pathway [26]. They synthesize the osteoid (non-mineralized organic
matrix of the bone, i.e. type I collagen, osteocalcin, osteopontin, bone sialoprotein and

bone morphogenetic proteins) and regulate mineralization of the matrix by releasing
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small membrane bound vesicles that concentrate calcium and phosphate and
enzymatically destroy mineralization inhibitors such as pyrophosphate or proteoglycans
[27]. Osteoblasts also play an important role in vascularization process by secreting
morphogens that activate angiogenesis by signaling endothelial cells. At the completion
of bone formation, 50-70% of osteoblasts undergo apoptosis, with the remaining cells

becoming osteocytes or bone lining cells.

Osteocytes are terminally differentiated osteoblasts entrapped in the extracellular matrix
(ECM) and are involved in the maintenance of ECM and calcium homeostasis [28]. They
have extensive filopodial processes that lie within the canaliculi in mineralized bone [29].
Osteocytes also sense mechanical stress and communicate signals for bone remodeling
and tissue maintenance [30]. Rapid fluxes of bone calcium across filopodial gap junctions
are believed to stimulate transmission of information between osteoblasts on the bone

surface and osteocytes within the bone [31].

Bone lining cells are flat cells that cover all bone surfaces and are known to arise from
osteoblasts that become inactive, but they retain the ability to redifferentiate into
osteoblasts upon exposure to parathyroid hormone or mechanical forces [32,33]. These
cells may regulate influx and efflux of mineral ions into and out of bone extracellular

fluid, thereby serving as a blood-bone barrier.

ECM is another major component of bone and is composed of 20-40 % organic matrix,
50-70% mineralized matrix, 5-10% water and <3% lipids. The organic matrix is mainly
type I collagen and is synthesized intracellularly as tropocollagen and then exported

forming fibrils. Small fractions of 200 other non-collagenous proteins, such as
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glycoproteins, proteoglycans, integrin-binding proteins and growth factors also are
present in ECM. The most abundant mineral in bone ECM is hydroxyapatite
[Ca19(PO4)s(OH):], a calcium phosphate, crystallized at the surface of collagen fibrils
[27,34]. Matrix maturation is associated with the expression of alkaline phosphatase and
several non-collagenous proteins, including osteocalcin, osteopontin and bone
sialoproteins, as these calcium and phosphate binding proteins help regulate ordered
deposition of mineral by regulating the amount and size of hydroxyapatite crystals.
Osteoblasts secrete vesicles containing alkaline phosphatase, which cleaves the phosphate
groups and acts as the foci for calcium and phosphate depositions. The bone mineral
content provides mechanical rigidity and load-bearing strength to the bone whereas the

organic content provides elasticity and flexibility.

Bones are developed by two main processes- intramembranous and endochondral
ossification. Intramembranous ossification process generates flat bones and the skull
structure. In this pathway, initially embryonic mesenchyme condenses in fibrous
connective tissue membrane to develop primary ossification centers, which will
eventually fuse to form a network of interconnected trabeculaec made of woven bone.
After that, periosteum is formed at the surface of trabeculae, which is further mineralized
and part of intertrabecular connective tissue is transformed to hematopoietic tissue. And
finally the woven bone is remodeled into a lamellar bone. In the endochondral
ossification, long bones, vertebrae and pelvis are generated from cartilaginous tissue.
This process starts in the fetus where mesenchymal stem cells (MSCs) differentiate into
chondrocytes, converting the condensed mesenchyme into a cartilaginous model

(hyaline) of bone that will expand in its extremities, while becoming hypertrophic in the
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center. These hypertrophic chondrocytes will promote primary ossification by secreting
molecules such as alkaline phosphatase, type X-collagen or vascular endothelial growth
factor, which will induce ossification of cartilage. This tissue will be resorbed becoming
a structure onto which the progenitor cells differentiate into osteoblasts that will start to
deposit osteoid. After birth, secondary ossification centers develop at the extremities of

long bones, allowing development and growth of bone structure.

2.2 Fracture Healing

The process of fracture healing recapitulates bone development process and can be
considered a form of tissue regeneration. Following a trauma, bone heals by either
indirect fracture healing, which consists of both intramembranous and endochondral bone
formation or direct intramembranous (Figure 2.3). Of these, indirect form of fracture
healing is the most common form as it does not require anatomical reduction or rigidly

stable fracture.
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Figure 2.3: Events following a bone fracture (Courtesy: Mcgraw-Hill Companies, New
York City, New York)

2.2.1 Indirect Fracture Healing

This type of healing occurs usually in non-operative fracture treatment and in some
operative treatments where motion occurs at the fracture site, such as intermedullary
nailing, external fixation or internal fixation of complicated comminuted fractures [35].
Although it consists of both intramembranous and endochondral ossification, the
formation of cartilaginous callus which undergoes mineralization, resorption and
ultimately replaced with bone are the key features to this process [36]. This healing can

be divided into six steps:
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IIL.

Acute inflammatory response — A brief and highly regulated secretion of
proinflammatory molecules is necessary for tissue regeneration — it peaks within
first 24 h and is complete after 7 days [37]. Immediately following a trauma, a
hematoma is generated which coagulates around the fracture ends and within
medulla forming a template for callus formation. The initial proinflammatory
response involves secretion of tumor necrosis factor a (TNF-a), Interleukins (IL-
1,6,11 and 18) [38]. These factors recruit inflammatory cells to promote
angiogenesis. TNF-a is expressed by macrophages and other inflammatory cells
and has been shown to induce osteogenic differentiation of MSCs. Of the
interleukins, IL-1 and 6 are very crucial for fracture healing. Expression of IL-1
overlaps with TNF-a and it induces production of IL-6 in osteoblasts, promotes
the production of primary cartilaginous callus and also promotes angiogenesis at
the injured site [39]. IL-6 on the other hand stimulates angiogenesis, vascular
endothelial growth factor (VEGF) production and differentiation of osteoblasts
and osteoclasts [40]

Recruitment of MSCs — The origin of MSCs for bone tissue regeneration is still
an ambiguity and can be from soft tissue surrounding the defect, bone marrow or
systemic recruitment of circulating MSCs [41]. The molecular events that lead to
the recruitment of MSCs are also unclear, but BMPs have long been known to
play an important role [42]. Stromal cell derived factor -1 (SDF-1) expression was
also found to be increased at fracture site. SDF-1 has been shown to recruit G-

protein coupled receptor CXCR-4 expressing MSCs to the injured site during
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I1I.

IV.

endochondral healing. Hypoxia inducible factor la (HIF-la) also plays an
important role in bone repair by induction of VEGF for revascularization [43].
Development of cartilaginous and periosteal bony callus — Following the
formation of hematoma, a fibrin rich granulation tissue, which is a new
connective tissue with few blood vessels, is formed on the wound. Within this
tissue, endochondral formation occurs between fracture ends and external to the
periosteal sites and within 7-9 days post trauma, a soft, less stable cartilaginous
callus is formed [44]. This was indicated by high expression levels of type II
procollagen and proteoglycan core protein extracellular markers. At the same
time, subperiosteally, intramembranous ossification response occurs adjacent to
the proximal and distal ends of the fracture, generating hard callus. It is this hard
callus formation, which provides the fracture with semi-rigid structure, which
allows weight bearing. The MSCs are responsible for the callus formation and is
followed by a cascade of molecular events, which involve collagen I and II matrix
production, and several peptide molecules. Transforming growth factor f (TGF-
B) members - TGF- B2, TGF- B3 are involved in chondrogenesis and
endochondral ossification, whereas BMP5 and 6 have been suggested to induce
cell proliferation in intramembranous ossification at periosteal site. In addition,
BMPs have been shown to play a crucial role in callus formation as mice with
inactivation mutation in BMP-2 are not able to form callus to heal fractures [45].
Neovascularization and revascularization at the fracture site — A good blood
supply and revascularization is necessary for successful bone repair. At the

endochondral ossification site, this involves not only angiogenic pathways, but
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also chondrocyte apoptosis and cartilaginous degradation as the removal of cells
and extracellular matrix (ECM) is necessary for ingrowth of blood vessels. Once
this structural pattern is achieved, two pathways can be followed, an angiopoietin
dependent pathway and a VEGF dependent pathway. Angiopoietin pathway, with
primarily angiopoietin 1 and 2, is induced initially to promote formation of
vessels from the pre-existing ones in the periosteum [46]. Whereas in the VEGF
pathway, it promotes vascular regeneration. Both osteoblasts and hypertrophic
chondrocytes have shown high expression levels of VEGF, indicating promotion
of blood vessels and transformation of avascular cartilaginous tissue to
vascularized osseous tissue. VEGF is known to promote vasculogenesis, i.e
aggregation and proliferation of endothelial MSCs into vascular plexus and
angiogenesis, i.e. growth of new vessels from already existing ones. Several other
factors have been shown to have pro-angiogenic effect, such as the synergistic
interaction of BMPs with VEGF and the role of mechanical stimuli to enhance
angiogenic activites.

Mineralization and resorption of cartilaginous callus — The primary soft
cartilaginous tissue should be replaced by hard bony callus for bone regeneration.
Wnt-family of molecules is thought to regulate differentiation of pluripotent
MSCs into the osteoblastic lineage and to positively regulate osteoblastic bone
formation. Resorption of mineralized cartilage is initiated by macrophage colony
stimulating factor (M-CSF), receptor activator of nuclear factor kappa B ligand
(RANKL), osteoprogegerin (OPG) and TNF-a and they also recruit bone cells

and osteoclasts to form woven bone. TNF-a’s most important role is apoptosis of
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chondrocytes.  Calcification mechanism involves mitochondria, which
accumulates calcium-containing granules created in the fracture environment.
These calcium granules are transported into the ECM, where they are precipitated
with phosphates and form initial mineral deposits. The peak of hard callus
formation is reached 14 day post trauma in small animals as proved by ECM
markers such as type I procollagen, osteocalcin, alkaline phosphatase and
osteonectin [44].

Bone remodeling — Despite the formation of hard callus, biomechanical properties
of natural bone are not restored and in order to achieve this, fracture healing
cascade initiates a second resorptive phase, this time to remodel the hard callus to
a lamellar bone structure with central medullary canal. During this phase, IL-1,
TNF- o and BMPs expression increases, while TGF-f expression decreases [47].
Remodeling is carried out by balancing bone resorption process by osteoclasts
and lamellar bone formation process by osteoblasts. Bone remodeling is shown to
be a result of production of electrical polarity created when pressure is applied in
crystalline environment [48]. Axial loading of long bone creates ne
electropositive convex surface and one electronegative concave surface,
activating osteoclasts and osteoblasts. Due to these actions, external callus is
replaced by lamellar bone and internal callus results in a medullary cavity
resulting in diaphyseal portion of bone. Although this process is initiated 3-4

weeks in animal and human models, remodeling may take years to be completed.

In cases, when neither adequate blood supply nor mechanical stability is achieved, it

results in strophic fibrous non-union and in cases with good vascularity but unstable
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fixation, healing process progresses to form a cartilaginous callus, but results in

hypertrophic non-union or pseudoarthritis.

2.2.2 Direct Fracture Healing

For this process to occur, it requires a correct anatomical reduction of fracture ends,
without any gap formation, and a stable fixation resulting in substantial decrease in
interfragmentary strain. When these conditions are met, direct bone healing can occur by
direct remodeling of lamellar bone, the haversian canals and blood vessels via two

Processes:

I.  Contact healing — If the gap between bone ends is less than 0.01 mm and
interfragmentary strain is less than 2%, contact healing follows [49]. In this
process, bony union and restoration of haversian system occurs simultaneously in
longitudinal direction. Re-establishment of haversian system allows penetration of
blood vessels carrying osteoblastic precursors. Osteons mature by remodeling to
lamellar bone resulting in fracture healing without periosteal callus formation.

II.  Gap healing — This type of healing occurs when defect is less than 800 pum-1 mm
[50]. In this process, initially lamellar bone oriented perpendicular to the long axis
is created, therefore requiring a secondary osteonal reconstruction. In this process,
primary bone is replaced by longitudinal revascularized osteons carrying
osteoprogenitor cells, which differentiate into osteoblasts and produce lamellar
bone on each surface of the gap [51]. This lamellar bone is laid perpendicular to
the long axis and therefore is mechanically weal and therefore undergoes

secondary remodeling to restore biomechanical and anatomical properties.
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2.3 Bone Tissue Engineering

Great number of bone defects do not heal properly using standard treatments [52] and this
can be due to severity of an injury, extent of soft tissue damage, inadequate internal
fixation, advanced age or co-morbidities such as diabetics [52]. The National Center for
Health Statistics’ National Health Interview Survey provides information on the
percentage of fractures in the United States [53]. Of a total of 5,946,000 fractures per
year, the average annual number of lower leg fractures (tibia, fibula and ankle) in the
United States was 581,000. Approximately 10% of the tibial fractures result in non-
unions [54]. The majority of non-union fractures (62%) occur in tibia, while 23% occur
in the femur, 7% in the hemerus and 7% in the forearm [55]. For all critical or non-union
bone defects, a biomaterial must be filled at the defect site. The current gold standard
treatment is using an autogenous bone grafting. In this method, bone is removed, usually
pelvis or iliac crest in the patient and grafted at the defect site. However, the complication
rate is very high at around 30% and includes donor site morbidity, limited availability,
extended surgical and anesthesia time, prolonged hospitalization and rehabilitation, risk
of deep infection, hematoma, and inflammation [56-63]. Second preferred method is
usage of allografts. They are derived from human cadavers and similar to autografts, their
success is also attributed to physical and biological similarity in donor and host tissue.
However, allografts are associated with improper methods of tissue recovery leading to
disease transmission (rate of incidence as high as 13%) [64-66], reduced biological and
mechanical properties following sterilization and storage and limited availability. The last
type of bone graft would be a xenograft, a tissue obtained from a non-human source.

After almost two decades of investigation and clinical trials, xenografts are widely
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considered unsuitable for transplantation due to risk of disease or virus transmission,

toxicity associated with sterilization, immunogenicity and finally host rejection [67-69].

All these concerns motivated the development of bone graft substitutes in recent years. A
number of different materials are being tested to observe their efficacy in bone
regeneration [70-74]. Advantages in utilizing these include: elimination of disease
transmission risk, fewer surgical procedures, reduced risk of infection or immunogenicity
and abundant availability of synthetic materials. Therefore, an ideal bone graft substitute
must be capable of physiochemical biomimetic environment while biodegrading as the
natural tissue builds and promoting the desirable physiological responses [75-79]. For a
biomaterial to act as a bone scaffold, it should possess the following properties: provide
mechanical support at the affected site, act as a scaffold for osteoid deposition, contain
porous architecture to allow vascularization and bone in-growth, support and promote
osteogenic differentiation in non-osseous, synthetic scaffold, promote scaffold-host tissue
integration, degrade in a controlled fashion to facilitate load transfer to developing bone,
non-toxic degradation products, should not incite chronic degradation response, capable
of sterilization without loss of bioactivity and able to deliver bioactive molecules or drugs

in a controlled manner to accelerate bone healing [80-82].

2.4 Chitosan as a Biomaterial

Chitosan is a natural polymer formed by alkaline deacetylation of chitin, the second most
abundant natural polysaccharide, primarily obtained from shellfish, such as crab and
shrimps. Chemically it comprises of B (1-4) linked D-glucosamine residues with N-

acetyl-glucosamine side chains that makes it structurally similar to glucosaminoglycans
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(GAGs), which are usually the interacting molecules with osteoblasts [83-85], make it
particularly attractive as a biomaterial for bone defects. Chitosan has been found to
provoke least foreign body response, leading to just normal granulation and neutrophils
accumulation, which ultimately result in triggering local cell proliferation and integration
of the scaffold with the host [86,87]. Chitosan has already been studied for a number of
biomedical applications including wound dressing, drug delivery system, and space
filling implants and has already gained Food and Drug Administration approval for
human use in wound dressing [88-92]. Chitosan’s degree of deacetylation has often been
cited as an important parameter that determines physiochemical and biological properties
such as crytallinity, hydrophilicity, degradation and cell response [93-98]. Chitosan’s
molecular weight ranges from 300 to over 1000 kD with a degree of deacetylation from
50% to 95%. Chitosan is insoluble in solutions above pH 7.0, however the free amino
groups of glucosamine are protonated in dilute acids (pH<6.0). Chitosan can also be
degraded in vivo by lysozymes through hydrolysis of acetylated residues, but studies have
shown that degradation rate is dependent on the degree of deacetylation, which is
determined by the ratio of glucosamine/N-acetyl glucosamine. The highly deacetylated
chitosan (>80%) has the lowest degree of degradation; whereas the lesser deacetylated
molecules have much faster degradation [99]. Finally the degradation products are
varying length of oligosaccharides. Degradation is an important property of a bone
scaffold material because in order for the bone to heal completely, the scaffold material
has to be replaced completely by the new natural bone. All the properties it possesses-
biocompatibility, biodegradability, wound healing capabilities and antibiotic properties

makes it an attractive biomaterial for bone regeneration. However, the methods of
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preparing chitosan scaffolds in the previous studies do not fulfill all the necessary criteria
for bone tissue engineering. Therefore, a better understanding of the already used
techniques is necessary to determine the advantages and disadvantages associated with

them.

2.5 Growth Factors for Bone Tissue Engineering

One of the techniques to improve osteoconductivity of chitosan scaffolds is to incorporate
biologically active molecules, which play a crucial role in bone regeneration. As
discussed previously, growth factors are expressed in all the stages of fracture healing.
Some of the important growth factors include TGF-B, IGF-I and II, PDGF, FGF and

various types of BMPs.

BMPs are the members of TGF-B superfamily and are known to be osteoinductive
[100,101]. BMP was first identified by Urist in 1965, when he observed that
demineralized bone matrix (DBM) induces ectopic bone formation when implanted under
skin of rodents and there was a recapitulation of all the events that occur during skeletal
development [102]. BMPs are known to be produced by MSCs, osteoblasts and
chondrocytes and they induce a cascade of cellular pathways that promote cell growth,
migration and differentiation of MSCs to repair injury, stimulate angiogenesis, as well as
synthesis of ECM and play a regulatory role in tissue hemeostasis [103]. Studies have
shown that in fracture healing, BMP-2 mRNA shows maximum expression within 24 h of
injury, indicating an important role in initiating the repair cascade. BMP-3, BMP-4,
BMP-7 and BMP-8 have been shown to be expresses during bone repair from days 14-

21, when the resorption of calcified cartilage and osteoblastic recruitment are most active,
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and bone formation occurs. BMP-7 has the capacity to select a cell population from bone
marrow and assign it a skeletogenic potential under in vitro and in vivo environments
[104-106]. BMP-5 and BMP-6 and other members of TGF superfamily are expressed
from days 3-21 during fracture healing in mice, suggesting they have a regulatory effect
on both intramembranous and endochondral ossification. BMP-2 to BMP-8 show high
osteogenic potential, however BMP-2, BMP-6 and BMP-9 are the most potent inducers
of MSCs differentiation to osteoblasts, while other stimulate maturation of osteoblasts

[107].

Another important growth factor is insulin like growth factor — I and II. IGF-I and IGF-II
are delivered by osteoblasts, chondrocytes, endothelial cells and bone matrix and these
growth factors are detected by MSCs and bone cells in autocrine/paracrine manner by
IGF binding proteins (IGFBPs), which modulate their action by intracellular tisone kinase
pathway [108]. IGF-II is the most abundant GF in bone matrix. However, IGF-I is 4 to 7
times more potential in synthesis of bone matrix (type I collagen and non-collagen matrix
proteins) [109]. In vitro studies have indicated that IGF-I mRNA was expressed during
MSCs recruitment and proliferation, while IGF-II mRNA was expressed later during
endochondral bone formation by osteoblasts and chondrocytes [110]. Therefore, IGFs are
necessary to promote bone formation, repair and MSCs cell proliferation and

differentiation.

However, clinical applications are very restricted, with BMP-2 being used for open tibial
and spinal fractures and BMP-7 for non-unions in tibia [111]. Both the BMPs are
currently being used with collagen as a carrier. New strategies that are still being

investigated are local and controlled release of growth factors from bone graft substitute
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that can be injected at the defect site. This technique would eliminate many clinical
problems being faced today in fracture treatment, such as (1) the need for exposure of the

fracture (2) risk of infection, and (3) side effects caused by carrier.

As it is known, the organic fraction of bone ECM consists mostly of fibrillar proteins
(collagen type I), glycoproteins (osteonectin, fibronectin etc.), sialoproteins (BSP,
osteopontin) and proteoglycans, consisting of a core protein with covalently attached
glycosaminoglycans (chondroitin sulpfate, dermatin sulfate, heparin sulfate and heparin).
Growth factors interact with the GAG units and this process is critical for morphogenetic
processes during tissue regeneration. [112-114]. The interaction between growth factors
and GAGs is mediated by electrostatic interactions, Vander Waals interactions and
hydrogen bonds. Localized growth factor binding results in formation of stable gradients,
which results in directed migration of the respective cell types [115]. Other ECM
components like fibronectin, vitronectin, tenascin, thrombospondin, fibrillin and collagen

type Il have been also found to interact with BMPs [116].

2.6 Controlled Growth Factor Delivery

Despite the knowledge on growth factor biology in bone regeneration, possibility of
large-scale production of growth factors, first clinical trials with a number of promising
growth factors like VEGF, BMPs have not shown significant effects or were of limited
efficiency [117-119]. In this trial, pure growth factors were injected as bolus. Such
uncontrolled delivery resulted in systemic rather than localized response [120].
Furthermore, in addition to their distribution in the body, the relatively short half-live of

growth factors in the circulation may have resulted in initial excess levels followed by a
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deficit of growth factors [121-123]. Several animal studies have shown that a narrow
therapeutic window of growth factors dose acts positively towards regeneration, whereas
too low or too high doses will most probably lead to severe side effects [124,125].
Therefore, in order to maintain physiologically relevant doses of growth factor and
preserve its activity over a prolonged period of time, localized delivery of growth factors
is an ideal solution. For growth factor administration, it can be either freely embedded or
bound to it. In the former approach, the release of growth factor is driven by passive
diffusion or coupled to material degradation. Release kinetics can be varied by either

altering material degradation rate or by changing growth factor quantity [126].

The efficacy of factor delivery is significantly enhanced by delivery of growth factors by
three-dimensional scaffolds [127,128]. Two distinct strategies for delivery of growth
factors by biomaterials have been pursued: (i) chemical immobilization of growth factors
into or onto the matrix and (ii) physical immobilization of growth factors in the delivery
system (Figure 2.4). The techniques currently being used for physical encapsulation of
growth factor include solvent casting and particulate leaching, freeze-drying, phase
separation, melt molding, phase emulsion, and gas foaming [129]. Table 2.1 lists the
advantages and disadvantages associated with these techniques [130-140]. An important
factor to consider is to minimize the exposure of growth factors to harsh conditions
during fabrication in order to protect the bioactivity of the proteins. Many other physical
and chemical factors also influence the release kinetics such as the polymer molecular
weight, distribution, hydrophobicity and porosity. The encapsulation efficiency and
mechanism of growth factor encapsulation depends on the hydrophobic-hydrophobic or

hydrophilic- hydrophillic interactions among the proteins and polymer. It is also
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dependent on the complexity of the structures of the carrier, for example, microparticles
with a core-shell structure prevented loss of growth factor during fabrication and washing
processes resulting in better encapsulation efficiency [141]. It is necessary that the carrier
material be fabricated in conditions that favor incorporation of the growth factor;

temperature, pH, and chemicals composition playing an important role in protein

stability.
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Figure 2.4: Two tissue engineering approaches using synthetic ECM to present growth
factors to tissue (a) physical encapsulation of growth factors to target specific cell
population to migrate and direct tissue regeneration (b) chemical entrapment of growth
factors [140].
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Table 2.1: Advantages and disadvantages associated with various fabrication techniques

when incorporating growth factors

porosity

Freeze drying High porosity and Limited pore sizes
interconnectivity range (15-35 pm),
reduced mechanical
properties
Phase separation High porosity Limited pore size(l-
10 um), residual
solvents
Gas foaming Free  of  organic Low pore
solvents, control over interconnectivity

Solvent casting/particulate leaching

Control over porosity,

Residual solvents and

pore size and porogen materials,
crystallinity, high limited  mechanical
porosity properties

Melt molding Control over High temperatures
macrogeometry,
porosity and pore
size, free of harsh
organic solvents

Phase emulsion Control over porosity, Limited polymer
pore size and types and mechanical
interconnectivity properties,  residual

solvents
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2.7 Drug Delivery

Gram-positive organisms are considered to be a major cause of bone infections,
especially staphylococci [142]. This genus of bacteria is a principal causative agent for
mainly two types of bone infection — septic arthritis and osteomyelitis. These infections
involve the inflammatory destruction of joint and bone [143,144]. It is a known fact that
cytokines play a prominent role in modulating bone turnover, and perturbation of their
levels has a profound effect on this process. Infection of bone by Staphylococcus species
initiates local and systemic production of TNFa, IL-1 and IL-6, which shifts the
homeostatic balance of bone turnover, increasing osteoclast differentiation and
diminishing osteoblasts-mediated bone matrix production and mineralization, thereby
driving bone destruction [145]. These species have also been found to interact directly
with bone cells. Staphylococcus epidermidis is also able to invade and grow within
cultured osteoblasts in vitro, where it will be shielded from immune effector mechanism
and antibiotics [146]. S. epidermidis is a gram-positive bacterium associated with normal
human flora, particularly skin flora. Although S. epidermidis are not pathogenic, they are
the most common coagulase-negative Staphylococcus species in many types of infection,
including osteomyelitis, and infection of prosthetic joints. [147-150]. S. epidermidis
organisms associated with the devices tend to produce a slimy material that mediates
adherence of these organisms to the smooth surfaces of prosthetic devices [151,152].
Surveillance data from the Health Protection Agency on surgical site infection between
1997-2005 found S. aureus to be the causative organism in 41.4% of hip prosthesis,
33.5% of knee prosthesis, 53% of open bone reduction of bone fracture and 59.1% of hip

hemiarthroplasty infection. S. epidermidis is the most common coagulase-negative
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Staphylococcus species in many types of infection, including osteomyelitis and infection
of prosthetic joints and it accounts for 15.1%, 20.7%, 7.5% and 6.3% of the infections
caused by S. aureus [153]. Clinical evaluations have demonstrated that bacterial adhesion
to an implant is an important step in development of an infection [154,155]. One
important observation in regards to microbial infection is that, the initial adhesion of the
bacteria to the surface of the biomaterial is a very crucial step in pathogenesis of
infection. They form biofilms on the biomaterial and that protects the bacteria from
immune system and antibiotics. Therefore the best way to treat the infection is to prevent
colonization of microorganism in the early stages [156,157]. Biomaterials that have
antibacterial properties and are capable of controlled release of antibiotics at the site of
action would be the best approach to reach deep inside the tissue with an effective drug
concentration [158]. Chitosan has been demonstrated to possess antibacterial activity
against many bacteria, filamentous fungi and yeast [159]. Research suggests that the
antibacterial activities of chitosan rely on numerous intrinsic and extrinsic factors like
pH, microorganism species, presence and absence of metal cations, pKa, molecular
weight and degree of deacetylation [160-163]. Chitosan has a wide spectrum of activity
against gram-positive and gram-negative bacteria, but lower toxicity against mammalian
cells [164]. All these properties of chitosan- biocompatibility, biodegradability, wound
healing capabilities and antibacterial properties make it an ideal material for preparing
scaffold materials to be used in bone tissue engineering. Therefore, as a measure of
prophylaxis, the surgeons are keenly interested in developing or using materials that

possess antibacterial properties.

33



The activity of bone healing also occurs at the same time and is accompanied by many
growth factors, molecular signaling and various cellular activities [165,166]. These
processes suggest that it would be beneficial to develop a system which could
simultaneously and timely deliver both the growth factor and the drug in a sustained
manner to help both the above mentioned processes [167,168]. For drug delivery
systems, there is particular interest in developing microparticle system in which the
growth factors and drugs are encapsulated in the microparticles for efficient release over
a long period of time [169]. The core-shell structure of the microparticles can overcome
the problem of burst release and at the same time protect the growth factor from harsh
environmental conditions. Two main challenges in developing this system are to control
the release behavior of the drug and growth factor simultaneously and to optimize the
dosage of the drug and growth factor in order to observe efficient bone regeneration.
Other parameters that need to be considered include the maintenance of effective
concentration, prolong their availability and to reduce the effect of high burst doses [170-

173].

Cephalosporins are the commonly used antibiotics to treat osteoarticular infections, given
their broad range of activity spectrum [174]. Cefazolin is a semisynthetic cephalosporin
with good in vitro activity against resistant strains of staphylococci (MICyy Img/L),
excellent tolerance and bone diffusion [175,176]. Several authors recommend the use of

cefazolin for treating bone and joint infections, particularly those due to S. aureus

[177,178].
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Serious infections caused by resistant strains are treated with vancomycin (glycopeptide
antibiotic with high activity against gram-positive bacteria) [179]. Therefore, cefazolin

and vancomycin along with S. epidermidis were chosen for our study.
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Chapter 3

Fabrication and Characterization of Chitosan-tri-
polyphosphate  Microparticles using Mild
Environmental Conditions

In this chapter, experiments conducted address hypothesis I. In order to do so,
microparticles are fabricated using emulsification and coacervation method. IGF-1
growth factor is encapsulated in both types microparticles and release is studied to
determine the influence of organic solvents used during microparticles fabrication. In

vitro degradation study is conducted using coacervation microparticles.

3.1 Materials

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, phosphate
buffer saline (PBS) were purchased from Sigma Chemicals (USA). Insulin like Growth
Factor-1 (IGF-1) was purchased from Invitrogen (USA), IGF-1 ELISA kit (DY291) was
supplied by R&D systems (USA) and LIVE/DEAD cytotoxicity/viability assay
(Invitrogen, USA).
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3.2 Methods

3.2.1 Fabrication of Chitosan Microparticles by Emulsification and

Coacervation Methods

Microparticles were prepared by emulsification and coacervation method. Emulsification
procedure followed was similar to the method described by Jayasuriya et al. [180-182]. In
the coacervation method, 2% (w/v) chitosan was prepared by dissolving in acetic acid
(1% v/v) at room temperature. The mixture was passed through a nylon mesh to remove
insoluble substances. This mixture was then added drop wise to the TPP solution. The
microparticles were allowed to cross-link overnight and then were air-dried. For
optimizing the microparticles preparation, various parameters varied include the amount
of TPP, temperature at which the microparticles were being prepared and needle size.
IGF-1 was dissolved in water and was added to the chitosan solution to encapsulate the

growth factor.

3.2.2 Characterization of Chitosan Microparticles

The surface morphology and particles size was analyzed using the scanning electron
microscope (SEM Hitachi S-4800, Hitachi Ltd., Japan). The samples were prepared by
fixing the microparticles using the double sided tape and sputter coating with gold before
analysis. The SEM operated at 15 kV voltage and 10 pA current. Size distribution data
was obtained from measuring diameter of particles obtained using SEM images (n=12),

with each image having a minimum of 10 particles.
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3.2.3 Degradation Study

The optimized microparticles were also tested for degradation in vitro. In order to do so,
the microparticles were suspended in PBS of pH 7.4 and 5.1 for a period of 30 weeks.
Lysozyme is added to PBS at a concentration of 10mg/L and the samples were incubated
at 37°C under continuous shaking at 50 rpm. Lysozyme is usually one of the enzymes
involved in degradation of chitosan in vivo. The averaged pH changes for microparticles

immersed in PBS solutions of pH 7.4 and 5.1 were plotted for 30 weeks.

3.2.4 Determination of IGF-1 Encapsulated in the Microparticles

Twenty mg of microparticles containing IGF-1 were dissolved in 2 ml of 1% acetic acid
and kept in incubator at 37°C for 20-24 h. The microparticles dissolved completely and
this sample was assayed by IGF-1 ELISA kit according to manufacturer’s protocol.
Triplicates of each sample were analyzed. Encapsulation efficiency (EE) was calculated

as follows:

__Actual amount of IGF—1 encapsulated into the microparticles

EE =

* 100%

Theoretical amount of IGF—1 added for encapsulation

3.2.5 In vitro Release Study of IGF-1

Microparticles (20 mg) were suspended in PBS (pH 7.4). The suspension was incubated
at 37°C with continuous rotation at 25-50 rpm for a period of two weeks. At
predetermined time points, PBS in the vials was collected and replaced with 2 ml of fresh
PBS to maintain the sink conditions. Samples were stored at -20°C until further analysis.
The IGF-1 remaining in the microparticles after the study period was determined by
dissolving the microparticles in 1% (v/v) acetic acid at 37°C for 24-48 h. To quantify the

IGF-I being released ELISA was used. Manufacturer’s protocol was followed to do the
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ELISA (R & D Systems). Triplicates of each sample were used to do the assay and the

results are expressed as mean + standard deviation (SD).

3.3 Results

3.3.1 SEM Characterization of Chitosan Microparticles and

Degradation Study

SEM images of the microparticles fabricated by emulsification method at room
temperature showed that they were in the size range of 50-80 um. Their shape was a little
distorted but overall shape was spherical (Figure 3.1a). The microparticles prepared by
coacervation method were spherical. The size range of these microparticles was between
400-700 pum (Figure 3.1b). SEM data has shown (Figure 3.1c) that the surface of the
microparticles is groovy and rough. SEM images of microparticles prepared by varying
parameters did not show much of a difference in shape and size but the microparticles
appear to be smoother when prepared at below room temperature when compared to the
microparticles prepared at room temperature. The size of the microparticles obtained
from one needle size had consistency and thus less variation in size (Figure 3.2). This is
advantageous as reproducibility of microparticles is necessary, which will result in

repeatability of the release behavior.
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Figure 3.1: SEM images of a) microparticles prepared by emulsification method; b) IGF-
1 encapsulated microparticle preparation using 30G needle; ¢) surface morphology of
microparticles prepared by ionic cross-linking method; d) cross-section of microparticle
shows the internal less dense structure.
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Figure 3.2: Size distribution of microparticles for n = 12 prepared using coacervation
method at low temperatures using 27G needle.
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The degradation study was conducted to determine the stability of the microparticles in
vitro. The data shows that there is not a significant difference in the pH of the solution
even after 30 weeks (Figure 3.3). There was also not much change in the physical
structure of the microparticles immersed in PBS solution of pH 7.4 even after 30 weeks,
but the particles suspended in PBS solution of pH 5.1 degraded in 15 weeks (Figure 3.4).
At the lower pH, there was a higher percent of swelling observed when compared to that

at pH 7.4, indicating the uptake of solution.
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Figure 3.3: pH observation during the 30 weeks period when microparticles were placed
in PBS solution (n = 3) of pH 5.1 and pH 7.4.
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Figure 3.4: SEM images of a,b) coacervation chitosan microparticles placed in PBS
solution of pH 5.1 containing 10 mg/L lysozyme at week 0, and week 10 respectively;
c,d) coacervation microparticles in PBS solution of pH 7.4 containing 10 mg/L lysozyme
at week 0 and week 30 respectively.

3.3.2 In vitro Release of IGF-1 from Microparticles from Emulsification

and Coacervation Microparticles

The amount of IGF-1 encapsulated in both types of microparticles was determined by
dissolving the IGF-1 encapsulated microparticles in acetic acid and it was found that the
amount of IGF-1 encapsulated in emulsification microparticles (70.02 ng) was
approximately 50% less than that encapsulated in coacervation microparticles (168.7 ng).
This result indicates that although the same amount of IGF-1 was added for
encapsulation, IGF-1 was not encapsulated in emulsification microparticles, indicating

the adverse effect of the organic solvents used during microparticle preparation, which

42



denatures IGF-1. At the end of 14 days time period, it was found that only 3.31% of the
encapsulated proteins were released, whereas for coacervation microparticles, 30.68% of
growth factor was released (Figure 3.5). This result indicates that there is a 10 times
increase in the percent of IGF-1 release, which may either indicate growth factor

degradation in emulsification microparticles or slower release of growth factors.
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Figure 3.5: Cumulative release behavior of IGF-1 from emulsification and coacervation
particles prepared at room temperature.

3.4 Discussion

Chitosan is being widely investigated as a promising implantable biomaterial with a
number of applications in tissue engineering [183]. The most intriguing properties that
attract chitosan to researchers are its tissue compatibility, biodegradability and
functionality [184-186]. Diverse efforts have been made to obtain chitosan-TPP cross-
linked microparticles to explore its potential as a delivery system. Optimizing the

fabrication conditions and the comprehensive properties of these microparticles is still an
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ongoing important research topic to obtain better bone scaffolds, as these parameters
influence the loading and encapsulation efficiency of the growth factors, release profiles
as well as govern the interaction of the particles with the biological tissue. This study was
primarily aimed at understanding the influence of two different methods of microparticles

preparation on the stability of the encapsulated growth factor.

Microparticles prepared at room temperature indicated that the microparticles had a
rough surface, which is an important parameter known to influence cell attachment,
including bone cells [187]. The microparticles were also found to possess internally less
dense structure, which is advantageous for delivery of proteins as well as play an
important role in its degradation [188-190]. The microparticles thus fabricated have very
good physical characteristic for protein encapsulation and cell attachment and

proliferation, which were proved experimentally.

Lysozyme is an amphoteric enzyme that includes ionizable groups at its active site.
Therefore, variation in the pH of the PBS solution may result in changes in the ionic form
of the active site, thus affecting its activity. Studies have also found that its activity also
depends on the substrate on which it is acting (in our case, chitosan microparticles). The
maximum activity of native lysozyme was observed at pH 4.5, but depending on the
substrate, its activity was found to be optimum between pH 4-7 [191]. Previous studies
also indicate the fact that the substrate specificities of lysozyme in degradation of soluble
chitosan are independent of pH between 4.5 and 7. [192]. Lower pH 5.1 was considered
for this study to stimulate an environment induced by macrophages accumulating around
the polymer in vivo after implantation. Degradation study indicates that in the presence of

lysozyme and at lower pH 5.1, microparticles degrade faster in comparison with that at
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higher pH 7.4. Lysozyme contains a hexameric-binding site, which is a hexasaccharide
sequence that presents 4 or more acetylated units, necessary for the initial degradation of
partially N-acetylated chitosan [193]. Apart from the activity of lysozyme on the
microparticles, pH also has a direct influence on microparticle degradation. At low pH,
the free amine groups in chitosan will be protonated, resulting in high positive charge and
also charge number on TPP reduces. This hydrolysis of chitosan-TPP bonds lead to
microparticle degradation at a faster rate at low pH [194]. The pH study over the period
of 30 weeks did not indicate drastic change in the overall pH of the solution. This is
advantageous as a sudden change (or drop) in the pH in vivo can induce rapid
inflammatory response, which can harm bone cells at the implant site. Moreover, the
rapid drop in pH in vivo may accelerate polymer’s degradation rate, thus resulting in
premature loss of mechanical properties before new bone formation occurs. Therefore, it
is critical to ensure that there are no adverse changes in pH at the defect site for its

effective application in orthopedics.

In order to develop a better method to fabricate microparticles for growth factor
encapsulation, we compared microparticles prepared using emulsification and
coacervation methodology. Emulsification process can be harmful to the stability of the
protein due to the presence of multiple organic-aqueous interfaces and also the presence
of organic solvents itself can denature number of protein molecules [195,196]. In case of
coacervation microparticles, initial burst release was observed till day 1 where 15% of
IGF-1 was released but later, we observed a sustained released till day 14. The release of
proteins from these microparticles suspended in PBS solution of pH 7.4 and the

degradation study indicates that the release of IGF-1 is mainly due to desorption and
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diffusion and not by degradation or erosion of microparticles. The proteins adsorbed on
the surface of the chitosan particles are first released in the process of desorption and
contribute mainly to the burst release phase while the next phase, IGF-1 encapsulated in
the microparticle is released mainly by diffusion and minor contribution by degradation

process [197-199], together contributing to the controlled release.
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Chapter 4

Factors Determining the Sustained Release of
Growth Factors from Chitosan Microparticles

In this chapter, experiments conducted address Hypothesis II. IGF-1 growth factor is used
in this study to optimize the various parameters that determine its release kinetics from
coacervation microparticles. Bioactivity of the release growth factor was determined

using cell attachment and proliferation assays.

4.1 Materials

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, PBS,
glutaraldehyde and silver nitrate were purchased from Sigma Chemicals (USA). Insulin
like Growth Factor-1 (IGF-1) and LIVE/DEAD cytotoxicity/viability assay were
purchased from Invitrogen (USA). IGF-1 ELISA kit (DY291) was supplied by R&D
systems (USA), RNeasy Mini Kit (Qiagen, USA), Verso cDNA kit (Thermo Scientific,

USA) and SYBR green master mix kit (Applied Biosystems, USA).
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4.2 Methods

4.2.1 Release of IGF-1 by Coacervation Microparticles Prepared by
Varying Conditions

Microparticles (20 mg) were suspended in PBS (pH 7.4). The suspension was incubated
at 37°C with continuous rotation at 25-50 rpm for a period of two weeks. At
predetermined time points, PBS in the vials was collected and replaced with 2ml of fresh
PBS to maintain the sink conditions. Samples were stored at -20°C until further analysis.
The IGF-1 remaining in the microparticles after the study period was determined by
dissolving the microparticles in 1% (v/v) acetic acid at 37°C for 24-48 h. To quantify the
IGF-I being released ELISA was used. Manufacturer’s protocol was followed to do the
ELISA (R & D Systems). Triplicates of each sample were used to do the assay and the

results are expressed as mean + SD.

The following parameters were varied to determine their effect on release:

m Different amounts of IGF-1 were added to determine the optimum amount for
efficient encapsulation given the amount of chitosan and TPP percent.

m  The microparticles were suspended in PBS solutions of different pH to study its
effect on release.

m Different TPP amounts were used for cross-linking the amine groups in chitosan

m The effect of temperature was studied by preparing the IGF-1 encapsulated

microparticles at room temperature and below room temperature.
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4.2.2 Bioactivity of IGF-1 Released in vitro from Coacervation
Microparticles

To confirm the bioactivity of the IGF-1 released from chitosan microparticles formed by
coacervation method, osteoblasts (OB-6) cells were used for assays in vitro. IGF-1 has
been found to play an important role in stimulating osteoblast proliferation and matrix
mineralization Therefore live/dead assay was performed in order to check the effect of

IGF-1 encapsulated microparticles on proliferation of viable cells.

4.2.2.1 Osteoblast Cell Culturing

In vitro studies were performed with coacervation microparticles prepared using 2%
chitosan and 50% TPP with 0.05% IGF-1 encapsulated (as observed from release data,
this amount was found to be optimum). IGF-1 was encapsulated during microparticle
preparation. Dr. Beata L Czernik of the Department of Orthopedic Surgery at The
University of Toledo kindly provided pre-osteoblast OB-6 murine cell line vial, which
was used for propagation and our further studies. o-MEM medium supplemented with
15% fetal bovine serum (FBS) and 1% penicillin/streptomycin was used for culturing
cells at 37°C in humidified atmosphere of 5% CO,. For all the experiments,
microparticles were sterilized under UV light for 45 min. In a 24-well plate, 25 mg
microparticles were added to each well and then seeded with a cell suspension containing
10° cells/ml. The microparticles were soaked in the medium for 45 minutes prior to
seeding them with cell suspension. This was done particularly because the particles
absorbed some medium and swelled and later they settle to the bottom of the well plate.
Thus prior to addition of cell suspension, it was ensured that the particles settled to the

bottom of the well plate.
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4.2.2.2 Cell Attachment and Proliferation Assay

Attachment of cells to the microparticles was determined using a phase contrast light
microscope (FSX 100, Olympus). On day 3, 5, and 7, the medium was aspirated, washed
twice with 1X PBS and then cells were fixed using 2.5% glutaraldehyde. After fixing, the
microparticles were washed thoroughly in water and then cells were observed under light
microscope. The viability and proliferation of attached cells on the -chitosan
microparticles was confirmed by intracellular esterase activity as indicated by the green
fluorescence of calcein that had been enzymatically converted from calcein AM
(acetomethoxy derivative). Dead cells were simultaneously recognized by their red
fluorescence caused by the binding of nucleic acids to ethidium homodimer 1 that has
entered the cells through damaged membranes. Chitosan microparticles without growth
factor, cells in medium without growth factor, and medium containing IGF-1 without
microparticles were used as controls. Medium was changed every three days. Live/Dead
viability/cytotoxicity assay was performed according to the manufacturer’s protocol on
day 5 and day 10 by transferring the microparticles to a new well in order to distinctly see

the cells attached to microparticles only.

4.2.3 Statistical Analysis

Data are reported as means + standard deviation for n = 3 unless otherwise stated. One-
way analysis of variance (ANOVA) was followed by Tukey’s Honest Significant Test
(HSD) to determine the statistical significance among means of different groups. Two-

way ANOVA analysis was also conducted followed by Tukey’s HSD. A probability
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value of P<0.05 or 0.001was used to determine significance, which was specified each

time.

4.3 Results

4.3.1 In vitro Release of IGF-1 from Microparticles

4.3.1.1 Effect of the Amount of IGF-1 used during Encapsulation on Encapsulation
Efficiency

Direct proportionality is observed between the amount encapsulated and the amount
released till 0.05% w/v IGF-1 but then a decrease is observed as the amount encapsulated
is increased further to 0.2% w/v (Figure 4.1a). The release data showed that there is a
significant difference (P < 0.05) between the cumulative amount released by day 14
between 0.05% and 0.2% w/v IGF-1 encapsulated microparticles. The encapsulation
efficiency (Table 4.2) of the particles showed that 0.05% w/v IGF-1 particles have almost
equal amount of IGF-1 encapsulated than 0.2% w/v IGF-1, while 0.1% indicated that a

higher amount of IGF-1 is encapsulated.

4.3.1.2 Effect of TPP Concentration on IGF-1 Release from Microparticles

The release profile shows that as the TPP amount increased, the IGF-1 being released
from the microparticles decreased (Figure 4.1b). In 50% TPP-chitosan microparticles, in
comparison with other groups, we could observe maximum release of 75.2% IGF-1 by
day 14, but by day 2 itself, we observe that 42.2% of IGF-1 has been released. On the

other hand, in case of 60% TPP-chitosan microparticles, we observe that by day 14, only
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39.2% of IGF-1 is released, but by day 2, only 14.8% of IGF-1 is released and in case of

80% TPP, it was observed that the cumulative release percent decreased to 15.6%.

4.3.1.3 Effect of pH on Release of IGF-1

The release behavior of microparticles studied in PBS solution of different pH showed
significant difference in the release (p<0.05) between pH 5.1, 7.4 and 10.7 on day 14.
The result showed that at a lower pH, the release was largest and the release decreased
with increase in pH (Figure 4.1c). This can be explained by the indicative difference in
the swelling behavior in vitro. For pH 5.1, the microparticles swelled significantly in the
first 2 h indicating a burst release and later swelling degree did not change greatly, thus

indicating a steady release over the time period.

4.3.1.4 Effect of Temperature on IGF-1 Encapsulation and Release

A significant difference (p<0.05) is observed in the release of IGF-1 between
microparticles prepared at room temperature and that prepared below room temperatures
(0°C-5°C) (Figure 4.1d). This can be explained by the significant difference observed in
the encapsulation efficiency of the growth factor into the microparticles prepared at

different temperatures (Table 4.2).
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Figure 4.1: Coacervation particles prepared at lower temperature a) with different
concentrations of IGF-1 encapsulation b) different percent of TPP concentration c)
different pH of TPP solution d) Different temperatures of microparticle preparation.
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Table 4.1: Encapsulation efficiency of IGF-1 in ionic cross-linked microparticles.

Parameters

IGF-1 amount used for

encapsulation (w/v %)

Temperature

TPP percent

pH of PBS solution

0.01%

0.02%

0.05%

0.2%

At below room temperature

At room temperature

50%

60%

80%

5.07

7.4

10.7
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Encapsulation efficiency
58.10%

49.8%

49.57%

14.9%

59.57%

38.3%

56.97%
49.86%

40.09%

44.5%
49.8%

47.09%



4.3.2 Bioactivity of IGF-1 Released in vitro from Coacervation

Microparticles

4.3.2.1. Cell Attachment and Viability

Light microscopy images taken on day 3 (Figure 4.2a) showed that the cells attached to
the microparticles had round morphology and were just beginning to attach, while on day
5 and day 7, the cells appeared to flat and were spreading well with higher cell-substrate

contact area (Figure 4.2b, c).

The number of viable cells increased, as observed by the live dead cell assay during the
ten-day culture period, except for the control with just the cells, which showed a number
of dead cells (cells with red stained nuclei) by day 10, which is probably due to
overpopulation of the cells (Figure 4.3). Proliferation of cells on three-dimensional
microparticles (with and without IGF-1) increased through the ten-day period, with most
number of live cells (cells with green cytoplasm) observed on day 10 (Figure 4.4).
Microparticles are three-dimensional and in order to capture all the cells attached on its
surface, a number of images beginning from the top of the microparticle need to be taken
and thus Figure 4.4 show four such images. There was also a difference seen in the
number of viable cells attached to the IGF-1 encapsulated particles than to particles with
no growth factor on day 5 and 10 (Figure 4.5 and Figure 4.6), thereby proving that the
IGF-1 being released from the microparticles is biologically active and is helping in the

proliferation of osteoblasts.
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Image J software was used to analyze the % area of microparticle occupied by cells to
determine any significant difference in the cell attachment and as it can be seen from
Figure 4.7, a significant increase in cell attachment was found on microparticles with
IGF-1 on day 5 and day 10 (p<0.05) in comparison with cells attached to microparticles
without IGF-1. This indicates that the IGF-1 being released from the microparticles is

biologically active and is beneficial for attachment and proliferation of pre-osteoblasts.

Figure 4.2: Phase contrast microscope image of attachment of osteoblasts to chitosan
microparticles prepared by coacervation method on a) day 3 shows that cells are round in
morphology b, ¢) day 5 and day 7 respectively image shows that cells are attached and
spreading.
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Figure 4.3: Live dead assay images of a) Cells only (control) on day 5 b) Cells only on
day 10 c¢) microparticles only (control) d) microparticles seeded with OB-6 cells on day
5.

Figure 4.4: Four different views starting from top to the bottom of the three dimensional
microparticles showing OB-6 cells attached to microparticles without growth factors as
demonstrated by live dead assay on day 10.



Figure 4.5: Four different views starting from top to the bottom of the three dimensional
microparticles showing OB-6 cells attached to IGF-1 encapsulated microparticles as
demonstrated by live dead assay on day 5.

Figure 4.6: Four different views starting from top to the bottom of the three dimensional
microparticles showing OB-6 cells attached to IGF-1 encapsulated microparticles as
demonstrated by live dead assay on day 10.
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Figure 4.7: Area occupied by the cells on the microparticles with and without IGF-1 on
day 5 and 10. Live/dead assay images were used to analyse and calculate the area
occupied by using image J software.

4.4 Discussion

Two mechanisms control the encapsulation of IGF-1 in chitosan microparticles. Physical
entrapment of IGF-1 in the mesh like structure of the microparticle and the hollow
structure inside the microparticle also helps in encapsulating some IGF-1, which flows in
during the process of diffusion as the microparticle swells in TPP solution. This indicates
that there is a saturation level for the amount of IGF-1 that can be encapsulated in the 700
um size microparticles. Some of the IGF-1 can escape to the TPP solution where it
attains negative charge (isoelectric point = 8.6) [200,201]. Thus partially, IGF-1 can be
incorporated due to electrostatic interactions between the negatively charged IGF-1 and
positively charged chitosan molecules. There are ionic interactions between the chitosan

molecules and the TPP, which chemically constitute the microparticle. This explains the
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reason for saturation of positive sites in the molecule and thus a saturation level for the
amount of IGF-1 that can be incorporated for a given amount of chitosan-TPP in a

microparticle, thereby limiting the amount of IGF-1 that can be encapsulated.

The action of growth factors is concentration dependent as it decides the distance around
the tissue that gets influenced by that growth factor. Very little concentration of the drug
might not be sufficient to activate the osteoblasts while too much of IGF-1 can saturate
cell receptors and disrupt cell guidance [202]. Studies have shown that certain
concentration of IGF-1 have shown significant increase in bone matrix formation and
stimulated bone formation [203, 204] and this concentration was found to coincide with

the concentration of IGF-1 being released by day 14 from the microparticles encapsulated

with 0.05% w/v IGF-1.

In the experiment to determine the effect of varying amounts of TPP used for cross-
linking, we can understand that chitosan and TPP cross-link to form interconnected mesh
like network and the density of this network depends on the concentration of TPP and
chitosan. The growth factor encapsulated before cross-linking gets distributed in the mesh
like network and its movement through this network occurs based on its hydrodynamic
diameter. When the hydrodynamic diameter of the growth factor is smaller than the
average mesh size, release occurs through diffusion and when the diameter is greater than
or equal to the mesh size, release occurs via enzymatic degradation of the chitosan
microparticle [94]. The cross-linking density in the microparticle is determined by the
concentration of TPP and chitosan, thus higher the concentration of TPP, smaller is the

mesh size thus restricting the motion of growth factors through it [205].
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In the experiment to determine the effect of pH on growth factor release, we could clearly
observe a difference in the release profile at pH 5.1, 7.4 and 10.1. This can be explained
from the fact that chitosan-TPP complex has a pl value of 7.5 [206]. According to
Henderson-Hasselbalch equation, it can be concluded that at acidic pH, this complex
attains a positive charge. Thus chitosan molecules attain an extended conformation at
lower pH due to charge repulsion of highly protonated amino groups, which subsequently
yield an increase in the mesh size. IGF-1, which is physically entrapped in the
microparticle and has a pl of 8.6 is also conveniently released due to its positive charge.
At pH 7.4, the chitosan-TPP complex behaves like a zwitterion. Therefore swelling
behavior is not observed and IGF-1 is released in sustained manner. At pH 10.7, the
complex attains a negative charge and the chitosan molecules become increasingly
globular decreasing the mesh size and the entrapped protein could not be released easily

[206,207].

The experiment to determine the influence of microparticle preparation temperatures also
indicated a difference in the release profile and amounts. This result is in agreement with

the fact that the protein integrity is dependent on the temperature [208].

The in vitro study proves the bioactivity of the released growth factor. Studies have
shown that 2D substrates differ from 3D scaffolds in the manner they support cell
migration, localization and function [209-212]. Literature also supports that surface
topography and dimensions have a regulatory effect on cell behavior. Groovy surface is
known to influence osteoblast movement independent of the surface material [213].
Surface roughness modulates the production of growth factors and cytokines, thus

influencing proliferation, differentiation and matrix production by osteoblasts [214]. Also
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the cell binding properties of chitosan may be explained by its polycationic nature, which
is obtained by deacetylation because of which the cells that carry a negative charge at

physiological pH binds to it [215].
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Chapter 5

Influence of BMP-7 Containing Chitosan
Microparticles on Pre-osteoblasts: In vitro Study

In this chapter, the experiments conducted address Hypothesis III. BMP-7 growth factor
was incorporated into the chitosan microparticles to determine its influence on pre-

osteoblasts.

5.1.Materials

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, PBS, 2.5%
glutaraldehyde in 0.1M buffer and silver nitrate were purchased from Sigma Chemicals
(USA). Human recombinant bone morphogenetic protein 7 (BMP-7) were purchased
from PeproTech (USA). LIVE/DEAD cytotoxicity/viability assay was purchased from
Invitrogen (USA). BMP-7 ELISA kit (DY354) was supplied by R&D systems (USA),
RNeasy Mini Kit (Qiagen, USA), Verso cDNA kit (Thermo Scientific, USA) and SYBR

green master mix kit (Applied Biosystems, USA).
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5.2. Methods

5.2.1 Release Kinetics

The microparticles were fabricated using a coacervation technique using chitosan as a
base polymer and cross-linking with tripolyphosphate (TPP). 2% chitosan was prepared
by dissolving in acetic acid (1% v/v) at room temperature. The mixture was passed
through a nylon mesh to remove insoluble substances. This mixture was then added drop
wise to the 50% TPP solution kept on ice bath and continuous stirring at 250 rpm. The
microparticles were allowed to cross-link for 5 h and then were air-dried. BMP-7 for the
release study was encapsulated in two ways. In the first method, BMP-7 was added to the
chitosan solution, which is then added to TPP solution to cross-link and form the
microparticles (BMP-7 encapsulated microparticles). In the second method, BMP-7 was
added to the dried microparticles, which adsorbed the BMP-7 and then were again dried
before using for the release study (BMP-7 coated microparticles). 20 mg of both types of
microparticles were suspended in PBS (pH 7.4) and incubated at 37°C with continuous
rotation at 25-50 rpm for a period of two weeks. At predetermined time points, PBS
containing the released BMP-7 was collected and replaced with 2 ml of fresh PBS to
maintain the sink conditions. Samples were stored at -20°C until further analysis. The
BMP-7 remaining in the microparticles after the study period was determined by
dissolving the microparticles in 1% (v/v) acetic acid at 37°C for 24-48 h. To quantify the
BMP-7 released, enzyme linked immunosorbent assay (ELISA) was used.
Manufacturer’s protocol was followed to do the ELISA (R & D Systems). Triplicates of

each sample were used to do the assay and the results are expressed as mean + SD.
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5.2.2 Morphology Study by Scanning Electron Microscopy

Sterilized microparticles (25 mg) were seeded with cell suspension containing 10’
cells/ml in a 24-well plate and incubated at 37°C with 5% CO,. Medium was changed
every three days. The morphology of the osteoblast adhered to the chitosan
microparticles was determined using scanning electron microscopy (SEM). The samples
were fixed in 2.5% glutaraldehyde followed by dehydration in graded ethanol series —
20%, 30%, 50%, 70%, 80%, 90%, 95%, 100% v/v respectively for 5 min in each
concentration, followed by three 10 min changes of 100% ethanol. Samples were critical
point dried (CPD) and then immediately the samples were sputter coated with
gold/palladium (80/20). Specimens were examined using a Hitachi S-4800 scanning
electron microscope fitted with SE detector. The microscope was operated in normal
current —SE detection mode. The cells attached to the chitosan microparticles were
viewed at 5 kV accelerating voltage and 2 pA current. The SEM images obtained were
analyzed by Image J software to determine the area occupied by the cells on the
microparticles. For each sample, triplicates were used and in each of the triplicates, n=10

images were analyzed to obtain average area.

5.2.3 Cell Viability

The viability of attached cells on the chitosan microparticles was confirmed by
intracellular esterase activity as indicated by the green fluorescence of calcein that had
been enzymatically converted from calcein AM. Dead cells were simultaneously
recognized by their red fluorescence caused by the binding of nucleic acids to ethidium
homodimer 1 that has entered the cells through damaged membranes. For the assay, 25

mg microparticles sterilized under UV light for 45 min in a 24 well-plate. The
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microparticles were seeded with cell suspension containing 10° cells/ml. Medium was
changed every three days. In order to specifically determine the cells attached to the
microparticles, the microparticles were transferred to another well after washing them
with PBS and then live/dead viability/cytotoxicity assay was performed according to the
manufacturer’s protocol on day 5 and 10. The percent area of microparticle covered with
cells was determined using Image J software. The area of the microparticle was
calculated considering it circular (projection of sphere would be a circle) and since only
half of the surface is visible at a time, only half of that area was considered in the

calculations.

5.2.4 Quantification of DNA

Murine osteoblasts (OB-6) were seeded at a density of 100,000 cells/ml in 24 well-plates.
Cells were incubated at 37°C with 5% CO; atmosphere for 5 and 10 days. The data
presented for the DNA assay is an average of 3 experiments conducted with same
parameters and for each experiment there were triplicates for each sample. In order to
quantify the total number of cells grown in the well plate in the presence of growth
factors being released from the microparticles, the assay was done in the same well to
obtain the DNA from the cells attached to the well plate and the microparticles, and in
order to quantify the cells attached and proliferating only on the microparticles, the
microparticles were transferred to another well plate and then the DNA was extracted and
quantified. At each time point, the microparticles were washed thoroughly in PBS before
doing the DNA assay to make sure that there is no fetal bovine serum (FBS) or media left
absorbed in the microparticles, as they hinder with the DNA extraction process and

reduce the yield. In both the types of experiments, the remaining part of the experiment
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remained the same. DNA kit from Qiagen was used to extract DNA from the osteoblasts.
After washing with PBS, 20 pl of each proteinase K and RNAse was added to the wells
with microparticles followed by addition of 100 ul of PBS and lysis buffer respectively.
The solutions were mixed and then kept in water bath maintained at 55°C for 10 min to
maximize the efficiency of the added enzymes. 200 pl of ethanol was added to the above
mixture and then the total mixture was transferred to the spin column supplied in the kit.
Then the procedure mentioned in the kit is followed to obtain maximum DNA. The

quantity and purity of the obtained DNA is analyzed using Nanodrop-1000, version 3.6.0.

5.2.5 Real Time RT-PCR Analysis

Cells were seeded at 2 x 10° cells/ml and cultured in the presence of microparticles (with
and without BMP-7) for 5, 7 and 14 days. Total RNA was isolated using RNeasy Mini
Kit following manufacturer’s instructions. The purity and concentration of total cellular
RNA was determined using Nanodrop-1000, version 3.6.0. The minimum RNA amount
obtained was considered as a base for calculations to reverse transcribe complementary
DNA (cDNA) using the Verso cDNA kit according to manufacturer’s protocols. The
forward and reverse primers for the selected genes were designed from Integrated DNA
Technologies (IDT, USA) and are listed in Table 5.1. Expression was quantified using
real time Reverse Transcription-Polymerase Chain Reaction (real time RT-PCR) analysis
with SYBR green master mix kit. Data analysis was carried out using Applied
Biosystems StepOne Plus thermal cycler and detection system. The real time RT-PCR
analysis was carried out for two independent experiments with each sample run in

duplicates. The gene expression levels were normalized to the expression of the
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housekeeping gene GAPDH and were expressed as fold changes relative to the

expression of the genes in cells only on the respective days.

5.2.6 Determination of Mineralization by Von Kossa Staining

Von Kossa staining was carried out to characterize mineralization of differentiated
osteoblasts. Microparticles were plated and treated as mentioned above with 2 x 10’
cells/ml in a 24 well plate. On day 5 and 10, the cultures were washed thrice with 1X
PBS solution and then the cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer for 1 h. Later, the microparticles were washed thoroughly in water and
then 2% silver nitrate solution was added and the plate was placed on aluminum foil and
kept under light for 10 min after which the plate was rinsed with water and dried for
image analysis using bright field microscopy. The images were analyzed using Image J
software to determine the area of mineralization in each image. For each group,
triplicates were used and for each one of the triplicate, n=10 images were used to

calculate the area of mineralization.

5.2.7 Statistical Analysis

Data are reported as means + standard deviation for n=3 unless otherwise stated. IBM
SPSS (service product for statistical solution) one-way and two-way analysis of variance
(ANOVA) followed by posthocTukey’s Honest Significant Difference (HSD) test was
performed to determine the significant difference among the various groups. A
probability value of p<0.05 or p<0.001 was used to determine significance, which was

specified each time.
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5.3 Results

5.3.1 BMP-7 Release Kinetics

The release study indicated that by day 18, nearly 98% of the BMP-7 was released from
the coated microparticles, while only 36% of the BMP-7 encapsulated in the
microparticles was released (Figure 5.1). SPSS two way ANOVA indicated that there is a
significant difference (p<<0.001) in the release of BMP-7 incorporated in the two different
ways at all the time points from t=0 to t=18. The release from the microparticles can
mainly be attributed to two processes, diffusion and desorption. The proteins adsorbed on
the surface are released due to desorption first and the process of diffusion releases the

encapsulated protein.
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Figure 5.1: Cumulative release profile of BMP-7 encapsulated microparticles and BMP-7
coated microparticles over a period of 18 days.
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5.3.2 Morphology Study

On day 5, the cells appeared to be circular and elongated, with their body raised above
the surface of all the three types of microparticles. On BMP-7 coated and encapsulated
microparticles, the cells appeared to be growing in a number of small colonies throughout
the surface of the microparticle, while on the normal chitosan microparticle with no
growth factors; they appeared to be growing in lumps only at particular locations on the
microparticles (Figure 5.2). Although the surface of the three different types of
microparticles- normal chitosan microparticle with no growth factor, BMP-7 coated
microparticle and BMP-7 encapsulated microparticle appeared to be similar, the cells
showed distinct difference in the proliferation rate on the three different surfaces on day
10. On BMP-7 coated microparticles, the cells were flattened and well spread covering
majority of the 700 pm diameter microparticle. The cells were found to have very thin
edges and filopodia adhered to the surface of the microparticle (Figure 5.3). The cells
were found to be closely associated with the surface of the chitosan microparticle. Even
on BMP-7 encapsulated microparticles, the cells appeared to be flattened but the
spreading of the osteoblasts was not as extensive as that of cells on BMP-7 coated
microparticles (Figure 5.4). While on microparticles with no growth factors, the cells
appeared flattened, with even lesser area of the microparticle occupied (Figure 5.2). The

cell body also appeared to be raised above the surface of the microparticle.
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Figure 5.2: SEM image of mouse osteoblasts attached and proliferating on normal
chitosan microparticle without any growth factor as observed on day 5 — a, b) lower
magnification at a scale of 50 pum and higher magnification at a scale of 30 um and on
day 10 c, d) lower and higher magnification at scale of 200 pm and 100 um respectively.
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Figure 5.3: SEM image of mouse osteoblasts attached and proliferating on BMP-7 coated
chitosan microparticle as observed on day 5 — a, b) lower magnification and higher
magnification at a scale of 300 pm and 50 um respectively and on day 10 c, d) lower and
higher magnification at a scale of 300 um and 100 um respectively.
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Figure 5.4: SEM image of mouse osteoblasts attached and proliferating on BMP-7
encapsulated chitosan microparticle as observed on day 5 — a, b) lower and higher
magnification at a scale of 200 pm and 20 um respectively and on day 10 c, d) lower and
higher magnification at a scale of 200 um and 100 um respectively.

5.3.3 Cell Viability Assay

The viability of osteoblasts attached to the three dimensional chitosan microparticles was
determined by live/dead assay. A significant increase (p<0.001) is observed in the
number of cells adhered onto the microparticles on day 10 in comparison with day 5,
indicating the biocompatibility of chitosan-TPP microparticles (Figure 5.5). The results
thus suggest that the minor amounts of acetic acid used and the presence of TPP is not
detrimental for the osteoblasts. ANOVA analysis by SPSS pairwise comparison indicated

that on day 5, a significant difference (p<0.05) exists in the number of viable cells
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attached to normal microparticles without any growth factor (Figure 5.6) and BMP-7
coated microparticles (Figure 5.7). No significant difference was observed in the number
of cells attached to BMP-7 encapsulated and normal (p=0.445) as well as BMP-7 coated
microparticles (p=0.147). This result suggests that bioactive BMP-7 is released at a much
faster rate from microparticles which have BMP-7 coated, which enhances cell
attachment and proliferation. But on day 10, a significant difference was observed among
all the three types of microparticles (p<0.001). Day 10 result suggests that bioactive
BMP-7 is released from both the BMP-7 coated (Figure 5.8) and encapsulated
microparticles (Figure 5.9), indicating increased cell proliferation. Tukey’s posthoc
analysis indicates that a significant difference exists in the number of viable cells
proliferating on BMP-7 coated microparticles in comparison with BMP-7 encapsulated
(Figure 5.8) and normal microparticles (p<0.001) and also between BMP-7 encapsulated

and normal microparticles (p<0.05).

The significant difference in viable cell attachment to various particles was determined
by considering the degree of cell spreading on the surface area of the microparticle as
shown in Figure 5.5. The graph takes into consideration only the cells attached to one of
the hemisphere of the microparticle as the microscopy provided us with that part of the
image only. This analysis indicates that 56% of the hemisphere of the chitosan
microparticle coated with BMP-7 is covered by osteoblasts which are in agreement with
the SEM images. As expected, the BMP-7 presence influenced the cell attachment and
specifically proliferation on the surface of the microparticle. The concentration of the
bioactive BMP-7 available to the cell also influenced the spreading of the osteoblasts

with higher concentration supporting greater degree of cell spreading. For instance,
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56.2% of the osteoblasts attached to microparticles with BMP-7 coated, but only 40.4 %
of cells attached to BMP-7 encapsulated microparticles. The 56.2% account for an
average of 4.33 x 10° um® of the surface area of the hemisphere, for BMP-7 encapsulated
microparticles it accounts to 3.11 x 10° pm® for microparticles without any growth

factors it accounts for 1.02 x 10° pm?.
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Figure 5.5: Area occupied by the cells on the microparticles on day 5 and 10. The area is
calculated using image J software.
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Figure 5.6: Live/dead fluorescence image of microparticles a) without cells (control) b)
without any growth factors on day 5 c) encapsulated with BMP-7, seeded with OB 6 cells
on day 5 d) without any growth factor on day 10. Microparticles are three-dimensional
and therefore in order to capture all the cells attached throughout the surface of the
particle, different views were considered starting from periphery of the particle to its
upper surface.
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Figure 5.7: Live/dead fluorescence image of microparticles coated with BMP-7 seeded
with OB 6 cells on day 5. Microparticles are three-dimensional and therefore in order to
capture all the cells attached throughout the surface of the particle, different views were
considered starting from the periphery of the particle to its upper surface.
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Figure 5.8: Live/dead fluorescence image of microparticles coated with BMP-7 seeded
with OB 6 cells on day 10. Microparticles are three-dimensional and therefore in order to
capture all the cells attached throughout the surface of the particle, different views were
considered starting from the periphery of the particle to its upper surface (a-d).
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Figure 5.9: Live/dead fluorescence image of microparticles encapsulated with BMP-7
seeded with OB 6 cells on day 10. Microparticles are three-dimensional and therefore in
order to capture all the cells attached throughout the surface of the particle, different
views were considered starting from the periphery of the particle to its upper surface.

5.3.4 Quantification of DNA

Cell attachment and proliferation on the three dimensional surface of the microparticles
was successfully demonstrated by DNA quantification experiment. The amount of DNA
can be correlated to the number of cells, with direct proportionality between them. Figure
5.10 shows the amount of DNA obtained from all the cells present in the well, which
include the cells attached to the well plate and microparticles. The amount of DNA

followed a similar trend, increasing with time in all the four samples. The results of DNA
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assay also show that the amount of DNA obtained from BMP-7 coated microparticles on

day 5 and 10 was significantly different from all the other three samples (p<0.05).

In another experiment, the microparticles were transferred to another well before
performing the DNA assay. These experimental results will give us only the DNA
amount corresponding to the cells attached to the surface of the microparticles. Figure
5.11 shows that the amount of DNA increased as the time period increased indicating
proliferation on the surface of the microparticles for all the three groups. This
demonstrates the capability of the chitosan surface with and without growth factors to
support OB-6 cell proliferation. The data also shows a significant increase (p<0.05) in the
amount of DNA obtained from BMP-7 coated microparticles than that obtained from
other two groups on day 5. However on day 10, a significant increase is observed in the
amount of DNA obtained from BMP-7 encapsulated microparticles in comparison with
normal microparticles without any growth factors (p<0.05) and a significant increase is
observed in BMP-7 coated microparticles in comparison with BMP-7 encapsulated
microparticles (p<0.001). This data confirms that bioactive BMP-7 being released from

the microparticles improves cell proliferation.
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Figure 5.10: Amount of DNA obtained in the samples when the assay was performed in
the well the cells were cultured for the respective time periods. This data gives us
information regarding the number of cells attached and proliferating on the surface of the

well plate as well as on the surface of the microparticle
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Figure 5.11: Amount of DNA obtained from the samples when the assay was done after
transferring the microparticles to a different well on the respective time points. This data
gives us an insight of the number of cells attached and proliferating on the surface of the

microparticles only.
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5.3.5 Real Time RT-PCR

DIx5 gene: On day 5, a significant difference (p<0.001) is observed in the expression of
DIx5 expression when a pairwise comparison is done between all the four samples.
mRNA levels were drastically up-regulated on day 5 for microparticles with BMP-7
encapsulated (8-fold) and BMP-7 coated microparticles (9-fold). On day 7, a significant
difference (p<0.001) is observed between all the samples except for BMP-7 encapsulated
and BMP-7 coated microparticles (p=0.292). DIx5 expression levels for microparticles
without growth factors remained at baseline levels for most of the time points. Figure
5.12a shows that there is significant increase in the expression of DIx5 in BMP-7 coated
and encapsulated microparticles in the early time points (day 5 and 7) when compared to
microparticles without growth factors and cells only, which indicates effect of BMP-7 in
inducing the expression of this gene. By day 10, the expression level in all the samples
went down, and there was no significant difference (p=0.052) observed in the gene
expression between cells adhered to BMP-7 encapsulated microparticles and cells

adhered to the well plate.

Runx2 gene: SPSS two-way ANOVA pairwise comparison of the runx2 gene expression
indicated that there is a significant difference (p<0.001) between all the four samples on
day 5, 7 and 10. Posthoc Tukey’s HSD also indicates a significant difference (p<0.001) in
the expression of the gene when pairwise comparison is done. The posthoc multiple
comparison between the three time points also indicates a significant increase (p<0.001)
in the gene expression on day 10 in comparison with day 7 and a significant increase
(p<0.001) on day 7 in comparison with day 5 (Figure 5.12b). A fold change of 7.5 in the

runx 2 gene expression on day 10 for cells adhered to the microparticles in comparison
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with the cells adhered to the surface of the well plate indicates the influence of chitosan
microparticles on differentiation of the pre-osteoblasts. A fold change of 17 was observed
for cells adhered to BMP-7 encapsulated surface indicating differentiation of pre-

osteoblasts to mature osteoblasts under the influence of BMP-7.

Osx gene: Osterix is another transcription factor necessary for osteoblast differentiation.
SPSS two way ANOVA indicated a significant difference (p<<0.001) is observed in the
expression of osx between all the samples when a pairwise analysis is conducted on day
5, 7 and 10. Posthoc Tukey’s HSD also indicates a significant difference (p<<0.001) in all
the samples. A posthoc Tukey’s HSD for the three time points also indicated a significant
difference (p<0.05). From Fig. 12c we can observe a significant increase in the
expression of osterix expression level on day 5 for BMP-7 encapsulated (25-fold) and
coated microparticles (34-fold). As indicated in Figure 5.12c, on day 7 and 10, there is a
decrease in the expression levels of osx for all the samples, but in comparison to cells
only, there is almost 2-6 fold increase in its expression levels for all the types of

microparticles.

OCN gene: Two-way ANOVA pairwise analysis indicated a significant difference
(p<0.001) in the expression of OCN gene between all the samples on day 5, 7 and 10.
There is also a significant difference (p<0.001) in the expression of the gene at the three
different time points. A posthoc analysis confirms the significant difference (p<0.001)
between the four samples and the three different time points. As shown in Figure 5.12d,
OCN showed very low levels of expression at the early time point (day 5), but with time
its expression increased. For microparticles without growth factors showed a maximum

of 17-fold increase by day 10. For BMP-7 coated and encapsulated microparticles, there
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is a significant increase in the expression of OCN, 27-fold and 35-fold respectively by

day 7, indicating the influence of BMP-7 on OCN expression.

BSP gene: SPSS two-way pairwise ANOVA indicated a significant difference (p<<0.001)
in the expression on BSP gene between all the samples on day 5, 7 and 10. There is also a
significant difference (p<0.001) observed in the expression when compared between the
three time points. Figure 5.12e shows that BSP mRNA levels were almost to the baseline
on day 5 and 7. However, on day 10 there was a significant increase observed in the
expression levels of BSP in microparticles without growth factors (9-fold), BMP-7

encapsulated microparticles (54-fold) and BMP-7 coated microparticles (53-fold).

OPN gene: OPN shows a trend similar to OCN, with the up-regulation of the gene with
time. Two-way pairwise ANOVA analysis indicated a significant difference (p<0.001) in
the expression of the gene between all the four samples on day 5, 7 and 10. Post hoc
Tukey’s test indicated a significant difference (p<0.001) in the expression of genes in the
different samples as well as a significant difference (p<0.001) at the three different time
points. OPN mRNA levels were increased on day 7 in comparison with day 5 for BMP-7
encapsulated (7-fold) and BMP 7 coated microparticles (8-fold). Figure 5.12f indicates a
slight decrease in the expression levels for microparticles only from 6-fold on day 5 to
3.6-fold on day 7. There is a significant increase observed in mRNA levels of OPN for

BMP 7 coated microparticles on day 10 in comparison with day 7.
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Figure 5.12: Fold change in the expression of the genes: a) dIx5, b) runx2, c¢) osx, d)
OCN, e) BSP and f) OPN.
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5.3.6 Von Kossa Assay

This staining procedure stains mineral deposits in black. On day 5, there is not much
mineralization observed in either BMP 7 coated or encapsulated microparticles.
However, by day 10 the assay shows increasing mineral deposition through the period of
study both by BMP-7 encapsulated and BMP-7 coated microparticles, with substantial
increase for BMP-7 coated microparticles (Figure 5.13). The mineral deposit was mainly
localized in the area adjacent to the microparticles. This indicates differentiating
osteoblasts. Mineralization was quantified by calculating the area of mineralization per
image. The average area occupied by the mineral deposits is shown in Figure 5.14. One-
way ANOVA was conducted using SPSS, and the analysis showed that there is a
significant difference between the four different samples (p<0.001). Tukey’s post hoc
multiple comparison analysis indicated that there is a significant difference (p<0.05)
between cells grown in well plates without microparticles and BMP-7 encapsulated
(p=0.017) and coated microparticles (p<0.001). A significant increase (p<0.05) in
mineralization was observed in BMP-7 encapsulated microparticles in comparison with
microparticles without any growth factors (p=0.017). There is also a significant
difference (p<0.05) observed between BMP-7 encapsulated and BMP-7 coated
microparticles (p=0.036). Though this assay does not take into consideration the three
dimensional nature of the microparticles or the mineral deposits, it identifies the presence
of mineralization and demonstrates increasing deposits with time and so the assay gives

satisfactory results.
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Figure 5.13: Von kossa assay (Scale bar = 153 um).
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Figure 5.14: Area of the image occupied by the mineralized calcium deposits.

5.4. Discussion

This investigation of biocompatibility, osteoconductivity and osteoinductivity of chitosan
microparticles for pre-osteoblasts indicate that chitosan-TPP surface of the microparticle
supports pre-osteoblast adhesion, proliferation and differentiation [216-220] and

bioactive BMP 7 is released from the microparticles [221].

This study indicates that chitosan-TPP microparticles and bioactive BMP-7 released from
microparticles together contribute to the significant increase in the response from pre-
osteoblasts. Incremental changes in cell proliferation were observed in BMP-7 coated and
encapsulated microparticles in comparison with microparticles only on day 10 [222]. This
result was confirmed by all the three tests — SEM analysis, live/dead cell assay and DNA
assay and this can be attributed to the surface morphology of the microparticles and

release of biologically active growth factor [223-225].
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These microparticles were added to PBS to test the change in pH and it was found to be
always in the range of 7.4-7.5, thus assuring that the osteoblasts are not affected in our
experimental system. Moreover, chitosan is a polymer possessing osteoconductive
characteristic [226,227], as shown in previous studies where its polymerization with TPP
ameliorated cell adhesion [228]. Cells attached on the surface of the microparticle can be
explained from the fact that osteoblasts are polarized. In the sense that part of the cell
membrane in direct contact with the surface possesses many cytoplasmic processes that
extend onto the surface. On day 5 cells appeared elongated which suggests dividing cells.
Previous studies suggest that it is the pre-osteoblasts and not the mature osteoblasts that
have the capability to actively divide [229]. Mature osteoblasts are found to attain more
of the cuboidal morphology and are directly in contact with the surface [230], which is
clearly seen in the SEM images on day 10 results for all the samples. The osteoblasts also
elicited a distinct response to microparticles with and without BMP-7. This indicates the
potential of chitosan-TPP microparticles to support cell adhesion and viable cell
proliferation and the presence of BMP-7 further adds to the benefit of the cells [231,232].
The difference observed between BMP-7 encapsulated and coated microparticles can be
attributed to the effect of concentration of BMP-7 on cell growth. Studies have shown

that increased concentration of BMP-7 lead to increased cell proliferation [232].

Osteoblast-specific gene expression study also revealed the influence of chitosan-TPP
microparticles and BMP-7 on osteoblasts. Murine pre-osteoblasts that were differentiated
into osteoblastic lineage were evaluated with respect to the effect of the microparticles
itself as well as the combination of microparticles and BMP-7. The effect of chitosan-

TPP microparticle itself is revealed distinctly in the expression of Runx2 (7.5-fold), OCN
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(17.3-fold), OPN (6.6-fold) and BSP (9.6-fold). This observation explains the influence
of the microparticles surface morphology and chemistry on osteoblast differentiation and
mineralization. Previous studies have also demonstrated its beneficial effect on osteoblast
differentiation in vitro and in vivo [233-235]. Additional influence of BMP-7 on pre-
osteoblast differentiation was observed in the expression of runx2 (17-fold), dIx5 (14-
fold), osx (25-fold), OCN (36-fold) and BSP (55-fold). BMP-7 signaling is known to
regulate processes in bone formation. Runx2 and osx are needed for osteoblast
differentiation and also plays an important role in proper function of mature osteoblasts,
including the synthesis of bone matrix [236]. Expression levels are low in
undifferentiated mesenchymal cells. BMP-7 induces Runx 2 and osx expression in
mesenchymal progenitor cells, which induces osteoblastic differentiation [237]. Runx2 is
not a direct target of BMP signaling, DIx5 is activated by BMPs, which in turn induce

expression of Runx?2 in osteoprogenitor cells [238,239].

A significant increase in mineralization was also found in BMP-7 encapsulated and
coated microparticles, which can be attributed to significant increase in the expression of
OCN, OPN, and BSP in these samples. These genes are usually regarded as late markers
for osteoblast differentiation and play an important role in hard tissue regeneration [240-

243].

Thus from the in vitro data obtained, it can be concluded that chitosan microparticles
prepared by coacervation method are ideal osseointegration materials by itself and the
BMP-7 being released from the microparticles retains its bioactivity and further enhances
the functionality of the microparticles as bone substitute materials. The microparticles

surface with growth factor aided in greater osteoblast proliferation and differentiation by
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increasing osteoblast specific gene expression. The present data however lacks in vivo

data, which will eventually prove the osseointegration capability of the system.
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Chapter 6

The Influence of Antibiotics Released from
Chitosan Microparticles on Osteoblasts and
Staphylococcus epidermidis

In this chapter, the experiments conducted address hypothesis IV. Cefazolin and
vancomycin are incorporated into the microparticles by encapsulation and coating. Two
different concentrations of each drug are used and the release kinetics is studied. The
drugs along with growth factor BMP-7 are also incorporated in the microparticles to
study the release kinetics and bioactivity. Influence of drugs and growth factor on pre-

osteoblasts is also studied.

6.1 Materials

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, PBS, tryptic
soy agar and broth were purchased from Sigma Chemicals, bone morphogenetic protein 7

(BMP-7) was purchased from Peprotech and BMP-7 ELISA kit was supplied by R & D
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systems, live/dead cytotoxicity/viability assay and o-MEM (Invitrogen), vancomycin

hydrochloride and cefazolin sodium salt were purchased from MP Biomedicals.

6.2 Methods

6.2.1 Fabrication and Characterization of Chitosan Microparticles

Incorporated with Antibiotics and Growth Factors

6.2.1.1 Fabrication of Microparticles

Microparticles were prepared by coacervation method using 2% chitosan and 50% tri-
polyphosphate (TPP). The microparticles were cross-linked overnight and then were air-

dried.

6.2.1.2 Fourier Transform Infrared Spectroscopy Analysis of Various Samples

Microparticles prepared using chitosan and TPP was analyzed using Varian Excalibur
Series FTIR with microscopy to determine the presence drugs: vancomycin and
cefazolin. The microscope, UMA 600 was used to detect the drugs in these samples. A
micro-ATR with Germanium crystal was used to do this. The transmittance data was

collected and plotted for identifying the peaks.

6.2.2 Release Study In vitro

6.2.2.1 Release Study of only Drug from the Microparticles

Two different amounts of each drug were incorporated into the microparticles (Table

6.1). These concentrations were determined based on the minimum inhibitory
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concentration (MIC) of each for Staphylococcus strain. These drugs are incorporated into
the microparticles by two methods — encapsulation and coating. It was ensured that 20
mg of the microparticles that will be used for release kinetics has the same amount of
drug encapsulated and coated onto them. Microparticles were suspended in 2 ml of PBS

and samples were collected at pre-determined time points.

To quantify the amount of drug released, ultra-violet (UV) spectroscopy was used. A
standard graph was plotted between known concentrations of the drug and absorbance at
280 nm for both vancomycin and cefazolin. Absorbance of the release samples collected
at certain time points was determined and extrapolated on the standard graph to
determine the concentration of the drug. Cumulative release graph was plotted to
determine the total amount of drug released at the end of 2 weeks period. Encapsulation

efficiency and loading efficiency of the each sample was also determined.

6.2.2.2 Dual Release Study of Growth Factor and the Antibiotics from Microparticles

20 mg of BMP-7 encapsulated microparticles were added to 20 mg of cefazolin and
vancomycin encapsulated microparticles respectively. These microparticles were then
suspended in 2 ml of PBS buffer solution for release study at 37°C and samples were
taken at pre-determined time intervals. Release of both the drug and the growth factor

was determined.

To quantify the drugs, UV spectroscopy was used and to determine BMP-7, enzyme-
linked immunosorbant assay (ELISA) was used. The protocol mentioned in the BMP-7
ELISA kit was followed to quantify the BMP-7 amounts in the release samples. A

standard graph was obtained from known drug concentrations by determining its
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absorbance at 450 nm with wavelength correction at 540 nm. Unknown concentration in

the samples was determined by using the standard graph.

6.2.3 Bioactivity of the Released Antibiotics

The released drugs were tested for ability to inhibit the growth of S.epidermidis (strain
was kindly given to us by Dr. Robert Blumenthal, Department of Microbiology and
Immunology, The University of Toledo), usually associated with infected orthopedic
wounds. The ability of the released drug to inhibit bacterial growth was determined by
turbidity test. To grow S. epidermidis, bacterial stock previously stored and frozen at -
70°C was resuscitated on solid medium (Tryptic Soy Agar, Sigma Aldrich). Two colonies
were selected and cultured overnight in 10 ml tryptic soy liquid medium in two separate
conical flasks in shaking water bath at 37°C. After overnight incubation, a second transfer
was made to fresh tryptic soy medium (1:10 dilution) and was grown to attain an ODggo
am = 0.05 for S.epidermidis (SPECTROstar Omega, USA). In the meantime, 100 pl of
drug solution obtained for the release study at each time point were added to a 96-well
plate (n=3). As soon as an OD of 0.1 was obtained, 100 pl of the bacterial suspension
was added to the wells and OD readings were taken at pre-determined time intervals for a
period of 24 h. The growth curves plotted were compared against the growth of the

control that had only the bacterial culture in PBS.

Bacterial inhibition (%) = absorbance (Ic-Is)/(Ic)*100, where Ic and Is are the
absorbances of control solution containing tryptic soy broth and bacterial culture without

drug and bacterial culture solution with drug release sample, respectively at 600 nm after

24h [244].
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6.2.4 Effect of the Drugs on Viability of Osteoblasts

Above certain concentrations, the antibiotics are harmful for the cells in the body.
Therefore in order to determine the amount of drug harmful for the growth and
proliferation of osteoblasts, a live-dead assay was performed. For this assay, two different
concentrations of each drug was used — 50 pg/ml and 100 pg/ml of cefazolin and 500
pg/ml and 1000 pg/ml concentration of vancomycin. A combination of growth factor
BMP-7 and each drug concentration was also used to determine the effect of the
combination on the growth of osteoblasts. Osteoblasts growth in regular a-MEM medium
was used as a control. A live dead cell assay was performed on day 1 and 3 by removing
all the medium in the wells, washing it with PBS solution thoroughly and then adding
300 pl of D-PBS and 300 pl of live-dead assay solution containing calcein which stains
the live healthy cells green and ethydium homodimer which stains the dead cells red.
After 45 minutes, the plate was observed under fluorescence microscopy. For statistical
analysis, each group had n=3 triplicates, and for live cell counting, 30 images were taken

for each group and analyzed using ImagelJ software.

6.2.5 Statistical Analyses

Triplicates of each sample were used in all the experiments. Two-way ANOVA was
performed using SPSS to determine whether a statistical significant difference exists
between the groups. Post-hoc Tukey’s test was performed to determine statistical
difference between the groups. A probability value of p<0.05 was used to determine

significance, unless otherwise mentioned.
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6.3 Results

6.3.1 FTIR Analysis

6.3.1.1 FTIR Analysis of Microparticles with Cefazolin

FTIR spectra of the drug, cefazolin only show a broad peak in the range from 3100-3500
cm™', and a sharp intense peak at 1759 cm™ (which clearly shows presence of carbonyl
group) and combining the two indications, we can confirm the presence of the carboxylic
group in cefazolin (Figure 6.1a). The peaks at 1647 cm™ and 1593 cm™ indicated C=N
stretching and the presence of amide. The peaks at 2939 and 2866 cm™ indicates C-H
stretching vibrations. The peak at 1666 cm™ along with the broad peak in the 3200 cm™

range indicates the presence of amide.

The double peaks at 3340 and 3271 cm™ indicates the presence of primary amine with
two N-H bonds formed due to complex formation between the COOH group of cefazolin
and NH; group of chitosan. The proof of interaction between COOH group in cefazolin
and NH, group in chitosan is also indicated by the fact that the strong peak at 1759 cm™
in the drug disappears in the drug with microparticle samples (Figure 6.1b). The amide
and C=N functional groups appear to have a shift in their wavenumber to 1666 cm™ and
1585 cm™ respectively indicating interaction between cefazolin and chitosan
microparticles [245]. The P-O stretching is distinctly shown at the almost the same
wavenumber, 1184 cm™ which indicates no interaction of drug with TPP [246] (Figure

6.1c).
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Figure 6.1: FTIR spectra of (a) chitosan microparticles with 2.5 mg cefazolin (b)
chitosan-TPP microparticles without drug (c) cefazolin drug only

6.3.1.2 FTIR Analysis of Microparticles with Vancomycin

FTIR spectrum of the vancomycin drug alone indicates a broad peak range from 3600 to
2900 cm™ indicates the presence of OH groups and NH groups [247,248]. The presence
of a peak at 1643 cm™ shows that it is an amide group. The crowded spectra from 500-
1500 cm™ is due to the skeletal vibrations of C-O, C-N, C-C bonds in the vancomycin
structure Figure 6.2a. The presence of a peak 1222 cm™ indicates the presence of an

aromatic ester.

The FTIR spectrum of microparticles with vancomycin shows one distinct peak, which
indicates primary amine while the broad peak indicates the weak OH group. The peak at
1643 cm™ together with the broad peak range in 3000 cm™ region supports the presence
of amide (Figure 6.2b). The presence of a new peak in this sample at 1230 cm™ indicates
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the presence of an aromatic ester, thus showing that there is an interaction between the

chitosan microparticles and vancomycin (Figure 6.2c¢).

a) Microparticles with 5 mg vancomycin

b) Vancomycin drug only

N p A

c) Chitosan microparticles only
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Figure 6.2: FTIR spectra of (a) chitosan-TPP microparticles with 5 mg drug incorporated
(b) vancomycin drug only (c) chitosan-TPP microparticles only.

6.3.2 Release Kinetics

6.3.2.1 Cumulative Release of Vancomycin and Cefazolin

The microparticles with vancomycin and cefazolin encapsulated into it exhibited high
encapsulation efficiencies, indicating that most of the drug added to the microparticles
was incorporated (Table 6.1). In case of microparticles with drugs coated, since we added

the drugs to the particles after their preparation and then allowed the drug to be
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completely incorporated, encapsulation efficiency of 100% was considered for

calculations.

The release of vancomycin and cefazolin was analyzed by UV spectrophotometry and the
results obtained are represented in Figure 6.3 From all the release profiles, we can
observe that when the drug is encapsulated, the release is much controlled and nearly just
50% of the drug encapsulated is released in 2 weeks time period, whereas in
microparticles with drug coated onto it, approximately 95% release was observed in the
same time period. In microparticles coated with either vancomycin or cefazolin, nearly
more than 50% was released by day 1, which indicates burst release of the adsorbed drug.
In contrast, microparticles with drug encapsulated into it showed minimal burst release,
with only 10% cumulative release by day 1. Two different concentrations used for the
two drugs (Figure 6.3 a,b and Figure 6.3 c,d), showed similar release profile, indicating
that an increase in the amount of drug incorporated into the microparticles, increases the
release amount proportionally. Statistical analysis performed using SPSS indicated
p<0.01 for cumulative release amounts at different time intervals, which means that
vancomycin and cefazolin release decreases significantly in drug encapsulated

microparticles in comparison with drug coated microparticles till day 14.

After studying the release profiles (Figure 6.3 a,b,c,d), microparticles with 3 mg
vancomycin and cefazolin with 2.5 mg encapsulated into it were considered for the BMP-
7 dual release study and in vitro antibacterial test. This was done so because we wanted
vancomycin release above 8 pg/ml at each time point over the two-week time period.

Similarly for cefazolin dual release study, microparticle with 2.5 mg of cefazolin was
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considered, since we wanted a release of above 4 pg/ml at each time point. These groups

also show least burst release and longest release period.

Table 6.1: Encapsulation efficiency of various drug samples used in the experiments

Group Amount of vancomycin added | Encapsulation
to 20 mg microparticles (mg) | efficiency (%)

Vancomycin 8mg/ml 3.05 98.4

Vancomycin 16 mg/ml 5.11 97.8

Cefazolin 4 mg/ml 1.53 98.2

Cefazolin 8 mg/ml 2.53 98.6
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Figure 6.3: Cumulative release profile of the drugs from microparticles containing (a) 3
mg vancomycin (b) 5 mg vancomycin (¢) 1.5 mg cefazolin (d) 2.5 mg cefazolin,
encapsulated and coated onto it. These microparticles were immersed in PBS buffer of
pH 7.4 at 37°C and samples were collected at pre-determined time intervals. Each data
point is mean + standard deviation (n=3)
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6.3.2.2 Dual Release of BMP-7 and the Antibiotics
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Figure 6.4: Cumulative release profiles of (a) 3 mg vancomycin (b) 2.5 mg cefazolin (c)
BMP-7 encapsulated in the microparticles (d) BMP-7 release profile in the absence of
drugs. Each data point is mean + standard deviation (n=3)

The release profile of vancomycin in presence of BMP-7 was similar to the individual
drug release profile. In the presence and absence of BMP-7, the cumulative release
amount for the 3 mg vancomycin release study was 50.79% and 51.89% respectively,
which indicates that the presence of BMP-7 does not affect the stability or release
amounts of vancomycin (Figure 6.4a). A similar observation was made for cefazolin
release as well, with a cumulative release percent of 57.87% and 55.25% in the presence
and absence of BMP-7 respectively (Figure 6.4b). Statistically, there was no significant

difference (p>0.01) observed between the cumulative release amounts at the various time
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points, when a comparison is made between the drug release in the presence and absence

of BMP-7.

BMP-7 cumulative release was determined from the above release samples and the
release profile was similar in the presence of vancomycin and cefazolin. Also when these
profiles are compared with BMP-7 release only, a similar result was observed, with the
cumulative release percentage being 45.49%, 42.99%, and 36.45% in presence of
cefazolin, vancomycin (Figure 6.4c) and BMP-7 itself (Figure 6.4d) respectively, which

indicates that the presence of drugs have no effect on the stability of BMP-7.

6.3.3 Biocompatibility Tests In vitro

On day 1, a post hoc Tukey’s HSD analysis indicated a significant difference (p<0.001)
in the proliferation of pre-osteoblasts (OB-6) grown in plain media (control) and that with
growth factor BMP-7, indicating that on day 1 itself, BMP-7 has an influence on the cells
growth and proliferation (Figure 6.5). In the antibiotics containing samples, a significant
difference (p<0.001) was observed between controls and that containing BMP-7 and
vancomycin (1000 pg/ml). In comparison with BMP-7 containing media, there was a
significant difference (p<0.001) observed between all the other samples except media
containing BMP-7+cefazolin (100 ng/ml) (Figure 6.5a), and BMP-7 + vancomycin (1000
pg/ml) (Figure 6.5b). This shows that higher concentrations of drugs are tolerable by the
pre-osteoblasts in the early time period (day 1). In medium containing cefazolin (50
pg/ml) and vancomycin (500 pg/ml) only, a significant decrease (p<0.05) is observed in
comparison with medium containing BMP-7 and cefazolin (100 pg/ml). In medium

containing BMP-7 and cefazolin (100 pg/ml), a significant increase (p<0.05) in
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proliferation was observed in comparison with media containing BMP-7 and vancomycin

(500 pg/ml).

On day 3 however, media containing vancomycin (1000 pg/ml) showed significant
decrease in the cell proliferation in comparison with all the samples except media
containing 500 pg/ml of vancomycin and a combination of vancomycin (1000 pg/ml) and
BMP-7. These results indicate that higher concentration of vancomycin (1000 pg/ml)
inhibits pre-osteoblasts cell proliferation. Media containing 500 pg/ml vancomycin
showed significant decrease (p<0.05) in cell proliferation in comparison with media
containing BMP-7 and cefazolin (100 pg/ml and 50 pg/ml). A significant increase
(p<0.05) was also observed in proliferation in media containing BMP-7 and cefazolin
(100 pg/ml and 50 pg/ml) over media containing BMP-7 and vancomycin (1000 pg/ml).
These results show that 50 pg/ml and 100 pg/ml cefazolin concentrations in presence and

absence of BMP-7 increases cell proliferation.
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Figure 6.5: Effect of a) cefazolin b) vancomycin and growth factor on viability and
proliferation of pre-osteoblasts OB-6 (n=10). OB-6 cells were exposed to 100 pl of the
respective drug concentrations for a period of 24 h and 72 h.

6.3.4 Bacterial Activity In vitro

6.3.4.1 Effect of Vancomycin on Staphylococcus epidermidis

The data from the liquid bacterial culture (S.epidermidis data as shown in Figure 6.6,
demonstrated that the antibacterial function of vancomycin lasted for almost the complete
2 weeks, except at day 3 and 5, when partial inhibition of bacterial growth was observed
(14.37% and 34.89% inhibition respectively). Average inhibition of 85% was observed

for the release samples at other time points, suggesting vancomycin has a good
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antibacterial activity on S. epidermidis. There was a significant difference (p<0.05) in the
ODgoo at 24 h between the prior mentioned release samples and the control, which
consists of media with 100 pl of PBS. It can be understood that the release concentrations
between 16-30 pg/ml is not adequate to completely inhibit their growth. These results
also indicated that encapsulation of vancomycin in chitosan-TPP microparticles not only
controlled the release rate and prolonged its release duration, but also retains its

antibacterial activity.
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Figure 6.6: Growth curve of Staphylococcus epidermidis in presence of vancomycin
release samples collected at various time points (n=3).
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6.3.4.2 Effect of Cefazolin on Staphylococcus epidermidis

The amount of cefazolin released at the time points mentioned in Figure 6.7 is the
difference in the drug released between the two time points. This is because the method
of sample collection for drug release was to collect the entire PBS in the vial and replace
it with fresh amount of PBS. This approach for bacterial study is comparable with what
happens in vivo, as the drug released on day 1, would have dispersed from the defect site

in some period of time.

Antibacterial study demonstrated that the cefazolin released from the microparticles can
inhibit the growth of S. epidermidis completely during the study period. An average
inhibition rate of 94% was observed for the release samples till day 5 and later an average
inhibition rate of 72% was observed. The later inhibition rate corresponds to a cefazolin

concentration of around 20 pg/ml.

The release profile of vancomycin from coated microparticles is similar to that of
cefazolin (Figure 6.7), but the amount of vancomycin encapsulated is higher than
cefazolin. This decision was based on the MIC of cefazolin (1 mg/L) and vancomycin (8-

16 pg/ml).
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6.4 Discussion

The main objective of this study was to incorporate vancomycin and cefazolin into
chitosan-TPP microparticles along with growth factor BMP-7, to release them in
controlled manner, and to retain the antibacterial activity. The main justification of the
antibiotics we chose was to address the most commonly used antibiotics in clinical
practice today, delivered either systemically or locally. Our lab has been involved in
developing novel chitosan based scaffolds capable of delivering growth factors for bone
regeneration. Since chitosan-TPP microparticles were prepared using coacervation
procedure, it was easy to entrap hydrophilic small molecules of vancomycin and
cefazolin into the microparticles by both the processes (encapsulation and coating
procedure). High encapsulation efficiencies (Table 6.1) were obtained in this study in
comparison with other studies where water-in-oil-in water (w/o/w) double emulsion
procedures were used, wherein it is difficult to achieve high encapsulation efficiency
since the drug has high solubility in the external phase and it is easy for majority of the
drug to diffuse to the external phase during emulsion and solvent evaporation process
[249]. The drugs were incorporated in two ways- encapsulation and coating (adsorption)
to determine their influence on the release profiles of both the drugs. We observed a
similar trend in all the release studies-cefazolin, vancomycin and BMP-7; when these
molecules were encapsulated, an average release of about 50% was observed by the end
of 2 weeks and minimum burst initial burst release (15-20%) was observed. In contrast,
when these molecules are coated onto the microparticles (by the process of adsorption),
we observed a burst initial release of about 50% by day 1 and by the end of 2 weeks

period nearly 95% of the adsorbed protein was released. This huge difference in the
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release patterns can be attributed to the larger travel distance for the encapsulated drug to
diffuse out of the microparticle, resulting in lower burst release during the early stages of
release study. Also, since the viscosity of the chitosan solution is high, it reduced the
diffusion of drug to the outer surface as a result least amount of drug was found on or
near the surface of the microparticle, in contrast to the drug coated microparticles, where
most of the drug was incorporated near to the outer surface, resulting in the burst release

[250].

In order to eradicate infection in bone and joints, it is essential to maintain antibiotics at
the therapeutic concentration at the implantation site for an extended period of time.
Parenteral administration of antibiotics is unsuccessful in the treatment of bone infections
because of the insufficient local penetration of systemic administration. Traditionally,
osteomyelitis has been treated with parenteral antibiotics for a period of 4-6 weeks after
surgery. The high doses of systemic antibiotics above the minimum inhibitory
concentration required at fracture site cause systemic toxicity [251,252]. Studies have
shown that more than 80% of vancomycin is excreted unchanged in urine within 24 h
after administration and cefazolin’s half-life is found to be approximately 4 h after IV
injection [253]. Even after an intra-articular (IA) injection, half-life of the delivered
vancomycin was just over three hours, and the therapeutic level was maintained for 24 h
in the joint serum [254]. Therefore, it can be advocated that local antibiotic
administration continuously and in a controlled fashion from a biodegradable scaffold
will avoid risk of systemic toxicity and act as a prophylaxis measure against bone
infections during the surgery. But it has also been found that high concentration of drugs

inhibits the bone healing activity [255]. Our day 3 experiment of osteoblasts proliferation
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in presence of antibiotics and BMP-7 suggests that cefazolin concentration of 50 pg/ml
and 100 pg/ml did not significantly change the cell number in comparison with controls
and also the presence of BMP-7 improved cell proliferation. This result indicates that
cefazolin concentrations used are not toxic to osteoblasts and they also do not inhibit the
activity of BMP-7. Our results are in agreement with other studies, which showed that at
a concentration of 200 pug/ml cefazolin, they start to become toxic to osteoblasts,
decreasing the cell number by >75% [256,257]. Figure 6.5 also indicates an increase in
the cell proliferation in cefazolin concentration of 50 pg/ml and 100 pg/ml and BMP-7 in
comparison with BMP-7 containing wells. This indicates that cefazolin itself improves
osteoblast viability and proliferation. This observation is also in support with another
study, which observed an increase in the ALP activity in presence of cephalosporins
[258,259]. On the other hand, vancomycin concentration of 1000 pug/ml was found to be
toxic to OB-6 cell line, even in presence of BMP-7, which indicates its toxicity [260].
Although others reported positive effects of vancomycin on osteoblasts until 2000 pg/ml
[261], our observation clearly indicates a significant decrease (p<0.001) in cell number in
comparison with controls. Vancomycin belongs to glycopeptide family of drugs and
cefazolin belongs to cephalosporin family and have indicated that there is a difference in

with regards to their effect on cell viability and osteogenic potential.

Antibiotic loaded microparticles, antibiotics coated spacers and antibiotic coated implants
may reduce infection, but they do little to improve bone regeneration, therefore, we
studied the dual release of the drugs and growth factor to simultaneously promote bone
growth and prevent infection. The cell proliferation experiment along with the release

study supports our results that the released BMP-7 is active and unaffected by the
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presence of drugs. Also, the drug release profiles in the presence of BMP-7 were similar
to drug release alone, suggesting that no interaction occurred between drugs and growth
factor. Since both the growth factors and drugs were encapsulated into the microparticles,
controlled release was observed, with about 50% cumulative release over the period of 2
weeks. Almost steady amount of drug is released over this period of time, minimizing
peak/trough fluctuations, while maximizing the amount of time the drug concentrations
remain at therapeutic levels. The justification for our choice of drug concentration to be
incorporated were influenced from the osteoblasts viability experiment, where we
concluded that cefazolin concentration less than 100 pg/ml supported osteoblasts
proliferation and vancomycin concentration less than 500 pg/ml would be beneficial for
their growth. The concentration of drugs incorporated into the microparticles were
chosen such that the release concentration at any time point did not exceed those limits
and in our release study we found that for drug encapsulated microparticles, the
maximum release was 70 pg/ml and 120 pg/ml of cefazolin and vancomycin

respectively.

The antimicrobial experiment demonstrated the biological function of vancomycin and
cefazolin released from the chitosan-TPP microparticles for over a period of 2 weeks. In
both the experiments, only about 50% of the total encapsulated drug is released and in
that period, it was observed that cefazolin could inhibit bacterial growth to a greater
extent (~85%) at lower concentrations in comparison with vancomycin (~80%).
Minimum inhibitory concentration for vancomycin was found to be around 24 ng/ml,

which is in agreement with other studies [262]. While the chitosan-TPP microparticles
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along with BMP-7 encapsulated may promote bone tissue regeneration, the vancomycin

and cefazolin encapsulated in the scaffold will protect the tissue from microbial invasion.

This work has shown the capability of the chitosan-TPP microparticles to deliver
bioactive and stable drugs in a controlled fashion over a prolonged period of time. The
study also demonstrated that the amount of drugs incorporated should be optimized in
order to inhibit bacterial growth and at the same time not negatively influence osteoblasts

proliferation and activity.
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Chapter 7

Influence of Chitosan Microparticles in Healing
Critical Sized Defects in Rat Femur

7.1 Material

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, and PBS were
purchased from Sigma Chemicals, bone morphogenetic protein 7 (BMP-7) was
purchased from Peprotech, 10% formalin and decalcification solution, Cal-Ex 11 was

obtained from Fisher Scientific.

7.2. Methods

7.2.1 Fabrication of Chitosan Microparticles

Microparticles were prepared by coacervation method. In this method, 2% chitosan was
prepared by dissolving in acetic acid (1% v/v) at room temperature. The mixture was
passed through a nylon mesh to remove insoluble substances. This mixture was then

added drop wise to 50% sodium tri-polyphosphate (TPP) solution kept on ice-bath. The
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microparticles were allowed to cross-link overnight and then were air-dried. BMP-7 was
dissolved in water to an appropriate concentration and was added to the chitosan solution
to encapsulate the growth factor. In order to coat the microparticles with BMP-7, the

same amount was added to 7 mg of microparticles.

7.2.2 Surgical Procedure

Three different groups of microparticles were tested to observe their effect on bone
regeneration. Chitosan microparticles without any growth factors, BMP-7 encapsulated
microparticles and BMP-7 coated microparticles were used. Prior to the surgery, they
were packed in 1 ml syringes along with very small amount of saline. These

microparticles were sterilized using gamma radiation for 5 minutes at 1358.5 rads.

Inbred male Lewis rats, 8 weeks old, weighing between 240-290 g, were used as
experimental animals. The protocol was approved by The University of Toledo
Institutional Animal Care and Use Committee (IACUC, Approval no: 105818) and

national guidelines for care and use of laboratory animals was followed.

Surgery was performed under general inhalation anesthesia containing isofluorane and
oxygen that was induced using a constant volume ventilator. Initially to anesthetize the
animal, a dosage rate of 3% was used and later during the surgery a rate of 1.5% was
used. In order to minimize the postoperative pain, animals were given subcutaneous
buprenorphine (0.5 mg/kg body weight) just prior to the surgery and to reduce the
postoperative infection risk, antibiotic penicillin G procaine (40,000 U/kg) was injected
intramuscularly 12-24 h before surgery. The surgical site was shaved and disinfected first

with 70% isopropyl alcohol followed by solutions of benedine and betadine. A lateral
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approach was used to expose the right femoral diaphysis. After the exposure of the mid
shaft region of the femur, a 4-5 mm hole was drilled through one of the cortex using
orthopedic microdrill. Low rotational drill speeds were used to make a hole through one
of the posterior cortex to reach the bone marrow, until the marrow came through the
defect site and constant physiological saline irrigation was used to remove any bone
debris formed during drilling. The microparticles prepared prior to surgery were then
injected into the defect site. Defects without any filling were used as controls to compare
the natural bone formation versus scaffold induced bone formation. After injecting the

material, the soft tissues and skin was closed layer-by-layer using absorbable suture.

Each type of microparticle was implanted in 10 animals. Thus for 4 groups (including
control) and two time points, a total of 80 animals were used in this study. At 6 and 12
weeks postoperation, rats were anesthetized using over dose of kedamine (80 mg/kg) and
xylazine (10 mg/kg). After anesthetizing the animals, they were subjected to cardiac
perfusion with saline, followed by a 10% formalin flush. Later, the femur was harvested
for evaluation and drop-fixed in 10% formalin. Fixative volume was around 20 times that

of tissue on a weight per volume.

7.2.3 Methods of Evaluation of Regenerated Bone

7.2.3.1 Histological Procedures

After keeping the tissue in 10% formalin for 24 h, the tissues were transferred to 70%
ethyl alcohol and later were put in decalcifying solution containing 7.4% formaldehyde,
10.6% formic acid and less than 1% methyl alcohol for 5-7 days, before sectioning the

tissue. Samples were embedded in liquid paraffin and cut into 5 um thick sections and
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fixed on microscopy slides for further analysis. The sections were stained with
hematoxylin and eosin (H&E) and observed using a Leica DMLB microscope (Leica
Microsystems, IL). For H&E staining, the slides were treated with xylene for 1 minute
followed by a series of dehydration in 100%, 95% and 70% ethanol for 5 min each. After
dehydration, they were treated in hematoxylin stain for 3 minutes. The stained samples
were rinsed in water. This was followed by acid alcohol and ammonia treatment,
followed by 70% ethanol treatment for 2 minutes. Next the slides were dipped in eosin
stain for 15 seconds, followed by 95% and 100% ethanol treatment. Finally the slides
were treated with xylene for 5 minutes and then the slides were dried thoroughly before

viewing under Olympus light microscope.

7.2.3.2 u-CT Analysis

Samples were firmly positioned in the sample holder using low-density foam. In order to
obtain highest contrast between the specimen and the surrounding medium, air was used
as the scanning medium for all the samples. The fixed scaffolds were scanned with a
high-resolution p-CT scanner (uCT 35, Scanco Medical AG) at 70 kVp. Beam hardening
of the X-ray was reduced by placing a beam-flattening filter in the X-ray path to narrow
the energy spectrum. Signal-to-noise ratio (SNR) and scanning time had to be optimized
to obtain good voxel information; therefore a tube current of 114 pA was used with an
integration time of 100 ms per projection. The tradeoff between voxel size and scan time
was also carefully considered in order to analyze the newly formed bone in rat and an
isotropic voxel size of 12 um was used for scanning all the bones. Region of interest
(ROI) exceeding defect boundaries was used for scanning purposes (includes newly

formed bone as well as old bone) and is approximately 20% of bone length.
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The standard method of quantitatively describing bone architecture is the calculation of
morphometric indices. Measurements such as bone volume fraction, specific bone
surface, porosity of new bone, thickness of new bone fragments, spacing between newly
formed bone fragments and number of new bone fragments were calculated using a
preprogrammed algorithm to determine trabecular bone morphometry. But prior to
computing the values of each of these outcome measures, a Gaussian filter (sigma=0.8,
support=1.0) was applied for noise reduction. The basic morphometric indices like bone
volume (BV), and tissue volume (TV) are derived from simple voxel counting method,
while bone surface (BS), which is another basic measure, is conventionally computed
using a marching-cube algorithm. 3D calculations for thickness and spacing were
determined by sphere fitting method, where for thickness measurements, spheres are
fitted into the object and for separation; the spheres are fitted to the background. Another
index - porosity, was used to characterize the redundancy of trabecular connections. In
order to determine all the above-mentioned parameters, contours were manually drawn
carefully around the newly formed bone based on the visible threshold difference
between the old and the new bone for all the groups. This threshold was carefully
determined based on visual inspection of tomograms of regular cortical bone. Voxels
above the threshold value of 289 and below 1000 were collected and the segmented bone

was reconstructed for measurements.

7.2.3.3 Multiphoton Second Harmonic Generation

Multiphoton second harmonic generation (SHG) imaging is based on the process of
frequency doubling by which two near-infrared photons are converted into a single

photon with exactly twice as much energy as the input photons. SHG signals arise due to
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interaction with anisotropic molecules, which in biological imaging, is most often present
in collagen. Collagen being an important part of new bone formation can be analyzed
using this technique. We used Leica TCS SP5 laser scanning confocal microscopy (Leica
Microsystems, Bannockburn, IL) equipped with a Ti-sapphire tunable multi-photon laser
(Coherent, Santa Clara, CA). SHG for collagen was optimally imaged using 860 nm
excitation (MP laser) for maximum efficiency and emission collection was in the range of
425-435 nm with a peak emission generated at 430 nm. H&E stained slides were used for
imaging. The images obtained were analyzed using ImagelJ 1.48j version software (NIH).
During this analysis, collagen images were thresholded to precisely match the collagen
outline and converted to binary image for measurement. Three collagen attributes were
acquired: total collagen area, collagen bundled area and collagen bundled area/total
collagen area. Following an initial blind coded evaluation of 35 images, it was
determined that an area of 3500 um® was the minimum criterion for a collagen collection
to be considered a collagen bundle. Accordingly, in each image, collagen bundle area
with an area of atleast 3500 um® was summed to determine collagen bundled area of the
entire image. The collagen bundle area was divided by the total collagen area to
determine the relative amount of collagen bundling. For each group, n=15 images were

processed.

7.2.4 Statistical Analysis

All statistical analyses were performed using SPSS software (IBM Corporation, Somers,
NY, USA). A student T-test was applied for comparison of the groups at different
implantation periods. Significant differences between the groups were determined using
ANOVA'’s Tukey’s Honest Significant Difference (HSD) test. The relationship between
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various parameters determined in this study was calculated by Pearson’s regression
coefficient. Results were considered significantly different if p<0.05, unless otherwise

mentioned.

7.3. Results

7.3.1 Characterization of the Microparticles

Chitosan-TPP microparticles displayed a round and groovy surface morphology. The size
of the microparticles obtained for a batch had less variation (Fig. 1b) and had an average
diameter of 700 um. The microparticles obtained by this method of cross-linking were
found to have an internal less dense structure, which is advantageous in terms of growth
factor delivery and degradation process. In order to incorporate BMP-7 into the
microparticles, below room temperatures were employed to ensure structural and

functional integrity of BMP-7.

7.3.2 Clinical Observations

All the 80 rats, which were operated exhibited good health and showed no complications
throughout the study period. At the end of the postoperative time periods, i.e. 6 and 12
weeks, all the 80 femurs were harvested and no visual signs of visual adverse tissue
responses or inflammatory response were observed. In some of the animals, we could
observe that some microparticles had dispersed into the nearby muscle tissue, but for
almost all the groups, there were a good number of animals, which had the microparticles

at the defect site (Figure 7.1).
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Figure 7.1: (a) The surgical procedure showing a 4-5 mm defect in diaphysial region of
femur, which was implanted with chitosan-TPP microparticles (b) SEM image of
chitosan-TPP microparticles.

7.3.3 Histology Observations

7.3.3.1. Controls

At 6 weeks, in controls, a number of marrow filled cavities were observed around which
new bone was being formed (Figure 7.2a,b). Lining those cavities, we could observe
active cuboidal osteoblasts forming new bone. In some of the spaces, multinucleated
giant osteoclasts were also observed, suggesting active remodeling. Fibrous connective
tissue/granulation tissue was also observed along the edges of the newly formed bone,
which would later be mineralized to form woven bone. Lacunae were observed which
had osteocytes. These cells can be seen very randomly arranged and in higher population
suggesting that the Figure 7.2a,b indicates the newly formed woven bone, which still
needs remodeling. Figure 7.2a also suggests intramembranous healing process, where a
primary ossification center in first formed by the mesenchymal stem cells in the bone
marrow, which later start secreting osteoid and are so differentiated into osteoblasts,

which start laying down the woven form of bone, indicated in figure 7.2b by the small
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circular woven structure in the center of the marrow cavity. Figure 7.2b also shows newly
formed osteocytes, lying side by side, in the newly formed bone region, which will

gradually be separated as more bone forms and as remodeling occurs.

At 12 weeks, the number of marrow cavities and their size had dramatically reduced
(Figure 7.2c). We could still observe fibrous connective tissue/granulation tissue with
fibroblasts, indicating active healing process. At the edges along the woven bone, we can
observe active osteoblasts laying down bone (Figure 7.2d). Well-developed blood vessels
can be seen in the newly formed bone region. Osteoclasts were also observed in the small

marrow cavities remodeling the bone.
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Figure 7.2: Microscopic images of transverse sections (H&E) of rat femur, where a defect
was created but was not implanted with any material (controls). The defect site indicates
formation of granulation tissue and new woven bone formation a,b) at 6 weeks post-
implantation - 10X and 20X magnification respectively c,d) at 12 weeks post-
implantation - 10X and 20X magnification respectively. CT, connective tissue; FB,
fibroblasts; NB, new bone; OB, osteoblasts; OC, osteocytes; OCL, osteoclasts; OS,
osteoid (Scale bar represents 100 pm).
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7.3.3.2 Microparticles without Growth Factor

At 6 weeks, the microparticles appeared intact with no degradation. Inflammatory
response was found confined only to the region around the microparticles. Newly formed
bone tissue was found in close proximity, around and in between microparticles. Active
cuboidal osteoblasts were found on the uneven surfaces of the newly forming bone.
Blood vessels were formed in the new bone region. Fibrous tissue was found confined to
the tissue- microparticle interface, which is consistent with postoperative changes (Figure
7.3a,b). Loose granular-filamentous structure, containing collagen fibrils and fibroblasts
is also found in-between microparticles. The morphological appearance of the newly
formed bone was similar to the control and no necrotic tissue was observed indicating

biocompatibility of the microparticles.

At 12 weeks, the microparticles were still found to be intact, with lesser inflammatory
response found around its perimeter (Figure 7.3c,d). Fibrous tissue was confined to the
implant-tissue interface. Overall thickness of the newly formed woven bone adjacent to
the microparticle appeared to have increased at 12 weeks postoperatively. Blood vessel

infiltration was also observed in newly formed bone region.
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Figure 7.3: Microscopic images of transverse sections (H&E) of rat femur, where a defect
was created and implanted with chitosan-TPP microparticles. The defect site indicates
formation of granulation tissue and new woven bone formation, with very little
inflammatory response around the implanted biomaterial a,b) at 6 weeks post-
implantation - 10X and 20X magnification respectively c,d) at 12 weeks post-
implantation - 10X and 20X magnification respectively. CT, connective tissue; FB,
fibroblasts; MP, microparticle; NB, new bone; OB, osteoblasts; OC, osteocytes; OCL,
osteoclasts; OS, osteoid; IR, inflammatory response; BV, blood vessel (Scale bar
represents 100 um).
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7.3.3.3 BMP-7 Coated Microparticles

H&E staining images for 6 weeks indicated that microparticles were intact with no
degradation (Figure 7.4a,b). Inflammatory response was found surrounding the
microparticles. By carefully viewing all the related images, we found that the
imflammatory response in BMP-7 coated microparticles was more in comparsion with
microparticles without growth factor. There were huge marrow-filled cavities around
which new bone was forming. In the marrow cavity itself, at 6 weeks we could see
osteoid being laid down by the differentiated osteoblasts. There were osteoblasts that
lined the newly forming bone from the endochondral side as well as periosteal side laying

the bone.

At 12 weeks, we could observe that the microparticle had started to degrade. We could
observe foreign body response around the microparticle and fibrous tissue was also
observed associated with the microparticle. The inflammatory cells were also found small
gaps between the microparticles. From figure 7.4c,d, we could notice that the new bone
was forming adhered to the microparticle and there was new blood vessel growth in that
region. The newly formed bone around the microparticle appeared tighter without
interposition of fibrous tissue. Also, in close proximity from the degraded microparticle,

we could observe a number of comparatively larger regions of woven bone formation.
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Figure 7.4: Microscopic images of transverse sections (H&E) of rat femur, where a defect
was created and implanted with BMP-7 coated chitosan-TPP microparticles. The defect
site indicates formation of granulation tissue and new woven bone formation in close
proximity to the microparticles a,b) at 6 weeks post-implantation - 10X and 20X
magnification respectively c,d) at 12 weeks post-implantation - 10X and 20X
magnification respectively, where the left (10X) image indicates degraded microparticle.
CT, connective tissue; FB, fibroblasts; MP, microparticle; NB, new bone; OB,
osteoblasts; OCL, osteoclasts; OS, osteoid; IR, inflammatory response (Scale bar
represents 100 um).
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7.3.3.4 BMP-7 Encapsulated Microparticles

6 weeks results indicates inflammatory response around the microparticle (Figure 7.5a,b).
Similar to the BMP-7 coated microparticles; the inflammatory response was greater in
comparison to microparticles without growth factor. We can also observe the formation
of fibrous tissue at the interface of tissue and microaprticles. But near the surface of the
newly forming bone, we could observe active osteoblasts. In some regions adjacent to the
microparticle, we could observe bone tissue development. The marrow cavities appeared
to be smaller in comparison with microparticles and lot of woven bone growth was

observed at the defect site. Other morphometric features were common for all the groups.

12 weeks microscopic images indicated that there was foreign body response seen around
the microparticle. Figure 7.5¢,d indicate that the inflammatory cells, were penetrating the
microparticle at 12 weeks. Similar to other groups, we could observe active osteoblasts
laying down bone on the newly formed uneven woven bone surface. Osteocytes were
randomly arranged in the new woven bone indicating that remodeling is going on. Blood
vessels growth was observed in the newly formed bone region as well as the fibrous

tissue region.
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Figure 7.5: Microscopic images of transverse sections (H&E) of rat femur, where a defect
was created and implanted with BMP-7 encapsulated chitosan-TPP microparticles. The
defect site indicates formation of granulation tissue and new woven bone formation in
close proximity to the microparticles a,b) BMP-7 encapsulated chitosan-TPP
microparticles at 6 weeks post-implantation - 10X and 20X magnification respectively
c,d) BMP-7 encapsulated chitosan-TPP microparticles at 12 weeks post-implantation -
10X and 20X magnification respectively. CT, connective tissue; FB, fibroblasts; MP,
microparticle; NB, new bone; OB, osteoblasts; OC, osteocytes; OCL, osteoclasts; OS,
osteoid; IR, inflammatory response; BV, blood vessel (Scale bar represents 100 um).
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7.3.4 n-CT Analysis

7.3.4.1 Bone Volume Fraction

At 6 weeks, bone volume fraction (BV/TV) in controls with defect (n=10) averaged
0.58+0.08, for microparticles without growth factor (n=10) it averaged 0.42+0.07, for
BMP-7 coated microparticles (n=10), the average is 0.38+0.10 and for BMP-7
encapsulated microparticles (n=10), the average is 0.37+0.08. Statistical analysis
indicated a significant increase (p<0.001) in the BV/TV ratio in controls, in comparison
with microparticles containing groups (with and without growth factors), also no

significant difference is found in BMP-7 present and absent microparticles (Figure 7.6a).

At 12 weeks, BV/TV ratio for controls (n=10) is 0.58+0.05 and showed no significant
increase (p>0.05) from 6 weeks. For other groups-microparticles without growth factor
(n=10), the ratio is 0.51+0.08, BMP-7 coated microparticles (n=10), it is -0.48+0.06 and
for BMP-7 encapsulated microparticles, it is 0.46+0.08 and these values indicate that
BV/TV significantly increased in comparison with 6 weeks. There is also a significant
increase (p<0.05) observed between the controls and the microparticles containing
groups, but no significant difference was observed between microparticles and BMP-7
containing microparticles. The ratio of BV/TV was found to be 0.998 for controls with no

defect (Figure 7.6b).

7.3.4.2 Porosity of Newly formed Bone (mm™)
At 6 weeks, a significant difference (p<0.001) was observed in the porosity between the
controls and microparticles containing groups (Figure 7.6¢). The controls (n=10)

averaged 85.88+20.73, the microparticles (n=10) average 204.92+69.25, BMP-7 coated
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microparticles average to 203.31+79.78 and BMP-7 encapsulated average to
194.85+65.58. There was no significant difference observed between microparticles and

BMP-7 containing microparticles.

At 12 weeks, there was a significant decrease (p<0.001) in porosity in comparison with
its values at 6 weeks. Also, there was a significant difference (p<0.05) observed between
the controls (n=10), which showed an average of 30.90+13.25 and the microparticles
containing groups-where microparticles indicated an average of 50.19+19.84, BMP-7
coated microparticles have an average of 54.30+28.05 and BMP-7 encapsulated
microparticles had an average of 54.43+24.11. There was no significant difference
observed between the BMP-7 containing microparticles and microparticles without any

growth factors (Figure 7.6d).

7.3.4.3 Bone Surface Density (mm™)

At 6 weeks, BS/BV ratio for controls (n=10) averaged 15.81+2.51 and this was
significantly less (p<0.001) than the microparticles containing groups, where
microparticles (n=10) showed an average of 21.54+2.29, BMP-7 coated averaged (n=10)
23.47+5.33 and BMP-7 encapsulated (n=10) averaged 24.46+8.12. Statistical analysis
indicated that there is no significant difference (p>0.05) between microparticles and

BMP-7 containing microparticles (Figure 7.6¢).

However, at 12 weeks, there is no significant difference observed between the four
groups, but in comparison with 6 weeks there is a significant decrease (p<0.05) in the
bone surface density (Figure 7.6f), with controls showing an average of 12.15+1.69,

microparticles with an average of 11.79+1.97, BMP-7 coated microparticles indicating
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about 12.75+1.64 and BMP-7 encapsulated microparticles showing an average BS/BV

ratio of 12.21+1.62.

7.3.4.4 Newly formed Bone Fragments Analysis

Number of newly formed bone fragments (1/mm) at 6 weeks was averaged to be
7.52+0.51 for controls (n=10), 6.41+2.43 in microparticles group (n=10), 6.53+2.90 in
BMP-7 coated microparticles (n=10) and 4.89+3.14 in BMP-7 encapsulated
microparticles (n=10) (Figure 7.6g). But a decrease in bone fragments was observed at 12
weeks, controls showed an average of 5.71+0.49, microparticles averaged 6.21+1.62,
BMP-7 coated microparticles averaged 5.01+2.32 and -7 encapsulated microparticles had
an average of 5.59+2.29 trabecular number. At 6 and 12 weeks there was no significant
difference observed in the trabecular number (mm™) between controls (n=10) and
microparticles containing groups (n=10), although there was a significant decrease
(p<0.001) observed in the trabecular number from 6 weeks to 12 weeks in controls

(Figure 7.6h).

Newly formed bone fragment thickness (mm) comparison indicated a significant
difference (p<0.001) between controls and microparticle groups at 6 weeks (Figure 7.61).
Controls (n=10) averaged 0.12+0.01, whereas microparticles (n=10) had an average of
0.10+0.01, BMP-7 coated microparticles (n=10) had an average of 0.1+0.01 and BMP-7
encapsulated microparticles (n=10) had an average of 0.1+0.005. There is no significant
difference observed between microparticles and BMP-7 containing microparticles. At 12
weeks also, a significant difference (p<0.05) was observed between controls and
microparticles containing groups. Controls had an average of 0.19+0.02; while

microparticles averaged to 0.17+0.02, BMP-7 coated microparticles averaged to

134



0.16+0.02 and BMP-7 encapsulated microparticles averaged to 0.16+0.02. There was no
significant difference observed between microparticles and BMP-7 containing

microparticles (Figure 7.6j).

Spacing between newly formed bone fragments (mm) analysis at 6 weeks indicated that
controls (n=10) had an average spacing of 0.14+0.03, while microparticles (n=10) had an
average of 0.25+0.18, BMP-7 coated microparticles (n=10) averaged to 0.28+0.26 and
BMP-7 encapsulated microparticles (n=10) had an average spacing of 0.44+0.31. There
was a significant difference (p<0.001) observed between controls and BMP-7
encapsulated microparticles (Figure 7.6k). At 12 weeks, the controls had an average
spacing of 0.16+0.04, microparticles averaged 0.25+0.2, BMP-7 coated microparticles
had an average of 0.43+0.35 and BMP-7 coated microparticles had an average of
0.34+0.3. There was a significant difference (p<0.05) observed between controls and
BMP-7 coated and encapsulated microparticles (Figure 7.61). There was no significant
difference observed between BMP-7 containing microparticles and only the
microparticles and also there was no significant increase in trabecular spacing observed

between 6 and 12 weeks.

Figure 7.6 and Figure 7.7 are the three dimensional representation of the bone region
scanned using micro-CT at 6 and 12 weeks repectively. These images indicate that due to
the periosteal activity, a layer of bone has been formed at the periphery, but beneath that
layer, there is still a lot of bone healing that needs to occur to bring back the original
form. Figure 7.6c, 7.6e, 7.7¢ and 7.7g, we can clearly observe that microparticle is

present at the defect site and new bone is being formed around it.
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Figure 7.6: Box plot representation of a,b) Bone volume fraction (BV/TV); c,d) Porosity
of new bone; e,f) Bone surface density (BS/BV); g,h) Number of new bone fragments;
1,j) New bone fragment thickness; k,1) New bone fragment spacing measured in the newly
formed bone region by microcomputed tomography at 6 and 12 weeks (n=10).
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Figure 7.7: Representative week 6 post-surgery micro-CT images of femurs for controls
(a,b) and treated groups- microparticles (c,d); BMP-7 coated microparticles (e,f); BMP-7
encapsulated microparticles (g,h). Scale bar = 1 mm
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Figure 7.8: Representative week 12 post-surgery micro-CT images of femurs for controls
(a,b) and treated groups- microparticles (c,d); BMP-7 coated microparticles (e,f); BMP-7
encapsulated microparticles (g,h). Scale bar = 1 mm.
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7.3.5 Multiphoton Second Harmonic Generation

The bundled collagen fibrils constitute fibrils running parallel to each other. The newly
formed region of bone constituted single fibrils, which have very small diameter, small
bundled fibrils, with comparatively bigger diameter, and the thick bundled fibrils, with
different dimensions, which may represent various stages of extracellular collagen
organization. The fibrils organized into discrete bundled showed well-defined orientation.
At 6 and 12 weeks, the images were analyzed using ImagelJ and the regions in an image
with an area greater than 3500 um® (determined based on negative controls, data not
mentioned here) were summed up to get the total bundled collagen area. Total collagen

area was also determined in an image.

Figure 7.9a, 7.10a, 7.11a, and 7.12a are the bright field view of the new bone region
analyzed and Figure 7.9b, 7.10b, 7.11b, 7.12b are the corresponding multiphoton
confocal microscopy images respectively at 6 weeks post-surgery. The bundled collagen
regions were analyzed (n=15) using ImageJ software. At 6 weeks, average percent of
bundled collagen is around 25.35+5.36 for controls, 42.58+13.00 for microparticles
without growth factors, 41.63+10.55 for BMP-7 coated microparticles and 49.91+18.09
for BMP-7 encapsulated microparticles. It is observed that there is a significant
difference in percentage of bundled collagen (p<0.005) between controls and
microparticles containing groups (Figure 7.13a). However, no significant difference was

observed between microparticles containing BMP-7 and without BMP-7.

Similarly, at 12 weeks post-surgery, Figure 7.9¢c, 7.10c, 7.11c, and 7.12c are the bright
field view of the new bone region analyzed and Figure 7.9d, 7.10d, 7.11d, 7.12d are the

corresponding multiphoton confocal microscopy images respectively. At 12 weeks,
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percent of bundled collagen averaged to 13.45+6.79 for controls, for microparticles, the
average is 38.09+16.13, for BMP-7 coated microparticles, it averaged 49.06+17.15 and
for BMP-7 encapsulated microparticles, the average is 32.50+15.06. These results
indicated a significant difference (p<0.05) between controls and microparticles
containing groups (Figure 7.13b). There was no significant difference observed in the
percentage of bundled collagen between the BMP-7 present and absent groups. Also
there was no significant decrease observed in the percent of bundled collagen between 6

and 12 weeks.
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Figure 7.9: Representative histological section (H&E) of controls as observed under
multiphoton confocal microscopy at a,b) 6 weeks - bright field view and the
corresponding view of collagen fibers in the newly formed bone region (ROI)
respectively c¢,d) 12 weeks - bright field view and the corresponding view of collagen
fibers in the newly formed bone region respectively (Scale bar represents 250 pm).
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Figure 7.10: Representative histological section of chitosan-TPP microparticles without
growth factors as observed under multiphoton confocal microscopy at a,b) 6 weeks -
bright field view and the corresponding view of collagen fibers in the newly formed bone
region (ROI) respectively c¢,d) 12 weeks - bright field view and the corresponding view of
collagen fibers in the newly formed bone region respectively (Scale bar represents 250
pum).
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Figure 7.11: Representative histological section of BMP-7 coated chitosan-TPP
microparticles as observed under multiphoton confocal microscopy at a,b) 6 weeks -
bright field view and the corresponding view of collagen fibers in the newly formed bone
region (ROI) respectively c¢,d) 12 weeks - bright field view and the corresponding view of
collagen fibers in the newly formed bone region respectively (Scale bar represents 250
pum).
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Figure 7.12: Representative histological section of BMP-7 encapsulated chitosan-TPP
microparticles as observed under multiphoton confocal microscopy at a,b) 6 weeks -
bright field view and the corresponding view of collagen fibers in the newly formed bone
region (ROI) respectively c,d) 12 weeks - bright field view and the corresponding view of
collagen fibers in the newly formed bone region respectively (Scale bar represents 250
pum).
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Figure 7.13: Box plot representation of bundled collagen formed in the new bone region
(ROI) obtained by analyzing the confocal multiphoton microscopy images (n=15) using
Image J software at a) 6 weeks b) 12 weeks.

7.4 Discussions

The objective of this study was to examine the events in the bone repair at 6 and 12
weeks following application of chitosan-TPP and chitosan-TPP-BMP-7 scaffolds in

femoral defect in skeletally mature rats.

A critically sized femoral defect model can serve as a robust test bed for tissue-
engineered bone regeneration scaffold even in small animals such as rats [263]. As per
our observation of the animals during the study, we could observe that the rats were using
their injured leg to move and climb up the cage. u-CT and histology data suggests that
bone formation was observed around and adhered to the microparticles. No degradation
in microparticles was observed till 6 weeks, and 12 weeks, indicating that the

microparticles are not brittle and have desirable mechanical properties.

Histology analysis was carried out to provide biologic insight to the various cellular

events occuring during the complex healing process. Control defects in our study healed
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in a sequence which closely resembled natural fracture healing process, starting with clot
formation, inflammatory response, followed by marrow derived stromal cell migration,
vascularization, granulation tissue formation followed by bone formation by
intramembranous and endochondral processes. Woven type of bone is formed during this
process, which will be later remodeled. Even after 12 weeks post-surgery, we can observe
soft cartilaginous callus formed around the newly formed bone in controls, which

indicates that the bone healing process is still an ongoing process.

Chitosan can be considered a polysaccharide that structurally mimics the proteoglycan
macromolecules of the extracellular matrix, and therefore can exert similar
morphogenetic funtions, as experimental evidence points out. Examination of new bone
formed under the guidance of microparticles suggested that new mineralized tissue was
actively produced by osteoblasts and remodeled by osteoclasts, by the process of
intramembranous and endochondral ossification. Studies have shown that following
implantation of biomaterial, host reactions include blood-material interaction, provisional
matrix formation, acute inflammatory response, chronic inflammatory response,
granulation tissue development, and foreign body reaction followed by fibrous capsule
formation [264,265]. The observations in our study were similar, wherein at 6 weeks, we
could observe minor inflammatory response around the microparticles, and bone tissue
growing in close proximity to the microparticles. Previous studies have shown that
chitosan demonstrates chemotactic potential in vitro and in vivo [266-268]. There are
many studies, which showed minimal inflammatory response of chitosan [269,270], but
there also exists many studies which show that chitosan could lead to high degree of

inflammatory infiltrates [271,272] and that reaction could last for long periods [273]. But
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in our case, for chitosan-TPP and chitosan-TPP-BMP-7 microparticles fabricated by
coacervation technique, we observed minor inflammatory response at week 6, which
reduced by 12 weeks period. We observed that the granulation tissue is separated from
the biomaterial by the cellular components of foreign body reaction where one or two
layer of monocytes, macrophages and foreign body giant cells were present. These cells
are mainly responsible for phagocytosis and degradation of the microparticles, which we
started to observe by week 12. Fibrous tissue was observed around particles, which was
similar to observations from other studies [274]. The migration of cells is an important
aspect of the stimulatory influence for tissue reconstruction. Chitosan seems to induce
attractive effects on undifferentiated and mature fibroblasts and also undifferentiated
mesenchymal elements to build up microvessels. There is a noticeable difference in the
inflammatory response observed between microparticles and BMP-7 coated and
encapsulated microparticles. This observation can be the reason for the prsence of
inflammatory cells in gaps in the particles in BMP-7 coated and encapsulated, which can
lead to their early degradation. The possible explanation for this observation is that
maybe due to the BMP-7 released from the microparticles, cells migrate quicker to

scaffold and induce scaffold degradation [275].

u-CT uses X-ray attenuation data acquired at multiple viewing angles to reconstruct a 3D
representation of a specimen that characterizes the spatial distribution of material density.
Therefore, quantitative analysis data for newly formed bone obtained by this method is
more accurate. Bone volume fraction (BV/TV) results indicate that the ratio is
significantly high in controls at 6 and 12 weeks, where natural healing is observed in

healthy bone. The relatively less mineralized bone fraction in microparticles containing
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groups can be attributed to the fact that the defect site were partially occupied by the
microparticles, which did not degrade in our study period. But, when we consider the two
time points in the study, a significant increase (P<0.05) in BV/TV is observed in
microparticles containing groups, while that was not the case in controls. This can be
understood by the definition of bone volume fraction, which is a ratio of bone volume
and tissue volume. When individually these parameters were analyzed, we observed that
in controls, there was a simultancous increase in bone volume and tissue volume, which
did not change the ratio, but in case of microparticles containing groups, there was twice
an increase in bone volume in comparison with tissue volume between the two time
points, therefore accounting for the significant difference. The fact that BV/TV ratio does
not significantly change in controls confirms that the defect was critically sized for rats
and is consistent with previous studies [276-278]. No significant difference is observed
between microparticles and BMP-7 containing microparticles, which can be explained by
three reasons: (i) the quantity of BMP-7 incorporated was not sufficient to observe
significant difference in bone growth. Even though our in vitro studies have demonstrated
that the BMP-7 being released from the microparticles is stable and bioactive, in vivo
conditions are completely different, and results cannot be predicted definitely. Previous
in vitro studies have also shown that femtomolar and nanogram range of BMP have
shown mitogenic and osteogenic effects, however macroscopic quantities of bone in vivo
are induced only by milligram quantity of purified BMP or microgram range of rhBMP.
In addition, threshlold levels also differ between species. A study reported that the use of
1.4 pg BMP-2 in rat segmental defect in femur did not result in union, whereas a dose of

11 pg was sufficient to complete union. In rabbits, 3.13 pg of BMP-7 was insufficient to
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heal segmental ulnar. These data suggest that the threshold of dose for in vivo bone
induction is several magnitudes greater than that for cell response in vitro. (ii) the
formation of fibrous capsule around the microparticles prevents the release of growth
factor. Studies have shown that activated inflammatory cells (monocytes, macrophages)
produce pro-fibrinogenic factors, which enhance fibrogenesis by fibroblasts [279].
Therefore the macrophages adhered to the microparticle can secrete proteins that
modulate fibrosis and in turn, fibrous capsule develops around the biomaterial (iii) the
inflammatory cells (macrophages) that adhere and spread over the material surface
release mediators of degradation such as reactive oxygen intermediates (ROIs, oxygen
free radicals), degrading enzymes and acids into the zone between cell membrane and
biomaterial surface [280]. Biomaterial surface is therefore susceptible to high
concentrations of these degradative agents (pH as low as 4.0), which may have degraded

the releasing protein.

The new bone fragments thickness was averaged to be between 170-210 um in controls
and 140-190 pm for microparticles treated groups. These values were higher than those
reported by Wronski et al. [281,282]. TRI plate model was used to determine these values
in both the cases and therefore discrepancy in the results can be due to difference in the
calculation algorithm or the difference in the chosen threshold value. The number of new
bone fragments was found to be about ~5 mm™ at the end of 12 weeks, which coincided

with previously obtained results [282].

Of the different parameters tested in this study, bone surface density and porosity density
were found to be important parameters, which were significantly higher in microparticles

containing groups in comparison with controls. Comparative analysis of microCT results
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show that BS/BV and porosity of new bone show good Pearson’s correlation coefficient
value of r=0.59 (p<0.001). Positive correlation factor indicates that more the surface area
per bone volume, greater is the porosity. The presence of microparticles (with and
without BMP-7) leads to increased BS/BV and porosity at 6 weeks, but with time, the
porosity decreased, as observed at 12 weeks. By definition, connectivity density is a
topologic measure counting the number of objects, the number of marrow cavity
surrounded by bone and the number of connections that must be broken to split the
structure into two parts. This supports the fact that the newly formed bone is more

interconnected and porous in comparison with controls.

To further analyze the new bone, we determined the collagen fibrils formed in the new
bone. This type of study is first of its kind to use confocal multiphoton second harmonic
generation microscopy to determine the collagen fibril thickness and area in the newly
formed bone and compare it between the scaffold-containing groups and controls. The
capacity of the bone to resist mechanical forces and fractures depends on both the
quantity of bone as well as on its quality. The quantity is in part evaluated by bone
mineral density, which confers strength and stiffness to the tissue [283], whereas the
quality in part is contributed by collagen phase, which confers ductility, playing a greater
role in affecting the postyield properties of bone and overall toughness of the tissue
[284,285]. A study revealed that there is a 35% decrease in strength, 30% decrease in
modulus and 50% decrease in toughness of collagen network with age, that results in
failure of whole bone [286]. Of the various structural and composition properties,
collagen fibril diameter has been regarded as the most important factor related to

biomechanical strength of the tissue [287]. Our study revealed that microparticles
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containing femur defects showed significant increase in the percent of well-defined and
organized bundled collagen area in the newly formed bone, in comparison with controls
at both time points, which suggests the presence of microparticles, influences the
mechanism of collagen fibrils formation. While it is evident that local microenvironment
can influence fibril aggregation, it is also known that cells are responsible for molding
tissue into specific configurations, by close spatial contact. Studies have shown that
proteoglycans consisting of core protein and glycosaminoglycans (GAGs) have been
implicated as regulators of collagen fibril I structure in different tissues [288]. Though the
information on precise role and mechanism by which the GAGs regulate collagen
structure is limited, it can be explained that the presence of chitosan (containing structure
similar to GAG) may be a considered a cell-mediated modulary tool, which influence
mesenchymal elements, as already documented for GAGs. These differences in fibril
diameter have biomechanical implications. As we know, bone is mainly composed of
type I collagen with type III and V modulating the fibril diameter [289]. Type I fibrils has
larger diameter than type III collagen [290,291]. Therefore, it may be postulated that new
bone formed in the presence of microparticles (with and without BMP-7) has larger

amount of type I collagen in comparison with controls.
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Chapter 8

Conclusions

In conclusion, although there have been studies with chitosan microparticles, majority of
the studies used conditions that are not suitable for the growth factor encapsulation. We
prepared particles in ideal conditions, by not using any organic solvents for particle
preparations and also employing low temperatures during microparticle encapsulation,
thus ensuring the structural and functional stability of the growth factors. The particles
obtained were in the size range of 500-700 pm, balancing the effect of maximum release
of encapsulated growth factor and bone filling material requirement. Preparation of
microparticles at lower temperatures also ensured increased encapsulation efficiency and
release when compared to the release at higher temperatures. The method used is also a
cost effective procedure as it avoided the use of chemicals like oil, hexane, acetone and
use of other equipment necessary for particles preparation. The cell study proves that the
microparticles help in enhancing the proliferation and differentiation ability of the cells.

The difference in the IGF-1 incorporated particles and normal particles shows that the
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IGF-1 being releases in biologically active and helps in the cell multiplication. Thus the
prepared microparticles may allow for a wider range of application for in vivo bone

regeneration and other regeneration of tissue applications.

An improved response of pre-osteoblasts was observed due to the chitosan-TPP
microparticles and BMP-7 released from these microparticles. Significant increase in cell
attachment and proliferation was observed on the surface of the microparticles with
BMP-7 indicating the influence of BMP-7. Differentiation of the pre-osteoblasts to
osteoblasts was demonstrated by the significant up-regulation in the expression of
transcription factors — runx 2 and osx as well as late osteoblast markers — OCN, OPN and
BSP, which lead to increased mineralization. Therefore, it is postulated that in vivo, these
materials may be able to act as a better and more reliable bone substitute material thus

improving osseointegration response.

Results of in vitro release and antibacterial experiment suggest that the fabricated
chitosan microparticles containing cefazolin and vancomycin are capable of effectively
delivering the drug in a controlled fashion over a period of time. The study over the two-
week time period indicated that cefazolin released can completely inhibit the growth
(~85%) of S. epidermidis. Vancomycin was also found to be an effective against S.
epidermidis at higher concentrations (MIC - 24 pg/ml). The microparticles with drug and
BMP-7 encapsulated into it showed a better-controlled profile over the coated
microparticles, where burst initial phase was observed. It is also extremely important to
take into consideration the concentration of drugs being incorporated into the
microparticles as it has a significant influence on osteoblasts cytotoxicity. 50 pug/ml and

100 pg/ml of cefazolin were found to positively influence cell number and viability of
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osteoblasts. In the complete duration of our release study of cefazolin, the concentration
of cefazolin remained <70 pg/ml. On the other hand, in case of vancomycin 1000 pg/ml
was found to significantly reduce cell number, indicating its toxicity for osteoblasts.
Therefore, we chose the amount of vancomycin to be incorporated such that the release
concentration is always less than 120 pg/ml during the two weeks period. Therefore, the
scaffold system we developed can be used as an effective dual delivery system for drugs

and growth factors for various complex tissue-engineering applications.

In vivo study provides evidence that biocompatible, biodegradable and biomechanically
stable chitosan scaffold can be developed by cross-linking with TPP at low temperatures,
using minimum organic solvents, which accelerates better, and healthy bone formation.
This was illustrated by histology, which indicated healthy bone growth adhered to the
periphery of the microparticles. Influence of BMP-7 was noticed in histology, where we
could observe inflammatory cells in gaps between the microparticles by 12 weeks. This
can be attributed to faster migration of cells towards BMP-7 containing microparticles.
Micro-computed tomography analysis was used to quantify 3D bone growth and
mineralization. Bone surface density and connectivity density were found to be
significantly difference (p<0.05) for microparticles containing groups, which suggests
higher connectivity and also higher in the newly formed bone. Confocal multiphoton
second harmonic generation microscopy was employed to visualized collagen formation
in the newly formed bone. We observed a significant improvement in the formation of
well-defined and organized bundled collagen in microparticles containing groups, from
which we understand that the collagen fibril diameter is higher. Chitosan possessing

structural similarities with GAGs, have been shown to influence collagen fibril structure,
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thereby resulting in higher bundled collagen area. Further studies need be done to
determine the mechanical properties of the healed bone, which can support the collagen

experiment results.

As a conclusion to this work, we can state that though the in vitro studies have
demonstrated that chitosan microparticles with growth factor BMP-7 result in enhanced
osteoblasts proliferation and differentiation, in vivo studies showed that the BMP-7 is
either insufficient or is not being released or is degraded by the inflammatory
cells/fibrotic tissue formed surrounding the bone. The chitosan microparticles started to
show signs of degradation at around 12 weeks, especially in BMP-7 containing
microparticles, which can be due to the release before inflammatory cells crowded the
region. The presence of chitosan microparticles did show an increased bundled collagen
formation, which suggests that the new bone is more ductile, but mechanical tests should
be conducted before concluding. Therefore, future studies must focus on increasing the
concentration of BMPs to determine its effect on bone volume and modifying the surface

of the microparticles to minimize the tissue response.
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Chapter 9

Business Plan

9.1 Executive Summary

The gold standard to treating bone injuries/fractures is to use bone obtained from another
part of the body. This type of treatment is associated with limited supply, can undergo
unpredictable resorption, and leads to immense donor site pain and morbidity. Bone graft
substitutes currently used (like methyl methacrylate, poly-lactic acid) leads to marked
inflammatory response and fibrous capsule formation around the implant, resulting in
possible infection, loosening and exposure of implant. Also, these materials neither fail to
integrate with naturally remodeling bone nor can grow in the patient, making it a poor
bone graft substitute. Therefore, there is an unmet need in the regenerative medicine
market to repair and regenerate bone. This unmet need can be satisfied by OsseoCHI

bone graft substitute.
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OsseoCHI  microparticles are synthetic, osteoconductive, resorbable chitosan-
tripolyphosphate (TPP) based bone substitutes, which can replace autogenous bone.
OsseoCHI eliminates the need for autologous bone harvesting, thus reducing patient
morbidity. OsseoCHI microparticles will be manufactured in a clean-room environment
from biocompatible, radiopaque material, chitosan. Chitosan is a linear polysaccharide
composed of randomly distributed B- (1-4) linked D-glucosamine (deacetylated unit) and
N-acetyl-D-glucosamine (acetylated unit). This chemical composition is similar to
glycosaminoglycan units in the extra cellular matrix of bone, which play a very important
role in regulating growth factors and other factors involved in bone formation. Chitosan
salts formed by mixing chitosan with an organic acid (such as acetic acid or lactic acid)
render it a positive charge leading to interactions with negatively charged cells (like
osteoblasts) leading to bone healing when injected at defect site. The protonated chitosan
is broken down in the body by lysozyme to glucosamine, which is biocompatible and can
be further degraded to carbon dioxide. Chitosan also has natural antibacterial property,
which is advantageous to treat infection. FDA has already approved chitosan for use in
bandages and other hemostatic agents in United States and Europe. In vivo rodent studies
have shown that chitosan-TPP microparticles show significant increase in connectivity
density and collagen formation in comparison with controls, which indicate that the
newly formed bone in presence of microparticles is more stable. OsseoCHI is therefore

ideal for many bone void filler applications.

The initial target market for the proposed device consists of orthopedic/neuro surgeons
dealing with tibial and craniofacial fractures respectively. Buyers will be hospitals,

orthopedic and neurosurgeons. Early adopters will be those surgeons who are extending
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their practice with InFuse, an emerging bone morphogenetic protein (BMP) related
product. However, the target market includes those currently using more conventional

autografts, allografts and non-biological synthetic bone graft substitutes.

The competitive advantages of OsseoCHI are 1) it is user-friendly and easy to use ii) due
to its appropriate size, it remains at the defect site during the healing process iii) it is
injectable and therefore is easy to handle iv) it releases biologic in a controlled fashion,
limiting the concentration to safe margin range, eliminating any side effects v) the
scaffold itself is osteoconductive and by using the bone marrow of the patient along with

the graft, it can be made osteogenic as well.

The bone graft substitutes market is forecasted to reach $3.3 billion globally and $2.2
billion in the US by 2017. Bone graft substitutes are divided into three major markets 1)
synthetic bone graft substitutes ii) demineralized bone matrix (DBM) iii) bone
morphogenetic protein (BMP). Synthetic bone graft substitutes are currently used in

about 25% of bone grafting procedures performed annually in United States.

First year sales are expected to be approximately 50,000 units, yielding to $14 million in
net sales. An initial investment of $3 million will be utilized to conduct pre-clinical
studies to prove the technology for FDA approval for human clinical trials. Later for
Phase IIb/III human clinical trials, $40 million will be required over the period of four
years. Break-even will be obtained in third year when nearly 133203 units are sold and
positive cash flow will be generated. Revenues from sales will ramp up the market share

to an expected 25% by the end of 5 years.
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9.2 The Industry, Company, Product

9.2.1 Opportunity Rational

There are four main reasons why OsseoCHI has excellent business potential, they are

listed below:

* Increasing Old Age Population

A major percent of the patient population is made up of the baby boomers and unlike the
aging population of previous generations; they practice an active lifestyle that leads to a
number of injuries. Till date, always the numbers of young children have outnumbered
the elderly population; however in about five years from now, the elderly population will
outnumber the children younger than five years old [292]. One of the major chronic
conditions reported by aging population is arthritis; it is a fact that one in every five
adults suffer from it [293]. The major cause of the increased arthritis rates found amongst
patients is obesity; about 54% of adults who suffer from arthritis are obese [294].
Osteoporosis and trauma are the other major reasons for joint replacement. Treatment for
arthritis depends on the type of arthritis, its location, severity and the medical condition
of the patient. Therefore the treatment procedure can vary from medication, joint

injections to surgical operation being the last resort.

* Improvement in Material and Technology

With the availability of a variety of bone grafts and substitutes in the market and
improving surgical techniques, physicians now have a greater flexibility to treat their

patients thereby allowing for higher success. In order to increase their range of expertise,
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surgeons are ready to adapt to new technologies. One of the advanced techniques is
minimally invasive surgery (MIS), which has been gaining lot of popularity as it allows
for smaller incision and faster healing. These add to reduced expenditure by minimizing
inpatient stay time and leads to early patient recovery. MIS also opens up a growing
younger demography to orthopedic surgeries. It has been found that despite autografts
being the gold standard, surgeons prefer machined bone products (allografts) for use in
spinal fusion as they help avoid second surgery that causes morbidity in more than 25%

of the patient population and also adds to the cost aspect.

* Increasing Healthcare Expenses

Musculoskeletal disorders are the most widespread human health issue, with knee and hip
replacements costing around $42.3 billion within US in 2009 [295]. Surgical implantation
of artificial biomaterials have allowed surgeons to ameliorate the lives of patients by
reducing the pain and restoring function to the otherwise functionally compromised

structure. Hip, knee, and spine are the body part being replaced most frequently.

Apart from the increased number of the replacement surgery, there has been a
simultaneous and parallel increase in the revision surgery of hip and knee implants [296].
From the year 2000 through 2011, Food and Drug Administration (FDA) gave a
premarket approval for more than 150 new high-risk medical devices and an additional
600 devices were cleared through the 510(k) process [296]. The public directly relates
increased flooding of the market with new devices to the demand rate. In 2006, the sales
of orthopedic implants and trauma products totaled $12.2 billion and by 2012, it has
increased at a compound annual rate of $18.1 billion [296]. The total cost for hip and

knee replacement surgery has increased to 10.2% annually since 2000 and this value
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outpaces the overall U.S. healthcare expenditure growth of 8% [296]. In order to control
the increasing expenses, government is restricting the reimbursements to the hospitals
and this is expected to continue in the market. This puts a pressure on the hospitals to

adapt technologies and procedures that will give them maximum profit margins.

e Room for Innovative Products

This leads to low barriers for entry in some niche markets like bone substitute market,
cell based matrices etc. Despite the presence of around 40 product types in bone graft
substitutes market, it has been found that there is a lot of room here for new designs and
materials as scaffolds. But in order to gain market revenue and thereby increase market
share, it is necessary to differentiate products and given the current economics, products
can be differentiated based on cost as well as benefits these products have over the

existing ones.

9.2.2 The Product

e Features

OsseoCHI is an injectable bone substitute material made from chitosan and sodium tri-
polyphosphate that can be incorporated with BMP-7, which are released in a sustained
fashion over a period of time (Figure 9.1). The product formula and delivery system are
proprietary. The formula is unique and has been found to be effective in healing femoral
bone defects in rodents. The material will act as a scaffold for the cells to adhere,
proliferate and differentiate and build bone and with time, it will degrade, being
completely replaced by natural bone [297-299]. The product can be used in as a bone

filler material and also in a wide variety of bone grafting procedures such as spinal
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fusions, craniofacial defects, acute and open tibial fractures (guided bone regeneration) or
sinus lift and ridge augmentation (bone augmentation) needed for dental implants.
Chitosan polysaccharide has structural similarities to glycosaminoglycan molecules in the
extracellular matrix of bone, which are known to be involved in regulating growth factors
which play a crucial role in bone healing mechanism and therefore chitosan can be
considered an effective bone scaffold material. The material must be used in conjunction

with a metallic external fixation device that is indicated for temporary stabilization of the

bone.

Figure 9.1: SEM images of a) microparticles b) Surface morphology of microparticles c)

Cross section of microparticle shows the internal hollow structure.

OsseoCHI can be injected into the defect of the skeletal system and can also be combined
with autogenous blood or bone marrow, which increases the biological activity at the
defect site. Following placement of OsseoCHI into the bone void, it will act as a
scaffold/bridge for bone cells to adhere, grow and differentiate leading to bone formation
during the healing process and at the same time will be resorbed leading to complete

replacement by natural bone.
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OsseoCHI is biocompatible and safe. Biocompatibility is defined as a material’s property
to be compatible with a biological system and therefore depends primarily on material’s
chemical composition, its three-dimensional structure and its surface topography.
OsseoCHI is made from chitosan, which is a linear polysaccharide with chemical and
structural resemblance with GAG molecules in the extracellular matrix of bone and is
therefore free of any cytotoxic effects, as indicated by histologic evidence at week 12
[300]. Also since it is completely synthetic, there is no risk of disease transmission as

observed in allografts.

OsseoCHI facilitates bone-healing process due to its osteoconductive surface. Rough
surface topography, and cationic characteristic of the microparticles mainly influence
osteoconductivity. The microparticles are approximately in the size range from 500 pm -
700 pm. The spaces between the microparticles offer optimum environment for

vascularization and bony infiltration.

Due to its synthetic manufacturing process, OsseoCHI shows reliable and standardized
biomechanical properties. The elastic modulus of dried OsseoCHI averages ~77.72 MPa,

which is similar to that of human cancellous bone (50 MPa).

OsseoCHI is ready to use off the shelf and therefore avoids morbidity, thereby lessening
pain to patients and risk of complications from second surgical site as observed in
autograft procedures. Also there is guaranteed availability of sufficient bone graft

substitute and it also shortens OR time.

The advantages of this product in comparison to the other similar products available in

the market include:
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I.  The product is cost effective and very easy to scale up for manufacturers
II.  Eliminates the need for an open surgery which leads to faster healing in patients
III.  Better handling properties (as it is injectable) for surgeons
IV.  Defect of any shape and size can be filled with this material and surgeon need not
waste their OR/surgery time reshaping/resizing the product, thereby eliminating
wastage of product and time. Also during the graft preparation time, the patient is
under anesthesia.
V.  Drastically will reduces the risk of infection associated with open surgeries
*  Product Information
o OsseoCHI chitosan-TPP microparticles, sterile, have diameter in range of
500 pm - 700 pm
o Two types of products:
= Microparticles
* Microparticles with growth factor BMP-7
o Sterile-packaged in 1.0 cc volume

o Microparticles will be supplied in injectable syringes

9.3 Market Research and Analysis

9.3.1 Market Size and Trends

Total bone graft and bone graft substitute market can be segmented into seven sectors as

represented in Figure 9.2.
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Total bone graft and bone graft substitutes market
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Figure 9.2: Total bone graft and bone graft substitutes market: Market Segmentation,
United States, 2011 (Frost & Sullivan).

Total addressable market (TAM): This market includes bioresorbable fixation devices
(pins, screws, tacks, suture anchors, and meniscal repair devices); allografts and bone
replacement materials (base tissue, demineralized bone matrix, machined bone allografts,
and synthetic bone grafts), and osteobiologics (autologous therapy/platelet concentrate
systems, gene therapy, platelet-derived growth factors, recombinant human bone
morphogenetic proteins, small molecule therapies, and stem cells). The combined U.S.
market for orthopedic biomaterials for bone repair and regeneration is projected to reach
an estimated value of $3.5 billion in the year 2017. For 2012, it is around $1.6 billion

(Figure 9.3).

Served addressable market (SAM): $875 million - The portion of TAM that our

product can fill.

Target market - $250 million —This segment our target market, which includes bone

fillers and BMP segment for craniofacial and tibial defects.
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As an example of the revenue potential for our product, one of the current two BMP
containing bone graft substitutes earned $140 million just one year after approval for use

in the spine, and currently generates annual revenue of at least $700 million.

TAM
$1.6 billion

Target
market

0.25 billion

Figure 9.3: Total addressable market, served addressable market and target market for our
product.
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Figure 9.4: Total bone graft and bone graft substitutes market: Unit Forecast, United
States, 2008-2016, CAGR = 2.3% (Frost & Sullivan)
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An important point to note in figure 9.4 is that the number of units will rise steadily from
1 % to 3% from 2011 to 2016. This is due to the positive data that is being reported with
the emergence of new technologies and products. As the population ages, there will be an
increasing demand for improved quality of life as a result the number of orthopedic
surgeries are bound to go up. Due to the weak economy, growth rates are modest but

introduction of new products with better clinical data will result in increased market

interest.
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Figure 9.5: Total bone graft and bone graft substitutes market: Revenue Forecast, United
States, 2008-2016, CAGR = 0.3% (Frost & Sullivan).

In figure 9.5, consider the overall growth as a factor of high-growth segments as well as
the declining segments in the market. Due to the high cost of the BMP products, in this
weak economic conditions, BMP segment is a declining market (Figure 9.6), which is

pulling the overall bone graft and bone graft substitute market down as they hold the
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largest share in the revenue in this market. But orthopedic surgeries such as spine and

joint reconstruction are on a rise and are creating a demand for bone graft products.
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Figure 9.6: BMP segment: revenue forecast, United States, 2008-2016, CAGR = 9.6%
(Frost & Sullivan)
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Table 9.1: Current and future trends of market for bone graft and substitutes.

Measurement name Measurement Trend
Market stage (2011) Mature --

Market revenue (2011) $1.633 B Increasing
Average price per unit (2011) | $357.6 Increasing
Base year revenue growth rate | 1.9% Increasing
Compounded annual growth | 0.3% Increasing
rate, 2011-2016

Customer price sensitivity | 6 Stable
(scale 1 to 10, low to high)

Degree of technical change | 7 Stable
(scale of 1 to 10, low to high)

Number of competitors (2011) | Over 40 Increasing
Number of companies that |0 Increasing
entered (2011)

Average product development | 5 years Stable

time (2011)

While the market size for bone repair grows, we anticipate that cost-effectiveness will

continue to be a key driver at this level. There is direct evidence from interviewed

surgeons, who report a disinclination to use Medtronic’s InFuse™ product because of
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great cost to the patients with questionable benefits. Reimbursements for bone graft
substitutes are moderate, but this is increasing. Nonetheless, current BMP-containing
grafts cost more than quadruple the reimbursement, and therefore practitioners, and
hospitals, are disinclined to purchase these grafts given their unclear advantage in the
current formulation. With newer and more cost-effective methods for recombinant BMP
production, cost of goods sold in the products will decrease for OsseoCHI making it more

cost-effective and user-friendly graft substitute.

9.3.2 SWOT Analysis

Strengths

* Effective synthetic product

* Addressing an unmet need

* Simple storage and user interface

* Designed from platform technology allowing product development
* Reimbursement mechanism exists

* NIH credibility ($)

* Solid clinical and scientific leadership
Weakness

* Key component is a DNA biological
* Cash intensive biotechnology model
* Long development period

* Biologics increase cost of manufacturing
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* Therapeutic products can involve potential liability

Opportunities

* Can expand the application/usage to spine, other orthopedic segments for market
growth

* Appeal to several industry players for partnering

*  Multi-billion dollar existing market

* Provide solution to current BMP risk

* Provide better bone graft substitute
Threats

* Negative publicity for InFuse

* DNA-based therapeutic

* Failure of industry-similar like OP-1
* Regulatory changes happening

* New unknown competitor products

9.3.3 Five Forces Analysis

Threats of Substitutes: The threat of substitutes for OsseoCHI product is medium as there
are no products on the market, which use the same technology as ours, and patenting will
protect of the product.

Threat of New Entrants: The threat of new entrants is medium for the product because

there is unique formulation and manufacturing procedure used to make the product.
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Therefore, it is extremely unlikely that a new product will be able to come in with respect

to OsseoCHI and they would not get the benefit of first to market advantage.

Rivalry Among Existing Firms: The threat of rivalry among existing firms is medium.
The bone graft substitute market is a competitive market, with a number of startups
within the past couple of years. Given the demand in the orthopedic industry for better
bone graft substitute, it indicates that the current products are not satisfactory and
therefore effectively proved new products will be tried to determine their efficacy.
Although, initially, we would be focusing on bone graft product without growth factor
BMP 7, when it comes to BMP based products, there are only two main products

available in the market and therefore will be able to overcome the competition.

Bargaining Power of Suppliers: The bargaining power of suppliers is low. The
commercially purchased products will be chitosan and tri-polyphosphate for making the

microparticles initially. There are multiple suppliers for each of these ingredients.

Bargaining Power of Buyers: The bargaining power of buyers will be medium for
OsseoCHI. Initially, we plan on licensing the product, which will help in lean operations

while maintaining enough profit margins to stay in business.

Osteo-Solutions plans on targeting a niche market, the minimally invasive, injectable

spine and tibial fusion surgery industry.
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Table 9.2: Five-Force Model to determine the attractiveness of market segment

Competitive forces Threat to industry profitability
Low Medium High
Threat for substitutes X
Threat for new entrants X
Rivalry among existing X
firms

Bargaining power of | X

suppliers

Bargaining power of X

buyers

9.3.4 Customer Segment

The end users of this product would be the orthopedic surgeons performing spine
surgeries. But in most of the cases, it will be the hospitals, who are the payers. There is a
committee in the hospital called the value analysis committee (VAC) who based on the
practitioners suggestion and hospital’s budget will either agree or disagree to get the
product to its shelf. Due to the decreased reimbursements from Medicare, Medicaid and
other insurance firms, and increasing hospital expenditure, the VAC nowadays are very
critical on making a decision of when to approve a product. Therefore the target
customers for our product would be the surgeons and the hospitals. The key factors that

are considered before choosing a particular product in this segment are contract
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agreements, product efficacy (clinical and economic benefits), pricing, brand awareness,

distribution network and service by the provider.

9.3.5 Competitors

In the BMPs segment, there are just two main competitors- Medtronic’s (INFUSE) and
Stryker (OP-1). BMPs are very expensive compared to the other bone graft materials
available in the market. Though initially, the use of BMP has been approved for only one
type of spinal fusion procedure — the anterior lumbar interbody fusion (ALIF), its off-
label use continues to grow rapidly. Reports state that 85% of BMP use is off-label,
mostly in spine region. Medtronic’s INFUSE which consists of rhBMP-2 on an
adsorbable collagen carrier has been associated with many adverse events like cervical
swelling leading to complications. It is currently undergoing a review and results are
expected this year. Stryker’s OP-1 consists of thBMP-7 and bovine collagen and was
approved as an alternative to autograft in long bone non-unions where autograft is
unfeasible. Clearly, when it comes to the revenue sector, Medtronic’s has majority of the
market share covering nearly 80% (Figure 9.7). This technology is still taking shape and
there are several questions regarding the clinical efficacy that needs to be answered. And
given the current practice, which relies on using low-cost autografts and allografts,

surgeons will be reluctant to pick the prohibitively expensive BMP product.
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Table 9.3: Bone morphogenetic protein segment market engineering measurements (Frost
& Sullivan)

Measurement name Measurement Trend
Segment stage (2011) Growth --
Segment revenue (2011) $675.0 M Increasing
Average price per unit | $870.0 Increasing
(2011)

Base year revenue growth | 10.0 % Increasing
rate

Compounded annual growth | 9.6 % Increasing

rate, 2011-2016

Customer price sensitivity | 8 Increasing

(scale 1 to 10, low to high)

Degree of technical change | 7 Increasing

(scale of 1 to 10, low to

high)
Number of competitors 2 Stable
Brand loyalty (scale of 1 to | 7 Decreasing

10, low to high)
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Figure 9.7: Bone morphogenetic segment: market share by revenue, United States, 2011.

9.4 Marketing Plan

9.4.1 Marketing

Marketing will be performed in conjunction with manufacturer or industry partner. The
main emphasis of marketing will be on efficacy and safety of OsseoCHI for bone
regeneration.

Sales representatives hired by the distribution company will primarily do advertising.
Another effective way to promote our product will be through journal publications,
meeting presentations, which are relatively inexpensive and advertising in medical

journals, which cost somewhere in between $ 1,000 - $1,600.

9.4.2 Price and Margins

The direct manufacturing cost of 1 cc of the product (OsseoCHI) is expected to be $30. It
is expected that 1 cc of OsseoCHI will be sold for $330, which is competitive in this

current biological bone graft substitute market. We estimate approximately 50000 units
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will be sold as a current market size, number of procedures statistics and given that many
procedures will require multiple vials. The profit margin is expected to be approximately
$200, with approximately $30/unit going to manufacturing when streamlined and

$70/unit for distribution.

9.4.3 Distribution

If we move along through private or public financing without an industry partner, the
initial plan is to distribute through third-party medical supply routes, where existing sales
and distribution are in place. In case, we can license our product to an industry, we will

use their distribution system to get into the market.

9.5 Design and Development

Initially, the focus will be on developing microparticles without growth factors to capture
the niche market, and once the product has attained popularity, we will start focusing on
BMP-7 incorporated microparticles. Customer feedback will be given utmost importance

and the design will be perfected to maximize its selling in the market.

9.6 Manufacturing and Operations

The test OsseoCHI used for pre-clinical and early clinical trials will be manufactured in
Toledo, Ohio. The facility will be in accordance with FDA guidelines for cGMP. The
University of Toledo offers tremendous help to local startups, especially those from the
research at the university and therefore, it will help cut down a lot of costs associated
with renting space and operations in the initial stages of the startup. As clinical trials

progress, a third party cGMP manufacturer will be contacted for packaging the implant.
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Alternative sources of cheaper sources of components will also be evaluated as we go

along.
9.7 Management Team and Organizational Structure

Venkata P. Mantripragada, Chief Technical Officer. Venkata Mantripragada has a
bachelor’s degree in Biotechnology and doctoral degree in biomedical engineering.
Venkata has experience working in pharmaceutical quality control. She has also
extensive experience as a researcher in plant tissue regeneration. Throughout the duration
of her Ph.D. study, she has designed and prototyped three dimensional biodegradable and
biocompatible bone graft substitute, OsseoCHI.

A. Champa Jayasuriya, Primary Mentor/Vice President. Jayasuriya currently holds
the position of an Associate Professor at The University of Toledo. She received her
master’s degree in polymer science and technology and her Ph.D. degree in material
science and engineering from Shizuoko University in Japan. Since past nine years, she

has been actively involved in bone tissue engineering and regenerative medicine.

Stephen Callaway, Business Mentor. Callaway serves as an Assistant Professor of
Management at The University of Toledo. He received his Ph.D. in Business
Administration from Temple University and his primary fields of instruction and research

include entrepreneurship and strategy development.

9.8 Financial Plan

Successful completion of the proposed project, with associated publications,

presentations and advertisements will provide momentum for financing options (industry
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or private sector equity financing) for product commercialization. A technology that has
entered clinical stage is more likely to attract industry or private partnership because the
regulatory risk has been minimized and also the time to return on-investment has become
more acceptable. The most significant hurdle to overcome in obtaining human clinical
data is the safety data that will be needed to fulfill the requirements for allowance of an
IND from FDA allowing human testing. Financing for pre-clinical safety will require
$3.0 million investment before moving to clinical testing. Risks associated with this
regulatory pathway is that either the implant will not obtain good safety profile or too
many additional tests will need to be conducted which will lead to depletion of capital.
Further, we have already conducted extensive experimentation on rodents and
histological and micro-CT data have indicated that OsseoCHI has shown no evidence of
severe toxicity and therefore we are positive that OsseoCHI will act as a good scaffold
for bone regeneration. Also the BMP-7 based scaffold have shown to locally deliver the
growth factor and the proposed magnitude of concentration is lower than currently being

used for commercial products.

As in any new device development, commercialization is expected to be delayed beyond
Phase I/Ila clinical trials for approximately an additional 4 years. During the additional
four years, the company will need new financing to complete Phase IIb and Phase III
clinical trials and to finalize manufacturing processes. This is expected to cost an

additional $40 million.
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Table 9.4 Pro forma income statements over five-year period

Pro forma income statement, Years 1-5

Yearl Year2 Year3 Yeard Year5
Net sales $14000000 $34000000 $60000000 $160000000 $250000000
COGS $11000000 $19000000 $30000000 $100000000 $155000000
Gross profit ~ $3000000  $15000000 $30000000 $60000000  $95000000
Advertising ~ $6000 $6000 $6000 $6000 $6000
Wages $100000 $100000 $100000 $100000 $100000
Other $4000 $4000 $4000 $4000 $4000
EBT $2890000  $14890000 $29890000 $59890000  $94890000
Income tax  $90000 $90000 $90000 $90000 $90000
Net profit $2800000  $14800000 $29800000 $59800000  $94800000

Break-even analysis
With variable cost/unit of $130, selling price/unit of $330, and fixed costs adding up to
$44 million, break-even point will be reached in third year, when approximately 133203

units will be sold.

9.9 Critical Risks and Assumptions

9.9.1. Regulatory Approval

The US Food and Drug Administration (FDA) classifies most bone graft substitutes as
Class II devices which are required to undergo a 510 (K) approval process (Figure 9.8).
And this would be the case for our type 1 product- only microparticles, which has to
prove that it is just as effective as one of the products already being used in the market.
But for our type 2 products, which include BMP-7, it needs to undergo an approval
process through PMA process with higher standards of clinical trials to prove its

effectiveness. We may also choose to get our product approved under Humanitarian
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Device Exemption (HDE), under which we will be approved to treat fewer than 4000

patients.

Does the new device have
the same intended use?

YES

v
Does the new device Do the new technolodgy
have the same NO —  characteristics raise new types of safety YES—®
technology characteristics? or effectiveness questions?
YES v
Do descriptive or perfprmance data >
v demonstrate equivalence?
Do descriptive or
performance data N NO—P
demonstrate equivalence?
YES YES
v v
Substantially Equivalent (SE) < J Not Substantially Equivalent (NSE)

Figure 9.8: 510 (K) approval process.

9.9.2 IP Rights

We are working currently with the patent’s office at The University of Toledo to submit a

patent to protect the invention described in this project.

9.9.3 Raw Materials Supplies

We need to first tie up with manufacturers who can supply chitosan and tri-
polyphosphate in bulk. For BMP7, there are very few companies (Pfizer) who

manufacture it in bulk as it is an expensive procedure and we need to tie up with them.
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