DEVELOPMENT OF A HYBRID SCAFFOLD
FOR
CARTILAGE TISSUE GENERATION

by

JOHN THOMAS

A thesis submitted to the Department of Mechanical and Materials Engineering
in conformity with the requirements for
the degree of Master of Science Engineering

Queen's University
Kingston, Ontario, Canada
May, 2008

Copyright © John Thomas, 2008

Abstract
There exists a need for a biocompatible polymer system of appropriate
degradation properties for use in the production of tissue-engineered cartilage
replacement implants.

The implant consists of a layer of cartilage grown using

autogenous chondrocyte cells on a porous calcium phosphate base for anchoring in situ.
This implant would serve to improve the current treatments for wear and age-related
degradation of articular cartilage.
Pilot dissolution studies of the biodegradable polymers Polyvinyl Alcohol (PVA),
Polycaprolactone (PCL), and Polyethylene Glycol (PEG), provided strong evidence
supporting the use of PVA and PEG, not PCL, in film preparation. Results indicate that
the dissolution of PVA rapidly exceeds that required for this application while the
dissolution of PCL is not fast enough. The results of a literature review indicate that PEG
dissolves faster than PCL, but not PVA. Consequently, a co-polymer hydrogel film of
PVA and PEG, to fully degrade in 10 hours, was prepared to serve as a support for the in
vitro seeding of cartilage-producing chondrocyte cells onto the artificial bone scaffold
base.
In preparing the film, the concentration of the PVA and PEG stock solutions, the
composition of PVA and PEG (by mass % ratio) in the film, and the thickness of the film
were defined to be the design variables. The degradation properties of the film are
hypothesized to be influenced by the design variables, such that the degradation rates can
be engineered by manipulating these parameters. A full factorial DOE was applied to
determine the significance of the design variables and their interaction on the degradation
rate. To determine degradation rate, in vitro dissolution studies of the hydrogel film were
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conducted in Earle’s balanced salt solution at 37oC. Upon optimizing the degradation
rate, it was theoretically determined that an optimized film of 50wt% PVA, 50wt% PEG,
and thickness of 3mm dissolves by 88.19 % in 10 hours. Validation testing indicated that
the optimized film was prematurely perforated at approximately 22 minutes of immersion
in EBS at room temperature suggesting failure by bulk dissolution, which was later
confirmed through investigation and identification of a heterogeneous, multi-phase
microstructure under transmitting light microscope.
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Chapter 1 – Introduction
1.1 Osteoarthritis and its Impact on Society
The loss or failure of an organ or tissue is one of the most frequent, devastating,
and expensive problems in human health care. Each year millions of patients suffer from
these health problems which are the product of injury, disease, or congenital
malformation [1]. With a progressively aging population, there exists an increasing need
for therapies to replace or regenerate compromised musculoskeletal tissue. The clinical
demand is especially high for therapies directed towards cartilage and bone defects. In
the United States, approximately 36 million people suffer from some form of arthritis [2].
Injury to cartilage predisposes the affected site or joint to further degeneration and
eventually osteoarthritis. Osteoarthritis is a type of joint disorder caused by damage due
to injury or congenital defects that result in inflammation, degeneration, and loss of
cartilage in the joint [2].
Biomedical Engineering is an interdisciplinary field that applies engineering
principles to clinical problems with the intention of improving the quality of care.
Advances in biomedical engineering have provided a number of treatment solutions to
physicians, thereby restoring lost functions in afflicted patients. Treatment alternatives
include: tissue or organ transplantation, reconstructive surgery with autogenous tissue
transfer, drug therapies to supplement lost function of diseased or damaged tissues or
organs (e.g. insulin), and the implantation of artificial prostheses or medical devices. In
excess of 3 million musculoskeletal procedures are performed annually in the United
States alone with fracture repair and total joint replacements comprising the majority of
cases [3]. Specifically, there are approximately 900,000 hospitalizations due to fractures
[2]. Of these, more than 500,000 are fractures of the lower extremities, requiring surgical
1

intervention to restore ambulation. Of the US$14 billion global sales of orthopaedic
biomaterials in 2002, joint replacement comprised $12.5 billion while fracture repair
products comprised the remaining US$1.5 billion [4]. Approximately 9 million surgical
procedures are performed annually to treat these disorders in the United States, which
require 40 to 90 million days of hospital care [5]. The socioeconomic impact of such
health problems is substantial with a reported total health care cost exceeding US$300
billion annually in the United States alone [6]. For example, in 2000, the treatment of
patients with musculoskeletal health problems translated to a health care expenditure of
US$1,400 billion (Table. 1.1), which is almost half of the total annual health care cost in
the United States [7].
Table 1.1: The Biomaterial and Health Care Market – Annual cost
(U.S. numbers-Global figures are typically 2-3 times higher) [4]
Total U.S. health care expenditures (2000)
Total U.S. health research and development (2001)
Number of employees in the medical device industry (2003)
Registered U.S. medical device industry (2003)
Total U.S. medical device market (2002)
U.S. market for disposable medical supplies (2003)
U.S. market for biomaterials (2000)
Individual medical device sales:
Diabetes management products (1999)
Cardiovascular Devices (2002)
Orthopedic-Musculoskeletal Surgery U.S. market (1998)
Wound care (U.S. market (1998)
In Vitro diagnostics (1998)
Number of devices (U.S.):
Intraocular lenses (2003)
Contact lenses(2000)
Vascular grafts
Heart Valves
Pacemakers
Blood bags
Breast prostheses
Catheters
Heart-Lung (Oxygenators)
Coronary stents
Renal dialysis (number of patients, 2001)
Hip prostheses (2002)
Knee prostheses (2002)
Dental implants (2000)
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$1,400,000,000,000
$82,000,000,000
300,000
13,000
$77,000,000,000
$48,600,000,000
$9,000,000,000
$4,000,000,000
$6,000,000,000
$4,700,000,000
$3,700,000,000
$10,000,000,000
2,500,000
30,000,000
300,000
100,000
400,000
40,000,000
250,000
200,000,000
300,000
1,500,000
320,000
250,000
250,000
910,000

1.2 Types of Joints
Joints are composite structures that join the bones of the skeleton and permit
varying degrees of movement; depending on the function of the particular skeletal area.
There are three types of joints: fibrous, cartilaginous, and synovial (Figure 1.1).
Fibrous joints, which are few in number within the human body, are bound tightly
together by fibrous connective tissue and ligaments and are therefore rigid and
immovable. Fibrous joints are commonly found as sutures that bind the bones of the
skull. Cartilaginous joints, which are numerous, are bound by a layer of cartilage. In
contrast, synovial joints are found at sites of extensive bone-on-bone articulation.

b)

a)

c)
Figure 1.1: Structural Classification of Articulation
a) fibrous joint b) cartilaginous joint c) synovial joint [4]
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1.3 Gross Anatomy of Synovial Joints
Synovial joints allow a large degree of relative motion between articulating bones,
which are lined with a layer of cartilage and whose surfaces are separated by a thin layer
of lubricant – the synovial fluid [7], which is contained within a thick fibrous layer of
dense connective tissue called the articular or synovial capsule (Fig. 1.2). A synovial
membrane lines the joint cavity and is responsible for the production of the synovial
fluid.

b)

a)
Figure 1.2: Structure of a synovial joint [4]
a) Sagittal section of synovial joint

b) Sagittal section of knee joint

Synovial fluid provides lubrication, shock absorption, nutrients for chondrocytes
(the cells that comprise the cartilage layer), and a route for waste disposal [7]. There are
six different types of synovial joints that are classified by the degree of motion they
permit (Fig 1.3), these include: pivot (1 degree of freedom), ball and socket (3 degree of
freedom), hinge (1 degree of freedom), ellipsoid (2-3 degree of freedom), saddle (2
degree of freedom), and gliding (1 degree of freedom) joints.

4

a)

b)

c)

d)

e)

f)

Figure 1.3: Structural Classification of synovial joints [4]
a) Pivot Joint
b) Ball & Socket Joint
d) Ellipsoidal Joint
e) Saddle Joint

c) Hinge Joint
f) Gliding Joint

1.4 Chondrocytes – the Functional Cellular Unit of Cartilage
The ability of human joints to function normally depends on the presence of a
layer of specialized supporting connective tissue called cartilage.

All supporting

connective tissues have two major constituents: 1) cells, and 2) extracellular material.
Chondrocytes are the cells responsible for cartilage production (Fig.1.4). The integrity of
the cartilage and its matrix is absolutely dependent on the viability of chondrocytes.

5

Figure 1.4: Histology of chondrocytes where N is the nucleus and L is a lipid droplet
(x1200) [7]

Chondrocyte maturation is most advanced in the centre of the growing cartilage
mass. Upon completion of chondrocyte maturation, cartilage comprises chondrocytes
embedded in a large mass of extracellular matrix. As cartilage is largely avascular (i.e.
devoid of blood vessels), since chondrocytes produce a chemical that inhibits
vascularization, the exchange of nutrients and metabolic waste-products between
chondrocytes and surrounding tissues is diffusion-dependent through the aqueous
medium contained in the ground substance (i.e. amorphous gel) [7]. Consequently,
cartilage layer thickness is limited to that which will maintain the viability of the
innermost cells. Furthermore, the avascular nature of cartilage prevents most cartilage
from repair and self-regeneration after severe injury. Cartilage is characterized by small
clusters of chondrocytes embedded in an amorphous matrix of ground substance that is
reinforced by collagen fibres. The clusters are separated by large amounts of cartilage
matrix whereas the cells of each cluster are separated by a thin layer of matrix.
6

Chondrocytes fully occupy spaces in the matrix, called lacunae, such that each lacuna
contains a single chondrocyte [7]. Mature chondrocytes are characterized by small nuclei
and glycogen-rich cytoplasm, whereas lipid droplets are a distinguishing feature of larger
chondrocytes (Fig. 1.4). These distinctions demonstrate the chondrocytes’ active role in
the synthesis and maintenance of the cartilage matrix (i.e. the ground substance and
fibrous elements). The extracellular matrix determines the material properties of the
tissue [8]. Collagen fibres within the extracellular matrix provide tensile strength, while
the combined characteristics of the extracellular fibres and the ground substance give it
flexibility and resilience. The ground substance is an amorphous, transparent material
that has the properties of a semi-fluid gel. It is composed of long, unbranched chains of
proteinated sugars called glycosaminoglycans (GAGs) in the form of hyaluronic acid and
proteolglycans [7]. Due to the nature and predominance of the ground substance in the
extracellular matrix, cartilage is a semi-rigid form of supporting connective tissue.

1.5 Types of Cartilage and their Histology
The varying proportions of fibres within the ground substance result in three main
types of cartilage: hyaline cartilage, fibrocartilage, and elastic cartilage (Fig. 1.5).

a)

b)

c)

Figure 1.5: Types of Cartilage [4]
a) hyaline cartilage (x500) b) fibrocartilage (x320) c) elastic cartilage (x750)
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Hyaline cartilage (Fig. 1.5a) is the most common type of cartilage and is found at
a number of sites including articular surfaces, the larynx, and the ends of the ribs. The
matrix of hyaline cartilage contains closely packed collagen fibres that impart toughness,
stiffness, and flexibility; still, it is the weakest type of cartilage. Most importantly,
hyaline cartilage reduces friction between articulating bony surfaces. Fibrocartilage (Fig.
1.5b) has little ground substance and its matrix is dominated by densely interwoven
collagen fibres, which makes it extremely durable and tough. Fibrocartilage resists
compression,

prevents

bone-to-bone

contact,

and

limits

relative

movement.

Fibrocartilage is found in some articular surfaces, joint capsules, intervertebral discs,
ligaments and some tendons. Elastic cartilage has a similar histological structure to that
of hyaline cartilage, but dissimilarly, its cartilage matrix has numerous bundles of
branching elastic fibres (Fig. 1.5c) that result in its greater elastic behaviour and
resilience.

Elastic cartilage provides support and, when loaded in compression or

tension, deforms elastically to return to its original state without damage when the loaded
is removed. It is found in the external ear, the external auditory canal, the epiglottis, and
the larynx [7].

Figure 1.6: Histology of articular cartilage (AC) (x20) [7]

The cartilage found at the articular surfaces is commonly called articular cartilage
(Fig. 1.6). Not only is articular cartilage avascular, but it also lacks a perichondrium
8

(composed of fibrous and cellular layers) that provides mechanical support, attaches the
cartilage to surrounding structures, and is important for growth and maintenance of the
cartilage [7]. Cartilage is considered a relatively simple tissue considering its limited cell
number and diversity, lack of vasculature and innervation (i.e. devoid of nerves), and low
metabolic demands [8]. Articular cartilage differs from other tissues in the unique 3D
structure of its extracellullar matrix, its weight-bearing properties, and its large ratio of
extracellular matrix to cells [9]. Moreover, articular cartilage serves to reduce friction,
provide shock absorption, and so is the main focus of restorative efforts, work, and
discussion in restoring skeleton joint function.

1.6 Problem Statement and Proposed Solution
There exists a need for a biocompatible polymer system of appropriate
degradation properties for use in the production of tissue-engineered cartilage
replacement implants. The implant could consist of a layer of cartilage grown using
autogenous (i.e. harvested from the patient) chondrocyte cells on a porous calcium
phosphate base for anchoring in situ. Specifically, the development of an experimental
methodology to produce a bioresorbable polymer surface that supports the growth of
cartilage cells and adheres to the artificial bone scaffold and subsequently fully degrades
will be the focus of this study (Fig. 1.7).

9

a)

b)

c)

Figure 1.7: Schematic illustrating function of hybrid polymer-scaffold system in the cell
seeding process

This implant would serve to improve the current treatments for wear and agerelated degradation of articular cartilage. In stating the nature of the problem, it is of
paramount importance to recognize the coupling of the two principal aspects of the
process shown schematically in Figure 1.7. As represented in Figure 1.7a, a layer of a
resorbable polymer supports a short column of simulated body fluid (SBF) in which the
cartilage chondrocytes are suspended. The polymer layer prevents the cells and SBF
from passing into the underlying porous bioceramic scaffold. The polymer layer and the
bioceramic constitute the hybrid scaffold. In Figure 1.7b, the polymer layer has been
partially resorbed and the cells which were dispersed in the SBF have sedimented to the
bottom of the SBF. This settling action provides the cells with an opportunity to make
contact with each other and proliferate, a process which normally occurs over a period of
5 – 10 hours.
As the proliferation proceeds, the cellular assembly gradually induces the
formation of the extra-cellular matrix, a necessary step in the production of a new layer of
cartilage (Fig.1.7c), but a process requiring many days to approach completion.
10

While the two processes are required to deliver a new layer of cartilage, once the
cellular proliferation has proceeded to the extent that it now entirely covers the upper
surface of the bioresorbable polymer, the original need for the polymer layer to be
present, to provide physical support and chondrocyte adhesion, will have been satisfied
since the continuous layer of cells should be self-supporting. In fact, at this stage, it is
desirable that the remains of any layer quickly disappear in order that both sides of the
layer of cells become exposed to nutrient solution in order to keep the layer alive. Thus
the problem to be researched here is how best to approach the design and fabrication of a
layer of an appropriate thickness and of a suitable bioresorbable polymer which would be
removed by bio-dissolution in a period of 5 – 10 hrs when situated at the end of a
SkeliteTM hybrid scaffold.
A review of the literature associated with the science and technology of
biodegradable materials and hydrogels, and the manner in which the clustering of the
cells reduces the access of fluid to the dissolution site and hence influences the selection
of the actual polymer and its thickness is examined in Chapter 2.

Details of the

experimental methodology are presented in Chapter 3, followed by the results and
analysis in Chapter 4, a general discussion in Chapter 5, conclusions in Chapter 6, and
details of future work and recommendations in Chapter 7.
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Chapter 2 – Literature Review
2.1 Current Treatment Alternatives for Functional Restoration of Joints
With an understanding of the characteristics of cartilage and an appreciation of its
limitations, it is evident how its loss can be devastating to the patient and costly to society
at large. Advances in medical sciences have enabled physicians to relieve pain and
disability, and restore lost functions in their patients. Of the treatments listed in Chapter
1, either tissue or organ transplantation or surgical reconstruction are currently the
standard, most common methods of pain relief and restoration of function.

2.1.1 Tissue and Organ Transplantation
In fact, in the year 2000, the lives of more than 20 million patients were sustained,
supported, or significantly improved by functional organ transplantation [6].

The

impacted population grows at a rate of over 10% annually. Globally, first-year and
follow-up costs of organ replacement exceed $300 billion annually and represents
between 7% and 8% of the total expense of worldwide healthcare [6]. Tissue and organ
transplants have been performed for several decades with varying degrees of clinical
success. Organ transplantation involves transplanting organs, either wholly or in part,
from a cadaveric or living donor into the recipient patient suffering from organ failure or
malfunction (Fig. 2.1).

There exist three classifications of transplant materials:

autogenous transplants, allogenous transplants, and xenogenous transplants. Autogenous
transplants are extracted from the individual receiving the implant, and consequently do
not elicit an immune response. Allogenous transplants are obtained from the same
species, but different individuals. Allogenous transplants are the most practiced class of
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organ donation, but can elicit an immunological response and therefore require a
genetically well-matched donor and recipient. Despite large efforts to achieve genetic
matches, allogenous transplants require the chronic use of immunological suppressants.
Xenogenous transplants are obtained from different species; consequently, they possess
the greatest potential to elicit an immune response or cause the transfer of disease, and
are therefore the least practiced. Xenogenous transplants require chemical treatment, to
conceal the antigenic characteristics eliciting immune response, prior to implantation.

b)

a)

Figure 2.1: Autogenous cartilage tissue transplant in knee joint [10]
a) Extraction and in vitro growth of healthy chondrocyte cells from donor site
b) Implantation of replacement tissue at defective arthritic site

Although organ transplantation is established as a curative treatment for terminal
life sustaining organs, and there continues to be advances made in transplantation
surgery, transplantation is limited by a critical shortage of donors, high expense, possible
rejection and tumor formation, and the long-term side effects of using lifelong
immunosuppression therapy [12]. For example, for the approximately 50,000 patients on
waiting lists in the US, fewer than 7500 organs were available for transplantation in 1996
[13]. More recently, in 2001 it was reported that fewer than 5200 liver donors were
annually available for approximately 18,500 patients on the waiting list [9].
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2.1.2 Surgical Reconstruction
Surgical reconstruction involves transferring tissue from healthy locations in the
body to replace organ function at the diseased site. Limitations of this treatment method
include donor site morbidity and an inability of the replacement tissue to restore all the
functions of the original tissue. The use of drug therapy is required in cases where
hormone-producing tissue is lost.

In most cases, chronic drug supplementation is

required and administered orally or intravenously. The shortcoming of this treatment is
that this therapy cannot replace natural feedback mechanisms regulating hormone levels
[4]. Artificial prosthesis or medical devices are implanted in cases where neither tissue
transplantation nor surgical reconstruction are feasible options (Fig. 2.2).

b)

a)

Figure 2.2: Surgical Reconstruction using artificial prosthesis [57]
a) Pre- Operative Anatomy of the Knee b) Post-Operative Outcome

Although this method of treatment has improved and prolonged the lives of many
patients, such methods are complicated by infection, irritation, inability or poor potential
to biologically repair and remodel, limited lifespan and durability of the prosthesis
material, and mechanical failure via fracture or loosening. Further, prostheses cannot
adapt in response to environmental stresses as well as natural cartilage tissue. For
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example, the pediatric population suffers from repeat operations associated with
significant morbidity and mortality due to the implant’s poor adaptive ability and
potential for growth and remodelling [14].

2.2 Emergence of Biomedical Engineering (through Biomaterial and Tissue
Engineering)
Although these treatments and therapy options have saved and improved millions
of lives, there still remains much opportunity for improvement. It is noted that tissue or
organ transplantation is severely limited by a shortage of donors, surgical reconstruction
suffers mostly from donor site morbidity, drug therapy fails to regulate hormone levels,
and artificial prostheses are complicated by infections and a high incidence of breakdown
at host-prosthesis interface; in other words boneloss. The biomaterial engineering of soft
and hard tissue has emerged as a promising approach to treating the loss or dysfunction
of either a tissue or organ, without the limitations of the previously discussed therapies.
Tissue engineering is an interdisciplinary field comprised of the core competencies in the
Life Sciences, Material Sciences, and Mechanical Engineering. Tissue engineering uses
the knowledge and expertise with the aforementioned disciplines to use living cells or
attract surrounding supporting cells to facilitate tissue formation or regeneration to
restore, maintain, or improve tissue function [77]. In other words, tissue engineering is
the in vitro development of tissues (or organs) to replace or support the function of
defective or injured body parts using living cells and artificial biomaterials. A general
approach to tissue engineering is to seed cells on a three-dimensional polymer scaffold
for incubation either in vitro or in vivo to stimulate matrix synthesis and, in the case of
progenitor (i.e. undifferentiated) cells, produce cell differentiation.

15

The need for biomaterials arises from a medical inability to treat many injuries,
conditions, or diseases with conventional procedures or therapies. Surgical procedures or
therapies using biomaterials are implemented to replace a lost or dysfunctional body part,
improve function, correct abnormalities, or encourage and assist the healing process. A
biomaterial is a nonviable material used in a medical device, intended to interact with
biological systems [15]. Further, a biomaterial is any natural or synthetic substance that
treats, augments, or replaces any tissue, organ, and physiological function [16].
Accordingly, biomaterials are used to make devices to replace a part of a function of the
body in a safe, reliable, economic, and physiologically acceptable manner.

Most

biomaterials introduce a specific biological response upon implantation. Accordingly,
biomaterial science is concerned with the physical and biological study of materials and
their interactions with the biological environment of the host. As the host response is of
greatest interest, significant efforts have been made to develop biomaterials that are
tailored to specific applications such that they elicit reactions of appropriate speed and
specificity with the cells and proteins of the host. It follows that the compatibility of the
material with the host is crucial to successfully obtaining the desired outcome of the
implant and to benefiting the patient.

2.2.1 Requirements and Important Properties of Biomaterials
In order to be successful in biomedical applications, biomaterials must satisfy four
requirements: biocompatibility, sterilizability, appropriate physical characteristics (e.g.
mechanical properties), and manufacturability. Biocompatibility is defined as the ability
of a material to perform with an appropriate host response in a specific application [15].
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As the applications of biomaterials are many (Table 2.1), there exist no general set of
criteria that, if met, qualify a material as being biocompatible.
Table 2.1: Applications of Biomaterials [4]
Medical Uses

Non-medical Uses

Artery graft
Breast implant
Cochlear implant
Ear drainage tube
Dental implant
Feeding tube
Glaucoma drainage tube
Hydrocephalous shunt
Intraocular lens
Joints (hips, knee, shoulder)
Keratoprosthesis
Left ventricular assist device (LVAD)
Mechanical heart valve
Nerve guidance tube
Opthalmic drug delivery device
Pacemaker
Renal dialyzer
Stent
Tissue adhesive
Urinary catheter
Valve, heart
Wound dressing
X-ray guide
Zirconium knee joint

Arrays for DNA and diagnostics
Bioremediation materials
Biosensors
Bioseparations, chromatography
Biofouling-resistant materials
Biomimetics for new materials
Cell culture
Controlled release for agriculture
Electrophoresis materials
Fuel cells (biomass)
MEMS
Muscles (artificial) and actuators
Nanofabrication
NEMS
Neural computing/biocomputing
Smart clothing for biowarfare
Yeast array chip

Biocompatibility directly impacts tissue engineering where careful selection of
cells, materials, and metabolic and biomechanical conditions harness in vitro and in vivo
pathological processes to regenerate functional tissues. Biocompatibility is not easily
quantifiable as it is defined in terms of performance or success at a specific task.
Consequently, precise definitions or accurate measurements of biocompatibility are not
agreed upon due to the application-dependent nature of biomaterials. Sterilizability is a
property whereby the physical and biological properties of the biomaterial are not
destroyed or changed by sterilization techniques, such as autoclaving, dry heat, radiation,
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or ethylene oxide treatment [78], used to clean the material of any microorganisms. As
biomaterials are implemented in specific applications dictated by mechanical and
biological constraints, the physical characteristics are defined to be those required
material properties well-suited to the application. The requirement of manufacturability
describes the need for the biomaterial to be easily and quickly machined, moulded, or
extruded to be mass produced for commercial availability.
Other terms describing desirable and relevant properties in biomaterials,
depending on the application, include hydrophilicity or hydrophobicity, biodegradability,
bioerodiblity, bioresorbability, bioabsorption, bioactivity, bioreactivity, bioinert, nontoxic, and limited immunogenicity. Hydrophilicity and hydrophobicity, are terms that
describe the biomaterial’s affinity for water. Specifically, hydrophilic species are waterloving and those that are hydrophobic are water-fearing. The magnitude of a material’s
hydrophobicity or hydrophilicity is dependent on its net polarity, which is determined by
the number and strength of ionic species comprising the material. Therefore, a highly
ionic, polar molecule will readily dissolve or degrade in water or an aqueous
environment. The biodegradability of polymers, or biodegradation, refers to the process
of chemical breakdown (i.e. cleavage of covalent bonds) by the action of living biological
organisms which leads to changes in physical properties.

The chemical processes

responsible for degradation include hydrolysis, oxidation, and enzymatically-catalyzed
mechanisms. Further, reference to biodegradation will be used to emphasize that an
enzyme, a cell, or a microorganism is responsible for the biochemical degradation of the
implanted material. Biodegradable materials degrade in the host and the degradation
products are absorbed and metabolized by the host. Bioerodibility, or bioerosion, refers
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to physical changes in size, shape, or mass of a device, which could be the result of either
degradation or dissolution under physiological conditions. Bioerosion includes both
physical processes (e.g. dissolution) and chemical processes (e.g. covalent bond
cleavage).

There exist three mechanisms responsible for the erosion of polymeric

biomaterials: surface erosion, bulk erosion, or a combination of the two. Surface erosion
is described as surface-limited degradation of the polymeric device where it thereby
becomes thinner over time while maintaining its structural integrity throughout the
erosion process. Surface erosion requires that the polymer be hydrophobic to impede the
rapid entry of water into the device’s interior, and that the rate at which the polymer is
transformed into water-soluble species has to be greater than the rate of water penetration
into the device. Bulk erosion occurs when the rate of water entry into the device exceeds
the rate at which the polymer is converted to its water-soluble components. Therefore,
water uptake is followed by erosion that occurs through the total volume of the polymeric
biomaterial. Surface eroding devices are limited to a small number of hydrophobic
polymers

containing

hydrolytically

highly

reactive

backbone

linkages

(i.e.

polyanhydrides and poly(orthoesters) ). It is important to distinguish that erosion can
occur in the absence of degradation, and vice versa. For example, a sugar cube erodes
when placed in water, but the sugar does not chemically degrade. In the literature,
bioresorption and bioabsorption are used interchangeably and often imply that the
polymer or its degradation products are removed by cellular activity in a biological
environment.

Any implant made of biodegradable, bioerodible, bioresorbable, or

bioabsorbable materials have value in short-term applications that require the temporary
presence of a device as they do not require surgical intervention for removal when no
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longer needed.

Materials containing these characteristics circumvent some of the

problems related to long-term safety of permanently implanted devices, by not requiring
removal surgery. Bioactive materials are those capable of direct chemical bonding with
host biological tissue. Further, bioactivity is the product of a biological response at the
tissue-material interface such that there is a time-dependent change in the chemical
structure at the surface of the material.

Bioreactivity, or a bioreactive material, is

classified based on the mechanism of tissue attachment.

There exist four types of

bioreactivity which range from Type 1 to Type 4 (Fig. 2.3) [4]. Type 1 bioreactivity,
termed morphological fixation, is the consequence of attachment of the tissue to material
by press-fit compression or the presence of surface irregularities. Type 2 bioreactivity,
termed biological fixation, involves the fixation of the material by tissue ingrowth into
the material’s pores. Type 3 bioreactivity, termed bioactive fixation, achieves attachment
through direct chemical bonding with bone.

Type 4 bioreactivity is designated to

materials that are slowly resorbed and replaced by bone.

Figure 2.3: Bioreactivity spectra for various bioceramic implants [4]
A) Relative rate of bioreactivity
B) Time dependence of attachment at bone-implant interface
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Bioinert materials retain their structure after implantation, are physiologically
unreactive, and induce, ideally, only a mild inflammatory response and no immune
response. In the host, many months after implantation, bioinert implants tend to be
encapsulated by a thin layer of fibrous connective tissue. The non-toxic property of
biomaterials concerns their degradation products and their ability be removed without
eliciting a deleterious or adverse effect on the biological system of the host organism over
a designated period of exposure. Another highly desirable property of biomaterials is
their ability, or that of their degradation products, to provoke no immune response.
Immunologic response protects an organism from deleterious foreign threats including
virus, bacteria, injury, and debris; however, in the case of a biomaterial it would be
highly disadvantageous if the body rejected or attacked an implant designed to aid the
recovery of a damaged tissue. In other words, the immunogenicity of a material is
directly related to its antigenicity, which is the ability of a substance to induce an immune
response. Antigens are specific chemical groups that are identified as foreign by the
immune system of the biological host. To predict the performance of biomaterials and,
more importantly, to improve the body’s response to their presence requires an
understanding of the response which will be presented in Section 2.3.

2.3 Response of the Biological Host to Implanted Materials
2.3.1 Normal Wound Healing
The healing of a wound is a series of events initiated by injury. The events can be
divided into phases characterized by both cellular population and cellular function (Fig.
2.4).

The phases that comprise normal wound healing include blood clotting,
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inflammation, and cellular invasion. When tissue is injured, the immediate response is to
flood the injured area with blood. Blood coagulation, often known as clotting and
clinically termed thrombosis, is the first response to damaged blood vessels. The clotting
of blood, a highly regulated phase, seeks to form a patch that isolates the leak and stops
blood loss. The patch is comprised of cellular fragments called platelets. Upon damage
to the blood vessels, fibrinogen (a protein within the blood) is cleaved into its functional
clotting form called fibrin which promotes platelet adhesion and aggregation [17].
Proteinaceous chemical factors, called cytokines, and growth factors are released into the
blood stream to recruit the white blood cells involved in inflammation and cellular
invasion.

The white blood cells, leukocytes, specifically involved are called the

neutrophils (short-lived, fast response cells), monocytes, and lymphocytes. Monocytes
travel to the site of damage, and consequently leave the circulation and enter the damaged
tissue, to differentiate into macrophages. Macrophages are responsible for the cleaning
of the damaged site by consuming foreign material, bacteria, and dead cells.
Macrophages are also involved in recruiting cells for the process of converting the blood
clot into a vascularized granulation tissue. Inflammation is characterized by an expansive
opening and increased permeability of the blood vessels, as well as the presence of
macrophages, monocytes, and lymphocytes with the proliferation of blood vessels and
connective tissue.
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Figure 2.4: Temporal variation of host response to implant [4]

Fibroblasts deposit extracellular matrix. Cellular invasion is characterized by the
presence of fibroblasts and endothelial cells, which are responsible for the formation of
granulation tissue made of extracellular matrix and blood vessels. The formation of
blood vessels is essential for the proper healing of the wounds.

Endothelial cells line

blood vessels and control the permeability of the blood vessels thereby controlling the
rate of exchange of cellular components in the blood. The extent and location of the
injury determines the degree of extracellular matrix deposition such that complete
restoration of tissue architecture can be achieved. In most instances, however, scar tissue
is the resulting product of large amounts of remodelled granulation tissue [4].
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2.3.2 Foreign Body Reaction to Implants
The presence of an implant changes the normal healing response to a different
response namely the foreign body reaction. The foreign body response is characterized
by the presence of macrophages, multinucleated foreign body giant cells, fibroblasts, and
small blood vessels (Fig. 2.5).

Figure 2.5: Foreign Body Response to Implantation [16]

Upon implantation, the biomaterial immediately elicits non-specific protein
adsorption at its surface. This non-specific protein adsorption never occurs in the normal
process of wound healing and therefore is a distinguishing feature of the foreign body
reaction. Further, the non-specific protein adsorption may be an instigator in the foreign
body reaction. As the implant is significantly larger than the macrophages that have
adhered to its surface, chronic inflammation can result and the macrophages coalesce to
form multinucleated foreign body giant cells. Interestingly, the foreign body response is
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qualified and quantified by the thickness of the adhered macrophage layer.

The

continued presence of the implant can result in a final steady-state condition called
resolution. In the resolution stage, there are three possible outcomes for the implant: 1)
Resorption, 2) Integration, and 3) Encapsulation. Resorption is achieved over a long
period of time resulting in the biomaterial being fully degraded and absorbed. Integration
is a nearly normal host response to the implant involving its integration with surrounding
tissue but there is no formation of a connective tissue fibrous capsule surrounding the
implant. The end stage of the foreign body reaction, usually four or more weeks after
implantation [78], is identified by fibrous encapsulation of the implant called fibrosis.
Fibrous encapsulation involves the compartmentalization of the implant by an avascular,
collagenous fibrous capsule, typically of thickness ranging from 15-50µm in thickness
[17].

2.4 Classes and Development of Biomaterials
There exist 4 classes of biomaterials that include Metals, Ceramics, and Natural
and Synthetic Polymers (Fig. 2.6).
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Figure 2.6: Classification of Biomaterials [18]

2.4.1 Metals – their properties, structure, modes of failure, and those commonly
used
The mechanical properties of high strength, corrosion resistance, and high melting
temperature offered by metals make them highly suitable and superior to the other classes
of materials for load bearing orthopaedic applications. The mechanical properties of
metals are determined by their crystal structure and microstructure. Specifically, the
face-centred cubic (FCC) and hexagonal close-packed (HCP) crystal structure is most
energetically favoured as it possesses the highest atomic packing, which offers the lowest
Gibbs free energy. Microstructures comprising small grains produce harder and stronger
materials than those of larger grains found among the other material classes. Both yield
strength and toughness increase as a result of an increasing dislocation interaction and the
size of the pre-existing crack(s); smaller grain size provides an increase in toughness as a
result of the greater associated total grain boundary area that impedes the movement of
dislocations, and by accommodating a smaller flaw size. Also, the type of manufacturing
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process can influence the mechanical properties and surface chemistry of the metallic
biomaterials.

When designing metallic implants, there are three considerations of

greatest importance: matching the mechanical properties of the metal with those of the
tissue, the mode of in vivo failure, and the manufacturing cost. Failure to match the
mechanical properties, specifically its high modulus of elasticity, most often results in
bone atrophy due to stress-shielding. Stress-shielding is the physiological phenomenon
whereby a redistribution of loading occurs when the natural bone is replaced by a stiffer
implant. To compensate for this load redistribution, a physiological mechanism called
the adaptive bone remodelling response is initiated. This phenomenon is dependent on
the material of the implant, and specifically the material’s stiffness. The physiological
mechanism of load transfer along the length of the bone is by direct long axis loading, in
the prosthesis the load is transferred by shear forces across the material interfaces at the
proximal and distal ends of the stem. The greater the stiffness of the stem, the greater the
stress shielding of the bone. This mismatch in stiffness causes bone to pull away from
the site of implantation (i.e. resorption) and ultimately (along with implant migration)
contributes to failure by loosening. Other in vivo failure modes include corrosion, wear,
and fatigue. As the extracellular environment is a chemically aggressive space and
metallic biomaterials are good conductors in electrolytes, electrochemical reactions at the
metal’s surface remove metal ions thereby galvanically corroding the material, which
may lead to crack formation and propagation, and ultimately mechanical failure. Metallic
biomaterials corrode mostly by galvanic corrosion, but are also known to corrode by
pitting, fretting, crevice, intergranular, and stress-cracking corrosion [78]. Wear is the
most predominant form of degradation in the articulating surfaces of joint prostheses, and
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involves the loss of material in particulate form as a consequence of relative motion
between two surfaces [4]. The sliding of the two surfaces relative to each other disrupts
electrorepulsive and atomic binding interactions at the contact sites, which results in the
release of the material as fragments called wear debris.

With respect to metallic

biomaterial implants, there exist two types of wear: 1) interfacial wear, and 2) fatigue
wear. Interfacial wear results from the movement of two contacting surfaces without
lubrication, and leads to surface adhesion and abrasion. Fatigue wear generates wear
particles that are the product of cyclic shear stress under point loads or from sliding large
distances.
Three groups of metallic biomaterials are used most frequently as implants [78]:
low carbon stainless steel 316 [4], cobalt-based alloys, and titanium-based alloys.
Stainless steel offers high strength at low cost, but compared to the other groups of
metallic biomaterials, possesses the lowest biocompatibility due to it being highly
susceptible to corrosion. Further, stainless steels offer lower wear and abrasion resistance
in comparison to titanium-based alloys. Cobalt-based alloys offer the highest strength at
a moderate cost, but possess intermediate biocompatibility and a high propensity for
stress shielding.

Titanium-based alloys offer the best biocompatibility and good

corrosion resistance, but are expensive.
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2.4.2 Ceramics – their structure, properties, mode of failure, and those commonly
used
Ceramic biomaterials, or bioceramics, are mostly used for the repair and
replacement of diseased and damaged parts of the musculoskeletal system. Ceramics are
refractory polycrystalline compounds that are usually inorganic compounds of a metal
(e.g. Ca, Mg, Ti) and non-metal (e.g. C, P, O) component.

As candidate implant

biomaterials, ceramics are hard, highly bioinert, can be bioactive, and possesses high
compressive strength.

Further, ceramics are generally good electric and thermal

insulators, and offer good aesthetic appearance. However, ceramics suffer from the
undesirable mode of brittle failure.

Examples of the ceramics commonly used in

biomedical applications include alumina, zirconia, glass-ceramics, and hydroxyapatite
(HA); a calcium phosphate.

Alumina, used frequently in orthopaedic and dental

applications, is an aluminum oxide of high hardness that is produced by sintering at high
temperatures, 1600-1700oC [4]. Alumina is composed of 99.5% Al2O3 and 0.5% MgO
and it is important that it is processed to maintain a grain size of less than 7 µm (ISO
Standard 6474). To this effect, MgO is added to limit the grain growth, but increasing its
concentration correspondingly decreases the fatigue resistance of alumina. Increasing the
average size to greater than 17 µm can decrease mechanical properties by approximately
20% [4]. In implant applications, alumina possesses the advantages of being bioinert,
biocompatible, and wear and corrosion resistant. Despite its advantages, alumina has
disadvantage of its comparatively high cost and the development of a non-adherent
fibrous membrane at the tissue-material interface resulting in interfacial failure,
ultimately leading to loosening. Zirconia (ZrO2), also used in orthopaedic and dental

29

applications, is obtained from the mineral zircon but has additives (i.e. MgO, CaO, CeO,
or Y2O3) to stabilize its high temperature tetragonal crystal structure. Zirconia is usually
fabricated using hot-isostatic-pressing. The advantages of zirconia include being bioinert
and possessing high flexural strength, strong wear properties, and less stress shielding (E
= 250 GPa) than alternative ceramics. Conversely, the disadvantages of zirconia include
being difficult and expensive to manufacture, and the possession of a small amount of
radioactivity – 100 Gy/h [19].
While glass is the brittle product of an inorganic melt cooled to an amorphous (i.e.
non-crystalline) solid form, a glass-ceramic (e.g. BioglassTM) is a polycrystalline solid
prepared by controlled crystallization which makes it comparatively less brittle. The
amorphous or glassy solid state is non-crystalline. Amorphous bioceramics are hard,
brittle, and exhibit no distinct melting point. Alternatively, semi-crystalline bioceramics
are also hard and brittle, but crystallize when cooled and exhibit a melting point. Chain
architecture and composition distribution determines whether a glass exists in a semicrystalline or amorphous state. In relation to chain symmetry, structures of symmetry
permit the close packing of chains that favours crystallinity. Intermolecular forces like
those in hydrogen bonding and van der Waals promote crystallization.

Finally,

crystallinity decreases as branching and the molecular weight increases. BioglassTM has a
specific Si-Ca-Na ratio and most have the general composition 45 wt% SiO2, 6 wt%
P2O5, 24.5 wt% CaO, and 24.5 wt% Na2O [78]. The chief advantage of Bioglass is its
bioactivity such that, after implantation and over time, there is a reaction at the surface
that changes the chemical structure causing the liberation of Si through dissolution which
results in the progressive deposition of Ca+2 and PO4-3 at the surface to form an HA layer
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that bonds with bone. Calcium phosphates compose almost all bioresorbable ceramics in
some variation. Calcium phosphates are typically used as repair material or void fillers
for bone due to the high resemblance of their structure to bone mineral. The ability of
calcium phosphates to induce bone ingrowth (i.e. osseoinduction) makes them well-suited
as coatings for implants. Interestingly, while implanted, the rate of dissolution increases
as the pH of the physiological environment decreases; the biomedical implication of such
behaviour is premature degradation, failure, or shortened lifespan of the implant – notable
disadvantages.

2.4.3 Synthetic Polymeric Biomaterials – and Co-polymer Systems – their
advantages, disadvantages, and those commonly used
As this thesis is concerned with the development and testing of bio-polymer films,
a general description of polymers is given in Appendix A. A detailed description of the
synthetic polymeric biomaterials used in this study follows.
Synthetic polymers have been the subject of increasing and continued attention as
they offer many unique advantages in comparison to other candidate biomaterials. The
interest in synthetic polymers is due to their reproducible properties, means to tailor their
properties, and ease and versatility in manufacturing processes [20]. Moreover, synthetic
polymers can be designed with highly specific material properties and quality, processed
with various techniques, and consistently supplied in large quantities [21]. Despite their
numerous advantages, synthetic polymers are disadvantaged by problems of toxicity,
stimulation of inflammatory response, and lack of cellular recognition [4]; the latter can
be advantageous depending upon the application.

There exist many commercially

available biodegradable, synthetic polymeric biomaterials used very successfully in
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biomedical applications such as poly(hydroxy acids), poly(caprolactones), poly(etherester), poly(orthoesters), polyanhydrides, polyphosphazenes, poly(amino acids) and
pseudo-poly(amino acids).
The most important synthetic biodegradable polymers are aliphatic polyesters of
α–hydroxy acid derivatives called poly(hydroxy acids). This class of biodegradable
polymeric biomaterials is the most studied for their chemical, physical, mechanical,
morphological, and biological properties and their changes with degradation time and
environment.

These polymers have been utilized for a variety of medical product

applications such as cell transplantation and tissue regeneration.

The utility of

poly(hydroxy acids) as implants lies in the fact that their ester bonds are cleaved by
hydrolysis. Initial degradation occurs until the molecular weight drops below 5000, at
which point cellular degradation by macrophages, neutrophils, and lymphocytes
dominates [22].

The degradation of these polymers is dependent on their initial

molecular weight, exposed surface area, crystallinity, and the ratio of hydroxyl acid
monomers. Poly(hydroxyl acid) polymers have a modest range of mechanical properties
and can be formed into films, tubes, and matrices by moulding, extrusion, solvent casting,
and spin casting. The versatility in these polymers exists in their ability to be combined
with other polymers, thereby making co-polymer systems, to attain various favourable
properties. Examples of poly(hydroxyl acid) polymers include, but are not limited to,
Poly(glycolic acid) (PGA), Poly(lactic acid) (PLA), and Poly(caprolactone) (PCL).
Poly(glycolic acid) (Fig. 2.13) possesses the simplest linear structure, high
crystallinity, high melting point (224-230oC), and low solubility in organic solvents.
PGA can be polymerized either directly or indirectly from glycolic acid; it is the tight
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molecular packing and close proximity of the ester groups that stabilize the crystal lattice
and contribute to the observed high melting point [79]. Under the trade name DexonTM,
PGA was used as the first totally synthetic, absorbable suture. It is important to note that
as sutures PGA rapidly loses its mechanical strength, typically 2 to 4 weeks postimplantation, due to its hydrophyllic nature. PGA has been used as a tissue engineering
scaffold for soft tissue applications and was shown to degrade over 2 to 4 weeks postimplantation [79].

Figure 2.7: Schematic representation of poly(glycolic acid) [23]

Poly(lactic acid) (Fig. 2.8) is a high molecular weight polymer that is polymerized
from lactic acid. Lactic acid is a chiral molecule existing in two stereoisomeric forms
that result in four morphologically distinct polymers: d-PLA, l-PLA, d,l-PLA (mixture),
and meso-PLA. Each distinct polymer has differences in their crystallinity that has
practical consequences. Being an amorphous polymer, d,l-PLA is usually considered for
applications where a homogenous distribution of an active species within the monophasic
matrix is desired such as in drug delivery. Conversely, the semi-crystalline nature of dPLA or l-PLA affords these polymers with the properties of high mechanical strength and
toughness that is valuable in suture or orthopaedic device applications. As PLA is more
hydrophobic and soluble in organic solvents than is PGA, its water uptake is limited and
its rate of backbone hydrolysis is consequently reduced. PLA is marketed commercially
as degradable sutures; well-known to disintegrate in 4 weeks [81].
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Figure 2.8: Schematic representation of poly(lactic acid) [23]

Although most biodegradable biomaterials for wound healing applications are
based upon the PGA and PLA families that perform with moderate to high degrees of
success, problems still exist. The two most important unresolved issues include, firstly,
most cells do not attach to PLA or PGA surfaces and do not grow as rapidly in
comparison to their attachment to the surfaces of other materials. This indicates that
these polymers are poor substrates for in vitro cell growth. Secondly, the degradation
products of PLA and PGA are lactic acid and glycolic acid that contribute to a delayed
inflammatory response when they accumulate at the implant site.

The delayed

inflammatory response can be observed from months to a year after implantation [24, 25;
26], and is a direct product of the chemical composition of the polymer degradation
products for which there exists no prophylactic measure. The development of a polymer
that is more hydrophobic than PGA or PLA, possesses a slower degradation rate, and
does not release acidic degradation products would be a solution to the aforementioned
problems. To broaden the range of possible biomedical applications, co-polymers of
PGA with more hydrophobic PLA, often abbreviated as PGLA (Figure 2.9), were
investigated in various ratios of the monomers.

Figure 2.9: Schematic representation of PGA-PLA co-polymer [23]
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Figure 2.10 illustrates the dependence of biodegradation rate on the percent
composition of PGA to PLA in the co-polymer.

Figure 2.10: Influence of PGA-PLA ratio on in vivo degradation of co-polymer [27]

It is important to note that there is no linear relationship between the ratio of PGA
to PLA and the physicomechanical properties of their co-polymers. Specifically, while
PGA is highly crystalline in its native form, its crystallinity is rapidly lost in the PGAPLA co-polymer form. These morphological changes lead to increased rates of hydration
and backbone hydrolysis causing the co-polymers to degrade more rapidly in comparison
to either PGA or PLA alone. Further, Figure 2.10 indicates that higher glycolic acid
content results in a greater degradation rate of PGLA.
Poly(caprolactone) (PCL) (Fig. 2.11) is a semi-crystalline polymer that has been
extensively investigated as a biomaterial [28].

The results of these investigations

indicated that PCL can be degraded by microorganisms via hydrolytic action under
physiologic conditions.

Figure 2.11: Schematic representation of poly(caprolactone) [29]
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Pitt discovered that cross-linked PCL, under certain circumstances, can undergo
surface erosion [30]. It was also reported that low molecular weight fragments of PCL
can be degraded intracellullary by macrophages. Further outcomes of the investigations
resulted in the monomer, =-caprolactone, and the polymer, PCL, being regarded as nontoxic and tissue-compatible materials. Although PCL degrades with a tissue reaction
similar to other poly(hydroxy acids), its degradation rate is significantly less than that of
PGA or PLA. Specifically, by virtue of its hydrophobicity PCL degrades in times on the
order of months to years, whereas PGA or PLA degrade in the order of hours or days.
PCL does possess a number of noteworthy properties including a low glass transition
temperature of -60oC [32], a low melting point of 59-64oC [32], and high thermal
stability; it has a high decomposition temperature of 350oC [22] in comparison to other
biodegradable polymers of its class like PVA. These properties make PCL suitable for
applications at a body temperature of 37oC. In addition, PCL possesses a very high
permeability that has been attributed to the fact that it exists above glass transition at
room temperature [30]. Finally, PCL is a versatile biopolymer due to its propensity to
form biocompatible blends with a wide range of other polymers [31].

Despite its

versatility, the application of PCL has been primarily limited to the area of controlledrelease drug delivery and a biodegradable staple for wound closure. Research is also
being conducted to ascertain the promise of PCL in wound dressing applications.
Poly(ether-ester)s, an example of which is polydioxanone (PDS) (Fig. 2.12), are
prepared by ring-opening polymerization of p-dioxanone. The resulting polymer is semicrystalline, with melting and glass transition temperatures ranging 106–115oC and -10–
0oC, respectively [32].

PDS is derived from the glycolide family with improved
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flexibility relative to PGA. The improved flexibility is the product of the incorporation
of an ether segment in the monomer, which lowers the density of the ester linkages for
intermolecular hydrogen bonds. This reduction in the ester linkage density physically
produces decreased in vitro and in vivo degradation rates.

Figure 2.12: Schematic representation of polydioxanone [32]

PDS was used as the first biodegradable monofilament suture due to its lowtoxicity in vivo degradation products and its lower Young’s modulus than either PGA or
PLA [4]. PDS has been applied as a suture clip and bone pin called ORTHOSORBTM.
PDS has also demonstrated similar versatility by co-polymerizing with PGA or PLA to
improve mechanical and biodegradation properties. Specifically, PDS-PGA (i.e. 80:20)
co-polymers have degradation profiles similar to that of PGA-PLA co-polymer system
but a Young’s modulus similar to PDS. Alternatively, PDS-PLA (i.e. 85:15) co-polymers
have degradation profiles similar to PDS, but a Young’s modulus less than PDS [33].
Poly(orthoesters) (Fig. 2.13) are a family of synthetic, degradable polymers that
exist as three major types.

Figure 2.13: Schematic representation of poly(orthoester) [34]
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The first type is prepared by the condensation of orthoester and a dialcohol.
However, these polymers release acidic degradation products that autocatalyze the
degradation process resulting in perpetually increasing degradation rates. The second
type of poly(orthoesters) is synthesized by reacting diketeneacetals with various
dialcohols based on an acid-catalyzed addition reaction. The properties of the orthoesters
can be controlled by the choice of dialcohols used in the synthesis.

These

poly(orthoesters) do not release acidic degradation products when hydrolyzed, and
consequently do not exhibit autocatalytically increasing degradation rates. A third type
of poly(orthoester) are very soft and can be viscous liquids at room temperature.
Polyorthoesters are predominantly used in drug delivery applications. Polyanhydrides
(Fig. 2.14) are the most reactive polymers and possess low hydrolytic stability among
currently used biomaterials.

Figure 2.14: Schematic representation of polysebacic anhydride [35]

Possessing a high degradation rate, polyanhydrides advantageously degrade
without requiring chemical modification or catalytic assistance by surface erosion. On
the other hand, polyanhydrides react undesirably with compounds containing exposed
amino groups or negatively-charged functional groups especially in high temperature
processing. Accordingly, in drug delivery applications, the types of drugs successfully
incorporated into the polyanhydride matrix are limited by the melt processing technique.
Through extensive toxicity testing, polyanhydrides have demonstrated excellent in vivo
biocompatibility.

Hence, polyanhydrides are predominantly used in drug delivery
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applications, but are being investigated for DNA delivery in gene therapy and
chemotherapeutic agents delivery in cancer therapy [81].
In contrast to the commonly used hydrocarbon-based polymeric biomaterials,
polyphosphazenes (Fig. 2.15) consist of an inorganic nitrogen-phosphorous backbone.

Figure 2.15: Schematic representation of polyphosphazenes [36]
R represents any organic or inorganic side chain or molecule

The phosphazene backbone hydrolytically degrades to phosphate and ammonium salts
[22], which have been claimed to be biocompatible [4]. Polyphosphazenes possess high
thermal stability and their chemical structure provides a readily accessible chain to which
different drugs or biological compounds can be advantageously attached and later
hydrolytically released.

Due to their versatility, polyphosphazenes have found

applications in controlled drug delivery systems [37], skeletal tissue regeneration [38],
and in vaccine design as immunological adjuvants (i.e. pharmacological or
immunological agents that modify the effect of other agents such as drugs or vaccines
while having few if any direct effects) [39]. The versatility of polyphosphazenes stems
from the combination of the inorganic backbone with its side chain functionalities that
can be tailored for various applications.

Specifically, polyphosphazenes can be

hydrophobic, hydrophilic or amphiphilic (possessing both hydrophilic and hydrophobic
properties) depending on the side chain groups.
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Poly(amino acids) (Fig. 2.16) are synthetic polymers derived from the amino
acids that are the constituents of proteins.

Figure 2.16: Schematic representation of poly(amino acids) [34]
R represents any organic or inorganic side chain or molecule

In contrast to the carbon-carbon backbone in most polymers, poly(amino acids) contain
inorganic backbones consisting of single and double bonds between nitrogen and
phosphorous atoms.

Poly(amino acids) are usually the product of a ring-opening

polymerization reactions of N-carboxy anhydrides which are obtained by reaction of the
amino acid with phosgene. The physicomechanical properties of the polymer can be
modified by altering the side chains that offer attachment sites for property-influencing
peptides, drugs, cross-linking agents, or pendant groups. As biomaterials, poly(amino
acids) have several advantages including the ability to produce a vast number of
polymers and co-polymers from a variety of amino acids, and their expected low level of
systemic toxicity due to their naturally occurring amino acid degradation products.
Despite their advantages as biomaterials, poly(amino acids) have notable disadvantages
such as being highly insoluble in organic solvents, non-processable, difficult to reproduce
and control in vivo degradation rate, and highly antigenic with respect to polymers
consisting of three or more amino acids. Most of the disadvantages stem from the
individual amino acids being polymerized via repeating amide bonds that establish strong
interchain hydrogen bonding. Considering the properties offered by poly(amino acids),
their applications have been limited to sutures, skin substitutes, drug delivery systems,
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and chemotherapeutic agents. To circumvent the problems with poly(amino acids), the
peptide bonds in their backbone were replaced with “non-amide” linkages such as ester,
urethane, and carbonate bonds thereby producing pseudo-poly(amino acids). The use of
the term “pseudo” describes these new polymers that are comprised of naturally
occurring amino acids linked by non-amide bonds.

Various studies report that the

modified backbone of pseudo-poly(amino acids) generally improves their mechanical
properties. The observed improvement is attributed to a reduction in the number of
interchain hydrogen bonds as half of the amide bonds are replaced by the non-amide
linkages that results in greater processability and a loss of cystallinity.

Pseudo-

poly(amino acids) offer improved mechanical properties, processability, stability, and
ease of synthesis over conventional poly(amino acids) [4, 22].

2.4.3.1 Hydrogels
Due to their outstanding promise in biomedical applications, hydrogels have been
the subject of significant attention over the past 30 years [4]. Hydrogels are cross-linked
polymeric structures, produced by hydrolysis of one or more monomers or by hydrogen
bonds and van der Waals interaction between chains, which swell upon contact with
water.

Hydrogels can be classified in various ways according to their method of

preparation, ionic charge or physical structure.

With respect to the method of

preparation, there exist homopolymer hydrogels, co-polymer hydrogels, multi-polymer
hydrogels, and interpenetrating polymeric hydrogels.

Homopolymer hydrogels are

composed of one type of hydrophilic monomer unit that is arranged in crosslinked
networks. Co-polymer hydrogels are composed of two monomer units, one of which
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must be hydrophilic, which are cross-linked to produce the resultant hydrogel. Multipolymer hydrogels are produced by reacting three or more monomers together.
Interpenetrating polymeric hydrogels are made by swelling a first network in a monomer
and subsequently reacting the latter to form a second structure of intermeshing network.
The pioneering work of Ratner and Hoffman (1976) and Brannon-Peppas and Harland
(1990) resulted in hydrogels being classified on the basis of their ionic charge as neutral
hydrogels, anionic hydrogels, cationic hydrogels, and ampholytic hydrogels. A hydrogel
classification also exists based on the physical structural features of the system; hydrogels
can be classified as amorphous hydrogels, semicrystalline hydrogels, and hydrogenbonded structures. Amorphous hydrogels contain randomly arranged macromolecular
chains.

In contrast, semi-crystalline hydrogels possess dense regions of ordered

macromolecular chains called crystallites.

Hydrogels possessing ideal networks are

rarely observed [4]. Intuitively, hydrogels with molecular defects are always possible,
but their effects do not contribute to the mechanical or physical properties of the polymer
network. A key and distinctive feature of the physical behaviour of hydrogels is their
swelling behaviour because attaining the final, swollen network structure requires contact
with water or biological fluids upon preparation. The properties of biocompatibility and
hydrophilicity make certain hydrogels very attractive for biomedical applications such as
artificial tendon materials, wound-healing bioadhesives, articular cartilage, and vocal
cord replacement. Despite the wide diversity of their application, hydrogels have been
used most frequently in the pharmaceutical area as drug-delivery vessels [4]. Hydrogels
can also be used to form scaffolds for tissue engineering purposes having been shown to
support chondrocyte survival and cartilage matrix synthesis [40, 41, 17].
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Tissue

development is dependent upon the structural environment, cell-biomaterial interaction,
and biological signals incorporated in the scaffold [14, 15]. The physical properties and
biocompatibility of the polymer must also be able to ensure cellular function in vivo [4].
Research indicates that the best approach for developing hydrogels with biomedically
desirable characteristics is to correlate the macromolecular structures of the candidate
polymers with the swelling and desired mechanical properties [42]. Generally, the most
familiar highly- and moderately-swollen hydrogels include poly(vinyl alcohol) (PVA),
poly(ethylene

glycol)

(PEG),

poly(hydroxyethyl

methacrylate)

(PHEMA)

and

polyacrylamides.
PVA (Fig. 2.23) is a hydrophilic polymer that is non-toxic, and possesses good
cell-adhesion properties.

Figure 2.17: Schematic representation of poly(vinyl alcohol)[43]

PVA is not synthesized directly but is the deacetylated product of poly(vinyl acetate).
Hydrophilicity and water solubility can be controlled by the extent of hydrolysis and
molecular weight. As PVA is not truly biodegradable due to the lack of labile bonds
within the polymer bond, use of its low molecular weight polymer forms is recommended
to increase its degradation rate [21].
PEG (Fig. 2.18) can be produced by the anionic or cationic polymerization of
ethylene oxide.
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Figure 2.18: Schematic representation of poly(ethylene glycol) [43]

PEG possesses properties of hydrophilicity, biocompatibility, and mechanical flexibility.
In addition, its limited immunogenicity, antigenicity, and minimal protein and cell
adhesion, make it an ideal candidate as a hydrogel scaffold or in cell encapsulation. Due
to the bioinert nature of PEG, there is no interaction between the polymer and the
encapsulated cells. The nature of the scaffold can be altered to induce cellular behaviour
by incorporating bioactive peptide to PEG chains. PEG macromers can be classified into
two categories: PEG-backbone and PEG-branched. The PEG-backbone class comprise
versions of PEG-diacrylate with template similar to a block co-polymer. The PEGbranching class generally encompasses comb-like grafting (i.e. coupling) of PEG chains
to create co-polymers. PEG is not inherently degradable, but can be modified to possess
tailored degradation properties.

2.5 Methods of Fabricating Films
2.5.1 Rolling
Flat rolling, or simply - rolling, is the process of changing the cross-section or
decreasing the thickness of a substrate by compressive forces applied through a set of
rolls [68]. The rolls rotate to simultaneously pull and compress the substrate between
them. Rolling results in the reduction of thickness and rectangular cross-sectional area.
To be useful, the rolling process requires that the substrate being rolled possess
appropriate flow characteristics. Many products are produced by rolling. Traditionally,

44

the material being rolled is usually a metal; steel and aluminum (e.g. aluminum foil) are
the most commonly rolled materials. Non-metallic materials are also rolled to reduce
their thickness and enhance their properties, such as strength and hardness. For these
reasons, rolling was considered as an option to produce the polymer films described in
this work. However, the drawbacks concerning rolling such as the adhesion of the
material to the rolling mill, contamination of the material affecting its composition or
physical properties, and poor control of the roll results in inconsistent thickness across the
surface of the film which thereby rejected it as a fabrication option.

2.5.2 Hot Uniaxial Pressing
During hot uniaxial pressing, an appropriate amount of material is placed between
two heated flat plates (platens). A compressive force is applied uniaxially and the
material is pressed into a sheet or film of desired thickness. This method is used for the
fabrication of films of small thickness. Despite the advantage of better control over film
thickness, most other disadvantages associated with rolling also apply, so this fabrication
method was also rejected for the purposes of this study.

2.5.3 Evaporation-Deposition
Evaporation-deposition is another useful technique used to produce polymeric
films and sheets. The technique requires that the materials of interest dissolve in a
solvent. A film is produced by dissolving a defined amount of solute material in an
appropriate amount of a solvent such as dichloromethane or water. The solution is
stirred, under heat if required, to ensure complete dissolution of the solute. The film
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thickness may be controlled by adjusting the solute concentration or the quantity of
solution poured into the holding (casting) vessel.

The solution is allowed to sit

undisturbed in an open environment under ambient conditions such that the solvent
evaporates and a polymeric film is deposited onto the surface of the container.
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Chapter 3 – Experimental Methodology
3.1 Selection of Biomaterial to Assess Polymer-Scaffold Attachment
Based on the findings from the literature review, the prohibitively high cost of the
previously discussed candidates, and the in-house availability, poly(vinyl alcohol) (PVA)
and poly(caprolactone) (PCL) were investigated as biodegradable media for application
in film fabrication. To assess attachment of the polymer to the artificial bone scaffold
(SkeliteTM) in the hybrid polymer-calcium phosphate scaffold, as received scaffolds of
approximately 15mm in diameter and length (Fig. 3.1) were dipped into a viscous
solution of PVA or molten PCL.

Figure 3.1: Porous bone scaffold – SkeliteTM – used in long bone applications

A PVA-scaffold assembly was prepared as follows; 3ml aliquots of viscous
partially hydrolyzed (+87.0-89.0%) PVA (Celvol 205 [Avg. MW 31, 000 – 50,000],
Celanese Ltd., TX, USA) was poured into polystyrene weighing boats and allowed to set
for 24 hours in an open environment under ambient conditions. Subsequently, the end
surface of a scaffold was placed in the centre of the dish, on top of the partially set film,
which was allowed to set creating the final PVA-scaffold assembly.
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Similarly, a PCL-scaffold assembly was prepared by heating 10g of PCL (CAPA
6506, Solvay Caprolactones, UK) in an oven to a temperature of 60oC±1oC, which is in
PCL’s melting range of 58-63oC [67]. A 3ml aliquot of the molten PCL was poured into
a polystyrene weighing boat, allowed to partially set, after which a scaffold was placed
on top of the melt to produce the final PCL-scaffold assembly. The samples were
visually inspected and then sectioned longitudinally using a high speed precision cut-off
saw (Accutom-5, Struers Inc.) and photographed (Fig. 4.2) to assess the extent of
polymer attachment to the scaffold at their interface.

3.2 Pilot Dissolution Study of PVA and PCL
After the successful attachment of PVA and PCL to SkeliteTM scaffolds, pilot in
vitro dissolution studies were conducted to assess the ability of the polymer films to
degrade in 10 hours. Films of PVA and PCL were solution-cast to produce sample film
geometries, used in similar studies [68], of approximately 10mm diameter and 1.5mm
thickness (Fig. 3.2). Figure 3.2 demonstrates that after casting, PVA is clear while PCL
is opaque in colour.

48

A

B

Figure 3.2: Polymer Film Samples of A) PVA (clear), and B) PCL (opaque)

Specifically, 3ml of viscous Celvol 205 and molten CAPA 6506 were poured
separately into polystyrene weighing boats and allowed to set for 3 days in an open air
environment. Subsequently, a 10mm diameter punch was used to produce 11 samples of
each polymer. The initial mass of each sample was recorded and the samples were then
immersed in simulated body fluid; Earle’s Balanced Salt (EBS) solution (Sigma–Aldrich,
ON, CANADA). Figure 3.3 illustrates the cell culture trays used in this experiment
whose wells were individually sealed with a film of paraffin wax (ParafilmTM, Pechiney
Plastic Packaging, WI, USA) to prevent loss of EBS by evaporation. Ten samples of
each polymer were immersed in 3.5ml of EBS solution and one sample of each polymer
in 3.5ml of water to serve as the control.
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Figure 3.3: Experimental Set-up of Pilot Dissolution Study

The study was conducted at the physiologic temperature of 37oC over the duration
of one month with measurements of mass being recorded at 3, 6, 12, 24 hours, and 1, 2,
3, and 4 weeks (App. G). To maintain a concentration gradient favouring constant
dissolution, the EBS was refreshed every 12 hours; an arbitrarily selected time point. The
resulting data were used to generate a plot of the dissolution of the polymers as a function
of time.

3.3 Hydrogel Film Preparation
Based on the results of the pilot dissolution experiment, the reported literature, the
in-house availability of polymers in the laboratory, and the prohibitive cost of alternative
candidates, a hydrogel consisting of a PVA-PEG co-polymer system was chosen for the
application and prepared by solution casting. After applying a full factorial DOE, the
dissolution study required separate stock solution concentrations of 10%, 6.25%, and
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2.5% to be prepared for both PVA and PEG ([Avg. MW 8, 000], Sigma-Aldrich Inc.,
MO-USA). Based on the findings of the pilot dissolution study, it was evident that a
PVA of lesser dissolution rate is needed for the hydrogel application; therefore a viscous
super hydrolyzed (+93%) PVA of greater molecular weight (Celvol 125 [Avg. MW
85,000 – 125, 000], Celanese Ltd., TX, USA) was used in preparation of the hydrogel.
Separate stock solutions of each polymer, in defined concentrations, were
prepared by dissolving a specific mass of the polymer in a specified volume of de-ionized
water. To prepare a resulting stock solution such as 10% PVA, 22g of Celvol 125 was
stirred, heated, and dissolved in 198ml of de-ionized water in a sealed beaker. Sample
calculations for preparing the stock solution can be found in Appendix B.

The

concentration level was selected on the observation that a level greater than 10% PVA
was found to be highly viscous such that the solution could be poured from the beaker
making the stock solution useless. Using a graduated pipette, specific amounts of each
polymer were deposited onto a weighing boat as a mould, mixed adequately, and allowed
to completely set undisturbed in an open environment. Described in greater detail later,
polymer addition was based on composition by mass % ratio such that the total mass
percentage equals 100%. The polymers react to yield the final co-polymer system via a
simple hydrolysis reaction (Fig 3.4).

Figure 3.4: The PVA-PEG hydrogel hydrolysis reaction
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Once the hydrolysis reaction had proceeded to completion and the excess water
evaporated, a PVA-PEG co-polymer film was left. Based on the results of applying a full
factorial design of experiment with two centre points, 34 samples of PVA-PEG films
were prepared (App. B).

3.4 Measurement of Film Thickness
The PVA-PEG hydrogel dissolution experiment assumes uniform thickness across
the surface of the film. To test the validity of this assumption, a PVA-PEG film was
prepared using the solution casting technique. Four ml of 10% PVA and 4ml of 10%
PEG were transferred to a weighing boat and mixed. The film was allowed to air-dry and
set for 48 hours and subsequently oven-dried for 3 hours. Using a 20mm diameter punch,
a circular sample was cut from the centre of the resultant PVA:PEG film (i.e. 50:50wt%).
The circular sample was sectioned diametrically and mounted in a transparent epoxy
resin for inspection under a light microscope and measurement of the uniformity of
thickness across the film. Prior to mounting, 9 incisions were made in the film to act as
guiding reference points while taking film thickness measurements from one edge at the
perimeter of the film to the opposite edge.
The sample was inspected for suitable sites (devoid of inconsistencies) with welldefined film surfaces to take measurements. Three measurements of thickness were
taken at three randomly located sites between each incision. A total of 30 measurements
of thickness were taken across the length of the film (except at location 2). To evaluate
the variation in thickness across the direction perpendicular to the sectioned face, 0.5mm
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was removed manually from the face of the sample using a grinding table and the
measurements were repeated. In total, the process was repeated 3 times, removing
1.5mm of material, to generate 3 sets of data totalling 90 measurements of film thickness
at three distinct depths. A Tukey pairwise comparison was conducted at confidence level
of 99.82% to determine the maximum variation in thickness at different locations across
the diameter of the film from one edge at the perimeter of the film to the opposite edge.
Also, the analysis provides the 95% confidence interval of the difference in thickness
among the pairs of location (App. C).

3.5 Assessment of Constant Density
This experiment was done to verify the accuracy of the chemical composition in
lieu of the error that might be created by adding the various amounts of the polymer
components. The PVA-PEG film dissolution experiment also assumes constant density
among samples of different thickness. To test the validity of this assumption, 12 samples
of the PVA:PEG (i.e. 50:50wt%) co-polymer were prepared using the previously
described solution casting technique. Six pairs of samples (1.5 and 6mm in thickness)
were prepared and their density measured using the Archimedes’ principle of water
displacement (App. G). As opposed to using other crude methods of determining density,
the Archimedes’ method was used due to the high accuracy associated with the
technique; accurate to three significant digits. The samples were weighed both in air, and
while suspended in de-ionized water. The density was calculated using the following
equation:

ρ=

0.997 ⋅ Wdry

Wdry − (Wwet − Wwire )
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(3.1)

where 0.997 is the density of water at room temperature (25oC) in g/cm3, Wdry, Wwet,
Wwire are the weights of the dry sample, the sample immersed in water, and the wire from
which the sample was suspended, respectively. The statistical difference between the
densities associated with the samples of different thickness was assessed using a twosample T-test.

3.6 Optimization of Sample Drying Procedure
To determine the optimal temperature and time required for complete drying of
the polymer samples following immersion in the SBF, films 1.5 and 6mm in thickness
were solution cast from 10% stock solutions of PEG and PVA. There were 6 pairs of
films prepared for each thickness; 12 in total of 50:50wt% composition. Conducting a
trial run of the drying procedure, sample decomposition temperature was qualitatively
(i.e. visually) determined to occur at approximately 90oC. Therefore, candidate drying
temperatures were selected to be 80, 70, 60, and 50oC.
To fabricate samples with a thickness of 1.5mm, 2.5ml of PEG and PVA each
were cast and mixed to obtain a mixture of 5ml. Similarly, 10ml of PEG and PVA were
combined in equal parts resulting in a final mixture of 20ml to produce samples with
6mm thickness. Samples were monitored and permitted to air-dry as necessary. The
1.5mm thick samples dried in approximately 48 hours, while the 6mm thick samples
required 5–7 days. Using a 10mm diameter punch, 3 discs were extracted from the
centre of each film producing 36 samples in total.
The discs were then numbered (1.5mm discs; 1–6, and 6mm discs; 7–12),
labelled (A, B, C), and their initial mass recorded. After preparation and identification,
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all the discs were placed in an oven heated to the defined temperature, and removed at the
prescribed times. Discs were removed as pairs, one of 1.5 and 6mm thickness, at specific
time intervals of 0.75, 1.5, 3, 6, 12, and 24 hours, consecutively. Upon removal from the
oven, measurements of mass were taken, recorded, and plotted to generate bar graphs
illustrating the effect of drying temperature and sample thickness on drying time. These
plots were used to identify the optimal temperature and time for drying the polymer discs.
The empirical model was defined parametrically to enable evaluation of the
performance of various designs achieved through changes in design variables.
Considering the resources and capabilities of the laboratory, the design variables were
selected on the basis of being measurable and controllable. Accordingly, the design
variables hypothesized to significantly influence degradation of the film included:
1) Concentration of PEG in stock solution (% Concentration) – defined as the mass
in grams of PEG dissolved in an appropriate volume of de-ionized water where
the quantities of solute and solvent are dependent on the final stock solution
concentration required (i.e. 10%, 6.25%, and 2.5%).
2) Concentration of PVA in stock solution (% Concentration) – defined as the mass
in grams of PVA dissolved in an appropriate volume of de-ionized water where
the quantities of solute and solvent are dependent on the final stock solution
concentration required (i.e. 10%, 6.25%, or 2.5%).
3) Hydrogel Composition by Mass % Ratio (PVA:PEG) – defined as the mass
percent composition of PVA comprising any given hydrogel film sample. For
example, given a sample weighing 1g, a sample of 80% PVA contains 0.8g PVA
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and 0.2g PEG. The lower and upper limits were defined to be 70% PVA and
99.5% PVA, respectively.
4) Thickness of the film – defined and measured to be the distance between the top
and bottom surfaces of the film. The lower and upper limits were defined to be
1.5 and 6mm, respectively.

3.7 Statistical Design of Experiments
To minimize the number of test samples used to identify the polymer composition
that will degrade in the target time of 10 hours, a Statistical Design of Experiments
(DOE) was used in the study. DOE is a procedure that permits fast, economical, and
accurate evaluation of processes and products that depend upon several factors or design
variables [69]. Designed experiments are sets of tests in which the design variables are
adjusted methodically. A well-designed experiment yields unambiguous results at the
lowest possible cost. A poorly designed experiment may reveal little information of
value, even with complex analysis, wasting valuable time and resources. The objective
of an experimental design, when considering a large number of design variables, is to
determine which factors have a significant effect on the response variable of interest.
The statistical DOE also enables the dissolution process to be characterized by building
an empirical model that predicts the effects of individual design variables, and intervariable interactions, on responses and variation in responses. Moreover, the use of a
statistical DOE enables identification of the critical variables to monitor in either
statistical process control charts or controls.

Finally, the use of a statistical DOE

facilitates the design of robust products that are insensitive to uncontrollable
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environmental conditions and incoming component variation, while minimizing
production costs. A detailed description of the full factorial DOE used in this study can
be found in Appendix D.

3.8 Dissolution Study of PVA-PEG Hydrogel Film using Drying Optimization
To study the influence of the design variables on the dissolution behaviour of the
PEG-PVA co-polymer films, and identify the optimal combination, and level of design
variables that achieves full degradation of the film in 10 hours, 34 samples of PVA-PEG
films – each of distinct composition and thickness – were prepared as was described by
the application of a full factorial DOE (App. B). A 10mm diameter punch was used to
produce discs, which were subsequently numbered from 1 to 34. Shortly thereafter,
measurements of the pre-immersion mass of each sample were taken and recorded. Each
disc was suspended from a thin aluminum wire, wrapped once across its diameter, and
then immersed in a labeled glass vial filled with 15ml of EBS solution. Figure 3.7
illustrates the experimental set-up.
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Figure 3.5: Experimental Set-up of PVA-PEG Film Dissolution Study

The study was conducted at physiologic temperature (37oC) over the duration of
10 hours. To maintain a concentration gradient favouring constant dissolution, the EBS
was refreshed every 2 hours. Upon every instance of removal from EBS, all samples
were rinsed with de-ionized water. After being immersed for 10 hours, the samples were
oven dried according to the optimal temperature and drying time identified in the drying
procedure optimization study. After oven drying, the samples were removed from the
oven and permitted to dry in an open environment. Measurements of mass were taken
and recorded. The resulting data were collected and subsequently inputted into Minitab
14 for analysis using the full factorial DOE.

3.9 In situ Dissolution Study of PVA-PEG Hydrogel Film
To compare the results of the dissolution study using the drying procedure
optimization, while studying the influence of the design variables on the dissolution
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behaviour of the PVA-PEG co-polymer film samples, an additional set of 34 samples of
PEG-PVA films were prepared as described by the application of a full factorial DOE
(App. B). Thirty four samples were fabricated in a similar fashion to those in the
previous study and were numbered from 1 to 34. Similar to the previous study, each
sample was suspended and then immersed in a labelled glass vial filled with 15ml of
EBS. Measurements of mass were recorded after 1 hour of immersion, to account for the
absorption of EBS that occurs before degradation, and at 10 hours. The in situ approach
was different from the previous drying approach in that while samples were immersed in
EBS, their mass was recorded after 1 hour and 10 hours of immersion, as opposed to
measurements of mass being taken pre- and post-drying when the samples were not
immersed in the EBS. Upon every instance of removal from EBS, all samples were
rinsed with de-ionized, distilled water. The EBS was refreshed every 2 hours to maintain
a concentration gradient favouring constant dissolution.

The resulting data were

collected and inputted into Minitab 14 for analysis using the full factorial DOE.

3.10 Validation of Hydrogel Degradation in Target Time
To validate the results of the dissolution test and statistical analysis, 10 films of
the optimal design composition were fabricated (using the previously described
procedure) and tested. The optimized PVA-PEG film was fixed to the inside of a glass
tube across its diameter of 10mm as follows; using the laboratory scale and plastic
pipettes, appropriate amounts of PVA and PEG were taken from the stock solutions,
transferred to the plastic weigh boat, mixed, and left undisturbed for 48 hours to solution
cast. After the setting time had elapsed, a 10mm diameter punch was used to produce the
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samples. The film was fixed and completely sealed to the glass cylinder by applying a
clear layer of sealant around the perimeter of the film at the film-glass interface.
The film-cylinder assembly was then mated to the end of a plastic cylinder by
press fitting.

EBS was poured into the open end of the plastic cylinder thereby

immersing the optimized film (Fig. 3.8).

Hydrogel
Co-polymer
Film

Figure 3.6: Experimental Set-up to validate PVA-PEG film penetration

Red dye (Club House Red Food colour, McCormick CANADA) was added to the EBS to
act as a visual indicator of the action of the dissolution and subsequent penetration of the
film by the EBS. Testing was video documented using a digital camcorder (DCRTRV27, SONY 2002) to visually identify the penetration time and corresponding failure
of the hydrogel film. The video was reviewed and the times of penetration of the films
were recorded (App. G). The time of penetration of each sample was recorded, plotted,
and analyzed to validate the theoretically predicted time elapsed to achieve complete
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dissolution of the film, and determine if there existed a statistically significant difference
in these times among the 10 films.

3.11 Post-Dissolution Investigation and Thickness Uniformity Assessment
To identify and understand the mechanism causing premature failure of the films,
one of the 10 films tested was randomly selected for investigation under microscope. A
transmission light microscope was used to inspect and digitally capture images of the
microstructure of the individual polymers and the co-polymer hydrogel film. Using the
same procedure previously described in Section 3.4, 90 measurements of the thickness of
the film were taken using a reflection light microscope to identify any variation in the
thickness that may have occurred as a product of the action of the dissolution test. A
Tukey pairwise comparison was conducted at confidence level of 99.82% to determine
the maximum variation in thickness at distinct locations across the diameter of the film
from one edge at the perimeter of the film to the opposite edge. Also, the analysis
provides the 95% confidence interval of the difference in thickness among the pairs of
locations (App. E).
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Chapter 4 – Results
4.1 Test of the hybrid polymer-scaffold attachment
Using the procedure described in Section 3.1, assemblies of both PVA- and PCLhybrid scaffolds were prepared. A photograph of two PVA-hybrid scaffolds is shown
below in Figure 4.1.

15 mm
Figure 4.1: The PVA-scaffold assembly

Qualitative assessment of the fabricated PVA and PCL assemblies indicated
suitable attachment of both polymers to the surface of scaffolds for the cell seeding
process. Subsequent to inspection, the samples were sectioned longitudinally and a depth
of the impregnation was measured to be approximately 4 mm using a ruler. Further,
successful attachment of the polymers was also achieved using a reduced pressure
apparatus (App. F), which forces the polymer into the scaffold to a greater extent by
reaction to a vacuum.
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4.2 Pilot Dissolution Study of PVA and PCL
The results of the dissolution study of PVA and PCL were collected over a period
of four weeks and used to generate a plot of the dissolution behaviour of the polymers as
a function of time (Fig. 4.2). The results were plotted with error bars representing a 95%
confidence interval using the pooled standard deviation to calculate the standard error.
As a consequence of the small geometry of the sample and the strongly hydrophilic
nature of PVA, an accurate representation of its dissolution profile was not generated as
complete dissolution was achieved in approximately 3 hours.
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Figure 4.2: Dissolution profile of PCL in EBS

4.3 Measurement of Film Thickness
To assess the uniformity of thickness across the face of a PVA-PEG hydrogel, a
film was prepared according to the procedure described in Chapter 3, sectioned, and
mounted for inspection and measurement under a light microscope.

Ninety

measurements were taken across the diameter of the film from one edge to the opposite
edge. The results were plotted using Minitab 14 to generate box plots and a multi-vari
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chart to describe the uniformity of thickness across the diameter of the film at specific
locations at a specific depth (Fig. 4.3a), and across depths (Fig 4.3b), respectively.
Figure 4.4a shows a maximum difference in thickness to occur between locations 2 and
10, which represents a variation in thickness of 77.85µm (App. C). Inspection of Table
4.1b indicates that 18 measurements, as opposed to 27, were taken at location 2; the
reason for this discrepancy is that damage of the film at this location impeded
measurements to be taken.
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Figure 4.3a: Variation in Pre-thickness at equidistant locations across the length of a
PVA-PEG hydrogel film from one edge at the perimeter to the opposite edge

Table 4.1a: One-way Analysis of Variance for Thickness as a Function of Location
Source
Location
Error
Total
S = 14.03

DF
9
251
260

SS
130420
49430
179850

MS
14491
197

R-Sq = 72.52%
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F
73.58

P
0.000

R-Sq(adj) = 71.53%

Table 4.1b: Measured Thickness at Equidistant Locations on Film
Level
1
2
3
4
5
6
7
8
9
10

N
27
18
27
27
27
27
27
27
27
27

Mean (µm) Std. Dev. (µm)
174.78
185.33
179.22
182.37
165.59
177.70
176.74
153.44
150.33
107.48

10.82
15.32
14.87
11.41
14.73
17.35
13.46
19.67
10.83
8.73

Pooled St. Dev. = 14.03µm
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Figure 4.3b: Variation in thickness at three different depths travelling from the centre of
the film to the perimeter
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4.4 Validation of Constant Density among Samples of Different Thickness
To validate the assumption of constant density among samples of different
thickness, 12 samples of PVA-PEG (50:50wt%) were solution cast according to the
procedure described in Chapter 3. Specifically, 6 pairs of samples each of thickness
1.5mm and 6mm were prepared, and weighed both in air, and in water. After the weights
were measured, the respective densities were calculated according to the Archimedes
principle, and subsequently used to generate a box plot diagram (Fig 4.4). Table 4.2
indicates that there exists statistical difference of 0.066g/cm3 in the densities of the
samples at two distinct thicknesses with a 95% confidence interval of (0.123615,
0.008676). The reported statistical difference in density of 0.066 g/cm3 is equivalent to a
change in calculated thickness of 7.51µm, which is comparatively insignificant when
considering a maximum variation in thickness of 77.85µm across the diameter of the film
(App. C). In other words, the error in the thickness calculated using the Archimedes’
principle is small compared to the measured variation in the thickness across the diameter
of the film.
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Figure 4.4: Uniformity of density in 50:50wt% hydrogel films of different thickness

Table 4.2a: Two-sample T-test of Density for Samples of Different Thickness
Thickness
1.5
3

N
6
6

3

3

Mean (g/cm ) St. Dev. (g/cm ) SE Mean
1.1664
0.0532
0.022
1.2326
0.0129
0.005

Table 4.2b: Difference in Density for Samples of Different Thickness
DF
5

Difference (g/cm ) = µ (3mm) - µ (1.5mm) P-Value 95% CI for Difference
3

0.066145

0.032

(0.123615, 0.008676)

4.5 Drying Procedure Optimization
The optimal drying temperature and the time required to attain completely dried
samples after immersion in EBS was determined by preparing 6 pairs of samples each of
1.5mm and 6mm thickness; 12 samples in total of 50:50wt% composition. Using a
punch, three samples were extracted from the centre of each film to produce 36 samples
in total. Measurements of mass were taken before drying and upon removal of samples
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from the oven at prescribed times to generate plots describing the % mass loss (i.e. extent
of drying through evaporation) achieved at specific times for various temperatures (Fig.
4.5). The error bars represent a 95% confidence interval using the pooled standard
deviation, of the 18 samples for each thickness, to calculate the standard error.
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Figure 4.5a: Time- and temperature-dependent mass loss of hydrogel samples at 50oC
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Figure 4.5b: Time- and temperature-dependent mass loss of hydrogel samples at 60oC
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Figure 4.5c: Time- and temperature-dependent mass loss of hydrogel samples at 70oC
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Figure 4.5d: Time- and temperature-dependent mass loss of hydrogel samples at 80oC

4.6 Dissolution Behaviour of PVA-PEG Hydrogel Films using Drying
Optimization
Thirty-four hydrogel film samples, each 10mm in diameter with distinct
composition and thickness, were solution-cast according to the previously described
procedure described in Chapter 3 in which the preparation was governed by the
application of a full factorial DOE. The mass of the samples was recorded before
immersion in EBS, and after oven-drying subsequent to 10 hours of dissolution. The
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resulting data were collected and subsequently entered into Minitab 14 for analysis using
the full factorial DOE. Minitab processed the data to present a table of estimated effects
with regression coefficients (Table 4.3) and ANOVA results (Table 4.4), and to generate
plots of Normal Probability (Fig. 4.6) and Pareto (Fig. 4.7) of the standardized effects.
The “Effect” describes the strength of the design variables and their interactions on the
response variable, while the “Coef” describes the value of the linear regression
coefficient.

70

Table 4.3: Estimated Effects and Coefficients for % Mass Loss at 10 hours of Dissolution
Term
Constant
Concentration PEG
Concentration PVA
Mass % (PVA)
Film Thickness
Concentration PEG*Concentration PVA
Concentration PEG*Mass % (PVA)
Concentration PEG*Film Thickness
Concentration PVA*Mass % (PVA)
Concentration PVA*Film Thickness
Mass % (PVA)*Film Thickness
Concentration PEG*Concentration PVA*Mass % (PVA)
Concentration PEG*Concentration PVA*Film Thickness
Concentration PEG*Mass % (PVA)*Film Thickness
Concentration PVA*Mass % (PVA)*Film Thickness
Concentration PEG*Concentration PVA* Mass % (PVA)*Film Thickness
Centre Point
S = 16.6680

R-Sq = 79.00%

Effect
-2.69
-27.18
-1.07
-31.91
-15.12
0.31
-5.20
6.54
-4.04
-3.86
-0.33
8.73
-2.29
0.27
0.55

Coef
59.29
-1.34
-13.59
-0.54
-15.96
-7.56
0.16
-2.60
3.27
-2.02
-1.93
-0.16
4.37
-1.14
0.13
0.28
13.62

SE Coef
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
2.947
12.149

P
0.000
0.654
0.000
0.858
0.000
0.020
0.958
0.390
0.283
0.503
0.521
0.957
0.157
0.703
0.964
0.926
0.278

R-Sq(adj) = 59.23%

Table 4.4: Analysis of Variance for % Mass Loss at 10 hours of Dissolution – Drying
Source
Main Effects
2-Way Interactions
3-Way Interactions
4-Way Interactions
Curvature
Residual Error
Pure Error
Total

DF
4
6
4
1
1
17
17
33

Seq SS
14124.6
2635.8
653.3
2.5
349.1
4723
4723
22488.1

Adj SS
14124.6
2635.8
653.3
2.5
349.1
4723
4723
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Adj MS
3531.14
439.3
163.32
2.46
349.07
277.82
277.82

F
12.71
1.58
0.59
0.01
1.26

P
0.000
0.213
0.676
0.926
0.278
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Figure 4.6: Normal Probability plot of the Standardized Effects – Drying
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Figure 4.7: Pareto plot of the Standardized Effects – Drying
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)

72

Plots describing the main effect of the design variables on % mass loss by
dissolution (Fig 4.8) and the effect of the interaction of the design variables on the %
mass loss by dissolution (Fig 4.9) were generated using Minitab.
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Figure 4.8: Main Effects Plot (Drying) for % Mass Loss at 10 hours Dissolution
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Figure 4.9: Interaction Plot (Drying) for % Mass Loss at 10 hours Dissolution

Based on the results of the plot of normal probability and the pareto chart, the
regression model was reduced to include the significant factors – B, D – and interactions
– AB. Subsequent to regression model reduction, Minitab 14 provided refined tables of
estimated effects with coefficients (Table 4.5), ANOVA results (Table 4.6), and
estimated regression coefficients for the model (Table 4.7). Further generated were
refined plots of Normal Probability (Fig. 4.10) and Pareto (Fig. 4.11) of the standardized
effects.
Table 4.5: Refined Estimated Effects and Coefficients for % Mass Loss at 10 hours of
Dissolution – Drying
Effect

Term
Constant
Concentration PEG
Concentration PVA
Film Thickness
Concentration PEG*Concentration PVA
S = 15.0229

R-Sq = 70.90%

-2.69
-27.18
-31.91
-15.12
R-Sq(adj) = 66.88%

74

Coef
60.09
-1.34
-13.59
-15.96
-7.56

SE Coef
2.576
2.656
2.656
2.656
2.656

P
0.000
0.617
0.000
0.000
0.008

Table 4.6: Refined Analysis of Variance for % Mass Loss at 10 hours of Dissolution –
Drying
Source
Main Effects
2-Way Interactions
Residual Error
Curvature
Lack of Fit
Pure Error
Total

DF
3
1
29
1
3
25
33

Seq SS
14115.4
1827.9
6544.9
349.1
956.2
5239.6
22488.1

Adj SS
14115.4
1827.9
6544.9
349.1
956.2
5239.6

Adj MS
4705.1
1827.9
225.7
349.1
318.7
209.6

F
20.85
8.1

P
0.000
0.008

1.58
1.52

0.219
0.234

Table 4.7: Estimated Regression Coefficients for % Mass Loss at 10 hours Dissolution –
Drying
Coef
90.582
3.001
-0.265
-10.637
-0.537

Term
Constant
Concentration PEG
Concentration PVA
Film Thickness
Concentration PEG*Concentration PVA
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Figure 4.10: Refined Normal Probability plot of the Standardized Effects – Drying
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Figure 4.11: Refined Pareto plot of the Standardized Effects Effects – Drying
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)

Refined plots describing the main effect of the design variables on % mass loss by
dissolution (Fig 4.12) and the effect of the interaction of the design variables on the %
mass loss by dissolution (Fig 4.13) were generated using Minitab 14.
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Figure 4.12: Refined Plot of the Main Effects (Drying) for % Mass Loss at 10 hours
Dissolution
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Figure 4.13: Refined Interaction Plot (Drying) for % Mass Loss at 10 hours Dissolution
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Plots of the residuals that were generated and provided below, include: a Normal
Probability Plot of the residuals (Fig. 4.14), residuals against the fitted values (Fig. 4.15),
the residuals against the order of the data (Fig. 4.16), and a histogram of the residuals
(Fig. 4.17).
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Figure 4.14: Normal Probability Plot of the Residuals – Drying
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Figure 4.15: Residuals Versus the Fitted Values – Drying
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Figure 4.16: Residuals Versus the Order of the Data – Drying
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The findings of Figures 4.10 to 4.13 plots were used in conjunction with the
Minitab’s “Response Optimizer” feature to identify the optimal combination of design
variables that ideally enables complete degradation of the PEG-PVA film in 10 hours
(Table 4.8 and Fig. 4.18).
Table 4.8a: Settings to achieve optimized response – Drying
Response
% Mass Loss

Goal
Maximum

Lower
0

Target
100

Upper
100

Weight
1

Import
1

Table 4.8b: Levels of design parameters for optimized response – Drying
(Global solution)
Parameters
[PEG]
[PVA]
Film Thickness

Levels
10 (80wt%)
2.5 (20wt%)
1

Table 4.8c: Prediction for Design Using Model for % Mass Loss at 10 hours Dissolution
– Drying
Point
1

Fit
95.855

SE Fit
5.903

80

95% CI
(83.782, 107.929)

Figure 4.18: Optimized Plot of Main Effects – Drying

4.7 In situ dissolution behaviour of PVA-PEG Hydrogel Films
Thirty-four hydrogel film samples of 10mm diameter were punched from a
solution-cast film according to the previously described procedure outlined in Chapter 3.
The in situ approach is different from the previous “drying” approach in that the mass of
the samples was recorded after 1 hour and 10 hours while immersed in EBS; as opposed
to measurements of mass being taken at pre- and post-drying when not immersed in EBS.
The resulting data were collected and subsequently inputted into Minitab 14 for analysis
using the full factorial DOE.

Minitab 14 processed the data to provide a table of

estimated effects with regression coefficients (Table 4.9) and ANOVA results (Table
4.10), and generate plots of Normal Probability (Fig. 4.19) and Pareto (Fig. 4.20) of the
standardized effects.
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Table 4.9: Estimated Effects and Coefficients for % Mass Loss at 10 hours of Dissolution
Term
Constant
Concentration PEG
Concentration PVA
Mass % (PVA)
Film Thickness
Concentration PEG*Concentration PVA
Concentration PEG*Mass % (PVA)
Concentration PEG*Film Thickness
Concentration PVA*Mass % (PVA)
Concentration PVA*Film Thickness
Mass % (PVA)*Film Thickness
Concentration PEG*Concentration PVA*Mass % (PVA)
Concentration PEG*Concentration PVA*Film Thickness
Concentration PEG*Mass % (PVA)*Film Thickness
Concentration PVA*Mass % (PVA)*Film Thickness
Concentration PEG*Concentration PVA* Mass % (PVA)*Film Thickness
Centre Point
S = 19.6587

R-Sq = 85.42%

Effect
0.87
-41.32
-6.46
-36.16
4.9
-10.09
9.35
10.22
33.64
1.45
7.75
-10.26
1.67
-5.51
-4.13

Coef
32.62
0.44
-20.66
-3.23
-18.08
2.45
-5.04
4.68
5.11
16.82
0.72
3.87
-5.13
0.84
-2.75
-2.07
-19.17

SE Coef
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
3.475
14.329

P
0.000
0.901
0.000
0.365
0.000
0.490
0.165
0.196
0.160
0.000
0.837
0.281
0.158
0.813
0.439
0.560
0.199

R-Sq(adj) = 71.69%

Table 4.10: Analysis of Variance for % Mass Loss at 10 hours of In situ Dissolution
Source
Main Effects
2-Way Interactions
3-Way Interactions
4-Way Interactions
Curvature
Residual Error
Pure Error
Total

DF
4
6
4
1
1
17
17
33

Seq SS
24458.6
11611.8
1586.4
136.7
691.5
6569.9
6569.9
45054.9

Adj SS
24458.6
11611.8
1586.4
136.7
691.5
6569.9
6569.9
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Adj MS
6114.7
1935.3
396.6
136.7
691.5
386.5
386.5

F
15.820
5.010
1.030
0.350
1.790

P
0.000
0.004
0.422
0.560
0.199
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Figure 4.19: Normal Probability plot of the Standardized Effects – In situ
(response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Figure 4.20: Pareto plot of the Standardized Effects – In situ
(response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Plots describing the main effect of the design variables on % mass loss by
dissolution (Fig. 4.21) and the effect of the interaction of the design variables on the %
mass loss by dissolution (Fig. 4.22) were generated using Minitab 14.
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Figure 4.21: Main Effects Plot for % Mass Loss at 10 hours In situ Dissolution
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Figure 4.22: Interaction Plot for % Mass Loss at 10 hours In situ Dissolution

Based on the results of the plot of normal probability and the pareto chart, the
regression model was reduced to include the significant factors – B, D – and interactions
– BD. Subsequent to regression model reduction, Minitab 14 was used to present refined
tables of estimated effects with regression coefficients (Table 4.11) and ANOVA results
(Table 4.12), and estimated regression coefficients for the model (Table 4.13). Further,
refined plots of Normal Probability (Fig. 4.23) and Pareto (Fig. 4.24) of the standardized
effects were generated.
Table 4.11: Refined Estimated Effects and Coefficients for % Mass Loss at 10 hours of
In situ Dissolution
Term

Effect

Constant
Concentration PVA
Film Thickness
Concentration PVA*Film
S = 19.9015

R-Sq = 73.63%

-41.32
-36.16
33.64
R-Sq(adj) = 70.99%
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Coef
31.49
-20.66
-18.08
16.82

SE Coef
3.413
3.518
3.518
3.518

P
0.000
0.000
0.000
0.000

Table 4.12: Refined Analysis of Variance for % Mass Loss at 10 hours of In situ
Dissolution
Source
Main Effects
2-Way Interactions
Residual Error
Curvature
Pure Error
Total

DF
2
1
30
1
29
33

Seq SS
24118.3
9054.5
11882.1
691.5
11190.6
45054.9

Adj SS
24118.3
9054.5
11882.1
691.5
11190.6

Adj MS
12059.1
9054.5
396.1
691.5
385.9

F
30.45
22.86

P
0.000
0.000

1.79

0.191

Table 4.13: Estimated Regression Coefficients for % Mass Loss at 10 hours In situ
Dissolution
Term
Constant
Concentration PVA
Film Thickness
Concentration PEG*Concentration PVA

Coef
142.786
-12.985
-30.744
2.990

99

Effect Ty pe
Not Significant
Significant

95

F actor
B
D

90
80

N ame
C oncentration P V A
F ilm Thickness

BD

Percent

70
60
D

50
40
30
20

B

10
5

1

-5.0

-2.5
0.0
Standardized Effect

2.5

5.0

Figure 4.23: Refined Normal Probability plot of the Standardized Effects– In situ
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)
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Figure 4.24: Refined Pareto plot of the Standardized Effects – In situ
(Response is % Mass Loss at 10 hours Dissolution, Alpha = .05)

Refined plots describing the main effect of the design variables on % mass loss by
dissolution (Fig. 4.25) and the effect of the interaction of the design variables on the %
mass loss by dissolution (Fig. 4.26) were generated using Minitab.
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Figure 4.25: Main Effects Plot for % Mass Loss at 10 hours In situ Dissolution
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Figure 4.26: Interaction Plot for % Mass Loss at 10 hours In situ Dissolution
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Plots of the residuals were generated by Minitab 14, are provided below, and
include: a Normal Probability Plot of the residuals (Fig. 4.27), residuals against the fitted
values (Fig. 4.28), the residuals against the order of the data (Fig. 4.29), and a histogram
of the residuals (Fig. 4.30).
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Figure 4.27: Normal Probability Plot of the Residuals – In situ
(Response is % Mass Loss at 10 hours Dissolution)
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Figure 4.28: Residuals Versus the Fitted Values – In situ
(Response is % Mass Loss at 10 hours Dissolution)
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Figure 4.29: Residuals Versus the Order of the Data – In situ
(Response is % Mass Loss at 10 hours Dissolution)
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Figure 4.30: Histogram of the Residuals – In situ
(Response is % Mass Loss at 10 hours Dissolution)

Figures 4.23 to 4.26 were used in conjunction with the Minitab’s Response
Optimizer feature to identify the optimal combination of design variables that enables
complete degradation of the PEG-PVA film in 10 hours (Table 4.14 and Fig. 4.31).
Table 4.14a: Settings to achieve optimized response – In situ
Response
% Mass Loss

Goal
Maximum

Lower
0

Target
100

Upper
100

Weight
1

Import
1

Table 4.14b: Levels of design parameters for optimized response – In situ
(Global solution)
Parameters

Levels

[PVA]
Film Thickness

2.5 (50wt%)
1

Table 4.14c: Prediction for Design Using Model for % Mass Loss at 10 hours In situ
Dissolution
Point
1

Fit
87.055

SE Fit
6.984
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95% CI
(72.791, 101.319)

Figure 4.31: Optimized Plot of Main effects – In situ
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4.8 Validation of PVA-PEG Hydrogel Film Degradation Time
Ten samples of the optimal design composition (i.e. of thickness 1.5mm, 50wt%
PVA, and 50wt% PEG) were solution cast and tested for in vitro degradation. The mass
of each assembly was recorded before and 10 hours after testing to determine the extent
of the degradation achieved. Testing was video documented using a digital camcorder
(DCR-TRV27, SONY 2002) to identify the times corresponding to the penetration of the
hydrogel film. The video was reviewed and the time of penetration of the film was
recorded. After entering the data into an Excel spreadsheet, the 95% confidence limits
were determined using the mean and pooled standard deviation to calculate the standard
error.

A plot of the penetration times of each sample was generated (Fig. 4.32).

Inspection of the Figure 4.32 indicates that the films were penetrated at 21.60 minutes,
which is surprising as the theoretical dissolution was determined to be 87.06% in 10
hours according to the optimization plots.

Penetration Time (minutes)
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Figure 4.32: Failure time of PVA-PEG Hydrogel Films
LCL+UCL = 95% Confidence Interval
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9

10

4.9 Investigation and Assessment of Post-Dissolution Thickness Uniformity
To understand the microstructure of the hydrogel film, digital images of the
microstructure of the individual polymers PEG and PVA were taken under transmitting
light microscope (Fig. 4.33).

Figure 4.33: Microstructure of PEG (x50)

An image of PVA was not able to be captured due to the clear and transparent nature of
its amorphous structure.
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Subsequent to failure, one of the films was sectioned and mounted for inspection
under transmitting light microscope to observe the microstructure of the film (Fig. 4.34)
and determine the cause of its premature failure.

a)

b)
Figure 4.34: Microstructure of PVA-PEG film after dissolution
a) x50 Magnification
b) x100 Magnification
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Further, using the procedure outlined in Section 3.4, 90 measurements were taken
using a light microscope to determine the uniformity of thickness after the dissolution
achieved through validation testing. The measurements were taken across the length of
the film from one edge at the perimeter to the opposite edge. Minitab 14 was used to
generate box plots and a multi-vari chart of the measurements to describe the uniformity
of thickness across the diameter of the film at specific locations at a specific depth
(4.35a), and across depths. (Fig. 4.35b). The box plot indicates that the thickness across
the diameter of the film is uniform within a specific depth (Fig. 4.36a); however, the
thickness of the film is not uniform across depths (Fig. 4.36b). A maximum difference in
thickness of 16.89µm occurs between locations 7 and 10 (App. E).
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Figure 4.35a: Post-dissolution variation in thickness at equidistant locations across the
length of a PVA-PEG hydrogel film from one edge at the perimeter to the opposite edge
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Table 4.15a: 1-way ANOVA for Post-Dissolution Thickness as a Function of Location
Source
Location
Error
Total

DF
9
251
260

S = 9.90

SS
5445
25472
30917

MS
605
98

R-Sq = 17.61%

F
6.81

P
0.000

R-Sq(adj) = 14.76%

Table 4.15b: Measured Post-Dissolution Thickness at Equidistant Locations on Film
Level
1
2
3
4
5
6
7
8
9
10

N
27
27
27
27
27
27
27
27
27
27

Mean (µm) Std. Dev.(µm)
105.41
108.81
104.89
103.59
101.78
103.11
98.59
103.44
109.44
115.48

14.39
6.50
13.30
9.61
11.63
6.86
10.66
6.81
8.43
6.91

Pooled St. Dev. = 9.90µm
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Figure 4.35b: Post-Dissolution variation in thickness at three different depths travelling
from the centre of the film to the perimeter
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Chapter 5 – General Discussion
First is presented a general summary of the results and the conclusions from the
various procedures, followed by an examination of the factors influencing the dissolution
of the polymer layer in the hybrid scaffold.

5.1 Polymer-Scaffold Attachment
Using the procedure described in Section 3.1, both PVA- and PCL-scaffold
assemblies were prepared (Fig. 4.1). It is evident that the polymer had migrated into the
scaffold by action of capillary uptake.

While migrating, the polymer cooled and

solidified within the pores such that suitable attachment was achieved.

5.2 Pilot Dissolution Study of Polymer Candidates – PVA and PCL
Upon concluding the pilot study of the dissolution of the candidate polymers,
PVA was observed to fully dissolve in less than three hours. This observation is reasoned
to be a consequence of the strongly hydrophilic nature of PVA when placed in EBS – a
polar solvent. Considering also the small geometry of each sample, as defined by the
thickness and diameter, a thinner sample would have a greater propensity to dissolve if
this requires the solvent to do something other than react at the surface (i.e. diffuse into
the sample as in bulk erosion to affect mass removal).
Upon inspection of the dissolution profile of PCL (Fig. 4.2), it is evident that the
results are consistent with previous studies [61] which demonstrated that PCL does not
degrade substantially over long periods of time due to its hydrophobic nature. An
increase in the mass of PCL is observed during the first 168 hours of immersion in EBS.
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The mass of the samples increases rapidly upon immersion such that the highest rate of
change of mass occurs within 24 hours of immersion.

As the dissolution testing

progressed, a maximum change in the mass of the PCL samples of 1.9 % was achieved
after 168 hours (i.e. 1 week) of immersion. The initial increase in mass of the samples
was attributed to the uptake of water by the polymer. The samples of PCL began to
exhibit signs of degradation after 168 hours and the mass continued to decrease slowly
such that a marginal mass loss of 0.25% was achieved from 168 hours to 672 hours (i.e. 1
to 4 weeks), respectively. Based on this result, and as introduced in Chapter 2, it seems
that PCL may require a proteinaceous or cellular environment to increase its degradation
rate [82]. Further, the dissolution rate of PCL may be increased by modifying its surface
through oxidation or grafting hydrophilic groups [83]. The control samples demonstrated
consistently greater changes in mass than the treated samples. This trend is speculated to
be the result of the constituents, other than water, of EBS impeding the uptake of water
and affecting the % mass change by some unidentified or competitive mechanism. The
variance in the size of the error bars can be attributed to the error associated with having
to remove the samples from solution to measure their mass and the difficulty in reading a
steady value from the scale as measurements of mass were compromised by drifting mass
values as a result of EBS evaporation. The result of this study demonstrated that PVA
possessed a dissolution rate that exceeded the requirements of the application as a
cartilage support structure (i.e. to fully degrade in 10 hours), while PCL demonstrated a
slow dissolution rate that was too low for the application. Consequently, PEG was
selected to form a co-polymer system with PVA since PEG is reported to degrade in 34
days [17], slower than PVA but faster than PCL.
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5.3 Validation of Uniformity of Thickness
A PVA-PEG hydrogel film was prepared to assess the uniformity of thickness
across the face of the sample. Eighty one measurements were taken across the diameter
of the film (i.e. from one edge to the opposite edge) and used with Minitab 14 to generate
box plots (Fig. 4.3a) and a multi-vari chart (Fig. 4.3b) to describe the uniformity of
thickness across the diameter of the film at specific locations at a specific depth and
across depths, respectively. Inspection of the box plots indicates that the thickness across
the diameter of the film is not uniform within a specific depth. However, inspection of
multi-vari chart indicates that the thickness of the film is uniform across depths (Fig.
4.3b). Specifically, there is no statistical difference between the thicknesses at location 1
through 4, and locations 6 and 7. Further, the Minitab output indicates that a maximum
difference in thickness of 77.85µm occurs between locations 2 and 10 (Tab. 4.1 and App.
C), which exposes a variation in thickness as demonstrated by the plots of uniformity. A
source of variation could be linearity in the measurement system; such that a bias could
exist at one thickness over the other. It is evident that there exists no statistical evidence
to demonstrate that the thickness is different across 6 of the 10 locations.

For

unidentified reasons, a decreasing trend in thickness was also noted to be present at
locations 8 through to 10. Unexpectedly, the thickness at location 10 is markedly less
than those at the preceding locations. The presence of this marked decrease in thickness
is explained by location 10 being physically at the end of the section, which is in close
proximity to the outer edge (i.e. perimeter) of the film.
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5.4 Validation of Constant of Density
Six pairs of samples of thickness 1.5mm and 6mm were prepared by solution
casting method to validate the assumption of constant density among samples of different
thickness. The densities were calculated according to the Archimedes principle and used
to generate box plots describing the variation in densities of samples of different
thickness (Fig. 4.4). Although visual inspection of Figure 4.4 suggests a difference in the
densities of the samples of different thickness, inspection of Table 4.2b indicates that
there exists no statistical evidence, as P<0.05, to demonstrate that there is a difference in
the densities of the different samples at either thickness. The average density of the
samples was experimentally determined to be 1.21 g/cm3. It is important to note that any
error associated are likely introduced by the inherent stability, or lack thereof, of the
measurement system as measurements of mass were taken 1 week apart due to the greater
casting time required for the samples of 6mm thickness in comparison to those of 1.5mm
thickness.

5.5 Optimization of Drying Procedure
Eighteen pairs of samples, each of thickness 1.5mm and 6mm were solution cast
to determine the optimal drying temperature and time required to attain completely dried
samples subsequent to immersion in EBS. Measurements of mass were taken after 48
hours of immersion in EBS, and after drying, to generate the plots describing % Mass
Loss achieved at specific times for various temperatures (Fig. 4.5). After concluding a
trial iteration of the drying procedure, the sample decomposition temperature was
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qualitatively determined to be approximately 90oC.

Consequently, candidate drying

temperatures were selected to be 80oC, 70 oC, 60 oC, and 50 oC.
Upon inspection of Figure 4.5a, it is clear that a discernable trend exists; the %
Mass Loss achieved in a sample increases as the drying time elapses with the maximum
% Mass Loss occurring at 24 hours of drying. Further inspection indicates that samples
of thickness 4X achieve greater % Mass Loss than samples of thickness x. With the
diameter being constant, this observation is explained by the sample of larger thickness
having a greater volume to accommodate a greater volume of EBS than the sample of
smaller thickness. Therefore, for the same duration of drying, the sample of thickness 4X
consistently exhibits a greater % Mass Loss by diffusion than the sample of thickness x.
Inspection of Figures 4.5b to 4.5d indicates that similar trends exist and are consistent
with those described earlier. Comparing Figure 4.5d to the previous studies at lower
temperatures indicates that the greatest mass loss of 10.11% was achieved when drying a
sample at 80oC for 24 hours. These results and trends are consistent with the earlier
iterations conducted at lower temperatures.

Interestingly, after comparing and

considering the error bars in Figure 4.5d for the % Mass Loss at 12 and 24 hours, it is
evident that there exists no statistical difference between the % mass losses achieved over
these drying periods. For the purposes of practicality and since a plateau of Mass Loss %
was reached at between 12 and 24 hours of drying at 80oC, the optimal drying procedure
can be taken to be 12 hours at 80oC.
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5.6 Dissolution behaviour of PVA-PEG Hydrogel Films using Drying
Optimization
Thirty-four film samples of the PVA-PEG hydrogel, each of distinct composition
and thickness, were prepared by the solution casting method to determine the significance
and strength of the design variables on the dissolution of the film (i.e. response variable).
The measurements of mass, recorded before dissolution testing and after oven drying,
were subjected to full factorial analysis using Minitab 14 which generated the ANOVA
tables and plots. There was some difficulty encountered in recovering samples from the
oven as some of them adhered to the tray and were damaged upon removal. Damage to
the samples may have consequently compromised the mass measurements due to the
mass lost in the unrecoverable fragments of the samples.
Inspection of Table 4.3 (i.e. Table of pre-refined estimated effects and
coefficients) indicates that, for a P-value less than 0.05, the concentration of PVA (P <
0.0001) and the film thickness (P < 0.0001) are of the greatest significance, as expected.
Although less hydrophyllic than PVA, PEG’s contribution was expected to be significant
as it is a component of a co-polymer system. A similar indication of significance was
expected of the composition of the film by mass % ratio of PVA. However, within the
levels tested for the problem to be solved the results of the DOE suggest it is of least
significance among the design variables, which is surprising and counter intuitive. This
finding may be attributed to the levels of the design variables used such that the lower
level may have exceeded the value at which its significance could be detected. It would
be insightful to see the effect of decreasing the level of PEG from 20wt% to 8wt% in the
polymer film in future dissolution studies.

Further inspection indicates that the

interaction of the concentrations of PEG and PVA is of significance (P = 0.020).
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Moreover, Table 4.3 indicates that the presence of curvature within the model is
insignificant as demonstrated by the P-value of the centre point (P = 0.278) being greater
than 0.05; thereby rejecting its significance and providing evidence validating the
assumption of linearity in the model. The estimated standard deviation of error (S) in the
model was determined by Minitab 14 to be 16.67% mass loss, which indicates an
acceptable amount of error in the model.

The coefficient of determination (R-Sq)

indicates that the model explains 79.00% of the observed variation in the response.
These findings are further supported by Table 4.4 which indicates that the main effects
are of significance (F = 12.71, P < 0.0001), while the interaction effects are not
significant as their values of F are all small compared to the main effects and their Pvalues are all greater than 0.05.
The findings discussed above are supported by the plot of normal probability (Fig.
4.6) which identifies the significance of the main effects or design variables and their
interactions by the extent to which they deviate from the line of normal probability. In
other words, effects and interactions of significance are located furthest from the line of
normal probability. The plot of the normal probability of standardized effects (Fig. 4.6)
indicates that the concentration of PVA, the Film Thickness, and the interaction of the
concentration of PEG with PVA are significant. These findings are further supported by
Figure 4.7; the Pareto plot of the standardized effects.
Further to the demonstration of significance of the design variables and their
interactions, Figure 4.8 describes the main effect of the design variables on the response
variable without accounting for error. Inspection of Figure 4.8 indicates that both the
concentration of PEG and the composition by mass % ratio of PVA minimally affect the

104

% Mass Loss as signified by the extent of the slope, whereas the concentration of PVA
and thickness of the film heavily influence the % Mass Loss achieved. Specifically, %
Mass Loss achieved decreases as the concentration of PVA increases from 2.5% to 10%
(i.e. 20wt% to 80wt%). This result is unexpected as it is counter intuitive based on the
hydrophilic profile of PVA previously discussed in Chapter 2, which suggests an
inhibiting effect of PEG on PVA in their interaction. Similarly, the % Mass Loss
achieved also decreases as the thickness of the film increases from x (1.5mm) to 4X
(6mm).

Finally, Figure 4.8 indicates the existence of curvature in the model as

demonstrated by the deviation of the centre point from the line defined by the corner
points in the plots of each design variable. This finding disagrees with the findings of
Table 4.3 and 4.4. The apparent conflict was resolved by noting that Minitab 14 does not
account for the error associated with either the corner or centre points (i.e. errors bars are
not generated) when generating the plot of main effects. However, Tables 4.3 and 4.4 do
demonstrate the significance and presence of curvature through the associated P-values,
which reject the existence of significant curvature as previously discussed. Inspection of
the plot of the interactions (Fig. 4.9) of the design variables supports the previously
discussed findings as the easily identifiable intersection of the curves, at a composition of
50wt% (i.e. concentrations of 6.25%) for both polymers, indicates that the interaction of
concentration of PVA with PEG is of significance and results in approximately 60%
Mass Loss by dissolution. This significance is attributed to the large effect of the
concentration of PVA, as opposed to that of PEG, on the % Mass Loss.
Based on these previously discussed findings, the statistical model was refined to
include only the design variables and interactions of significance – the concentration of
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PVA (factor B), the film thickness (factor D), and the interaction of PEG and PVA
(factor AB); the centre points were removed from the refined model. Model refinement
results in a more accurate model, due to the removal of noise caused by the presence of
the variables of lesser significance. Tables 4.5 and 4.6 summarize the output after model
refinement of the estimated effects and coefficients and the ANOVA, respectively.
Inspection of Tables 4.5 to 4.6 and Figures 4.10 to 4.13 further illustrates and reinforces
the previously discussed findings. Specifically, S was determined by Minitab 14 to be
15.02% mass loss, which is less than, and so a greater improvement over the prerefinement error of the model. R-Sq was determined to be 70.90%, which although less
than that achieved pre-refinement, indicates that the model still explains the majority of
the observed variation in the response. Inspection of Table 4.7 indicates the regression
model describing the dissolution of the film was determined to be:
Y = 90.582 + 3.001[PEG] – 0.265[PVA] – 10.637FilmThickness – 0.537[PEG][PVA]. (5.1)

To test and validate the assumption of normality in the study, plots of normality
were generated using Minitab 14. Inspection of Figure 4.14 indicates that the data is well
distributed over, and does not deviate significantly from, the line of normal probability;
this indicates that the residuals are normally distributed. Figure 4.15 and 4.16 plot the
residuals against the fitted values and against the order of the data, respectively, to test
normality of the residuals. As the data are well distributed over the graph and no
discernable trend is evident, inspection of these plots provides further evidence that the
residuals are normally distributed. As a final assessment of normality, a histogram of the
residuals was plotted (Fig. 4.17). After inspection of the histogram, it is clear that the
residuals are normally distributed given the characteristic “bell-shaped” distribution of
the residuals.
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Based on the findings of the previously discussed tables and plots, Minitab 14 was
used to identify the variables and levels comprising the optimal design. After dissolution
studies with a drying procedure, and conducting a full factorial analysis using Minitab 14,
inspection of the output of the response optimizer (Table 4.8b) indicates that, within the
limits tested, the DOE data suggest that the optimized film design comprises 20wt%
PVA/80wt% PEG, and thickness of x (i.e. 1.5 mm). Further, Table 4.8c indicates that the
film will dissolve between 83.78% and 100%, within 95% confidence.

Moreover,

ideally, the optimized design was predicted to achieve a degradation of 95.86% (Fig.
4.18). Considering that PEG is less hydrophilic than PVA, it was surprising to observe
that the optimized film design comprises PEG at its high level of 80wt% as opposed to
the more intuitive low level of 20wt%.

5.7 In situ dissolution behaviour of PVA-PEG Hydrogel Films
In an attempt to eliminate avoidable sources of experimental error and decrease
the observed variation in the data associated with the use of the optimized drying
procedure, in situ dissolution studies were conducted. In a similar manner to that of the
previous dissolution study, 34 samples of 10mm diameter and distinct composition and
thickness were solution cast, as described by the application of a full factorial DOE.
Measurements of mass were taken after 1 and 10 hours of dissolution and the data was
subjected to full factorial analysis using Minitab which generated ANOVA tables and
plots. Inspection of Table 4.9 indicates that the concentration of PVA (P < 0.0001) and
the film thickness (P < 0.0001) are of the greatest significance, as expected. Further, it is
evident that the presence of curvature within the model is not significant (P = 0.199).
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These results agree well with those found in the previous dissolution studies with drying
optimization.

Further inspection of Table 4.9 indicates that the interaction of the

concentration of PVA with Film Thickness is of significance (P < 0.0001). Minitab
determined S to be 19.66% mass loss, which, despite being 17.9% (i.e. 1[19.66/16.67]x100) greater than that found in the previous dissolution study, is still an
acceptable amount of error in the model. The increase in the standard deviation was
unexpected considering efforts were made to remove significant sources of error that
were suspected to contribute to standard deviation, which suggests that other unidentified
sources of error beyond experimental control have greater significance.

R-Sq was

determined to be 85.42%, which is an 8.12% improvement over the result obtained in the
previous dissolution study. The noted improvement indicates that the in situ model better
explains the observed variation in the response as compared to the previous dissolution
study. As expected, inspection of Table 4.10 supports the finding that the main effects
are of greatest significance (F = 15.820, P < 0.0001), the 2-way interactions are also of
significance (F = 5.010, P = 0.004), and curvature is of no significance (P = 1.999).
These findings are further described by the plot of the normal probability of standardized
effects (Fig. 4.19) which indicates that the concentration of PVA, the Film Thickness,
and the interaction of the concentration of PVA with Film Thickness are significant.
These findings are also supported by the Pareto plot of standardized effects (Fig. 4.20).
A plot of the main effects of the design variables was generated (Fig. 4.21) and
indicates that the concentration of PVA and Film Thickness strongly influence the %
Mass Loss achieved, whereas in comparison, the concentration of PEG and the
composition by mass % ratio of PVA minimally affect the response variable with the
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former affecting it the least. Inspection of Figure 4.21 indicates that, although not
numerically identical, the observed trends agree well with those obtained from the
previous dissolution study (Fig. 4.8). The most significant difference between the two
plots concerns the effect of the composition by mass % ratio of PVA, where conducting
the study in situ appears to enhance the effect of that design variable on the response. As
opposed to the results in the previous dissolution study, this finding better agrees with the
expectation that the composition of a co-polymer system has an effect on the dissolution
rate of the hydrogel film. Figure 4.21 also indicates the existence of curvature in the
model which agrees with the results of Figure 4.8. Similar to that found in the previous
dissolution study, the existence of curvature disagrees with the findings of Table 4.9 and
4.10, but this may be resolved by noting that Minitab 14 does not provide error bars for
either the corner or centre points when generating the plot of main effects. However,
Tables 4.9 and 4.10 do not demonstrate the significance and presence of curvature by
reporting a P-value of 0.199, which rejects the existence of significant curvature as
previously discussed.
Inspection of the interaction plot (Fig. 4.22) unexpectedly indicates the presence
of many interactions among the design variables, including the concentration of PEG
with mass % ratio, the concentration of PEG with Film Thickness, the concentration of
PVA with mass % ratio, and the interaction of the concentration of PVA with Film
Thickness. Referring to the table of estimated effects and coefficients for % Mass Loss
(Table 4.9) confirms the existence of the aforementioned interactions as their P-values
(being relatively close to the cut-off limit of 0.05) are 0.165, 0.196, 0.160, and 0.000,
respectively. However, as previously discussed, the interaction of the concentration of
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PVA with Film thickness is of most significance in comparison to the other interactions.
The interaction plot indicates that at a composition of 50wt% for both polymers, the
hydrogel film achieves approximately 10% Mass Loss by dissolution after 10 hours. The
% Mass Loss achieved through the interaction is poor and further demonstrates the poor
contribution of the 2-way interaction to achieving a fully dissolved film within the target
time.
Based on the previously discussed findings, the statistical model was refined to
include only the design variables and interactions of significance – the concentration of
PVA (factor B), the film thickness (factor D), and the interaction of PVA with Film
Thickness (factor BD); the centre points were removed from the refined model.
Inspection of Tables 4.11 and 4.12 further supports the previously discussed findings. A
closer examination of the refined table of estimated effects and coefficients for % Mass
Loss (Table 4.9) indicates that the refined model generated an S of 19.6439% mass loss
and an R-Sq of 75.16%. Comparing these values to those obtained before refinement
indicates that refinement marginally decreases the variance by 0.075% from 19.6587 to
19.6439. Further examination and comparison indicates that refinement resulted in R-Sq
being determined to be 75.16%, a 12.01% reduction which indicates that the model
explains less of the observed variation in the response but still acceptably explains much
of the variation. Inspection of Table 4.13 indicates the regression model describing the
dissolution of the film was determined to be:
Y = 142.786 – 12.985[PVA] – 30.744FilmThickness + 2.990[PEG][PVA]. (5.2)

Comparison of Equation 5.2 to equation 5.1 indicates similarities among the
equations which include the signs of the coefficients and both consistently demonstrate
the influence of the concentration of PVA and the film thickness on the response, a
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finding that agrees with the previous dissolution study. Conversely, differences in the
equations are apparent in the magnitude of the coefficients and the absence of the
concentration of PEG in the model.
Examination of Figures 4.23 to 4.26 reinforces the findings encompassed in
equation 5.2. Specifically, inspection of the interaction plot indicates that the interaction
of the concentration of PVA at 50wt% with the Film Thickness at 4X (i.e. 6mm) should
theoretically result in approximately 10% dissolution of the hydrogel film.
Plots of normality of the residuals were generated by Minitab 14 to test the
assumption of normality of the error. Inspection of the normal probability plot of the
residuals (Fig. 4.27) indicates the presence of two outliers at the extremes of the
distribution. Although not identical to the normality achieved in the previous dissolution
study the level of normality is permissible based on the fact that the experiment must be
re-conducted as the subject of later discussed future work. Inspection of Figure 4.28
indicates some bias in the data as the values seem to be clustered in two areas of the plot,
which further suggests the presence of outliers and poorly demonstrates normality. The
plot of the residuals versus the order of the data (Fig. 4.29) indicates normality as the
values are acceptably distributed about the axis describing observation order; however
there is evidence of an outlier within the last observation. A histogram of the residual
was generated (Fig. 4.30) that demonstrates only approximate normality and the presence
of an outlier.

Despite the evidence demonstrating only approximate normality, the

statistical model is considered to be still valid as previously described in Chapter 2.
After concluding in situ dissolution studies, and conducting a full factorial
analysis, Minitab 14 was used to identify the variables and levels comprising the optimal
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design. Inspection of table 4.14b indicates that within the limits tested, the DOE data
suggest the optimized film design has 50wt% PVA and a thickness of x (i.e. 1.5mm).
Further, Table 4.14c indicates that the film will dissolve between 72.791% to full
dissolution, within 95% confidence.

The optimized design of the aforementioned

composition was predicted to achieve a degradation of 87.06% (Fig 4.31), which is a
decrease of 9.18% from the theoretical % mass loss achieved in the previous dissolution
study.

The % mass loss achieved in the dissolution study is considered to be an

improvement and representative, as the experimental errors associated were reduced.
The composition of the optimized design is suspect as Minitab did not identify the
contribution of PEG or its level as significant. This does not make the composition of the
optimized design inaccurate, but rather incomplete as the contribution of PEG in the
optimized design is hypothesized to be significant at a level lower than the limit used; in
other words, significance would be observed at a composition of less than 20wt%, as
previously discussed.

5.8 Validation of the Optimized PVA-PEG Film Design
As noted in Section 4.8, to test and verify the in vitro degradation of the
optimized film, 10 samples of the optimal design composition including 20wt% PEG
were solution cast according to the procedure outlined in Sections 3.2 and 3.8. The
samples were then mounted in the experimental apparatus, immersed in EBS at room
temperature, and video recorded to identify the time of penetration of the film. The times
were recorded and used to generate a plot of the failure time of the sample set with errors
bars representing a 95% confidence interval using the standard deviation (Fig. 4.32). One
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sample was discarded as the film was damaged by the forceps used during the mounting
procedure. Inspection of Figure 4.32 indicates various failure times for the samples of
optimized design, which suggests that the film composition may not be quite uniform due
to incomplete mixing resulting in the presence of PVA or PEG in their unreacted form. It
is evident that the time corresponding to sample #3 and #4 are outliers as they are located
outside of the confidence interval indicating that these points are statistically distinct
from the times of the other samples. The presence of these outliers was determined to be
the consequence of a poorly assembled dissolution apparatus where the film was not
completely sealed to the cylinder, thereby permitting premature failure. Removing these
outliers from the data set indicates that there exists no statistical evidence that the failure
time of the optimized film is different among the 9 samples. Upon removal of sample #4,
the mean failure time of the optimized design was determined to occur at 22.31 minutes,
while removal of both samples #3 and #4 result in mean failure time of 21.60 minutes,
which grossly – and surprisingly – under achieves the target time of 10 hours given that
the interaction and optimization plots of the DOE suggest theoretical dissolution in 10
hours of 10% and 87%, respectively. This discrepancy between the theoretical and
experimental findings suggests that the optimized co-polymer film is perforated by the
mechanism of bulk erosion as all the film replicates failed in approximately the same
time so failure was unlikely to be due to a thin region or incomplete area of the film. The
design can be tailored to produce a film which will degrade at a smaller rate by
implementing various modifications such as using PEG and PVA of greater molecular
weights, increasing the extent of cross linking in the hydrogel film, and increasing the
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thickness of the film. By linear extrapolation, a degradation time of 10 hours would
require a 41.67mm thick film of 50wt% PVA and 50wt% PEG.
Returning to the fact that the optimized film was perforated in 22 minutes,
whereas an integrity time of 10 hours was sought, two considerations are relevant.
Firstly, did the penetration occur as the result of general surface erosion resulting in the
thinning of the film from both sides or did bulk erosion of the film take place to allow the
dyed EBS to dissolve a local area thereby cutting a channel through the film – similar to
intergranular corrosion in metals. The answer to this will be governed by the nature of
the miscibility of the two polymers in their copolymer environment. Secondly, the rate of
attack of the EBS in the film will be reduced due to the accumulation of degradation
products at the site of reaction. The EBS requires contact with the film in order to
continue the dissolution process. However, if a concentration gradient of degradation
products exists towards the reaction site, the concentration of EBS will decrease as the
rate of diffusional transport will be reduced. Therefore, the rate of attack will decrease at
the upper side of a horizontal polymer layer since a hydro-dynamically stable and denser
layer will form since the polymer is denser than EBS.
Upon considering the dissolution of the layer of polymer infused in one end in the
manner depicted in Figure 1.6, the degradation products will, if they make the fluid
denser, foster a stable decreasing density gradient at the upper surface and so reduce
attack by the EBS. However, on the under side of the horizontal polymer layer, in the
end of the scaffold, the increasingly dense fluid adjoining the polymer layer will be
subject to possible streaming away from the layer similar to that in a Bénard cell [73].
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Such movement will be damped and possibly prevented by the viscous drag arising from
the presence of the scaffold columns.
These considerations suggest that the rate of dissolution would be greatly reduced
if the dissolution testing had been done with an actual hybrid scaffold mounted in the
manner depicted in Figure 1.6. Testing was not conducted using the hybrid scaffold
because of the difficulties inherent in determining the rate of polymer removal; a method
involving monitoring the concentration of the polymer in the adjoining fluid was not
available and therefore the method of using a suspended polymer film was devised. This
analysis and particularly the possibility of Bénard cell convection is described in detail in
Section 5.9.
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5.9 Investigation and Assessment Thickness Uniformity After Dissolution
To observe the microstructure of the film and identify the reason for its premature
failure, one of the 10 films was sectioned and mounted for inspection under a
transmitting light microscope. Upon inspection of Figure 4.33, it is evident that PEG
possesses crystalline structure due to the observed presence of well defined grain
boundaries and axially oriented dendrites. An image of PVA was not provided due to the
clear and transparent nature of its amorphous structure.
Images of the microstructure of the film were captured at x50 and x100
magnification (Fig. 4.34). Inspection of Figure 4.34a indicates the microstructure of the
film to be heterogeneous and comprises four distinct phases: unreacted PVA (i.e. clear
pink regions), unreacted PEG (i.e. dark red regions), partially reacted PVA-PEG (i.e.
mixed pink and red regions), and void space. This finding provides an explanation of the
premature failure of the film in that it may be the result of the EBS preferentially
travelling the path or paths provided by the empty voids or space as opposed to through
the unreacted PEG or PVA. In fact, having travelled this path facilitates failure by
mechanism of bulk erosion as the EBS actively and preferentially dissolves PVA – due to
its hydrophilic nature – over PEG consequently affecting the integrity of the film and
leading to its penetration.

It is expected that the empty voids and spaces can be

eliminated by rolling the film after solution casting and be subjected to validation testing
where the failure is expected to be greatly improved and in closer agreement to the target
time.
Inspection of the box plot in Figure 4.35a indicates that the thickness across the
diameter of the film is uniform within a specific depth; however, the thickness of the film
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is not uniform across depths (Fig. 4.35b). Specifically, there exists no statistical evidence
(P<0.0001) of a difference between the thicknesses at locations 1, and 3 to 8.
Conversely, it is evident that the thickness at locations 2, 9, and 10 are statistically
different from those at the previously mentioned locations. These findings indicate that
the thickness across the film is not uniform. The lack of uniformity of the film is a
product of the action of the dissolution of the film through the voids and at the sites of
unreacted PVA which facilitated premature failure by bulk diffusion.

5.10 The Hybrid Scaffold
A schematic description of the hybrid scaffold was given earlier as Fig 1.6; for
convenience it is reproduced below.

a)

b)

c)

Figure 5.1: Schematic illustrating function of hybrid polymer-scaffold system in the cell
seeding process

It consists of a short section of a resorbable scaffold composed of a mixture of
various calcium phosphate phases (such as that marketed as SkeliteTM). The actual
construct has the scaffold encased in a tube with the upper end of the scaffold covered by
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a layer of bioresorbable polymer. In practice, the diameter of the tube would be that of
the cartilage layer required for repair of the cartilage defect in the articulating joint.
The fundamental objective in the processing of the polymer-scaffold construct is
to develop the necessary stratification of the interface between the artificial bone and the
cartilage to form a “tidemark”. The tidemark is an anatomical landmark that separates
the deep zone from the underlying calcified zone of the articular cartilage [73].
Importantly, cartilage lesions that do not violate the tidemark have a poor capacity for
self-repair and regeneration because lesions of this nature result in minimal or no
bleeding [74]. A schematic of this stratification is shown in Figure 5.2. For success, the
artificial bone, eventually to be replaced by natural bone, must develop the indicated
‘fingered’ contact region with the adjacent cartilage layer (Fig. 5.2a) in order to provide
nourishment as well as facilitate load distribution and transfer to the cartilage layer and
thereby provide a biologically stable tissue-interface transition. The creation of trenches
in the polymer layer between the protruding scaffold provides attachment surfaces for the
chondrocyte cells to assist proliferation (Fig. 5.2b).
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a)
Chondrocytes
α-MEM containing chondrocyte cells
Polymer
Layer at
t=0
SkeliteTM Scaffold

α-MEM containing chondrocyte cells
Polymer
Layer at
t = t1
SkeliteTM Scaffold
b)

α-MEM containing chondrocyte cells

Polymer
Layer at
t = t2
SkeliteTM Scaffold
Matrix starts in approximately 3-10 days 20% matrix in 40 days [72]
Figure 5.2: Development of Tidemark
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The actual growth of the cartilage layer and its subsequent use to repair a
damaged cartilage surface would proceed in stages:
1) First the cell culture fluid (α-MEM) containing the patient’s own chondrocytes
would be placed in contact with the upper surface of the polymer layer.
Dissolution of the polymer then begins and the ends of the scaffold struts begin to
protrude above the polymer layer surface (Fig. 5.2a). The chondrocytes sediment
in the α-MEM fluid and attach to the protruding scaffold struts and cell
proliferation takes place, eventually forming a layer of cells (Fig. 5.2b).
2) The period of time necessary for cells to proliferate and form a layer with the
sustaining fluid above it has been suggested to be approximately 10 hours, but the
actual required time would need to be determined empirically.
3) The need for nourishment by the proliferating cells is small for the first 24 hours
or so but then becomes significant as the cell layer thickens on the protruding
scaffold struts.
4) Nourishment will be supplied to the exposed upper surface of the forming cellular
layer. Diffusion through the cell layer addresses metabolic demands; however as
the cell layer increases in thickness due to matrix expression, there is an increased
need to supply nutrition from and through the underlying scaffold to avoid cell
necrosis. Fortunately, the SkeliteTM scaffold struts have desirable porosity that
can easily supply the diffusion needs when the scaffold beneath the polymer is
filled with α-MEM. The layer of chondrocytes is now approaching the condition
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when it can be self-supporting on the scaffold that protrudes from the remaining
polymer.
5) Subsequently extra-cellular matrix would form within and around the layer of
chondrocytes and further provide mechanical support. This process would take
place over a number of days (e.g. it has been reported that 20% of native matrix
forms in about 40 days [72]).
6) Much research has been conducted to determine how best to assist the layer to
develop the hyaline microstructure necessary for its use in the replacement of a
damaged area of cartilage in an articulating joint. In particular, it has been shown
that providing liquid shear in the adjoining fluid from which the cartilage is
growing is of advantage [72]. In the case of this hybrid scaffold, such shear could
be induced by mounting the construct vertically on a disc, which is capable of
rotation, at some radial distance from the axis of rotation, and then apply an
oscillatory motion to the disc, or repeatedly, slowly speed-up in one direction and
then abruptly stop the rotation, depending on whether an oscillating shear stress or
a unidirectional one is most beneficial in the development of the hyaline cartilage
microstructure. The fluid dynamics associated with such shear is well described
in the electronic crystal growth literature.
7) When the layer of new cartilage has been prepared, the hybrid scaffold plug may
then be transplanted into the damaged joint, following the usual surgical
procedures (i.e. mosaicplasty procedure), as summarized in Figure 2.1 for a
cartilage patch. In the case of the hybrid scaffold, the existing bone beneath the
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damaged area of cartilage would be removed to accommodate the hybrid scaffold
and then its accompanying layer of cartilage would be secured in place.
8) Once the hybrid scaffold has been transplanted, the initial function for the
polymer layer, (1) above, is no longer required and the need is then for the
polymer to be resorbed as quickly as possible so that the cartilage layer might
receive maximum nourishment from the body fluid circulating in the supporting
bone.
9) Following on from this is the intended progressive replacement of the artificial
bone scaffold by the in-growth of natural bone from the host as the artificial
scaffold is resorbed.
10) Finally, lateral integration of the hybrid scaffold with host is needed for implant
success.
It is noted that the mechanical properties of a SkeliteTM – type scaffold might not
provide the required mechanical support necessary for the patient to use the joint until the
in-growth of sufficient new bone has occurred, a process taking many months. However,
the mechanical properties of the conventional SkeliteTM may be enhanced by the
incorporation of inert ceramic particles [71] and by the ‘self-reinforcement’ of the
scaffold during fabrication with axially placed stiff, resorbable polymer rods bound to the
scaffold matrix by a resorbable polymer coating of the scaffold struts (Safety GlassTM).

5.11 The Use of Freely Suspended Polymer Discs in the Development of the
Biopolymer
A reasonable question to ask is why the testing procedures described in Chapters
3 and 4 were used rather than replicates of the hybrid scaffold shown in Figure 5.1. The
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answer to this question has been indicated briefly earlier but is worthy of elaboration; it is
two-fold:
1) As noted earlier, the measurement of the weight loss in a disc following
immersion in SBF, in this case EBS, for an appropriate time required the
development of a systematic drying procedure to remove the absorbed fluid.
Such drying would have been difficult and most time consuming using the hybrid
scaffold construct fixed in the supporting tube.
2) The collection of experimental data to support the experimental design and
statistical model required the use of large number of samples.

Even if the

difficulties given in (1) had been more easily surmountable, the cost of the
fabrication and testing of the appropriate number of samples would have
exceeded the available budget.

5.12 The Rate of Removal from the Surfaces of the Polymer Layer of Hybrid
Scaffold
The geometric orientation of the vertically mounted film, as shown in Figure 3.7,
results in the dissolution of the polymer from each side of the film that would produce a
solute-enriched boundary layer of different density to that of the bulk solvent. This
would promote convection and accelerate the removal of the polymer from both vertical
faces such that the rate of removal from each face would be similar. In contrast, the
geometric orientation of the film and the situation represented in Figure 5.1 is very
different. As the chondrocytes settle, attach and proliferate, the surface exposed to the
fluid is gradually decreased. Since the solute-enriched layer is likely to be denser and in
an isothermal configuration (i.e. physiological body temperature of 37oC), this will
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discourage mixing and the presentation of fresh solvent at the upper surface of the
polymer layer and so the rate of removal of material from the polymer upper surface will
fall.
The situation at the under surface of the polymer layer when the hybrid scaffold
with polymer layer is implanted is rather more complex and may lead to the onset of
Bénard cell convection in the fluid below the film and within the scaffold and produce an
increased rate of removal; the argument for this is as follows.
If used, the 50wt% PVA/50wt% PEG layer would be located in the region of the
upper ends of the SkeliteTM struts which are likely to be approximately 3mm apart (Fig.
5.3). As the film dissolves into the body fluid beneath it, a concentration gradient into
the fluid will develop.

One might assume the dissolved film quickly reaches its

saturation concentration while at some distance further down the body fluid is still
polymer-free. Under the circumstances described above, the concentration gradient can
induce a circulating flow called Bénard Convection. The resulting flow would accelerate
the loss of the film by surface erosion.
If the solute-rich layer is denser than the underlying liquid, an over steady
situation arises and produces local conditions that are favourable for the onset of such
Bénard convection. Antar et. al. describe the onset of Bénard Convection in terms of the
Rayleigh’s number [73],
R=

gH 3 β (C1 − C2 )
νk

in terms of the variables described in Table 5.1:
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(5.1)

Table 5.1: Description of constants and values used in Rayleigh’s number
g
H
β
C2
C1
Ν
κ
k

Gravitational acceleration
Depth of layer
Slope of best fit linear density
relation
Concentration of solute just below
film
Concentration at depth H
Kinetic viscosity of saline
Mass diffusivity
Diffusion coefficient of 50% PEG
50% PVA

9806 mm/s2
1 mm
1.18391

Saturation Concentration 40%
0 pure saline
1 mm2/s

k
ρ r cs
0.689 X 10-4 mm2/s

The reference density ρ r is determined by,

β =−

dρ (cr ) 1
dc ρ (cr )

(5.2)

The onset of Bénard convection occurs as R exceeds the critical value Rc = 657.5 .
The associated wavelength for the convection is λc = 8 H . Since the supporting struts
are approximately 3mm apart the wavelength at onset of Bénard instability would be less
than 3mm at most. Taking this value determines H to be approximately 1mm. This is
reasonable for considering instability near the very beginning when diffusion of the film
has not penetrated far into the fluid.

Figure 5.3: Schematic for the development of Bénard Cell convection

125

The diffusion coefficient is based on published values for PVA and PEG in water. The
calculated values of R for different values of the saturation concentration are as follows:
Table 5.2: Determination of Rayleigh’s number

Cs
30%
20%
10%
6%
5%

R
21455
8431
1855
650
447

This indicates that Bénard convection could occur and contribute to the faster
erosion of the film at saturation concentration, or just below the film at solute
concentration in the fluid of 6% or higher.
The purpose of the above analysis is to recognise that polymer dissolution data
obtained using the methodology described in Chapter 4 cannot be carried-over directly
for application in the development of the hybrid scaffold since the dissolution of the
polymer layer infused into the upper end of the scaffold is more complex than that
involved in material loss from a vertically suspended polymer disc.

However, the

methodology of Chapters 3 and 4 should permit the development of a suitable polymer
for use in the initial empirical assessment of the loss of material from the underside of the
polymer layer of the hybrid scaffold. When initial data is available, the dissolution model
for the film can be refined using computational fluid dynamics and related to it in a
clinical context.
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Chapter 6 – Conclusions
It was concluded that:
1) Candidate polymers PVA and PCL can be successfully attached to the artificial
bone scaffold SkeliteTM.
2) PVA discs of 10mm diameter and 1.5mm thickness degrade in less than 3 hours
which is much shorter than the target requirement of 10 hours, whereas samples
of PCL of similar geometry do not degrade sufficiently by the target time and
only exhibit a degradation of 0.25% over a duration of one month.
3) PVA-PEG hydrogels of the same geometry exhibited uniform thickness across the
face of the samples.
4) PVA-PEG hydrogel samples possessed constant density which, using the
Archimedes principle of water displacement, was determined to be 1.21 g/cm3.
5) The % Mass Loss achieved increased as the duration of drying and the holding
temperature were increased.
6) The optimal drying procedure resulting in maximum mass loss of approximately
10% among samples can be achieved by drying samples for a period of 12 hours
at a temperature of 80oC.
7) The Film Thickness and Concentration of PVA were of greatest influence on the
rate of dissolution of the PVA-PEG hydrogel films, with the latter being the least
significant of the two factors, according to the results of a full factorial analysis of
the data from both dissolution studies. This reinforces the suggestion that the film
suffers from bulk erosion.
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8) The composition of the hydrogel film by mass % of PVA was the least significant
of the factors hypothesized to influence the degradation of the film. An optimized
hydrogel film comprising 50wt% PVA, and 50wt% PEG, and thickness of 1.5mm
is perforated at approximately 22 minutes again suggesting bulk erosion of the
film rather than the earlier assumed surface dissolution.
9) A multi-phase, heterogeneous microstructure was produced as a consequence of a
failure to achieve complete reaction of the polymer reactants in the proposed
hydrolysis reaction leading to hydrogel film production. The phases included
unreacted forms of PVA and PEG, and partially reacted PVA-PEG hydrogel, as
well as empty voids or space. The multi-phase microstructure and presence of the
voids were reasoned to account for the premature failure of the film and
confirmed the mechanism of failure to occur by bulk erosion.
10) Considering the minor significance of bulk film composition delivered by the full
factorial statistical analysis, other biodegradable polymers should be selected and
a reduced analysis of dissolution rates be carried out in keeping with an
optimization process (e.g. Response Surface Model). The associated expense of
the reduced sample numbers required for optimization would then permit the
possibility of working with actual hybrid scaffolds.
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Chapter 7 – Future Work and Recommendations
The work presented in this thesis could benefit from a number of changes which
could be the subject of a future study and provide a variety of tools and methods from
which future studies would benefit.
Firstly, to better discern the depth of infiltration of the polymer into the scaffold
and the extent of its attachment, the polymer can be coloured using a dye to increase the
contrast between the polymer and the scaffold. Also, a shortlist of potentially influential
variables would have to be generated and implemented into a screening study to better
explain the variation between the results of the DOE and validation test by the variables
not previously considered. Certainly, considering a variable like the homogeneity of the
film could be added into the new DOE as its suspected influence in the dissolution of the
film was speculated. Also, the pilot study of the polymer candidates may have benefited
by conducting an in situ dissolution study with the aim of decreasing, if not eliminating,
any experimental error associated with general handling or removal of samples from the
EBS or variance in the polymer stock from the manufacturer.
Further, the dissolution study would have benefited greatly by conducting a pilot
dissolution study of hydrogel films of various composition of the polymer components by
weight percent. Specifically, the suggested improvement to experimental methodology
involves solution casting films of compositions of PVA:PEG including 90:10, 80:20,
50:50, 20:80, and 10:90. Before dissolution, measurements of their density, initial mass,
and mass at 10 hours would be recorded to generate a plot describing the % mass loss at
each composition. As opposed to arbitrarily setting the concentration levels, the resulting
plot could be used to meaningfully identify a range of levels that could be used in the full
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factorial design to aid in determining the composition of the optimized film that will fully
degrade in 10 hours. Accordingly, and of particular value and further interest would be
to re-conduct the DOE on the identified design variables, with the concentration of PEG
being set at a lower level of less than 20wt% to investigate if in fact it significantly
contributes to the dissolution rate at that level.
As a remedial exercise to eliminate flaws including the excessive number of
replicates produced by using the concentration of PVA and PEG, and the confounding
and dependency introduced by implementing the composition by mass percent ratio of
PVA in the film, the full factorial was reduced from 4 to 3 design variables by removal of
the Mass % Ratio and re-conducted after converting the previously obtained dissolution
data in percent concentration to the weight percent of the PVA and PEG. The modified,
unreplicated 3-factor factorial design required the dissolution data of 8 distinct samples to
constitute the orthogonal array in addition to one centre point which generates 9 distinct
conditions (App. H). After conversion of the design variables from concentration to
weight percent, only dissolution data for 4 of the required 8 samples was able to be
recovered (App. H) which prevented further progress with this exercise and thereby
impeded analysis of the data by full factorial design. Consequently, as an extension of
the work completed in this thesis, a full factorial analysis of the three identified variables
of significance from the previous study can be conducted to assess the magnitude of the
relative significance of each factor on the dissolution rate.
The dissolution study would have also benefited from material characterization to
confirm that the PVA and PEG in fact completely reacted to form the proposed
networked hydrogel, and microstructure investigation using transmission electron
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microscopy (TEM) or carbon-14 nuclear magnetic resonance (NMR) to quantify the
proportions of the phases in the hydrogel film and assess their influence on the
dissolution behaviour of the film by examining the extent to which the co-polymer chains
were of random, alternating, blocked, grafted arrangement. Knowing the arrangement of
the co-polymer would provide additional evidence to identifying the mechanism by
which the EBS penetrates the optimized film. Moreover, to minimize the sources and
influence of experimental error on the study, the data for the full factorial analysis would
be obtained by using only the in situ approach to the dissolution study.

Finally,

considering the discrepancy observed between the theoretical and experimental findings,
another polymer classes (i.e. water based) or low molecular weight polymer system (i.e.
PVA:PCL) would be the focus of any future work, keeping in mind that the polymer
would be required to fuse without decomposition so that the end of the scaffold can be
fused with it.
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Appendix A: Polymers – their arrangements, structures,
properties, and their controlling factors
Biomaterials made from polymers, known as polymeric biomaterials, represent
the largest class of biomaterials. The word “polymer” means many parts, where “poly”
refers to many while “mer” refers to unit of structure.

Accordingly, polymeric

biomaterials are composed of hydrocarbons comprised of small repeating units that
assemble to form many long chains thus resulting in a high molecular weight. The
single, smallest repeating unit in a polymer is called a monomer. A monomer (Fig. A.1)
is a molecule that combines with other molecules of the same or different type to form a
polymer. An oligomer is a low-molecular-weight polymer that contains a few (i.e. 105)
monomers [47]. Polymeric species have significant mechanical strength compared to
oligomeric species that do not possess sufficient strength to be practically useful [46].

Mer Unit

Figure A.1: Schematic of monomer [47]

A macromolecule derived from a single monomer is called a homopolymer, whereas a
co-polymer contains structural units of two or more different monomers. Further, copolymer arrangements can be random, alternating, grafted, or blocked (Fig. A.2). A
random co-polymer (Fig. A.2a) possesses monomers located randomly in the polymer.
In an alternating co-polymer (Fig. A.2b), each monomer of one type is joined to
monomers of a second type. Block co-polymers (Fig. A.2c) have backbones made of
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long sequences of different repeating units. Backbones consist of the bonds and atoms
that extend continuously from the two ends of the molecule. The product of growing one
polymer as branches on another preformed macromolecule is called a graft co-polymer
(Fig. A.2d).

a)

c)

b)

d)
Figure A.2: Co-polymer arrangements [47]
a)Random, b) Alternating, c) Block, and d) Graft co-polymers
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Polymers exist as four structures: Linear, Branched, Crosslinked, and Network
(Fig. A.3). Linear polymers (Fig. A.3a) are those in which each repeating unit is linked
only to two others in a linear array. In other words, the “mer” units are joined together
end-to-end in single chains. Branched polymers (Fig. A.3b) are those in which the
repeating units are not solely limited to being linked in a linear array. The side-branch
chains are connected to the main chain and the branches result from side reactions that
occur during polymer synthesis. Interestingly, a small amount of branching will lower
the glass transition temperature by introducing defects into the crystalline material, while
a high density of branching will increase the temperature and reduce chain flexibility
[47]. Crosslinked polymers (Fig. A.3c) have adjacent linear chains joined to one another
at various positions by covalent bonds [47].

The presence of many entanglements

encourages and facilitates secondary interactions in the form of hydrogen bonding. With
a high density of crosslinks, long-range molecular motion is prevented to the effect that
polymers of such composition do not demonstrate a glass transition or its accompanying
softening. Further, increasing the density of crosslinks increases biodegradation time (by
decreasing susceptibility to enzymatic attack), decreases the capacity to absorb water,
decreases solubility, and increases tensile strength [22]. Notably, crosslinked polymers
(e.g. hydrogels) swell in solvents. A network polymer (Fig. A.3d) is an interconnected
branch polymer whose molecular weight is limitless.
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b)

a)

c)

d)
Figure A.3: Schematic of four molecular structures of polymers [47]
a) Linear, b) Branched, c) Crosslinked, and d) Network

The physical properties of polymeric biomaterials are dependent on 5 factors: 1)
composition, 2) conformation, 3) configuration, 4) average molecular weight, and the 5)
glass transition temperature. At the atomic and molecular level, the composition of
polymeric biomaterials entails intermolecular forces and intramolecular forces of
attraction and repulsion often referred as secondary interactions or bonding. The forces
of attraction include van der Waals forces, hydrogen bonding, and coulombic forces.
Van der Waals forces form interatomic bonds between adjacent atomic or molecular
dipoles, which may be permanent or induced. Although van der Waals bonds are weaker
than ionic or covalent bonding, significant intermolecular forces result from the
formation of large numbers of van der Waals bonds.

Hydrogen bonds are strong

interatomic bonds that exist between a bound proton of a hydrogen atom and the
electrons of adjacent atoms. Coulombic forces exist between charged particles such as
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ions; the force is attractive when the particles are of opposite charge. Conformation of a
polymer specifies the spatial arrangements of the various atoms in the molecule that can
occur because of rotations about single bonds. In solution or amorphous solid states, the
polymer molecule is a loose, random coil and as such does not have regular
conformations. The rate and ease of change of conformations in amorphous zones affect
the solution viscosity, mechanical properties, rate of crystallization, and the effect of
temperature on the mechanical properties. Two types of interactions exist in the chain:
short range and long range. Short range interactions occur in the local chain structure;
the bond angles are fixed and there is a steric hinderance to rotation that increases the free
energy of the conformation and consequently increases the upper limits of the physical
properties. Long range interactions are such that no two monomers can occupy the same
space thereby achieving segment exclusion. Although segmentally excluded, attractive
and repulsive forces still exist and contribute to long range interactions. Configuration
describes the relative spatial arrangement of bonds in a molecule irrespective to the
changes in molecular shape (i.e. conformation) that are a product of rotation about single
bonds. A change in configuration requires the breaking and reformation of the chemical
bonds. Configurational isomerism occurs when a species has the same chemical formula
but different spatial arrangement of the atoms. Configuration and, more so, conformation
directly influence chain flexibility or stiffness. Chain stiffness is controlled by the ease
of rotation about the chemical bonds along the chain. The presence of double bonds and
bulky or large side groups tend to restrict molecular rotation thereby lowering chain
flexibility and increasing the melting and glass temperatures. The same trend is observed
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when polar side groups or atoms are present within the chain, as their presence leads to
significant intermolecular bonding forces.
Synthetic polymers are usually produced with a distribution of molecular weights
(Fig. A.4).

Figure A.4: Molecular weights distribution for a typical polymer [47]

Consequently, the average molecular weight is used to compare the molecular weights of
two different batches of polymer. Depending on the ability of the polymer chains to
crystallize or to exhibit secondary bonding, polymer strength can be influenced as
increasing the crystallinity and secondary bonding can provide additional strength to
polymers. In general, an increase in molecular weight corresponds to an increase in
physical properties.

For example, increasing the molecular weight raises the glass

transition temperature. Further, melt viscosity also increases with molecular weight, such
that any melt-based processing will decrease thereby establishing an upper limit of useful
molecular weights.

In the liquid or melt state, a noncrystalline polymer possesses

sufficient thermal energy for the long segments of the polymer to move randomly. The
glass transition temperature (Tg) is defined to be the temperature where all long range
segmental motion ceases upon cooling. Alternatively, Tg is the temperature at which a
polymer experiences the transition from rubbery to rigid states. The glass transition
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occurs in amorphous and semi-crystalline polymers, and is due to a reduction in motion
of large segments of molecular chains with decreasing temperature. Alternatively, upon
cooling, the glass transition corresponds to the gradual transition from liquid to rubbery
state, and ultimately to a rigid solid state. Abrupt changes in physical properties (e.g.
stiffness, heat capacity, coefficient of thermal expansion) accompany the glass transition.
For example, polymers used below their Tg exhibit hard and glossy properties, whereas
those used above their Tg are rubbery. Intuitively, the Tg influences polymer fabrication
and processing procedures.

A.1 Natural Polymers – their advantages, disadvantages, and those commonly
used
Polymeric biomaterials exist in both natural and synthetic forms.

Natural

polymers offer many advantages to the synthetic alternatives. Of the many advantages,
the most important advantage of natural polymers is their high similarity (often identical)
to naturally occurring macromolecular substances. The importance of that advantage lies
in the polymer being easily recognized and metabolized by the biological environment.
Consequently, problems of lack of cellular recognition, chronic inflammatory reaction,
and toxicity are avoided. Other interesting advantages offered include the capability of
designing biomaterials that function biologically at the molecular level as opposed to
macroscopically, and their ability to be degraded by naturally occurring enzymes that
guarantees degradation and metabolism by physiological mechanisms. Consequently, the
degradation rates of the natural polymers can be controlled by physical or chemical
modification.

However, despite the many advantages offered by naturally derived

polymers, they are typically expensive and suffer from large inter-batch variation [64].
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Further natural polymers all elicit an antigen-based immune response and are very
difficult, if not impossible, to process. There exist three forms of naturally derived
polymers for biomaterial applications: Polysaccharides, Proteins, and Nucleic Acids.
Polysaccharides are complex carbohydrates, which serve as energy stores, fuels, and
metabolic intermediates [57]. Polysaccharides are structural elements in the cell walls of
bacteria and plants, and in the exoskeletons of arthropods [57]. Being mindful of these
facts, it is no surprise that polysaccharides are the most abundant biopolymers.
Polysaccharides

offer

unusual

and

useful

functional

properties

including

biocompatibility, film-forming and gel-forming capabilities, biodegradability, thermal
processability, stability over broad temperature ranges, and water solubility in the native
state, or reduced solubility if chemically modified [61]. Of the many polysaccharides
that exist alginate, chitosan, and glycosoaminoglycans (GAGs) are most frequently used
in implant applications. Alginate is a naturally occurring polymer that is extracted from a
form of seaweed called brown algae [43]. Alginate is a block co-polymer that forms a
gel through the interaction of divalent cations with blocks of guluronic acid on the
polysaccharide chains [43]. Although biodegradable, the disadvantage of using alginate
is that, unlike other naturally occurring polymers, the degradation process is not easily
controlled and can be unpredictable. Also, alginate alone is bioinert and has limited
bioactivity.

Providing those properties, alginate mostly has applications as cell-

encapsulating scaffolds and drug delivery vessels [23-28]. Chitosan (Fig. A.5), derived
from chitin, is a polysaccharide synthesized by insects and crustaceans and extracted
from their exoskeletons.
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Figure A.5: Molecular structure of Chitosan [67]

The advantage of chitosan lies in it’s ability to easily tailor its degradation
properties to any application due to the electrostatic properties of the molecule.
Consequently, chitosan gels, powders, films, and fibres have been developed and tested
for applications like cell encapsulation, membrane barriers, and contact lens materials
[56]. GAGs, a component of connective tissues made in the human body, occur naturally
as polysaccharide branches covalently attached by oligosaccharide linkage to a protein
chain. The structure of GAGs is generally described as an alternating co-polymer of an
amino acid (glucosamine or galactosamine) and another sugar (eg. galactose or iduronic
acid) [57].

Hyaluronic acid (Fig. A.6), a GAG of high molecular weight, is most

frequently used as a biomaterial due to its high viscosity and its ability to form gels.

Figure A.6: Molecular structure of Hyaluronic Acid GAG [67]

With those properties, GAGs have proved useful in application of ophthalmology
and tissue engineering; specifically, inducing the regeneration of skin, nerves, and the
conjunctiva (i.e. the external membrane of the eye). Collagen and elastin are the proteinbased polymers of greatest incidence of use in biomaterials. Collagen is the main fibre
type found in most supporting tissues, the most abundant proteins in mammals, and the
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most frequently used component of extracellular material to fashion biomaterials.
Collagen is the main fibrous component of skin, bone, tendon, cartilage, and teeth [57].
Eleven different types of collagen have been delineated on the basis of morphology,
amino acid composition, and physical properties. Of these eleven, Type 1 and Type 2
will be the focus in this description as they have applications in biomaterials. Type 1
collagen is found in fibrous supporting tissue, skin, tendon, ligaments, and bone. Type 2
collagen is predominately found in hyaline cartilage. The structural order of collagen
occurs at four distinct levels: Primary, Secondary, Tertiary, and Quaternary structures.
The primary structure denotes the complete sequences of amino acids that comprise each
polypeptide chain, whereas the secondary structure describes the local configuration of a
polypeptide chain.

The tertiary structure describes the global configuration of

polypeptide chains; representing the pattern by which the secondary structure is packed
within the unit substructure. The quaternary structure denotes the unit supermolecular
structure, comprising many molecules packed in a specific lattice that constitutes the
physiological structure known as the microfibril which comprise the collagen fibre. The
tertiary and quaternary structures determine the biological functionality and influence the
crystallinity in collagen such that each of the structural levels corresponds to separate
physical properties, in the form of the melting transformation temperature [4].
Specifically, the collagen transforms into gelatin when heated above 37oC. Implants
made of collagen are usually in the solid or semi-solid form; accordingly, the gelatin
content of collagen is of great importance because implanted gelatin degrades more
rapidly than collagen thereby significantly affecting the in situ performance of the
implant.

Collagen-based implants normally degrade by the enzymatic action of
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collagenases.

The challenge in the design and use of collagen based implants is

controlling its degradation rate through its chemical modification.

Chemical cross-

linking is deemed to be an effective method to reduce the degradation rate of collagen by
naturally occurring enzymes. In preparing biomaterial implants, glutaraldehyde crosslinking is often and widely used. Interestingly, treatment of collagen with glutaraldehyde
not only reduces its degradation rate by collagenase but also appears to reduce its
antigenicity by cleaving the antigenic determinants from the collagen molecule [4].
Elastin is one of the least soluble proteins in the body due to its crosslinked network.
Elastin is the extracellular matrix component responsible for the elastic recoil observed in
vascular tissue or organs such as blood vessels, lungs, and skin. Elastin is primarily
applied in tissue repair, specifically in vascular or urethra repair as conduits [58]. Due to
their similarity to naturally occurring substances, protein-based polymeric biomaterials
are frequently disadvantaged by significant immunogenicity.

A nucleic acid is a

complex, high-molecular-weight biochemical macromolecule composed of nucleotide
chains that convey genetic information.

The most common nucleic acids are

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), which are found in all living
cells and viruses. This class of polymeric biomaterials is named due to their prevalence
in the nuclei of cells, and the monomers comprising them are called nucleotides.
Nucleotides consist of three components: a nitrogenous base, a sugar, and a phosphate
group.

Nucleic acids differ in the structure of the sugar and the nitrogenous base

possessed. Polymeric biomaterials comprised of nucleic acids are useful in tissue repair,
reconstruction, and wound healing, and have been patented for their utility as suture
material [60].
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Appendix B: PVA:PEG compositions and sample
calculations
Table B.1: PVA:PEG compositions for hydrogel films in dissolution studies using drying
optimization
Concentration
PEG (%)
10
2.5
10
6.25
10
2.5
2.5
10
2.5
2.5
2.5
2.5
10
2.5
10
10
2.5
10
10
6.25
10
2.5
2.5
2.5
2.5
2.5
10
10
10
10
10
2.5
2.5
10

Concentration
PVA (%)
2.5
2.5
10
6.25
10
2.5
2.5
10
10
10
2.5
10
10
2.5
10
2.5
2.5
2.5
2.5
6.25
2.5
2.5
10
2.5
10
10
2.5
10
10
10
2.5
10
10
2.5

Mass %
(PVA)
70
70
70
84.75
70
99.5
99.5
70
70
99.5
70
70
99.5
99.5
70
70
70
99.5
70
84.75
99.5
70
99.5
99.5
99.5
70
70
99.5
99.5
99.5
99.5
99.5
70
99.5
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Film
Thickness
4X=6mm
1x=1.5mm
1x=1.5mm
2.5x=3.75mm
1x=1.5mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4X=6mm
4X=6mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
2.5x=3.75mm
1x=1.5mm
4X=6mm
4X=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4X=6mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
4X=6mm
1x=1.5mm

% Mass Loss
(48 hrs Dissolution)
67.52
100.00
41.16
95.95
54.07
51.16
55.91
17.26
28.87
100.00
54.25
79.29
54.15
53.95
23.80
100.00
62.39
54.41
62.81
49.87
100.00
66.53
52.56
89.16
56.02
62.06
100.00
15.43
62.64
25.89
48.05
20.78
37.23
100.00

Table B.2: PVA:PEG compositions for hydrogel films in in situ dissolution studies
Concentration
PEG (%)
10
2.5
10
6.25
10
2.5
2.5
10
2.5
2.5
2.5
2.5
10
2.5
10
10
2.5
10
10
6.25
10
2.5
2.5
2.5
2.5
2.5
10
10
10
10
10
2.5
2.5
10

Concentration
PVA (%)
2.5
2.5
10
6.25
10
2.5
2.5
10
10
10
2.5
10
10
2.5
10
2.5
2.5
2.5
2.5
6.25
2.5
2.5
10
2.5
10
10
2.5
10
10
10
2.5
10
10
2.5

Mass %
(PVA)
70
70
70
84.75
70
99.5
99.5
70
70
99.5
70
70
99.5
99.5
70
70
70
99.5
70
84.75
99.5
70
99.5
99.5
99.5
70
70
99.5
99.5
99.5
99.5
99.5
70
99.5

Film
Thickness
4X=6mm
1x=1.5mm
1x=1.5mm
2.5x=3.75mm
1x=1.5mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4X=6mm
4X=6mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
2.5x=3.75mm
1x=1.5mm
4X=6mm
4X=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4X=6mm
1x=1.5mm
4X=6mm
4X=6mm
4X=6mm
4X=6mm
1x=1.5mm

Sample stock solution concentration calculation
To obtain a 100ml of a 10% stock solution of PVA:
[ PVA] =

massPVA
10 g
=
= 10% PVA
VolumeH 2 O + massPVA10 gPVA 90ml + 10 g
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% Mass Loss
(48 hrs Dissolution)
11.11
100.00
14.45
22.19
10.74
100.00
12.85
14.63
5.44
20.60
100.00
1.56
17.16
10.63
16.76
100.00
17.61
26.99
62.98
4.72
100.00
1.27
8.81
100.00
6.85
10.51
100.00
7.37
23.90
13.80
3.60
12.22
6.60
5.46

Appendix C: Pre-Dissolution Thickness Comparisons
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons among Levels of Location
Individual confidence level = 99.82%

Location =
Location
2
3
4
5
6
7
8
9
10

Lower
-2.94
-7.63
-4.48
-21.26
-9.15
-10.11
-33.41
-36.52
-79.37

Location =
Location
3
4
5
6
7
8
9
10

Location
5
6
7
8
9
10

Upper
24.05
16.52
19.66
2.89
15.00
14.04
-9.26
-12.37
-55.22

--------+---------+---------+---------+(--*--)
(--*-)
(--*-)
(-*--)
(--*-)
(-*--)
(--*-)
(-*--)
(--*-)
--------+---------+---------+---------+-50
0
50
100

Center
-6.11
-2.96
-19.74
-7.63
-8.59
-31.89
-35.00
-77.85

Upper
7.39
10.53
-6.24
5.87
4.90
-18.39
-21.50
-64.35

--------+---------+---------+---------+(--*-)
(-*--)
(--*--)
(-*--)
(-*--)
(--*-)
(--*--)
(-*--)
--------+---------+---------+---------+-50
0
50
100

3 subtracted from:

Lower
-8.92
-25.70
-13.59
-14.55
-37.85
-40.96
-83.81

Location =

Center
10.56
4.44
7.59
-9.19
2.93
1.96
-21.33
-24.44
-67.30

2 subtracted from:

Lower
-19.61
-16.46
-33.24
-21.13
-22.09
-45.39
-48.50
-91.35

Location =
Location
4
5
6
7
8
9
10

1 subtracted from:

Center
3.15
-13.63
-1.52
-2.48
-25.78
-28.89
-71.74

Upper
15.22
-1.56
10.55
9.59
-13.71
-16.82
-59.67

--------+---------+---------+---------+(--*-)
(-*--)
(--*-)
(--*-)
(--*-)
(-*--)
(--*-)
--------+---------+---------+---------+-50
0
50
100

4 subtracted from:

Lower
-28.85
-16.74
-17.70
-41.00
-44.11
-86.96

Center
-16.78
-4.67
-5.63
-28.93
-32.04
-74.89

Upper
-4.71
7.41
6.44
-16.85
-19.96
-62.82

--------+---------+---------+---------+(--*-)
(-*-)
(--*-)
(-*--)
(--*-)
(-*-)
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--------+---------+---------+---------+-50
0
50
100

Location =
Location
6
7
8
9
10

Lower
0.04
-0.92
-24.22
-27.33
-70.18

Location =
Location
7
8
9
10

Location
9
10

Location
10

--------+---------+---------+---------+(-*--)
(-*--)
(--*-)
(-*-)
(-*--)
--------+---------+---------+---------+-50
0
50
100

Center
-0.96
-24.26
-27.37
-70.22

Upper
11.11
-12.19
-15.30
-58.15

--------+---------+---------+---------+(--*-)
(-*--)
(--*-)
(-*-)
--------+---------+---------+---------+-50
0
50
100

Center
-23.30
-26.41
-69.26

Upper
-11.22
-14.34
-57.19

--------+---------+---------+---------+(-*--)
(--*-)
(-*--)
--------+---------+---------+---------+-50
0
50
100

8 subtracted from:

Lower
-15.18
-58.04

Location =

Upper
24.18
23.22
-0.08
-3.19
-46.04

7 subtracted from:

Lower
-35.37
-38.48
-81.33

Location =

Center
12.11
11.15
-12.15
-15.26
-58.11

6 subtracted from:

Lower
-13.04
-36.33
-39.44
-82.29

Location =
Location
8
9
10

5 subtracted from:

Center
-3.11
-45.96

Upper
8.96
-33.89

--------+---------+---------+---------+(-*--)
(--*-)
--------+---------+---------+---------+-50
0
50
100

9 subtracted from:

Lower
-54.92

Center
-42.85

Upper
-30.78

--------+---------+---------+---------+(-*--)
--------+---------+---------+---------+-50
0
50
100
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Appendix D: Statistical Design of Experiments
To minimize the number of test samples used to identify the polymer composition
that will degrade in the target time of 10 hours, a Statistical Design of Experiments
(DOE) was used in the study. DOE is a procedure that permits fast, economical, and
accurate evaluation of processes and products that depend upon several factors or design
variables [69]. Designed experiments are sets of tests in which the design variables are
adjusted methodically. A well-designed experiment yields unambiguous results at the
lowest possible cost. A poorly designed experiment may reveal little information of
value, even with complex analysis, wasting valuable time and resources. The objective
of an experimental design, when considering a large number of design variables, is to
determine which factors have a significant effect on the response variable of interest.
The statistical DOE also enables the dissolution process to be characterized by building
an empirical model that predicts the effects of individual design variables, and intervariable interactions, on responses and variation in responses. Further, the use of a
statistical DOE enables identification of the critical variables to monitor in either
statistical process control charts or controls.

Finally, the use of a statistical DOE

facilitates the design of robust products that are insensitive to uncontrollable
environmental conditions and incoming component variation, while minimizing
production costs.
DOEs are based on the “sparsity of effects principle” which states that, when
there are several variables, the system or process is usually driven primarily by some of
the main effects and low-order (two-way) interaction effects [70]. Moreover, there exists
only a very small possibility of 3-way and higher interactions being significant [71]. The
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main effects, or factors, are estimates of how the design parameters or variables influence
the response. The interaction effects are estimates of how interactions between design
variables influence the response. Of the many statistical DOEs available a Full Factorial,
a Fractional Factorial, and the Taguchi designs were appropriate and considered for use
in the study.
A full factorial design is defined by:

N = nC 2k

(D.1)

where N is the number of runs or samples required by the design, nC is the number of
design replicates, k is the number of factors or design variables used in the design, and a
base of 2 indicates that the design possesses two levels representing upper (H) and lower
(L) levels or limit values for the design variables (Fig. D.1).
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Figure D.1: 3D Representation of Response for 4-factor DOE;
a = [PVA], b = Sample Thickness, c = Mass % Ratio, d = [PEG]

The full factorial design is such that in each complete replicate all possible
combinations of the levels of the design variables are investigated. For this reason, it
was chosen to be applied in this study. A special notation was used to label variable
combinations, such that a combination of variables is represented by a series of lowercase
letters. Specifically, if a letter is present, the corresponding variable is run at the upper or
high level in that combination of variables; if it is absent, the factor is run at its lower
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level. For example, variable combination a indicates that [PVA] is set at the upper level
while the remaining variables (i.e. b = [PEG], c = Mass % Ratio, d = Sample Thickness)
are set at the lower level. Further, the variable combination with [PVA] and Mass % at
the upper level and Sample Thickness and [PEG] at lower level is denoted by ac. The
variable combination with all variables set at the lower level is denoted by (1). In fact,
factorial experiments are the only way to discover design variable interactions [70].
The use of the analysis of variance (ANOVA) in a full factorial design assumes
that the observations are normally and independently distributed with mean of zero and
with a constant variance in each design variable or factor level. These assumptions were
validated by examining the plots of Normal Probability and Residuals. A residual is the
difference between an observation or data point and its estimated (or fitted) value from
the statistical model [69]. Importantly, residuals contain information about unexplained
variability.

Full factorial designs offer the advantage of orthogonality (i.e. design

variable independence; allowing an independent estimate of all effects; the number of
orthogonal columns representing all possible effects will be n-1.), no aliases or
confounding effects, and enabling all main effects and all interactions to be evaluated.
Conversely, the disadvantages of using a full factorial design include potentially large
expense incurred for industrial scale studies or applications, and the significant
consumption of time and resources associated with implementing the design.
As the ANOVA and Regression analyses are described by a linear statistical
model (Eqn. D.8), use of a 2-level factorial design assumes linearity in the effect of the
design variable or factor. However, this assumption of linearity is a potential concern as
it may not be completely true in which case curvature may exist. Although perfect
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linearity is unnecessary, as the full factorial system will function very well when the
linearity assumption holds only approximately, there exists a method that protects against
curvature and allows independent estimates of error to be obtained.

This method

replicates certain points in the full factorial and consists of adding centre points to the full
factorial DOE. These consist of nC replicates run at the point xi = 0, i = 1, 2, …, k.
Replicate runs are added at the design centre because the resulting centre points do not
impact the usual effects in the full factorial design. To gauge the variation in the data, the
full factorial DOE was replicated twice. Further, one centre point was added to each 2k
design to test for curvature such that the study uses a full factorial design possessing 2
replicates and 2 centre points in total.
A block was used in the study to protect against the possibility that the prepared
samples were not completely homogenous in composition. The lack of homogeneity
between samples will contribute to the variability in their dissolution behaviour and will
inflate the experimental error thereby increasing the difficulty of assessing the individual
contribution of each design variable on the dissolution behaviour of the film. The term
“block” refers to a restriction on the complete randomization such that design variable
combinations are only randomized within the block. Blocking eliminates an additional
source of variability, the difference between samples, at the acceptable and low cost of
losing one degree of freedom which decreases the sensitivity of the analysis.
A fractional factorial design is defined by:

n = 2k − q

(D.2)

where n is the number of runs or samples required by the design, k is the number of
factors or design variables used in the design, q is a positive integer less than k
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representing the higher order factor effects, and a base of 2 indicates that the design
possesses two levels representing upper and lower limit values for the design variables.
Specifically, a q term equating to 1 indicates a half fraction design, while q equating to 2
indicates a one-quarter fraction, and so on. Fractional factorial designs are used when
researchers do not have the finances, time, or resources to support implementation of a
full factorial design. Fractional factorial designs are a type of orthogonal design that
allows for the linear effects and effects of the desired interactions to be estimated through
maintaining the minimal number of runs or samples required to conduct the study. This
type of design assumes that higher order factor interactions are insignificant.

The

fractional factorial beneficially allows estimation of the main and lower interaction
effects, as they are of greatest importance in nearly all cases.
The Taguchi method [70] – pioneered by Dr. Genichi Taguchi – is similar to other
fractional factorial design, but is comparatively distinct in its focus. Traditionally, the
focus of DOEs used for optimization is to determine and control the sources of variation.
Distinctly, the focus of the Taguchi method is to make the process or product insensitive
to the identified sources of variation without eliminating them – making it robust. The
method is based on the principle of understanding the individual and combined effects of
various design parameters or variables from a minimum number of experiments and
samples. The objective of the method is to establish the optimal combination of design
parameters and to reduce variations in the quality of the product. Accordingly, the
Taguchi method is also known as the Robust Design Method [70].

It has been

demonstrated that implementing a robust design will minimize variability as the input
changes, provide consistent and accurate outputs for the same input, adjust the sensitivity
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of the design, and be robust when subjected to noise. The Taguchi method employs a
generic signal-to-noise (S/N) ratio (η) to quantify the inherent variation; it is an indicator
of the performance of the process. The ratios, which are expressed as mathematical
functions, are derived from the Taguchi’s conviction that any deviation from the optimal
response results in a loss or increased cost to the society. The cost is described by the
quadratic loss function as follows:
L( y ) = K ( y − T )

2

(D.3)

where y is the measured response, T is the target value, and K is a constant representing
the cost of deviation from the target value. The S/N ratios are directly derived from the
quadratic loss function (Fig. 3.6), which assumes the target value is the preferred value.

Figure D.2: The Quadratic Loss Function [70]

A loss function quantifies the relationship between the loss and the performance measure.
Depending on the type of characteristics involved, different S/N ratios may be applicable.
The three most common forms of the functions are “lower-is-better” (LB), “nominal-isbest” (NB), and “higher-is-better” (HB); depending on whether the optimal response is
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selected to be a minimum, target, or maximum value, respectively. The “lower-is-better”
case is utilized when the optimal response is desired to be a minimum, and is defined by:

η LB

⎛1 n 2⎞
= −10 log10 ⎜ ∑ yi ⎟
⎝ n i =1 ⎠

(D.4)

The “nominal-is-best” case is most appropriately applied when a particular target value of
the device is desired. Typically, there exists a scaling factor that can be adjusted to force
the mean to the target. In the cases where the variance is independent of the scaling
factor, the S/N function describing the “nominal-is-best” case is defined by:

η NB ,1 = −10 log 10 S y2

(D.5)

However, if the variance is scaling factor dependent, the function becomes defined by:

η NB , 2 = 10 log 10

S y2
y2

Finally, the “higher-is-better” case involves maximizing the optimal response.

(D.6)
The

corresponding S/N ratio that describes this case is defined by:
⎛1

η HB = −10 log10 ⎜⎜
⎝

n

1 ⎞
⎟.
2 ⎟
i ⎠

∑y
n
i =1

(D.7)

where Sy is the sample variance and y is the mean response of the experimental runs. In
all cases it is optimal to maximize η. There exist two principal shortcomings of using the
Taguchi method. Firstly, the S/N ratio does not contain the target value; therefore, S/N
can be maximized by increasing the mean response which thereby exaggerates its
meaning. Secondly, the S/N ratio confounds information about the mean response and
the variance. Consequently, independently evaluating the average and standard deviation
of the responses is a better approach. For these reasons and more, the use of the Taguchi
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method in this study was deemed inappropriate as it requires previous knowledge and
studies of the factors influencing the process or product to be characterized.
ANOVA analysis for a completely randomized four-factor experiment with equal
sample sizes in each level and centre points was performed and described by the
following linear statistical model; the fixed effects model [71]:
4

k

Y = β 0 + ∑ β j x j + ∑ ∑ β ij xi x j + ∑ β jj x 2j + ε
j =1

i

(D.8)

j =1

,j

where Y is the response variable (% Mass Loss) which is a function of the design
variables; xi and xj, βo is the mean of all the measurements of % Mass Loss; the estimate
of the intercept, βj and βij are the regression coefficients of the design variables and their
interactions, respectively, βjj are pure quadratic effects (i.e. curvature), and = is the
random (i.e. pure error) as defined by the squared root of the Adj MS of the pure error.
The model assumes that the errors are normally and independently distributed with mean
zero and constant variance. The formulas for a balanced two-factor model with a block,
with factors A and B, are presented below [71]. All the aforementioned and subsequent
formulas were extended to the four-factor model in this study.
a

b

n

(

SStotal = ∑∑∑ yijk − y...
i =1 j =1 k =1

a

b

n

(

SS error = ∑∑∑ y ijk − y ij .
i =1 j =1 k =1

a

)

2

b

(

(

)

SS B = na ∑ y. j . − y...
j =1

2

= SS total − SS A − SS B − SS block

SS A = nb∑ yi.. − y...
i =1

)
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2

(D.9)

(D.10)

(D.11)

)

2

(D.12)

SS Main = SS A + SS B

(D.13)

Effects

= SS total − SS error − SS A − SS B − SS block

SS AB

(D.14)

Interaction

where a is the number of levels in factor A, b is the number of levels in factor B, and n is
the total number of trials, yi.. = mean of the ith factor level of factor A, y... is the overall
mean of all observations, and y.j. is the mean of the jth factor level of factor B. SStotal is
the total variation in the model. For a full factorial design with factors A and B, and a
blocking variable, the number of degrees of freedom (DF) associated with each sum of
squares is defined by:
DFblock = n − 1

(D.15)

DFA = a − 1

(D.16)

DFB = b − 1

(D.17)

DFAB = (a − 1)(b − 1)

(D.18)

DFMain = DFA − DFB

(D.19)

Effects

DFerror = (ab − 1)(n − 1)

(D.20)

DFtotal = abn − 1

(D.21)

where n is the number of blocks; and:
Adj.MS =

F=

Adj.SS
DF

MS
MS error

= 1−

(D.22)

(D.23)

SSerror SS Re gression
=
SStotal
SStotal
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(D.24)

= 1−

MSerror
SStotal

(D.25)

DFtotal

where SSblock is the variation in the data explained by the blocking variable. SSA and SSB
are the deviations of the estimated factor level mean around the overall mean, which are
also known as the sum of squares between factor levels. SSerror is the deviation of an
observation from its corresponding factor level mean, which is also known as error within
factor levels. The statistical software package used, Minitab 14 (Minitab Inc., PA, USA),
segments the SSRegression or SSlevels component of variance into sequential sums of squares
(Seq SS) for the main effects, interactions, blocks, and each covariate. The sequential
sums of squares depend on the order the terms are entered into the model. Seq SS is the
unique portion of the sum of squares explained by a term, given any previously entered
terms. Minitab segments the SSRegression or SSlevels component of variance into the adjusted
sums of squares (Adj SS) for the main effects, interactions, blocks, and each covariate.
The adjusted sums of squares does not depend on the order the factors are entered into the
model. Adj SS is the unique portion of SSRegression explained by a factor, given all other
factors in the model, regardless of the order they were entered into the model. The
“Effect” describes the strength of the design variables and their interactions on the
response variable. The “Coef” describes the value of the linear regression coefficient,
and is the numerical half of the Effect value. SE is the pooled standard error. MS is the
mean square for the model terms. F is an indicator test used to determine whether the
interaction and main effects are significant, such that the larger values of F supports
rejecting the null hypothesis.

The p-value is used in hypothesis tests to determine

whether to reject or fail to reject a null hypothesis. Specifically, the p-value indicates the
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probability of obtaining a test statistic that is at least as extreme as the actual calculated
value, if the null hypothesis is true. This study used a cut-off limit for the p-value of
0.05, such that the null hypothesis is rejected for a value less than 0.05. S is an estimate
of variance (σ), the estimated standard deviation of the error in the model. R2, the
coefficient of determination, indicates how much variation in the response is explained
by the model. The higher the R2, the better the model fits the data. Adjusted R2 (Adj R2)
accounts for the number of factors in the model.
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Appendix E: Post-Dissolution Thickness
Tukey 95% Simultaneous Confidence Intervals
All Pairwise Comparisons among Levels of Location
Individual confidence level = 99.82%

Location =
Location
2
3
4
5
6
7
8
9
10

Lower
-5.107
-9.033
-10.329
-12.144
-10.811
-15.329
-10.478
-4.478
1.559

Location =
Location
3
4
5
6
7
8
9
10

Location
5
6
7
8
9
10

Upper
11.922
7.996
6.700
4.885
6.218
1.700
6.552
12.552
18.589

-------+---------+---------+---------+-(----*-----)
(-----*----)
(-----*----)
(-----*----)
(----*-----)
(----*-----)
(-----*----)
(-----*----)
(-----*----)
-------+---------+---------+---------+--15
0
15
30

Center
-3.926
-5.222
-7.037
-5.704
-10.222
-5.370
0.630
6.667

Upper
4.589
3.292
1.478
2.811
-1.708
3.144
9.144
15.181

-------+---------+---------+---------+-(----*-----)
(-----*----)
(----*-----)
(----*-----)
(----*-----)
(----*-----)
(----*-----)
(----*-----)
-------+---------+---------+---------+--15
0
15
30

3 subtracted from:

Lower
-9.811
-11.626
-10.292
-14.811
-9.959
-3.959
2.078

Location =

Center
3.407
-0.519
-1.815
-3.630
-2.296
-6.815
-1.963
4.037
10.074

2 subtracted from:

Lower
-12.441
-13.737
-15.552
-14.218
-18.737
-13.885
-7.885
-1.848

Location =
Location
4
5
6
7
8
9
10

1 subtracted from:

Center
-1.296
-3.111
-1.778
-6.296
-1.444
4.556
10.593

Upper
7.218
5.404
6.737
2.218
7.070
13.070
19.107

-------+---------+---------+---------+-(-----*-----)
(-----*-----)
(-----*----)
(-----*----)
(-----*-----)
(-----*-----)
(-----*-----)
-------+---------+---------+---------+--15
0
15
30

4 subtracted from:

Lower
-10.329
-8.996
-13.515
-8.663
-2.663
3.374

Center
-1.815
-0.481
-5.000
-0.148
5.852
11.889

Upper
6.700
8.033
3.515
8.367
14.367
20.404

-------+---------+---------+---------+-(-----*----)
(-----*----)
(-----*----)
(-----*-----)
(-----*-----)
(-----*-----)
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-------+---------+---------+---------+--15
0
15
30

Location =
Location
6
7
8
9
10

Lower
-7.181
-11.700
-6.848
-0.848
5.189

Location =
Location
7
8
9
10

Location
9
10

Location
10

-------+---------+---------+---------+-(-----*-----)
(-----*-----)
(-----*-----)
(-----*-----)
(-----*-----)
-------+---------+---------+---------+--15
0
15
30

Center
-4.519
0.333
6.333
12.370

Upper
3.996
8.848
14.848
20.885

-------+---------+---------+---------+-(-----*-----)
(----*-----)
(----*-----)
(----*-----)
-------+---------+---------+---------+--15
0
15
30

Center
4.852
10.852
16.889

Upper
13.367
19.367
25.404

-------+---------+---------+---------+-(----*-----)
(----*-----)
(----*-----)
-------+---------+---------+---------+--15
0
15
30

8 subtracted from:

Lower
-2.515
3.522

Location =

Upper
9.848
5.329
10.181
16.181
22.218

7 subtracted from:

Lower
-3.663
2.337
8.374

Location =

Center
1.333
-3.185
1.667
7.667
13.704

6 subtracted from:

Lower
-13.033
-8.181
-2.181
3.856

Location =
Location
8
9
10

5 subtracted from:

Center
6.000
12.037

Upper
14.515
20.552

-------+---------+---------+---------+-(-----*-----)
(-----*-----)
-------+---------+---------+---------+--15
0
15
30

9 subtracted from:

Lower
-2.478

Center
6.037

Upper
14.552

-------+---------+---------+---------+-(-----*-----)
-------+---------+---------+---------+--15
0
15
30
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Appendix F: Reduced Pressure Apparatus

Sealed
Glass
Cylinder

P = Polymer Disk
S = Scaffold
H2O Flow
Pressure Flow

Putty
Sealant

P
Buchner
Funnel

S

H2O Inlet
Pressure
Control
Valve

Rubber
Stopper

Thick wall
Rubber
Hosing

Side-Arm
Filtering
Flask

Aspirator

Connector
Fitting
H2O Outlet

Figure F.1: Experimental Apparatus and Assembly for Manufacture of Polymer-Scaffold
Construct using Reduced Pressure Technique
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Appendix G: Experimental Data
Table G.1: Time specific measurements of mass loss for PCL dissolution of one month
Samples
1
2
3
4
5
6(control)
7
8
9
10
11
12(control)

Time (hours)
0
3
0
1.870251
0
0.731159
0
0.835232
0
0.356379
0
0.384615
0
0.807043
0
0.068634
0
1.025641
0
1.072235
0
0.072569
0
0.126823
0
0.846154

6
0.701344
0.337458
1.670463
0.570207
1.282051
1.393984
1.64722
1.346154
0.846501
0.072569
0.443881
0.923077

12
1.578025
1.237345
1.442673
1.282965
1.346154
0.953778
1.509952
1.217949
0.733634
0.580552
1.141408
1.769231

24
1.928697
1.068616
1.214882
1.140413
0.961538
1.467351
2.402196
0.833333
1.749436
1.233672
0.570704
1.384615

1 week
168
2.220923
1.799775
1.822323
1.781896
1.794872
1.907557
1.853123
2.5
1.636569
1.814224
1.775523
2.153846

2 weeks
336
1.168907
1.406074
2.050114
1.924448
2.24359
1.907557
2.12766
1.923077
1.467269
1.669086
1.458465
1.846154

3 weeks
504
1.344243
1.51856
2.809415
2.56593
1.923077
1.540719
2.196294
0.512821
1.185102
1.37881
1.521877
2.076923

4 weeks
672
1.227352
1.237345
2.050114
2.066999
2.115385
1.760822
1.921757
1.987179
1.410835
1.233672
1.204819
1.769231

Mean
Sample
Control

0
0

0.654354
0.826599

0.891785
1.15853

1.207066
1.361505

1.310349
1.425983

1.899923
2.030702

1.743869
1.876855

1.695613
1.808821

1.645546
1.765026

Std. Dev.
Std. Error

0
0

0.572604
0.431743

0.563375
0.424785

0.321795
0.242634

0.554364
0.41799

0.257879
0.194441

0.359594
0.271134

0.686813
0.517857

0.410357
0.309409

Table G.2: Measurements of mass used to calculate densities of hydrogel film at two distinct thicknesses
Sample x #
Mass (g)
Density (g/cm3)
Thickness-x
(cm)
Sample 4X #
Mass (g)
Density (g/cm3)
Thickness-4X
(cm)

1

2

3

4

5

6

Mean

0.0139
1.2264

0.0131
1.1259

0.0142
1.1897

0.0125
1.2218

0.0116
1.1014

0.0133
1.1333

1.1664

0.014431

0.014814

0.015197

0.013026

0.013409

0.014942

0.014303

7

8

9

10

11

12

Mean

0.0672
1.2293

0.0721
1.2458

0.0676
1.2344

0.0718
1.2471

0.0573
1.2259

0.0646
1.2129

1.2326

0.0696

0.073687

0.069728

0.073304

0.059511

0.067812

0.068941
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Table G.3: Penetration times of optimized hydrogel film design
Samples
1
2
3
4
5
6
7
8
9
Mean
Std.dev

172

Failure
Time
(mins)
24.48
20.00
31.00
7.33
26.77
15.17
14.53
24.08
22.42
20.64
7.24

Appendix H: Revised PVA:PEG compositions for 3-factor
full factorial design
Table H.1: 23 Full factorial design array
StdOrder

CenterPt

Wt. %
PEG

Wt. %
PVA

Thickness
(mm)

1
2
3
4
5
6
7
8
9

1
1
1
1
1
1
1
1
0

20
80
20
80
20
80
20
80
50

20
20
80
80
20
20
80
80
50

1.5
1.5
1.5
1.5
6
6
6
6
3.75

Table H.2: Revised PVA:PEG compositions for hydrogel films in in situ dissolution studies
Std.
Order

Run
Order

Wt. %
PEG

Wt. %
PVA

Film
Thickness

% Mass Loss
(10hrs Dissolution)

10
1
20
34
4
5
29
12
11
7
17
19
8
13
28
2
9
14
26
33
22
25
15
21
23
3
18
16
24
32
30
31
27
6

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

80
50
50
50
50
50
50
50
20
20
50
20
50
50
50
80
50
80
80
50
80
50
20
50
20
20
80
50
50
50
80
20
20
80

20
50
50
50
50
50
50
50
80
80
50
80
50
50
50
20
50
20
20
50
20
50
80
50
80
80
20
50
50
50
20
80
80
20

4x=6mm
1x=1.5mm
1x=1.5mm
2.5x=3.75ml
1x=1.5mm
1x=1.5mm
4x=6mm
4x=6mm
4x=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4x=6mm
4x=6mm
1x=1.5mm
4x=6mm
4x=6mm
4x=6mm
2.5x=3.75ml
1x=1.5mm
4x=6mm
4x=6mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
1x=1.5mm
4x=6mm
1x=1.5mm
4x=6mm
4x=6mm
4x=6mm
4x=6mm
1x=1.5mm

11.11
100.00
14.45
22.19
10.74
100.00
12.85
14.63
5.44
20.60
100.00
1.56
17.16
10.63
16.76
100.00
17.61
26.99
62.98
4.72
100.00
1.27
8.81
100.00
6.85
10.51
100.00
7.37
23.90
13.80
3.60
12.22
6.60
5.46
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Recovered
DOE
Conditions
6

9

7
3
3

2
6
6
9
2
7
3
3
2

6
7
7
2
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