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Abstract

Bioabsorbable implants play a very important role in orthopedics, due to their capability to
degrade over time, avoiding the need for its removal after tissue repair and healing. However,
there are still problems to solve such as the biocompatibility of the degradation products
which can be addressed using chitosan. This natural occurring polymer has many advantages,
such as its biodegradability and biocompatibility properties, and the promotion of tissue
regeneration without causing inflammatory reactions. However, for orthopedic applications,
chitosan has limited strength, an issue addressed in this thesis by blending chitosan with
different groups of materials: plasticizers and ceramics. Hence, different concentrations of
these materials were blended with chitosan to produce 3D dense products for orthopedic
applications. The plasticizer (10% w/v glycerol) and ceramic (10% w/v glycerol + 10% w/w
biphasic mixture of calcium phosphates) blends selected were based on their mechanical
properties and ease of machining without breaking, thus allowing different geometries to the
final application design. The selected blends were also compared based on the results of
biological and sterilization tests; the degradation over 24 weeks and the osteoinduction
behaviors were studied and the mechanical, physical, microstructural, chemical and cytotoxic
properties were analyzed before and after the use of different sterilization methods.

These two compositions were used in the production of bioabsorbable screws, replicating the
geometry of currently commercially available implants used in the Anterior Cruciate Ligament
Reconstruction (ACLR). This application was selected based on the need and impact of
bioabsorbable implants for the different orthopedic applications. An economic model was
developed to study the impact of having a new ACLR bioabsorbable implant in the market. The
economic effects in different scenarios, according to multiple levels of improvement provided
by a new bioasborbable implant, were assessed for the incidence of complications after this
surgery. This economic model, based on Monte Carlo simulations, indicated that a new
bioabsorbable implant potentiate cost savings if the incidence of the complications is reduced
by, at least, 14%.

The results obtained in this thesis confirm the need for the development of new bioabsorbable
implants and show the potentialities of the two chitosan blends in such development. The
plasticizer composition revealed better properties considering biodegradation, osteoinduction
and cytotoxic studies, whereas the ceramic composition revealed higher mechanical strength
and versatility necessary for the successful machining of screw prototypes for the selected
orthopedic application. The two compositions can be tested in vivo, for commercial
applications, in future orthopedic bioabsorbable implants.

Keywords: chitosan, plasticizers, ceramics, mechanical strength, bioabsorbable orthopedic
implants, economic model






Resumo

Os implantes bioabsorviveis possuem um papel muito importante na area ortopédica, gracgas a
sua capacidade de degradar ao longo do tempo, eliminando a necessidade da sua remoc¢do
apos a reparacao tecidular. Contudo, existem ainda diversos problemas para resolver, em
particular a biocompatibilidade dos produtos de degradacdo, que podem ser resolvidos
através da utilizacdo de quitosano. Este polimero natural oferece diversas vantagens, tais
como a sua biodegradabilidade e biocompatibilidade, bem como a promoc¢ao da regeneragao
de tecidos sem causar reagGes inflamatérias. Porém, para aplicagdes ortopédicas, o quitosano
possui uma limitacdo na resisténcia mecanica, uma questdo abordada nesta tese através da
mistura de quitosano com outros materiais, tais como cerdmicos e plastificantes. Assim,
misturaram-se diferentes concentracdes destes materiais com o quitosano para a obtengdo de
amostras tridimensionais densas para aplicacbes ortopédicas. As misturas de plastificante
(10% m/v glicerol) e de ceramico (10% m/v glicerol + 10% m/m mistura bifasica de fosfatos de
calcio) foram selecionadas para testes subsequentes, atendendo as suas propriedades
mecanicas e a facilidade de maquinagem sem partir, possibilitando a obtencao de diferentes
geometrias no desenho final da aplicagdo desejada. Estas duas composi¢Ges selecionadas
foram comparadas com base nos resultados de testes bioldgicos e de esterilizagdo: analisaram-
se as suas degradacdes ao longo de 24 semanas e 0s seus comportamentos osteoindutores,
tendo-se analisado também as suas propriedades mecanicas, fisicas, microestruturais,
guimicas e citotéxicas antes e depois da aplicacdo dos varios métodos de esterilizagao.

Estas duas composi¢des foram utilizadas na produg¢do de parafusos bioabsorviveis, replicando
a geometria de implantes ja disponiveis no mercado e utilizados na reconstrugédo do ligamento
cruzado anterior (LCA). Esta aplicagdo foi escolhida com base na necessidade e no impacto de
implantes bioabsorviveis em diferentes aplicagdes ortopédicas. Desenvolveu-se um modelo
econdmico para estudar o impacto de ter um novo implante no mercado destinado ao LCA. Os
efeitos econdmicos dos varios cenarios, de acordo com diferentes niveis de melhoramento
potenciados por um novo implante, foram avaliados com base na redugao do nivel de
complicacbes apds a cirurgia de reconstrucdo. Este modelo econdmico, baseado em
simulagdes de Monte Carlo, indicou que um novo implante pode gerar uma redugdo de custos,
se a incidéncia das complicagdes for reduzida em, pelo menos, 14%.

Os resultados obtidos nesta tese confirmam a necessidade do desenvolvimento de novos
implantes bioabsorviveis e demonstram as potencialidades das duas misturas de quitosano
nesse desenvolvimento. A composi¢do s6 com o plastificante revelou melhores propriedades
apds estudos de biodegradacdo, de osteoinducdo e de citotoxicidade, enquanto que a
composicdo contendo componentes ceramicas revelou ter maior resisténcia e versatilidade
mecanicas, o que facilitou o fabrico de protdtipos de um parafuso a partir das amostras
tridimensionais densas, para a aplicacdo escolhida. As duas composicdes podem ser testadas
em condi¢des in vivo, para serem aplicadas, comercialmente, em futuros implantes
ortopédicos bioabsorviveis.

Palavras-chave: quitosano, plastificantes, ceramicos, resisténcia mecanica, implantes
ortopédicos bioabsorviveis, modelo econémico
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SECTION A: Contextualization






1. Introduction

The number of people affected worldwide by or dying from non-communicable diseases
(NCDs) or chronic diseases has grown 30% since 1990, according to The Global Burden of
Disease Study 2010 . This is happening since many people are living longer and the

population is growing older ™

. As the body ages, the bone and muscle tissues start
degenerating, giving rise to various indications manifested by pain, for example, in joints or in
the back. These aging-related problems are especially relevant in developed countries, where
the percentage of the elderly is increasing. Within the NCDs, musculoskeletal disorders such as
rheumatoid arthritis, osteoporosis, osteoarthritis, injuries caused by sports and workplace
accidents, spine and back disorders, have been growing and their social and economic burden
is expected to grow due to the aging of the population and changes in lifestyle.
Musculoskeletal diseases combined with fractures and soft tissue injuries reached a total of
20.8% of global years lived with disability (YLDs) in 2013 %) These problems represent an
elevated cost for the individuals and the society through the associated disability and the
healthcare needs. Most costs are associated with their impact on activities of daily living, in
particular on productive work along with the need for support by the family, caregivers or the
society Bl n fact, musculoskeletal disorders cause loss of productivity and economic capacity
through absenteeism (time off work for those in paid work), presenteeism (lost productivity
because of diminished capacity while at work) and work disability (permanent, partial or
complete inaptitude for work purposes) %

Biomaterials have been used extensively for the development of different types of orthopedic
fixation devices for the treatment of the musculoskeletal disorders. In this area, attention has
been given to the bioabsorbable implants of synthetic origin in the last couple of years, which

>l Bioabsorbable implants are devices made from

became clinically available in the 1970s !
biopolymers that are able to be eliminated from the body once healing has occurred. Ideally,
they should provide a temporary function for as long as they are needed and the
biodegradability should occur at the same rate the patient's own tissue is regenerated, into
harmless, non-toxic, by-products . The resulting by-products are then eliminated from the
body via natural pathways, thus avoiding the need for a second surgical event for implant

removal ¢

. However, since these implants are fabricated from biopolymers of synthetic
origin, in practice several drawbacks are associated with bioabsorbable implants currently
available in the market. Among the problems reported in the literature it stands out the
adverse tissue reactions caused by the release of degradation products of acidic nature. If the
degradation products exceed the body’s local ability to eliminate them, they have an effect on

78 " Therefore, there is

the microenvironment pH, which may cause local inflammation
continuous interest in searching for new and improved solutions for the development of new
bioabsorbable implants. In this area, natural polymers such as chitosan can have an important
role.

Chitosan is a linear polysaccharide derived from chitin, which is composed of glucosamine and
N-acetyl glucosamine linked in a B(1-4) bond . Chitosan is distinguished from chitin by its
degree of deacetylation (D.D.), being equal or higher than 50%. If the D.D. is lower than 50%
the polysaccharide is denominated chitin .

Chitosan reported properties include good biocompatibility and biodegradability, as well as

analgesic, hemostatic, antimicrobian and antioxidant properties (1011 Moreover, it was also
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reported that chitosan promote bone formation since it can be shaped into several scaffold

2" depending on the chitosan

structures, suitable for cell ingrowth and osteoconduction
characteristics. Therefore, these remarkable properties have been recognized as being of high
potential, offering unique opportunities to the development of biomedical and pharmaceutical
applications.

Despite being a promising material for orthopedic applications, practical applications involving
3D dense geometries have been severely limited due to the inherent difficulties of the
development process; chitosan has stronger intramolecular and intermolecular hydrogen
bonds, its melting temperature is higher than its decomposing temperature (23]

consequence, it is not possible to produce 3D chitosan-based products using conventional

. As a

plastics processing techniques. This occurs due to chitosan’s high extent capacity of water

(14]

absorption ™. For all these reasons, the traditional forms of chitosan include membranes,

films, powders and fibers in research areas such as artificial skin, sutures, tissue engineering,
drug delivery and cell encapsulation "),

To overcome the limitations associated to the development of 3D dense constructs based on
chitosan, this research work proposes to produce and characterize 3D dense chitosan-based
compositions to be used as bioabsorbable fixation devices for orthopedic applications.
Therefore, this research aims to contribute to the development and implementation of new

treatment strategies in orthopedics that rely on the good biological properties of chitosan.

1.1. Motivation and research goals

The main aim of this research is to produce and characterize 3D dense chitosan-based
compositions to be used as bioabsorbable fixation devices for orthopedic applications. To
obtain these bioabsorbable implants is necessary to produce dense chitosan-based products
with the following key-properties (target product performance):

1 - A processable product that can be machined in different shapes without breaking
under machining;

2 - A product with suitable strength and stiffness, to comply with bone tissue
requirements. At least, these properties should attain the values of current
bioabsorbable implants;

3 - A product with a biodegradation rate that allows holding the mechanical properties
at least for 6 months;

4 - A product that can be sterilized with minimal change of its properties;

5 - A product that is not cytotoxic;

6 - A product that interplays with surrounding tissues, promoting bone formation;

7 - A product that does not induce chronic inflammation.

To improve the control over the produced specimens and their final mechanical and biological
properties, the following objectives are addressed:

a) ldentify in which orthopedic area a new bioabsorbable implant will have a higher
positive impact based on the users’ needs and expert opinion;



b) Identify and optimize process parameters to systematize the production of 3D
dense chitosan-based products with adequate mechanical properties and biological
behavior, able to fulfill the first 6 key-properties described above;

c) Study different blends of chitosan with other materials in order to improve the
properties of 3D dense chitosan-based products, able to fulfill the first 6-key properties
described above;

d) Study the effect of different sterilization methods on the properties of the chitosan
blends;

e) Machine an implant that from the chitosan based products, considering its impact in
the orthopedic medical field and the characteristics of the produced chitosan based
specimens.

1.2. Research questions
Aligned with the step objectives, these were the questions pursued in this work:

1) Which orthopedic application will benefit the most from the development of a new
bioabsorbable implant based on chitosan and how much the clinical outcome has to
improve to economically justify its production?

2) Which process parameters are critical for an optimized production process in order
to obtain chitosan-based products for orthopedic applications with adequate and
systematize mechanical properties and biological behavior?

3) Which chitosan blends should be used to produce chitosan-based products for
orthopedic applications with adequate mechanical properties and biologic behavior?

4) Which mechanical, biological and chemical effects are produced on the properties of
the chitosan blends when they are sterilized?

5) Considering the selected orthopedic application, is it possible to construct an
implant based on the 3D dense chitosan-based products developed, with adequate
design and according to the mechanical and biological properties that were attained?

1.3. Structure of the thesis

In addition to this introductory chapter, this thesis is composed of fourteen chapters in which
are presented the strategies and results obtained during the development of chitosan-based
products for the constitution of new bioabsorbable implants for orthopedic applications. The
chapters are divided in five main sections, as represented in the schematization in Table 1.1.



Table 1.1. Thesis structure.

Section A:
Contextualization

Chapter 1: Introduction
Chapter 2: Bioabsorbable orthopedic implants: review
Chapter 3: Chitosan as a natural polymer for biomedical applications

SECTION B:
Early HTA of a new bioabsorbable orthopedic implant

Chapter 4: Early health technology assessment in medical devices
Chapter 5: Economic analysis model for a new bioabsorbable orthopedic implant candidate

SECTION C:

Methodologies for the development and evaluation of 3D dense chitosan-based compositions for
orthopedic applications

Chapter 6: Experimental tests to define the physicochemical properties of chitosan

Chapter 7: Experimental tests and methods for the evaluation of 3D dense chitosan-based product
compositions

Chapter 8: Sterilization methods on 3D dense chitosan-based product compositions

SECTION D:

Development and experimental evaluation of 3D dense chitosan-based compositions for orthopedic
applications

Chapter 9: Preliminary studies: production process optimization and materials selection

Chapter 10: Mechanical behavior of different chitosan blends in the development of bioabsorbable
implant products

Chapter 11: Biological behavior of the chitosan-based compositions selected for the development of
bioabsorbable implant products

Chapter 12: Sterilization of the chitosan-based compositions selected for the development of
bioabsorbable implant products

Chapter 13: Development of bioabsorbable screws based on the chitosan-based compositions selected

SECTION E:
Final conclusion and future directions

Chapter 14: Conclusion and future directions

Section A explains the motivations and research goals of this thesis (chapter 1) and reviews the
current bioabsorbable implants (chapter 2) and chitosan materials in biomedicine (chapter 3),
in order to identify the problems and challenges that still exist and which require further
research.

Section B gives insight information about the importance of early health technology
assessment (HTA) studies in the medical area (chapter 4) and presents a model that assesses
the application that will benefit the most from the development of a new bioabsorbable
implant, as well as the economic impact of developing such implant (chapter 5).

Section C presents several methodologies used to characterize the properties of chitosan
(chapter 6) and to evaluate the mechanical, microstructural, physical, chemical and biological
properties of the chitosan-based compositions (chapter 7) that will be used as candidates to
the production of the new bioabsorbable implants of natural origin. Additionally, the different
sterilization methodologies used in this study are also explained (chapter 8).

Section D resumes the main results obtained during the development of the candidate implant
materials. First, the production process was optimized, the strategy was defined and the




materials were selected (chapter 9). In the next step, different specimens were produced by
blending chitosan with different types of plasticizers and ceramics, and the compositions that
showed better mechanical properties, such as strength, hardness and stiffness were selected
for the following studies (chapter 10). Among the tested blends, two compositions, from each
material group, were selected to study the in vitro degradation and the in vitro differentiation
behavior (chapter 11). The effect of different sterilization methods was determined by
assessing the mechanical, cytotoxic, microstructural, chemical and the wettability properties
before and after the sterilizations of the specimens (chapter 12). This section ends with the
development of a screw for an ACL reconstruction (chapter 13).

The last section (Section E) establishes guidelines for the use of chitosan in the industry of
orthopedic devices, namely for the production of bioabsorbable implants. Additionally, it
presents the final remarks and conclusions of this work as well as the future directions in this
area (chapter 14).






2.Bioabsorbable orthopedic implants: review

Orthopedic fixation implants have a significant role in modern medicine, such as in the
treatment of musculoskeletal disorders. Among these, bioabsorbable implants have attracted
special attention for internal fixation of fractures, osteotomies, arthrodesis and ligament
injuries, since they are capable of degrading and dissolving inside the human body & This
promotes a better biological interaction with damaged tissues since the mechanical stresses
are transferred gradually from the implant to the healing tissue over material degradation
(1920 - additionally, the bioabsorbable orthopedic implants eliminate the problems that are
associated with the metal fixation devices, such as growth disturbances and hypersensitivity
reactions, avoiding additional surgery for the removal of the implant after the biological
consolidation . These improved characteristics may result in social and financial benefits as
well as physical and psychological advantages %%,

Despite several advantages, continuous research is still needed in order to develop new
bioabsorbable implants that effectively eliminate clinical episodes of implant loosening, fibrous
encapsulation and inflammation. In addition, current research aims to develop bioabsorbable
implants that promote osteointegration, osteoinduction, vascularization and with improved
mechanical stability .

In the next chapters, properties and characteristics of the existing bioabsorbable orthopedic
implants are revised, their composition and current market are analyzed and a literature
review about the clinical drawbacks of such implants is presented. To complete this review,
the current research strategies regarding the development of new bioabsorbable fixation

implants are discussed, and future directions for such development are outlined.

2.1. Orthopedic implants: evolution and main features

Since their implementation in Medicine, orthopedic implants have either replaced function or
provided temporary or permanent bone support, thus facilitating healing. The main goal of
fracture fixation is to stabilize the fractured bone, to enable fast healing, to restore full
mobility and function and to remove pain ?**!. Additionally, bone fixation implants are also
used in the treatment of various types of deformities of the skeleton as well as to maintain the
relative position of bone grafts °.. Some of the diseases associated with the musculoskeletal
system and their correspondent treatments are briefly described in the table of Appendix A.1.
Historically, metal has been the most popular material used in orthopedic and reconstructive
surgery of skeletal injuries. The two most commonly used metals in orthopedic devices are
stainless steel and titanium special alloys, in hardware such as pins, screws, anchors and plates
6] These materials are stiffer than bone, providing stability during the healing process.
However, there are several complications associated with the metallic-based implants, such as
stress shielding which results in bone weakening and resorption and long term physiological
response due to the presence of the implant, leading to its surgical removal [5.26]

Table 2.1 shows a qualitative comparison between the performance of metallic and

bioabsorbable polymeric implants on different criteria.



Table 2.1. Qualitative comparison between the performances of metallic and bioabsorbable implants. The material
that has the better characteristics is selected, for each criterion.

. Lower Lower Higher No
Higher Lower need . X e . Lower
stress growth biological sterilization
strength o " of removal . X cost
shielding restriction interaction effects

Metallic
fixation x x x
implants
Bioabsorbable
fixation x X x x
implants

The listed disadvantages of metal based implants have created an opportunity to improve the
performance and safety of orthopedic implants. As an obvious consequence, biostable and
bioabsorbable polymers have started to be tested and used in the orthopedic field 1.
Biostable (or bioinert) polymers are inert towards biological tissue, causing minimal response
in the surrounding tissue, and retain their properties for years. The primary goal for using such
polymers in orthopedic surgery is to minimize and adjust material-tissue interactions, such
that the material remains chemically and physically unchanged during its application time ?’..
Examples of biostable (or bioinert) polymers are polyethylene (PE), polypropylene (PP) and
polyether etherketone (PEEK). However, some relevant problems are found in these types of
implant, namely poor osteointegration (similar problem while using metals) and severe wear
problems, which release wear debris, causing foreign body reactions and eventual osteolysis
[20,26]

The shift of focus on bone repair evolution, from a purely mechanical stable fixation to a more
biologically orientated approach. For this reason, researchers began studying bioabsorbable
materials in order to obtain better results, while limiting adverse outcomes from metallic and
biostable implants . These polymers can either be obtained from natural or synthetic origin
221 'Natural polymers can closely mimic the biological environment (e.g. extracellular matrix,
ECM) and present some biofunctionalities. However the natural polymers have some
disadvantages, which includes structural complexity, immunogenicity risks and inferior

[29]

biomechanical properties “”. In opposition, synthetic polymers are the most widely used

materials in bioabsorbable implants production due to their more predictable properties and
batch-to-batch uniformity #2.

The main attraction of bioabsorbable polymers, both to surgeons and patients, is their capacity
to decompose gradually over time, while the load is safely transferred to the healed bone,
joint or muscle. Therefore, there is no need for additional surgery to remove the orthopedic
implant, which reduces the total cost of the treatment and the rehabilitation time of the
patient ] Besides the enormous benefit for the patient there is also an obvious cost
advantage for the health care system (less medical staff involvement, hospitalization time,
drugs, etc.). In a perfect example, as soon as the implant loses all its strength, the healing
union should be strong enough to maintain stability. Both hard and soft tissue are considered
healed after 6-8 weeks, despite the rate of healing being dependent on the site of
implantation, the age of the patient and comorbidities 0]

Nonetheless, not all the orthopedic applications are considered suitable for the current

implants composed by bioabsorbable polymers. These implants are particularly advantageous

10




in low-weight bearing orthopedic applications (e.g. metacarpal fractures) and in applications
that require only a transient existence of the implant as in specific fracture fixations in the
foot, where removal of the hardware is often mandatory (e.g Lisfranc's dislocations) 31321

The use of bioabsorbable polymers in orthopedics has been severely limited due to the
intrinsic load bearing limitations of the materials. However, with recent technological
advancements (see section 2.4), significant improvements in material properties have been
achieved and this is reflected in the increasing number of bioabsorbable fixation devices
available commercially for orthopedics . Currently, these implants are commonplace in the
treatment of fractures and osteotomies in extremities, in craniomaxillofacial surgery and in
sports medicine surgeries, especially in the reattachment of ligaments, tendons, meniscal tears
and other soft tissue structures. For example, it is common practice to use bioabsorbable
implants in shoulder and knee ligamentous reconstruction in sports medicine B4 Figure 2.1
shows two examples of bioabsorbable screws used in the treatment of ligamentous injuries in
the knee. The next chapter shows further examples of bioabsorbable implants on the market.

Figure 2.1. Examples of bioabsorbable polymeric interference screws currently available in the market.
Right screw: Lactosorb®, Biomet. Left screw: ComposiTCP60®, Biomet.

2.2. Market of bioabsorbable orthopedic implants

The global market for orthopedic implants is projected to reach USD 46.5 billion this year,
growing by a Compounded Annual Growth Rate (CAGR) of 8.2% in the last decade. The U.S.
alone represents about 51% of the global orthopedic market whereas emerging economies,
such as India and China, offer immense growth opportunities due a huge untapped patient
population 3%,

Currently the largest segment of the orthopedic implant market is the reconstructive joint
segment, followed by spinal products and trauma products ®*. Reconstructive joint implants
will remain the largest segment in the orthopedic field as the direct result of an increasingly
aging population, suffering from diseases such as osteoarthritis. Thus, a higher demand for this
medical procedure is most certain for the following years and decades. Considering the entire
orthopedic reconstructive joint replacement market, knee reconstruction is the largest
segment, followed by hip and shoulder reconstruction, respectively B35,

Orthopedic areas where bioabsorbable polymeric implants are used include sports medicine,
trauma and spine surgery. The global market of sports medicine was valued at USD 5.6 billion
in 2015 (8% of total market) and it is expected to grow at a CAGR of 8% until 2020, reaching

the total of USD 8.3 billion B”). Additionally, the trauma orthopedic implants market was valued
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at USD 5.7 billion in 2013 and it is expected to reach an estimated value of USD 9.4 billion in
2020, growing at a CAGR of 7% from 2014 to 2020 B8 In the latter case, internal fixators are
the largest market segment and North America holds the largest share of the market
worldwide & In the US, the total trauma fixation sales market in 2012 was USD 3.1 billion and
it is projected to reach USD 5 billion by 2020 ®%. Moreover, the spine fusion market is
expected to reach USD 4.4 billion %

Bioabsorbable polymeric implant products presented in the portfolio of some major

orthopedic players are shown in table below.

Table 2.2. Examples of bioabsorbable polymeric fixation implants available in the market.

Company Product Type of Application Composition
Stryker BioZip Suture anchor PLLA
XCEL Suture anchor PLLA
Biosteon Interference screw HA/PLLA
Wedge Interference screw PLLA
DePuy Synthes Absolute Interference screw PLLA

Milagro Advance

Interference screw

70% PLGA/ 30% B-TCP

Biocryl Interference screw 70% PLLA/ 30% B-TCP
RigidFix Family ACL Fixation Pins 70% PLLA/ 30% B-TCP
Biointrafix Tibial fixation system 70% PLLA/ 30% B-TCP
Healix =~ Advance  BR | Suture anchor 70% PLGA/ 30% B-TCP
Family

Lupine BR Suture anchor 70% PLGA/ 30% B-TCP
Gryphon BR Suture anchor 70% PLGA/ 30% B-TCP
Microfix Suture anchor PLLA

Minilok anchor Suture anchor PLLA

Bioknotless BR

Suture anchor

70% PLGA/ 30% B-TCP

Panalok anchor

Suture anchor

PLLA

RapidLoc

Meniscal repair

PDS/PLA

RapidSorb Cranial Clamp

Fixation of cranial bone flaps

85% PLA/ 15% PGA

RapidSorb System

Plates, screws and tacks for
cranium facial bone

85% PLA/ 15% PGA

ASLS — Angular Stable
Locking System

Screw locking system for
intramedullary nails

70:30 Poly-L-co-D/L-lactic
acid

Smith & Nephew

Biorci Interference screw HA/PLLA
Biosure HA Interference screw HA/PLLA
Raptormite 3.7 Suture anchor PLLA

Twinfix Ultra HA Suture anchor HA/PLLA
Osteoraptor 2.3 Suture anchor HA/PLLA

Healicoil Regenesorb

Suture anchor

B-TCP/PLGA/Calcium
Sulfate

Biomet

Ratler

Interference screw

82% PLLA/18% PGA
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Company Product Type of Application Composition
ReUnite Screw system, pin 82% PLLA/18% PGA
GentleThreads Interference screw 82% PLLA/18% PGA
ComposiTCP60 Interference screw 60% B-TCP/ 40% PLDLA
ComposiTCP30 Interference screw 30% B-TCP/ 70% PLDLA
Lactosorb Interference screw 82% PLLA/18% PGA
LactoNail Nail 82% PLLA/18% PGA
ALLthread Suture anchor 85% PLLA/15% PGA
Hitch Suture anchor 85% PLLA/15% PGA

Arthrex Bio-PushLock Suture anchor PLLA

Biocomposite PushLock

Suture anchor

B-TCP/ PLDLA

Bio-SwivelLock

Suture anchor

PLLA

Biocomposite SwivelLock

Suture anchor

B-TCP/ PLDLA

Bio-FASTak Suture anchor PLDLA
Trim-IT Pins Pins PLLA
Bio-Corckscrew Suture anchor PLDLA
Biocomposite Suture anchor B-TCP/ PLLA
Corckscrew FT

Bio-Tenodesis Screw PLLA
Biocomposite Tenodesis | Screw B-TCP/ PLLA

2.3. Properties and characteristics of the bioabsorbable

polymers in orthopedics

2.3.1.

Most common bioabsorbable polymers

The first bioabsorbable polymer used in medical applications was polyglycolic acid (PGA),

specifically in the development of the first synthetic degradable suture line. This historic event

occurred in 1969 “Y. Several developments and innovations have been accomplished in the

area of bioabsorbable polymers since then, allowing bioabsorbable polymers to become very
interesting materials for tissue engineering applications and bone repair implants

[42]

The majority of the bioabsorbable polymers used as orthopedic implants are aliphatic

polyesters derivatives of a-hydroxy acids monomers with the general formula HO-CHR-COOH

Bl Due to the difficulty of achieving both high molecular weight (My,) and molecular control,

bioabsorbable polyesters are synthesized in a two-step procedure. In the first step, the

hydroxy acids are transformed into intramolecular lactones, which are then used in the second

step, as monomers in ring-opening polymerizations

[41]

The dimers of the most common bioabsorbable polymeric implants are shown in Figure 2.2.

From left to right: PGA, Polylactic Acid (PLA) and Polydioxanone (PDS).
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Figure 2.2. Cyclic dimers of a) PGA, b) PLA, and c) PDS.

O

Nowadays, PLA is made from 100% renewable resources such as cornstarch and sugarcane. As
a result of Lactid Acid chirality, it is possible to have two stereoregular polymers of PLA: the D-
PLA (PLDA) and the L-PLA (PLLA). Additionally, it is possible to have the racemic polymer D,L-
PLA, which is obtained from a mixture of L- and D-Lactic Acid (PLDLA). Important properties of
these implants include the semi-crystalline property of PLLA and PLDLA, with a glass transition
temperature (Tg) of approximately 60°C, and the amorphous property of PLDLA, with a Tg of
55°C . Both semi-crystalline PLLA and amorphous PLDLA polymers are rigid materials,
however the semi-crystalline polymer is preferred in applications where high mechanical
strength and toughness are required (e.g. sutures and orthopedic implant devices) “*.

On the other hand, PGA has a simpler structure and is more hydrophilic than PLAs. Further
properties of PGA are its high crystallinity, low solubility in organic solvents and its high
melting point “*!. Due to its hydrophilic nature as well as its quick water uptake, PGA has a high
degradation rate and loses its mechanical strength faster than the other degradable polymers.
To increase the range of clinical applications for these polymers, it was necessary to modify
some of the properties of PGA. Hence, the development of copolymers of PGA with PLA or
PLGA have been extensively researched “**. The hydrophobicity provided by PLA limits the
water uptake and results in a rate of backbone hydrolysis lower than that of PGA. Despite
these improvements, the crystallinity is lost in the PLGA copolymers, which lead to changes in
the rates of hydration and hydrolysis. Therefore, copolymers tend to degrade more rapidly
than either PGA or PLA 1Y,

The main advantage of PDS is the less acidic nature of the by-products released during the
degradation process, comparing to the previous bioabsorbable polymers 3. This intrinsic
chemical property allows PDS to have low-toxicity in vivo and thus practically no inflammation

is observed in the studies ™

. However, PDS has severe limitations, which include a rapid
degradation profile. Moreover, the relative weakness and lack of stiffness and strength
required for most orthopedic applications drastically limits the range of applications of PDS in
the area of orthopedic implants 4

The polymers PGA, PLA and their copolymers Poly(lactic acid-co-glycolic) Acid (PLGA), are the

46 The main mechanical

most widely used synthetic degradable polymers in medicine
properties and the degradation profile of some bioabsorbable polymer materials used in

orthopedic surgery are shown in Table 2.3.
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Table 2.3. Properties of some metallic and no reinforced polymeric materials, used in orthopedic surgery (High
. [28,44,46-51]
density polyethylene — HDPE) .

Young’s Tensile Elongation at Loss of total Degradation
Materials Modulus Strength break strength time
(GPa) (MPa) (%) (months) (months)
Bioabsorbable polymers
PGA 6,5-7 60 - 100 15-20 1 6to12
PLLA 2,7-4 75-83 5-10 3 >24
PLDLA 1,9-3,2 27,6-50 3-10 1-2 12to 16
PLGA 2 40-55 3-10 1 1to12
PDS 1,5 48,3 >500 1-2 6to 12

Biostable polymers

HDPE 1 39 500 n/a n/a
PEEK 4 100 32 n/a n/a
Metals
Titanium alloy 110-127 900 10-15 n/a n/a
Stainless Steel 180 - 205 500 - 1.000 10-40 n/a n/a
Bone
Cortical Bone 7-30 50 - 150
Trabecular Bone 0,05-0,5 10-20

2.3.2. Biodegradation

Bioabsorbable polymers are eliminated from the body in a two-stage biological procedure. In

the first stage enzymatic hydrolysis of the bonds occurs. In the second stage the monomers

[43,52]

will be broken down through further enzymatic activity . Four steps characterize the

resorption profile of the material: 1) water sorption, 2) reduction of physical and mechanical
properties, 3) reduction of molar mass and 4) loss of weight . In the end, the implant loses
its form and breaks into particles that can be phagocytized by macrophages. The by-products

[19,54]

that result are excreted through the lungs and kidneys . For this reason, giant cells and

macrophages are considered responsible for the final elimination of polymer debris,
contributing to the local tissue reaction that takes place around the biabsorbable implants 55
The process of bioabsorption can also be classified in two erosion mechanisms: bulk erosion

[53]

and surface erosion . In the first case, hydrolysis occurs from the inside out while in the

other case the resorption of the implant occurs from its outer surface toward its center,
maintaining the bulk integrity .

A scheme of the degradation process of PLA, PGA and PDS is shown in Figure 2.3. Several
factors can influence the degradation profile of the polymers and, consequently, the resulting
biological response and mechanical properties of the implants. These factors include the
polymer composition, density, My, distribution, porosity, site of implantation, method of

6l For

manufacture and sterilization, amorphous-crystalline ratio and implant geometry
example, the greater the density and the more hydrophobic the polymer, the slower will be

the rate of hydrolysis ®”\. The healing rate of the patient will also depend on the type of tissue
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involved, the extent of injury, age and metabolic status of the patient, as well as diet and

lifestyle .
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Figure 2.3. Degradation process of the bioabsorbable implants, according to the constituent polymer.

2.3.3.  Production, storage, sterilization and testing

The production process of biopolymer-based orthopedic implants is of high relevance for their
mechanical and biological performance. Since this type of polymers (a-hydroxy acids) are
typically hygroscopic and hydrolytically labile, the presence of moisture may degrade them
during processing, after fabrication and in storage “**®. During the fabrication process, it is
important to avoid the hydrolytic degradation, in order to preserve the My, of the polymer
and, consequently, the final properties of the orthopedic implant. To do so, precautions should
be taken to allow the polymer to dry before processing and to prevent it coming into contact
with moisture while processing “**®. After manufacture, the polymers are quickly packaged in
an inert atmosphere or vacuum. The packaged polymer should be handled as little as possible
at room temperature when opened, in order to minimize condensation. Final packaging
consists of placing the device in an airtight moisture-proof container. In certain situations the
device may be stored at sub-ambient temperatures as an added precaution against
degradation 1“8,

The sterilization method may influence the degradation profile of the polymer. Two of the
most typical sterilization methods - autoclaving and dry heating - can significantly modify the

device properties and specifications

. Typically the polymeric orthopedic devices are
sterilized by y-radiation, exposure to ethylene oxide (EtO) or, to a lesser extent, plasma
etchingls'sgl. However, these methods are not problem-free: gamma irradiation doses >20 kGy
can degrade the bioabsorbable polymeric implant, reducing its My, and influencing its final
properties. In the case of EtO, it is necessary to ensure that the gas is totally removed from the
device before packaging 5391 For example, for medical device applications PLA, PGA and PDS
polymers are usually sterilized by exposure to EtO. Therefore, great care is needed to extract
all the gas from the device before it is finally packaged, which may result in long vacuum

aeration times **,

16



Temperature and humidity conditions should also be considered during sterilization. Regarding
temperature, this must be kept below the glass transition temperature to avoid changes in the
polymer geometry and to preserve its shelf-life >4,

Before new fixation implants are approved and used in the clinical setting, they need to be
properly tested for safety and performance for certification purposes. The same principle is
applied in case of bioabsorbable polymer implants. The main goal of these tests is to
determine and evaluate the implant’s properties, clinical adequacy and design efficiency
(materials and shape included). The array of tests includes in vitro and in vivo testing of the
implants according to strict guidelines and specific requirements. For more information about
the tests required by the FDA for the approval of the bioabsorbable implants, consult Appendix
A2,

2.4. Strategies developed to improve the properties of
bioabsorbable polymeric fixation implants

Despite the clinical advantages of using bioabsorbable polymers in orthopedic fixation
applications, the first generation of these implants presented adverse tissue reactions °>*"%%,
The reported problems are related with complications such as sterile sinus tract formation,
synovitis, local osteolysis, hypertrophic fibrous encapsulation, intraosseous cyst formation,
intra-articular inflammatory reactions and systemic allergic response >*”®% The factors that
can cause these problems are, for instance, the type of polymer, the site of implantation and
its placement in a poor vascular area, the size of the implant and a fast degradation profile
(55780 For instance, if the degradation rate exceeds the local clearance ability of the tissue,
acidic by-products may accumulate in the medium and cause inflammatory reaction, hence
interfering with bone formation. In addition, the initial mechanical properties of bioabsorbable
fixation implants based on polymers are not ideal. Examples %

a) Weakness of bioabsorbable implants after cannulation;

b) Bioabsorbable pins are unable to resist as much bending force as their metallic

equivalents.
The initial production methods of bioabsorbable polymeric fixation implants were based on
their thermoplastic properties, i.e. they were heated past their Tg temperature, softened,
shaped and then cooled to retain their shape, through processes such as compression molding,
injection molding and solving casting Bl However, since the first generation of these implants
presented a rapid degradation profile and unfavorable mechanical properties, new fabrication
strategies were devised, including the development of copolymers and the self-reinforcement

(SR) manufacturing technique ®*

. In the first case, it is possible to combine two materials,
optimizing the copolymer properties by changing the enantiomeric polymer rate - for example,
PLDLA in the ratio 70:30. The development of the SR technique allowed for the production of
smaller bioabsorbable polymeric implants, with higher strength, durability, ductility and
biocompatibility “®\, This approach consists of reinforcing the polymer matrix with oriented
fibers or fibrils of the same material, which have the same chemical composition as the matrix
(20461 The non-reinforced bioabsorbable polymer can be transformed into a SR structure by
solid state deformation techniques such as zone annealing, ram extrusion, hydrostatic

extrusion and rolling such as die drawing, oven drawing and zone drawing 2 In the case of
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partially crystalline polymers, the reinforcement elements are normally groups of oriented
polymeric chains that can form morphological structures (microfibrils, fibres, extended chain

) 146l Since there is a higher degree of molecular orientation, the

crystals, among others
polymers become stronger and more rigid in the direction of their long axis, which make them
more comparable with cortical bone and even with metallic implants °*. Therefore, these
reinforced materials present appropriate mechanical properties for the construction of
orthopedic implants. These properties include adequate initial strength, appropriate initial
Young’s modulus and ductile fracture mechanism, which prevent inflammatory reactions due
to detachment of fragments .. The introduction of the SR technique has also enabled the
manufacturing of devices that can be molded (in the operating room) with pliers and without
the need for additional heating appliances ®». For example, from the reported bending
strength of 113-142 MPa “®! Térmali et al.'®® were able to attain the value of 300 MPa with
the construction of a SR-PLLA sample.

To improve both the biocompatibility and the mechanical properties of bioabsorbable
polymers, biocomposites were also investigated. A composite consists of two different
materials and normally a bioactive ceramic is used to mimic normal bone thus stimulating
bone formation. In fact, bone is a composite material itself, comprising a mix of inorganic
bone mineral and organic collagen fibers ©*.

Bioactive ceramics include hydroxyapatite (HA), B-tricalcium phosphate (B-TCP), biphasic
calcium phosphate, calcium carbonate and calcium sulfate. Both HA and B-TCP are composed

(2628 More specifically,

of calcium and phosphate, the primary inorganic components of bone
synthetic HAp is a highly crystalline form of calcium phosphate, which presents the same
chemical and crystalochemical properties of the bone. The crystallinity and chemical
composition of B-TCP are also similar to those of the mineral phase of bone. These materials
are excellent osteoconductive materials, capable of stimulating the formation, precipitation,
and deposition of calcium phosphate from simulated body fluid resulting in enhanced bone-
matrix interface strength .

The combination of a bioabsorbable polymer and ceramic creates allows a faster resorption of
the calcium phosphate components during polymer degradation and therefore a better bone
ingrowth . Thus, less inflammatory responses were registered when ceramics were added,
for example, to PLLA and PLGA. Additionally, ceramic degradation releases basic salts that
buffer the acidic breakdown products of the polymers

degradation/resorption of ceramics act through two main mechanisms: phagocytosis and

. Cells responsible for the

extracellular acidification (resorption). These processes are modulated by various parameters,
such as the implantation site and the presence of various proteins ®*. The cells implicated in
this degradation process (mesenchymal cells, monocytes/macrophages, osteoclasts) will
intervene directly or indirectly through their cytokines/growth factor secretions and their
sensitivity to the same substances which modulate cellular activities **'.

The design of the bioabsorbable polymeric implants also influences its properties ®®. With
reference to screws, there are several studies that indicate that design characteristics such as
thread diameter, screw length, gap size and drive mechanism influence the fixation strength
and, consequently, bone stability 6667] Therefore, several geometries and/or dimensions of
bioabsorbable pins, screws and plates are currently available in the market.

Although bioabsorbable polymeric fixation implants have been used extensively over the last
years, their use has not overtaken metals in the majority of orthopedic applications areas. This
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may be explained by the fact that most physicians are not familiar with this technology and/or
their long term experience-based confidence with the use of metals; concerns regarding
limitations of polymer implants in terms of mechanical properties, the clinical efficacy and the
physiological response of the tissues to the degrading products; and higher commercial costs
of bioabsorbable implants ®*°. Despite such limitations, bioabsorbable fixation implants do
not lose popularity since they avoid removal and do not affect bone remodeling due to the lack
of stress shielding effect **,

2.5. Reported drawbacks of the clinical use of
bioabsorbable polymeric fixation implants

The successes and drawbacks resulting from the use of bioabsorbable implants in clinical
practice can be assessed by reviewing the literature. Gaweda et al.[® compared the clinical
results of 20 patients who had been treated with bioabsorbable screws made of PLLA with 22
patients treated with metal screws, in an ACL reconstruction. The results showed that there
was no difference between the two groups in terms of easy-to-use and knee stability.
However, 14 of the 20 patients in the study group had severe pain, which was not relieved
after regular doses of non-steroidal anti-inflammatory medication. Of these patients, 6 had
developed a large cyst. In the case of the control group, none of the patients developed clinical
symptoms despite mild pain during palpation over the screw head area.

Parsons et al.® evaluated the degradation profile of a 85% PLLA/15% PGA cross-pins in four
patients who underwent ACL reconstruction using hamstring autograft (in femoral fixation).
The results showed that the cross-pins remain unchanged 4 months after surgery, which
means that this pin ensured the structural integrity time during the critical period of biologic
graft healing. After one year, the pins had degraded by a mean of 49.1% and two of them had
fractured; after two years they had degraded by a mean of 75%, and all of them had fractured
but no signs of osteolysis or other signs of aggressive inflammation were registered.

In another study, Shen et al.”®

collected the clinical outcomes of a set of studies comprising
790 patients who were treated with bioabsorbable and metallic screw fixation in ACL
reconstruction. The results, for a follow-up period of 1-2 years, suggested that there is no
obvious advantage of one type of screw over the other regarding the clinical functional
outcome (e.g. knee joint stability and knee joint function). However, the results indicated that
PLLA implants caused more local osteolysis than metal implants and a prolonged effusion in
the knee joint was more likely to happen after ACL reconstruction surgery with bioabsorbable
screw fixation.

Using another approach, Pereira et al”™ did a PubMed review search looking for
complications related with bioabsorbable screws used in ACL reconstruction, with the goal of
understanding whether migration was a possible complication. The authors concluded that
migration could happen, although only 10 articles referred to this complication among the 102
studies selected by the authors. Based on these 10 articles, the authors concluded that the
migration problem was mostly reported in studies involving PLLA screws, which could also be
related to the fact that this polymer is the most frequently used in ACL reconstructions.
However, given the low evidence level of the studies and the lack of prevalence control of such
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complications when metallic screws were used, the authors were not able to made statistical
calculations.

In the shoulder, Dhawan et al.”?

performed a literature review on complications related with
the use of bioabsorbable suture anchors in the shoulder. The authors reported literature
evidences of foreign body reactions, osteolysis, chondrolysis and implant failure. Nho et al.!””
explained that bioabsorbable suture anchors are gradually being replaced by metallic anchors
due to migration, implant loosening and breakage and articular cartilage injury concerns.
These authors analyzed the literature and reported a series of problems, concluding that there
is evidence that complete PLLA degradation can take several years and complete osseous
replacement was not registered. On the other hand, they found that composite implants
(example: TCP and PLLA) induce minimal tissue reaction with complete absorption followed by
bone ingrowth. Park et al.’ analyzed a cohort of 348 patients who underwent arthroscopic
superior labrum repair and followed them in the same institution over a 10-year period. The
authors observed a significantly higher repair failures when bioabsorbable PLDLA anchor
material was used compared with nonabsorbable suture anchors. PLDLA 96L/4D anchors were
used in 62 patients and in 15 of these patients a second operation was required due to
recurrent or persistent symptoms of pain and disability. The authors suggested that the
mechanical properties and the material composition of the suture anchors may contribute to
the difference of reoperation rates between bioabsorbable and non-bioabsorbable suture
materials. As a consequence, loss of fixation, premature anchor breakdown and osteolysis may
occur. McCarty Ill et al.”? analyzed a cohort of 44 patients who had undergone an
arthroscopic debridement procedure to treat loss of motion and pain following a primary
labral or rotator cuff repair with PLLA implants. Macroscopic anchor debris was observed and
biopsy samples were obtained, concluding that most patients had chondral damage within the
glenohumeral joint, and the majority of the synovial biopsies revealed giant cell reaction,
papillary synovitis and crystalline breakdown products.

Givissis et al.”® assessed the outcome of treating metacarpal fractures with bioabsorbable
plates and screws composed of the following copolymers: trimethylene carbonate (TMC), PLLA
and PLDA. Foreign-body reactions were observed in 3/10 patients during the second post-
operative year. These patients presented pain that interfered with daily life and required new
surgery to perform debridement of the implant remnants. Two other patients reported
transient local swelling. The authors concluded that modern implants, with slow degradation
rates, do not avoid foreign body reactions but simply postpone their occurrence during the
post-operative time. They also suggested that the anatomic location of the fractures can
influence the adverse reactions since the relative paucity of subcutaneous fat and insufficient
muscle vascularity can hinder the dissipation of degradation products. Clinical problems
resulting from bioabsorbable polymer implants use in the treatment of fractures in distal

radius are also mentioned in the literature. For instance, Yang, et al.l’”!

reported a case of a
fracture that was reduced anatomically and fixed with a bioabsorbable plate and six screws
composed of TMC, PLLA and PLDA. However, one year after the primary surgery, a painful
nodule developed over the volar aspect of the right wrist and the patient had to undergo
further surgery. The nodule was excised and histology confirmed the diagnosis of foreign body
reactions.

Several studies have also been published taking into account applications of bioabsorbable

/ [78]

implants in young patients. The group Camathias, et a assessed the results of using
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bioabsorbable screws in the treatment of osteochondritis dissecans (OCD) in skeletally
immature patients. The authors followed 24 patients (30 knees) for a minimum period of 2
years. These patients were treated with a total of 61 screws composed of PLDA (96L/4D
copolymer). After 6 months, edema was present in 17 out of 30 knees (34 out of 61 screws).
However, of the 24 patients only 4 presented pain or locking sensations at the last follow-up.
The authors observed 4 patients with completely implant failure and 5 patients with additional
7 broken screws. All implant failures led to revision surgery, the majority occurring in the
eighth month. In conclusion, the authors hypothesized the differential decomposition,
between screw head and body, as the major factor that lead to screw failure. In another
pediatric area, An, et al.”® treated different mandibular fractures in 39 young patients using
bioabsorbable plates . Follow up by computed tomography revealed osteolysis, evident just
one month after surgery and within one year after surgery. However, the authors concluded
that the use of bioabsorbable fixation in pediatric mandibular fractures is safe and effective,
and the osteolysis detected did not affect the fracture healing process.

2.6. Current Research for Bioabsorbable Polymer
Fixation Implants in Orthopedics

The shortcomings associated with the use of bioabsorbable polymer fixation implants have
encouraged scientists and surgeons to look for alternatives. Current strategies to design new
bioabsorbable polymeric fixation implants are dependent in the research and development of
bioactive implant materials ®%. These must be able to support bone growth and encourage the
ingrowth of surrounding bone (osteoconductive property) as well as promote the
differentiation of progenitor cells into osteoblastic cells (osteoinductive property). They must
be also capable of integrating into the surrounding tissue (osteointegration property) and able
to promote vascularization and mechanical stability 2%,

The area of tissue engineering plays a crucial role in the development of new treatment
strategies for a wide array of orthopedic tissues. The goal of tissue engineering is to assemble
functional constructs able to restore, maintain or repair damaged tissues ®**2. These
constructs involve scaffolds, which are three-dimensional degradable structures produced, for
example, by freeze-drying.

Scaffolds have two parallel roles in the tissue healing process: 1) to provide support and 2) to
allow new bone formation and growth inside the porous structure, which degrades over time,

(2028 |n fact, orthopedic implants with an

leaving a new regenerated bone tissue
interconnected pore structure are of particular interest for orthopedic applications due to
their ability to enable cell nutrition, cell migration and cell attachment 80831 Eor this reason,
scaffold architecture and morphology are important factors in the development of these
structures. Further important properties of scaffolds are their biodegradability and the physical

stability required to meet the functionalities possessed by the different tissues [80,83)

The application of scaffolds includes *®");

a) Bone tissue engineering, for bone augmentation in the treatment of bone defects
and large bone fractures;

b) Cartilage tissue engineering, to promote proper chrondrogenesis and ECM

development;
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¢) Ligament tissue engineering, in the development of tissue grafts;

d) Tendon tissue engineering, in the regeneration of tendon tissues and nerves.
A broad number of natural and synthetic bioabsorbable polymers are currently used in the
tissue engineering field. The synthetic polymers list includes the previously referenced, PLA,
PGA and PDS, but also polymers such as polycaprolactone (PCL), polypropylene fumarate
(PPF), polyurethanes (PU), among others. Natural polymers includes polyhydroxyalkanoates
(PHAs), gelatin, elastin, albumin, collagen, chitosan, alginic acid, chitin, cellulose, silk and
hyaluronic acid 1**#3.
Research findings include the evidence that scaffolds loaded with mesenchymal stem cells
(MSCs) are an efficient technique, capable of healing large bone defects % MSCs are
multipotent cells able to differentiate into several cell lineages, including osteogenic
precursors BU Bone marrow is the major source of these cells, although they are present in
other tissues including the placenta, the umbilical cord blood and adipose tissue 2.
To construct biologically oriented implants, studies have been made incorporating antibiotics,
anti-inflammatory agents and growth factors B¢l Antibiotics help to reduce infections, anti-
inflammatory agents (e.g. dexamethasone and prednisolone) control the foreign body
reactions upon implantation, whereas growth factors, namely bone morphogenetic proteins
(BMPs), stimulate the bone formation thus enhancing the healing process °***. Among the
family of BMPs, the BMP-2, -4 and -7 possesses a strong ability to induce bone formation ©°.
To be effective and exert their biological effect, BMPs need to be combined with carriers for a
controlled release, mainly due to their pharmokinetics, short half-life and lack of form ©*%,
Various materials and formulations of delivery system may be applied, according to the type of
tissue to be regenerated and the local mechanical solicitation 19391 However, further research
in this area is still needed for the creation of an optimal delivery system that can decrease the
dose of BMP, maintaining a more sustained release pattern (98]
Bioactive glass is another type of material that promotes the bioactivity of the implant. The
first bioactive glass investigated for biomedical applications was Bioglass 45S5, but currently
several other different types of bioactive silicate glasses, in a variety of compositions, are being
investigated for potential use in the orthopedic field *®!. The common characteristic of these
materials is their high surface reactivity, which enables the effective interaction of the material
with the host tissue °”). Recent research has been focused on bioactive glass/bioabsorbable
polymer composite materials, where conventional (micron-sized) bioactive glass particles are
used as fillers or coatings *>. However, it is expected that nano-sized bioactive glass particles
and nanofibers, which have only become available in the last few years, will be employed in
the future. These nanostructured materials are expected to improve both the mechanical and
biological properties of such composites .
Altering the surface of the implants is a current research strategy aiming to reduce or even
eliminate the foreign body reactions associated to the implant ®. The surface wettability of
the implants plays an important role in biological host responses. For implants with hydrophilic
surfaces, there is a higher functionality of the absorbed proteins. Cell functions are impaired by
hydrophobic surfaces since these promote conformational changes of the adsorbed proteins,
which limit cellular adhesion and function %, various strategies can be then employed to
increase the hydrophilicity of the biomaterials, such as plasma treatments to induce polarized
groups, by using reaction gases, and photo-oxidation to introduce peroxide groups by

immersing the polymers in hydrogen peroxide under UV radiation 7104,
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Further strategies employed to stimulate osteointegration and promote bone ingrowth include
nano-texturing the implant surface as well as coating the implant surface with hydroxyapatite
(HA) and attaching arginine-glycine-aspartic acid (RGD) sequences to a modified implant
surface. RGD sequences can be used because cells use them to attach to the ECM 2%,
Implant morphology influences bone metabolism: rougher surfaces stimulate differentiation,
growth and attachment of bone cells and increase mineralization. Therefore, the degree of
roughness is important 7%, The most reported methods in the literature for creating implant
roughness are acid etching, sandblasting, titanium and HA plasma spray coating "°”. A current
tendency is the manufacturing of implants with micro and nano topography {00,

To stimulate blood vessel ingrowth around implants, their surfaces could also be coated with a
polymer coating containing the angiogenic growth factor VEGF. Recent studies have also
revealed that the addition of exogenous Wnt-3a protein (Wnt family member) to an injury site
stimulates bone regeneration, stimulating the differentiation of pluripotent stem cells towards

an osteoblast cell fate %!, This relates with the role of Wnt signaling in bone formation %,

1.1%] coated a commerecial

To promote the osteintegration of bioabsorbable implants Hur, et a
bone plate with alendronate. They showed that this drug can have an active role in preventing
the failure of the fixation systems since it promoted a higher volume of newly formed bone, in
an animal model, when compared with plate samples without the drug. However, the authors
suggested further studies to assess all the clinical advantages of using such constructs in the
treatment of fractures or bone loss due to osteoporosis. Another alternative is to promote
osteointegration throught new surgical techniques. In this sense, based on the clinical
experience with metal implants, Augat et al.’® liquefied bioabsorbable pins by ultrasonic
energy. In this case, the pins were used for the fixation of hallux valgus corrections. The
implant material has flowed into the trabecular bone porosities, forming a more stable
fixation. According to the authors, this technique allowed adequate and consistent mechanical
fixation with high reproducibility and revealed good short-term resorption and
biocompatibility. This surgical technique was also used sucessfuly by Schneider et al."® in the
treatment of mandibular fractures of the condylar neck.

Other research topic in the area of bioabsorbable polymer fixation is the improvement of the
mechanical properties of the implants, in relation to the bone’s intrinsic mechanical
properties. Efforts have been made towards the creation of better composites by joining
bioabsorbable polymers with ceramics (chapter 2.4). However, the potential of using other
bioabsorbable polymers as raw-materials for the development of new orthopedic implants is
also being studied. In this field, chitosan is being used to produce dense bioabsorbable
specimens using the solution casting process. This processing method is necessary to
overcome the relevant limitations of chitosan when being processed using conventional

(1091 These limitations include its sensitivity to heat, since

) [13,109]

plastics processing techniques
chitosan’s decomposing temperature is lower than its glass transition temperature (Tg
Despite such limitations, chitosan has other excellent properties (e.g. availability,
biocompatibility and biodegradability), which make it an excellent candidate for temporary

(1191 Chapter 3 further explores the properties and applications of

orthopedic applications
chitosan materials.
Bioabsorbable polymers belonging to the PHAs family are also under study for the production

of new bioabsorbable implants, with improved mechanical properties. These polymers are

23



derived from microorganisms and are produced commercially by biotechnology, hence they
are renewable by nature "*'*? The biocompatibility, rate of degradation and mechanical
properties can be controlled by changing the composition of PHA polymers, since they are
influenced by the functionalized groups in the side chain of monomers (e.g. carboxyl, hydroxyl,
etc.) ™2, In this class of polymers, studies on poly-4-hydroxybutyrate (P4HB) polymer revealed
that it is well tolerable by the body and it is more flexible than PGA and PLLA, with a slow

(127141 The use of this material for the

degradation rate and a higher tensile modulus
construction of bioabsorbable fixation implants is still under development. However,
orthopedic products based on this polymer are already on the market, for example, in the
form of Phasix® mesh for hernia repair and BioFiber® orthopedic soft tissue scaffold for sports

medicine ¥

. Other polymers belonging to the PHAs class, studied for the treatment of
orthopedic conditions with , include poly 3-hydroxybutyrate (PHB) and 3-hydroxyvalerate
(PHBV) 1,

Biostable polymers such as polyethylene terephthalate (PET), nylon and PEEK have recently
been studied in order to transform them into bioabsorbable polymers through changing of the
backbone chain of the biostable polymer. The goal is to combine attributes of biostable and
bioabsorbable polymers in new orthopedic implant creation, which will allow for improved
stability and a better degradation profile ™.

Outside the scope of polymeric materials, magnesium (Mg) has also started to be studied as

| 1771191 - gty dies have revealed that Mg is a suitable material

bioabsorbable implant materia
for orthopedic applications, since its direct degradation product (by oxidation), Mg*, is safely
absorbed under physiological conditions, being one of the essential elements of the human
body ™. It also provides mechanical properties superior to bioabsorbable polymeric materials
but inferior to permanent metallic implants, avoiding the stress shielding effect **°\. Mg alloys
are an attractive material since they are easily manufactured and have properties close to the
bone “>*2_ With the advances in corrosion prevention, processing techniques, novel structure
designs and surface modification methods, Mg-based alloys have become a feasible candidates
for bioabsorbable implants ****??1, Examples include alloys with elements that also exist in the
human body or have a beneficial effect during the regeneration and healing of the tissue, such
as Mg-Zn, Mg-Sr, Mg-Zn-Sr and Mg-Ca-Zn alloys ™*. However, there are still difficulties in
assessing and controlling the in vivo corrosion and biocompatibility of Mg-based materials for
orthopedic applications ***!

also expected that other materials, namely Ca-based, Sr-based and Zn-based bulk metallic
[124,125]

, which motivates continuos research in this field. In the future, it is

glasses, could also be considered an option for orthopedic applications
Silk-based implants are also being developed as a strategy to solve the limitations presented
by the current implant materials **. However, Perrone et al."*® showed that the mechanical
strength of such materials decrease considerably when hydrated, which represents a limitation
in in vivo conditions. Once again, further research is still necessary in this field.

The new developments in the area of bioabsorbable polymeric fixation implants in orthopedics
can be assessed not only through literature, but also through the knowledge of currently
ongoing clinical trials. A few searches on the Clinical Trials database ™! for the terms
“bioabsorbable”, “bone fixation”, “bone fracture”, “scaffolds”, “screw” and “plates”,
demonstrate that clinical trials are focusing on the tissue engineering field. Completed clinical
trials include the study of antibiotic releasing bioabsorbable screws or CPC/rhBMP-2
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microffolds for bone regeneration, for the treatment of tibial plateau fractures, proximal
humeral fractures and calcaneal fractures.

2.7. Conclusion and future directions

The use of bioabsorbable polymeric fixation implants in orthopedic surgery has enormous
potential and has evolved considerably over the past few years. Currently, the commercial
bioabsorbable implants are mainly based on synthetic polymers or on composites of ceramics
and synthetic polymers. However, since these materials present some drawbacks, several
methodologies are currently being studied to improve their performance. Points of
improvement include the creation of a tunable degradation profile of the materials, to more
closely match the bone healing process, and the improvement of implant biocompatibility, in
order to reduce or even eliminate the cases of inflammation or other reactions resulting from
the interaction between implant and biological tissue.
The ideal orthopedic composite material implant should combine osteogenic, osteoinductive
and osteconductive properties. Therefore, the main function of an optimal bioabsorbable
implant should be the following:

a) Support the injured area, providing adequate initial mechanical strength and stiffness;

b) Stimulate new bone formation;

c) Degrade over time, without causing any tissue reaction;

d) Allow the remodeling of the new bone while assuming the mechanical support

function.

In this order, the area of tissue engineering is considered promising for the development of
implants that promote bone tissue repair, due to either a normal fracture or some bone
pathology. In this field, a wide range of strategies are being studied, including the construction
of scaffolds loaded with cells (for example, MSCs) and growth factors, thereby stimulating the
formation of new bone. However, scaffolds can only be successfully applied to the treatment
of musculoskeletal disorders, namely in trauma fixation, if they present an adequate anatomic
geometry, mechanical strength and regenerative capacity. Mainly due to the weak mechanical
properties associated with scaffolds, the immediate future applications may rely on the
improvement of current bioabsorbable polymeric implants using the composite approach,
eventually coated by substances that improve the osteointegration and agents that promote
bone healing without inflammation.
The expected developments in the area of bioabsorbable implants will also allow for the
exploitation of manufacturing techniques of individual and personalized bioabsorbable
polymeric implants. Therefore, CAD-/CAM-based manufacturing techniques could help to
design and manufacture an implant structure based on a previous scan of the bone defect. The
benefit for the patient is obvious: a more correct and precise fit of the implant to the bone. In
this field, additive manufacturing techniques could have the potential to manufacture
scaffolds/implants of any desired shape with a defined and interconnected porous structure.
Furthermore, these techniques (e.g. laser sintering and fused deposition modeling) have the
potential to generate structures with gradients of cells and with mechanical properties that are
able to support implant integration and osteoconduction.
With the advances of the additive manufacturing technology, the future of orthopedic
personalized surgery could also include bioprinting bone directly into the patient’s body.
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Nanotechnology will also have an important role in the development of new bioabsorbable
polymer orthopedic implants. As explained previously, bone is a natural nanostructured
composite material composed of inorganic material (calcium and phosphates) and an organic
matrix (collagen type 1). Thus, the advantage of nanotechnology is to create materials that
mimic the natural nanostructure of the bone. Additionally, bone presents different levels of
structure: the nanostructure (e.g. the small crystals of calcium and phosphates), the
microstructure (e.g. Haversian systems) and the macrostructure (cortical and trabecular bone),
which shows that to design better bioabsorbable polymeric fixation implants it is also
necessary to take into account these heterogeneous and anisotropic characteristics of the
bone.

It is also anticipated that in the future there will be an increased consciousness and concern
about the source of the raw materials used for the construction of bioabsorbable fixation
implants. Since the current sources of material are finite, sustainable and environmental
friendly material resources are recognized being fundamental for the growth of a green
economy and a productive industry. Therefore, natural polymers such as PHAs, cellulose and
chitosan, among others, have great potential due to their availability and properties.

As a main conclusion, there is currently no optimal bioabsorbable polymeric fixation implant
on the market. For the development of new successful bioabsorbable polymeric fixation
implants, the mechanical properties, the degradation/resorption profiles and the interfacing
between the material and the surrounding bone tissue need to be better studied and
controlled in order to construct bioactive fixation implants.
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3. Chitosan as a natural polymer for biomedical
applications

A large proportion of by-products generated by the seafood industry are considered as waste.
The pollution caused by these by-products can have a negative impact in the environment and
society if their disposal is not done properly. For example, the management of waste from the
seafood processing industries (e.g. heads, tails, shells and backbones) is simply to throw them
back at sea, burn them or landfill them *2%!,

To reduce risks and optimize the value of the production chain, the resulted waste of the
seafood industry began to be considered an excellent source of substances of high value, with
notable biological properties: proteins, pigments, polymers and lipids (28] Due to this vision,
chitin and its water soluble derivative - chitosan - started to be commercially produced and
applications based on these materials were promoted, studied and developed.

Besides the environmental motivation, other factors promote the industrial production of
chitin and chitosan. These factors rely on their distinctive structures, with vast possibilities for
structural modifications due to the presence of reactive functional groups ", This capacity
allows multidimensional properties, functions and, consequently, applications. The positive
attributes of these natural polymers include their excellent biocompatibility and
biodegradability, their low toxicity and immunogenicity as well as their antimicrobian and
antioxidant capacity %%\,

The research around chitin and chitosan is quite large, and involves areas such as biomedicine,
chemistry, biotechnology, veterinary medicine, dentistry, agriculture, food processing,

(130 A recent search on Pubmed (search

environmental protection and textile production
executed on October 2016) for “chitin” revealed over 20.000 results and for “chitosan”
revealed over 18.000 results. This observation proves the importance of these two materials in
the previously described areas.

In this chapter, the source and production methods of chitin and chitosan will be explored.
Focus will be given to chitosan properties, since it has more commercial applicability. A brief
summary about the several industrial applications of chitosan will be presented, and attention
will be given to its biomedical applications. Current trends of chitosan in the biomedical field
are explored, and the issues that regulate the approval of chitosan-based products in this area
are explained. Finally, the challenges for the development and manufacturing of new products
based on chitosan are discussed, which are strongly related with the stability of chitosan

materials.

3.1. Source and production

Chitin is the second most available polysaccharide worldwide, after cellulose, and it is also

considered the most abundant biopolymer in the marine environment, since it is produced by

[131]

many marine organisms Annually, the chitin production by living organisms is

approximately 10" tons ™", However, the commercial production of chitin results from its

extraction from the crustaceans’ shells, due to its high content and ready availability **%.

[133]

According to Merzendorfer =%, more than 10.000 tons of chitin could be available every year
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from the waste of the seafood industry. The majority of companies who produce large
amounts of chitin and chitosan are localized in Japan and the U.S. 3%,

The availability of chitin in crustaceans’ shells waste vary, but normally the exoskeletons
contain 15%-40% chitin along other compounds (pigments and lipids), 30%-50% proteins and
30%-50% minerals (mainly calcium carbonate) 2% The variation of these components is

(128 For example, the content of

depends on the species, body parts and harvesting season
mineral salts is influenced by the hardness and permeability of the crustaceans’ shells, which in
turn depend on the age and the reproductive cycle of the animals ™%. Another example:
reporting the distribution of fatty acids in crustacean lipids is difficult, since it is hard to assess
the influence of these data by the type of ecosystem (marine water vs fresh water), species
and its maturation, harvesting season, feeding conditions, storage and processing history 3%,

Among crustaceans, shrimp is the most processed species in the seafood industry. The waste
of shrimp consists of its exoskeleton and the cephalothorax, which represent 50%-70% of its

t [132].

weigh The approximate composition of shells waste from certain shrimp species are

shown in Table 3.1.

Table 3.1. Approximate composition of shrimp shell wastes - dry basis 1130)

Shrimp species Chitin content (%) | Protein content (%) | Lipid content (%) | Ash content (%)
Pandalus borealis 17 41,9 5,2 34,2
Crangon crangon 17,8 40,6 9,9 27,5
Penaeus monodon 40,4 47,4 1,3 23,0

Chitin extraction consists of three main steps: demineralization, deproteinization and
discoloration/bleaching. The common chemical method used to accomplish these steps is
outlined in Figure 3.1.

Besides the chemical process, chitin can also be obtained by biotechnological methods. In this
case, the demineralization process is accomplished by organic acids, such as lactic acid
produced by bacteria. In turn, the deproteinization process is promoted by proteases (e.g
pepsin, trypsin and pronase) secreted into the fermentation medium or by adding exo-
proteases and/or proteolytic bacteria 3.

Chitosan is obtained from chitin, as illustrated in Figure 3.2. The chemical process is performed
at elevated temperatures (80 to 140°C) at prolonged exposures, using concentrated alkaline
solutions (30% to 60% w/v) (1301 The alkali concentration, time and temperature of the process
should be controlled rigorously, because these parameters strongly influence the intrinsic
properties of the chitosan (e.g. deacetylation degree, D.D., and M,,) 2%***],

An alternative to the chemical deacetylation of chitin is the enzymatic process by deacetylases
produced by bacteria. The enzymatic deacetylation produces chitosan with well-defined
content of N-acetylated residues and range of My, contrary to what happens in the chemical
production process of chitosan.

Comparing the two processes of chitin extraction and chitosan production, several advantages
and disadvantages can be identified. The chemical process has the main advantage of having
short processing times, however several negative implications result from the use of strong
acids and bases, as reported in Table 3.2 (1341361 Eor these reasons, the interest in the
biological processes is increasing, being considered a safer a less expensive method.
Nevertheless, to be used in large scale, some difficulties should be overcome in order to
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achieve an optimization of the biological process. The goal is to bring the impurities down and
to minimize chitin degradation ™3¢,

Start point: crustacean’s shell wastes from the seafood industry
e |nitial preparation: shells are washed, dried and crush powdered

2

Acidic treatment:

e Chemical agent: hydrochloric acid (HCI)

e Goal: Remove minerals (calcium phosphate and calcium carbonate)

Alkaline treatment:
o Chemical agent: sodium hydroxide (NaOH)
e Goal: Remove proteins

Treatment:
o Chemical agents: KMnO, and H,C,0,, acetone, ethanol, ether, etc.
e Goal: Remove pigments (mainly astaxantina)

2

End point: CHITIN
o Final preparation step: drying

Figure 3.1. Chemical extraction of chitin.

Start point: CHITIN

Alkaline treatment:

e Chemical agent: sodium hydroxide (NaOH) or potassium hydroxide (KOH)
¢ Goal: remove acetyl groups (COCHs) of chitin.

N

End point: CHITOSAN
e Final preparation step: drying

Figure 3.2. Chemical production of chitosan.
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Table 3.2. Comparison between chemical and biological production methods [134’136].

Chemical production method Biological production method
Advantages e Used at the industrial scale. e Environmentally safe due to the
e Well established process and short absence of effluents.
processing times at large scales. e Lower cost.

e Removed proteins and minerals may
be used as human and animal
nutrients source.

Disadvantages e Environmentally unsafe — effluent e Current technology is limited to
wastewater contains highly laboratory scale studies.
concentrated chemicals. o Biological contamination caused by

e Increases the cost of purification. microorganisms.

e Removed proteins and minerals
cannot be used in human and animal
food supplements.

e High cost.
Product Quality ¢ Inconsistent levels of D.D. which e Homogeneous and high quality of
affect the intrinsic properties of the the final product.
products.

e The organic salts are completely
removed; however, at the same time,
deacetylation and depolymerization
reactions may occur.

3.2. Structure and properties

Chitin is a linear polysaccharide, composed of D-glucosamine and N-acetyl glucosamine linked
by B(1-4) glycosidic bonds. In turn, chitosan is a linear polysaccharide that contains
copolymers of D-glucosamine (deacetylated units) and N-acetyl-D-glucosamine (acetylated
units) linked, as well, by B(1-4) glycosidic bonds. The chemical structure of both biopolymers is
shown in Figure 3.3.

CH,OH CH,OH

H NH-CO-CHz H NH-CQ-CHy

S, -l n

a) b)

Figure 3.3. Chemical structure of (a) chitin and (b) chitosan repeat units.

Chitin occurs in nature in three different structural forms, according to the arrangement of the
carbohydrate chains: a-chitin, B-chitin and y-chitin (128137 The first configuration is much more
abundant and has higher stability comparing to the others. The stability of a-chitin comes from
the hydrogen interactions between chains **”),

Chitin is highly hydrophobic, thus it is insoluble in water and in common solvents. This
characteristic of chitin is related to its rigid chain structure caused by existent strong
intermolecular hydrogen bonding *?®. In turn, chitosan is insoluble either in water and organic

solvents, but it can be dissolved in weak acidic aqueous solutions (pH<6) which makes chitosan
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[135,138]

a more versatile polymer than chitin . The solubilization of chitosan is due to the

presence of amino groups and occurs by protonation of the amino group on the C-2 position of
the D-glucosamine repeat unit &%,

The ratio between glucosamine/N-acetyl glucosamine, referred as the D.D., can vary from
30%-100% %, Commonly, if the D.D. is lower than 50% the biopolymer is named chitin,
otherwise it is named chitosan ™.

Crystallinity may reach a maximum for a D.D. equal to 0% or 100% (chitin or fully deacetylated
chitosan, respectively - homopolymers) and decreases for intermediate D.D. ™%, Therefore,
chitin and chitosan are considered semi-crystalline polymers 73,

Chitosan become the focus of more attention since it is more reactive than chitin, which allows
higher range of applications *”**!. The polycationic nature of chitosan promotes the formation
of ionic complexes with several different natural and synthetic anionic materials such as DNA,
lipids, proteins, glycosaminoglycans (GAG), proteoglycans and poly (acrylic acid) ™****. The
amino and hydroxyl functions allow the formation of stable bonds with other materials along

the chitosan backbone ™.

Reactions such as quaternization, alkylation, grafting, O-
acetylation, H-bonding with polar atoms, among others, enable a variety of products and
applications ™% This polyvalent capacity of chitosan allows the development of products
with advanced properties and functions such as antibacterial, anti-fungal, anti-viral,
muchoadhesive, analgesic, non-toxic, hemostatic, biocompatible, biodegradable, etc. [17.139]

So far, the information available indicates that any allergic and inflammatory reactions after
implantation, topical application, injection and ingestion of chitosan have been reported in the

129 The biocompatibility of chitosan is explained by the

human body by clinical trials
glucosamine and its derivative N-acetylglucosamine that are natural components of
mammalian tissues ™*!. Additionally, in vitro cytocompatibility of chitosan has been proved
with fibroblasts, hepatocytes, condrocytes, keratinocytes and myocardial, endothelial and
epithelial cells 14243,

The hemostatic property refers to the coagulation of the blood in order to stop its flow
through the injured vessel wall “*. The hemostatic activity of chitosan is related to its positive
charge that causes agglutination of red blood cells, which have negatively charged membranes

(1431 Besides its capacity to control bleeding, the antimicrobial activity of chitosan helps in

controlling infection at a bleeding site %),

The antimicrobial activity is one of the most studied properties of chitosan ™. The studies
suggest two main mechanisms of action against bacteria, yeast or fungi. One of these
mechanisms is the interaction of chitosan with anionic groups on the cell surface, causing the
formation of an impermeable layer around the cell of the microorganism 1 This
impermeable layer changes the permeability and avoids the transport of fundamental solutes
into the cells and/or lead to the leaking of solutes out of the cells (391 The other mechanism
involves the penetration of chitosan into the cell structure, the binding with DNA and the
inhibition of the RNA and protein synthesis 4*47],

The analgesic effect of chitosan comes from its polycationic nature. In this case, the amino
groups of the D-glucosamine residues can protonate in the presence of the proton ions
released in the inflammatory area "', As a consequence, the pH of the inflammation area
decreases, promoting the analgesic effect [143]

The antitumor activities of chitosan were detected by a direct effect on tumor cells, since it

inhibits their proliferation by inducing apoptosis **”**®\, Further studies observed an immune
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stimulation effect of chitosan, due to an increase in secretion of interleukin-1 and interleukin-2
which caused maturation and proliferation of cytolytic T-lymphocytes (type of white blood
cells that kills tumor cells) 241,

The mucoadhesion of chitosan is promoted by the sialic acid present in the mucin, which is the
glycoprotein that composes the mucus ™. In the stomach, chitosan is positively charged due
to the acid environment, thus it can interact with mucin by electrostatic forces ™. Therefore,
not only the intrinsic properties of chitosan influence this union, but also the amount of sialic
acid present on the mucin.

The permeation effect of chitosan is based on the interaction between its positive charges with
the negative part of the cells membrane ™% This interaction leads to a reorganization and
opening of the tight junction-associated proteins, which explains this permeation enhancing
effect of chitosan 39431,

The antioxidant property of chitosan results from its capacity of scavenging oxygen radicals

| M7 Therefore, chitosan and its derivatives act as

[147]

such as hydroxyl, superoxide and alky
hydrogen donors to prevent the oxidative sequence . Additionally, chitosan can also
prevent oxidative damage of human body by interrupting the radical chain reaction of
oxidation 4,

The majority of the biological properties of chitosan come from the presence of the amino
groups that confers its positive charge. However, the biodegradability characteristic of
chitosan results from its polysaccharide structure which contains breakable glycosidic bonds.
Chitosan is enzymatically degraded in vitro by chitinase, chitosanase, lysozyme and pectinase
(1501 Some proteolytic enzymes can also degrade chitosan, however they have a lower-level
effect than the others ™"

residues causes in vivo degradation of chitosan **°.. This degradation leads to the formation of

. The action of lysozyme through the hydrolysis of acetylated

non-toxic and non-immunogenic oligosaccharides of variable length, which can be
incorporated in metabolic pathways or can be further excreted ****¢!. The degradation rate of
chitosan is influenced by the D.D., the crystallinity and the structure of the biopolymer 4],
The degradation of chitosan decreases by increasing the D.D. and, consequently, the degree of
crystallinity ****Y. The homogenous distribution of acetyl groups along the polymer chain
(random pattern) and long chains will also promote lower rate of enzymatic degradation
[146,151].

Like the biodegradability, further physicochemical and biological properties of chitosan (and
chitin) preparations are influenced by its intrinsic properties such as the D.D., My and the
polydispersity of the polymer, which in turn depend on the source of chitin and the
preparation conditions ™*”. These intrinsic properties can influence the final performance of
the biopolymer in many of its applications, as shown in Table 3.3.

Different methods can be employed to assess the intrinsic properties of chitosan, as indicated
in Table 3.4. It is important to note that different results are obtained when different methods
are used, thus the characterization method should always be specified ™. The ash, proteins
and the endotoxin content as well as the moisture and content of heavy metals should be also

determined in case of medical applications or applications related to human consumption ™#3).
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Table 3.3. Relationship between DD and My, on the physicochemical and biological properties of chitosan
preparations (143,147,152]

2 Physicochemical Properties

Solubility DD P
Crystallinity DD P
Viscosity DD P

/) Biological Properties

Biodegradability DD | Mw
Biocompatibility DD P
Antimicrobial DD Mw
Analgesic DD P
Antioxidant DD Mw
Haemostatic oD
Mucoadhesion DD My T
Permeation enhancing effect DD P My T
Antitumor Mw

Table 3.4. Methods to determine some physicochemical properties of chitosan [11,143,149)

Chitosan properties Determination methods
Average M,y and/or My, Gel permeation chromatography
distribution Viscosimetry

Light scattering analysis
High performance liquid chromatography
Matrix assisted laser desorption/ionization-mass spectrometer

D.D. Nuclear magnetic resonance spectroscopy: "H-NMR and ®C-NMR
Infrared spectroscopy

First derivative UV-spectrophotometry

Colloidal titration

Conductometric titration

Potentiometric titration

Differential scanning calorimetry

Crystallinity X-ray diffraction

Protein Bradford analysis
Micro-Biuret method

Ash content Gravimetric analysis

Moisture content Gravimetric analysis

3.3. Industrial applications

Due to the enormous structural possibilities of chitosan, able to produce a vast range of
products and applications with appealing biological, physical and chemical properties, it
became a high valuable biomaterial for several industries. The versatility of chitosan enables
its use in industries ranging from pharmaceutical and biomedical to agriculture and water
treatment.

Table 3.5 summarizes the various industries and applications that use chitosan. It is important
to note that different applications require different properties of chitosan.
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Table 3.5. Some applications and potential uses of chitosan [128,153]

Application Examples

Pharmaceutical Pharmaceutical ingredient’s carriers/drug delivery system; non-viral
vectors for gene delivery; gene and active constituents’ encapsulation and
protection;

Biomedical Scaffolds fabrication for tissue engineering; preparation of artificial skin;
surgical sutures; wounds, ulcers and burns treatment; contact lenses;
blood anticoagulant; dental therapy; hypocholesterolemic and
antithrombogenic agent; antigastritis; blood dialysis membranes and
artificial blood vessels; dental therapy.

Cosmetic and . . o o
. Skin, hair and oral care products; moisturizer and anti-aging agents.
dermatological

Agriculture Seeds germination acceleration; coating agent to enhance plant and seeds
defenses and protection; chemical pesticides replacement/fertilizer and
fungicide.

Foods Color stabilization; reduction of lipid adsorption; food preservative

additive; antioxidant agent; thickening and stabilizing agent;
prebiotics/dietary fibers ingredients; natural flavor extender; emulsifying;
protective barrier against food spoilage.

Textiles Antimicrobial and non-allergic fibers.

Water treatment Recovery of metal ions and pesticides; removal of phenol, proteins,
radioisotopes and dyes; recovery of solid materials from food-processing;
removal of petroleum and petroleum products from waste water; color
removal from textile mill effluents;

Analytical and Immobilization of enzymes (e.g. matrix in affinity of gel permeation
bioanalytical chemistry chromatography); biosensors manufacturing for metabolite control.
Paper Moisture protection; biodegradable packaging for food wrapping.

The market price of chitosan depends on the quality of the product. The price ranges from
U.S.S 5/kg for use as low-grade product in agriculture to U.S. $2000/kg for ultra-pure and high
quality product to be used in pharmaceutical and biomedical industry ******1,

Focusing on the applications for human consumption and health, chitosan has been approved
as a natural food additive for general use in Japan and Korea and it is allowed for dietary use in
several countries such as the U.S., Italy, Finland, Portugal and England [154,156]

The European Food Safety Authority (EFSA) Panel on Dietetic Products, Nutrition and Allergies
has permitted the use of a health claim of chitosan (maintenance of normal blood LDL-

cholesterol concentrations) for chitosan ¢

and a derivative of chitosan (chitosan
hydrochloride) has been included in European Pharmacopeia in 2002 3" However, this
European directive does not include the requirement for a detailed characterization in terms
of chitosan’s purity (e.g. bioburden, proteins, etc.), which is essential for the production of
high value products in medicine ™.

The U.S. Food and Drug Administration (FDA) have only regulated chitosan as a dietary
supplement and wound dressing, but not as a drug for biomedical applications *****¥. So far,
few chitosan products have been registered as GRAS (acronym for “generally recognized as
safe.”) by FDA, which is needed for approval as a food ingredient or food additive [159],

Examples include KitoZyme® (Kitozyme S.A.) and ChitoClear® (Primex EHF) [156,160]
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International standards are fundamental for the development of new biomedical products
based on chitosan. In the European Union, the regulatory approval for chitosan products
requires compliance with ISO 22442 ™9 Furthermore, ASTM International conducted efforts
to develop guidelines in the area of tissue engineering products, and the safety and
functionality of chitosan is also under their scrutiny “**%. The F2103 guide covers the
evaluation of chitosan salts suitable for use in biomedical and tissue-engineered product

applications 1439,

3.3.1. Biomedical applications of chitosan

Due to the its easy processability, controllable properties, availability of reactive functional
groups and biocompatibility, chitosan is used in several biomedical applications, as referred in
Table 3.5. However, the major drawbacks of chitosan are its low mechanical strength and
insolubility in neutral pH solutions, which could be balanced by blending chitosan with other
natural and synthetic polymers, with the desired properties ™. Additionally, chitosan’s
decomposing temperature is lower than its glass transition temperature (Tg), which makes it
sensitive to processing techniques involving heat %%,

The chitosan-based products offered in the biomedical area are available or have been studied
in different applied forms, according to the intended application and function: hydrogels,
membranes, nanofibers, beads, micro/nanoparticles, sponges, scaffolds, tablets, capsules,
films, powders, solutions or shaped objects "' Figure 3.4 presents some these forms in

the biomedical field.

(IE

Scaffolds/Bandages

Chitosan
forms -
biomedical
field

Microgel/Nanogel

Cifw]

Figure 3.4. Examples of different chitosan presentations used in biomedical applications (a2,

2]

The majority of current commercial chitosan-based products for biomedical applications are
intended for wound treatment. For example, Chitodine ®, Vulnsorb ® and AbsorKi ©® are
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commercial wound dressings for dermis regeneration; HemCon® bandage, ChitoFleX®, Syvek®
Patch, ChitoSeal® and HemoKi ® are commercial dressing agents with hemostatic properties.
Tissue engineering and regenerative medicine plays an important role in current biomedical
research, as explained in chapter 2.5. Focusing in the orthopedic area, chitosan is used for the
regeneration of tissues such as cartilage, bone, muscle, tendon and ligament. Some examples:

- Chitosan scaffolds are used in bone regeneration, for example in the treatment of bone

defects 1*®Y

. In this context, several studies have been made, combining chitosan with
ceramics, with promising results in terms of cell attachment, morphology, mineralization and
expression of marker proteins of osteogenesis '***>**!l This composite strategy has been used
because even though chitosan is able to support the attachment and proliferation of bone-
forming osteoblast cells, it is not able to promote osteoconduction by itself 129 Thus, the
addition of ceramic-based materials to chitosan improves this property as well as the
mechanical strength of the scaffold 2. Methods for the fabrication of these scaffolds include
freeze-drying technique, phase separation and rapid prototyping technology ¢4,

- Chitosan hydrogels are another useful application in bone tissue engineering “®*. Hydrogels
are composed of networks with a high content of hydrophilic groups that promotes the
polymer hydration and its high water content *\. The hydrogel dissolution is prevented by the
crosslinked networks that are achieved, for example, by physical entanglements or by ionic
bonding *®*!. These formulations are normally used in bone tissue engineering for sustained
delivery of cells and/or growth factors Y. In this context, Park et al."*® revealed the capacity
of chitosan—alginate hydrogels loaded with BMP-2 and MSCs in inducing bone formation.
Other studies also identified bone regeneration when growth factors and/or stem cells were

seeded in polymeric hydrogels combined with chitosan-based nano- and microparticles "¢”¢%l,

(169 revealed accelerated bone formation when nano-hydroxyapatite

In addition, Dhivya et al.
was added to the chitosan-based hydrogels preparation

- Functional constructs based on chitosan are also used to repair and regenerate articular
cartilage, since it has structural similarity with GAGs *?. GAGs are a cartilage-specific ECM
component that play a critical role in regulating expression of the chondrocytic phenotype and
in supporting chondrogenesis both in vitro and in vivo 7% Yan et al."’" revealed that genipin-
cross-linked collagen/chitosan biodegradable porous scaffolds seeded with chondrocytes are
suitable scaffold materials in cartilage tissue engineering. In another study, Silva et al.™"?
studied preparations of chitosan/ chondroitin-4-sulphate, build-up by a layer-by-layer
methodology. The biological performance of these scaffolds was evaluated and the authors
concluded that chondrogenic phenotype was maintained and the differentiation was
successfully induced. Other examples of chitosan for cartilage regeneration include hydrogel

formulations 173174

3.3.1.1. Bioabsorbable chitosan implants for orthopedic applications

Currently, it is still a challenge to have orthopedic implant applications that involve 3D dense
chitosan geometries, due to the difficulties in the production and shaping of such specimens.
One of the difficulties in having such applications is chitosan’s lack of mechanical strength,
which needs to be addressed.
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In this area, Oliveira et al.** described a new methodology for the production of 3D dense
specimens based on chitosan, which allows the production of implants with low porosity and
promising mechanical properties. The production process developed by these authors includes
the following stages:
1) Dissolve 3% (w/v) of chitosan in 2% (v/v) acetic acid solution at room temperature;
2) After the complete dissolution of chitosan, pour the solution in molds and left it at
rest for until all air bubbles disappear;
3) Froze the molds at -20°C for 24 hours, so that chitosan solutions obtain a 3D
structure;
4) Remove the frozen solutions from the molds and immerse them into a 10% (v/v)
NaOH solution for 48 hours;
5) Wash the specimens intensively until the pH is approximately 7;
6) Dry the specimens at 40°C;
7) Shape the specimens.

The main conclusions and knowledge gained from the work of these authors can be
summarized in the following points %*73!;

- the production process of 3D dense chitosan specimens involves seven main steps,
allowing the production of 3D dense chitosan-based specimens capable of being
machined;

- higher mechanical properties were obtained by dissolving 3% of a chitosan with high
My, DD and viscosity (800 kDa, 90% DD and 1.200 cP), and when chitosan was blended
with glycerol. Not considering the use of a plasticizer, the mechanical properties of the
specimens (flexural modulus and flexural strength) were improved when two types of
chitosan, with different molecular weights (high and medium), were mixed;

- better mechanical properties were obtained when 10% (w/v) NaOH was used for 48h,
and the drying temperature was 40°C;

- the specimens were easily machined when glycerol was blended with chitosan;

- preliminary experiments revealed no cytotoxic effect of the produced specimens
when they were placed in contact with cells.

The experiments performed by these authors, through the developed production process,
have revealed great potential of 3D dense chitosan specimens for implant applications in
orthopedic area.

3.4. Regulation of chitosan in biomedical applications

The major regulatory issues required for the chitosan-based products approval must include
the following information ™%

a) Material source: biological source or synthetic source;

b) Characterization: physicochemical (e.g. D.D. and My,), biological (biocompatibility),
and absence of immunological effects;

c) Purity: heavy metals, protein content, microbiological bioburden, endotoxins, and
residual chemicals from the manufacturing process;

d) Type of biomedical application (e.g. wound dressing);
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e) Previous regulatory history (approved devices or approved combination products);
f) Compliance to pharmacopoeia monographs and international standards, as
described in chapter 3.3.
It is important to note that the review and approval processes for biologic and drug products in
the European Union are different from those required by FDA. However, both applications
require material characterization, production consistency and the establishment of the

material and product safety profile ">,

3.5. Stability of chitosan in biomedical applications

As previously reported, there are no chitosan-based tissue-engineering scaffolds, gene delivery
products, and drug products approved by the FDA so far. Despite the intense research in
biomedical and pharmaceutical field, it is difficult to obtain regulatory approval for chitosan-
based products that go beyond the current applications (wound dressing and dietary
products). This occurs mainly due to the chitosan’s susceptibility to several external and
internal factors, as explained in Table 3.6. This might be a result of the strong hygroscopic
nature of chitosan ** and also the fact that its properties strongly depend on the source of
the material and manufacturing process.

Table 3.6. Factors that affect chitosan stability (el

Internal Factors External Factors
= Purity Level Environmental Processing
" My = Humidity = Acidic dissolution
* Polydispersity index = Temperature = Sterilization
= D.D. = Thermal processing
= Pattern of deacetylation * Physical methods
= Moisture content

The purity level of chitosan is a factor that affects not only its biological properties, but also its

[176]

solubility and stability . Therefore, chitosan should be of high purity and free of

(159 and this information

contaminants, according to the pharmacopeia recommendations
should be clearly provided by the chitosan suppliers.

The M,, of chitosan can range between 10 kDa and 100.000 kDa and it is defined as the weight
average molar mass. Furthermore, the polydispersity index is the ratio of My, to the average
molecular weights (My). A ratio between 0,85 and 1,15 is considered as having good polymer

homogeneity "¢ It is known that M, is affected by several factors including high

temperatures, irradiation and physical methods like compression force and centrifugation 76

781 These factors could be present during the product preparation, contributing to the
reduction of the M,, distribution on the final product.

Both the M,, and the D.D. can be estimated experimentally by different techniques and the
results may differ depending on the applied technique "% This difficult the direct
comparison of these two properties between chitosan materials obtained from different
manufacturers.

According to the pharmacopeia specifications, the D.D. of chitosan must vary from 70% to 95%

157179 studies revealed that a higher D.D. promotes a slower rate of acidic hydrolysis
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observed during storage, however a higher D.D. is also more susceptible to photodegradation
(1761 The pattern of deacetylation (random vs block) also has an impact on the charge density,
which affects the solubility of chitosan with the same M,, and D.D 4189,

Another important internal factor that affects chitosan based-constructs stability is its
moisture content. Chitosan is an hygroscopic material, able to form hydrogen bonds with
water "% The amount of absorbed water depends on the initial moisture content as well as

(761 studies revealed that physicochemical and mechanical

on the storage conditions
properties of chitosan-based systems are influenced by fluctuations in moisture levels, and the
higher the water content in the chitosan structure, the faster the damage to the polymer
(181,182 Therefore, it is essential to measure the initial water content of the chitosan material,
and the moisture level should be carefully controlled upon storage.

The external factors that also influence the stability of chitosan include environmental factors
and processing factors 7,

The ambient relative humidity strongly influences the moisture level in the chitosan material,
being responsible for a plasticizing or swelling effect of polymer constructs ™. In addition, the
physicochemical and biological properties may be damaged by long-term storage at high levels
of relative humidity *®. Temperature also affects long term storage of chitosan solutions,
resulting in faster degradation rates of chitosan chains *’®. Additionally, exposure to high
temperatures during product processing might change the polymer properties, including
aqueous solubility, viscosity, and appearance ™.

One important external factor affecting chitosan properties and the final performance of
chitosan- based products is sterilization. Common sterilization methods include exposure to
dry heat and ethylene oxide (EtO), saturated steam or gamma irradiation ™%, Sterilization by
dry heat reduces tensile strength and affects the solubility of chitosan, which may be related
to interchain crosslinking involving the amino groups "“’®\. The same phenomenon is found
when saturated steam is used 7%\, On the other hand, studies revealed that exposure to EtO
caused minor changes in the physicochemical properties and structure of chitosan dried
powder or membranes. However, in solid chitosan structures, there are studies reporting
structural alterations in the polymer, especially on the polymer surface #****, Lastly, gamma
irradiation was found to cause significant chain scissions to chitosan. The studies revealed that
the decreasing of My, followed by an increasing of D.D., depend on the y-irradiation dose, with
more pronounced effects starting at doses of 25 kGy 17654,

Due to the irreversible effects caused by the various sterilization methods, it is essential to
study the effects of these processes on the properties and performance of the chitosan

materials in order to determine optimal sterilization conditions.

3.5.1.  Strategies for stability improvement

In order to improve the stability of chitosan, several strategies are being employed to avoid
chain damage of the polymer, thus preserving its properties. Storage conditions should be
optimized to provide optimum stability to the material. Temperatures below 5°C and relative
humidity below 60% are good starting points for this optimization ’°. Stabilizing agents are
being added to chitosan solutions to protect chitosan during thermal processing and/or
sterilization treatment. Some examples of stabilizing agents are: glycerol, sorbitol, and

[176]

disaccharides such as mannitol and sucrose . Glycerol and the other polyols, have a
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protective effect attributed to the creation of a protective layer around the chitosan chains

[186]

through interchain hydrogen bonds . In addition, studies revealed that the addition of

polyols decreased the water uptake and improved mechanical properties of the chitosan
formulations 7.

Chitosan blends with nonionic polymers are alternatives to improve its physicochemical
properties (78] These interactions may involve ionic bonds, hydrogen or dipole interference,
and depend on the miscibility of the binary mixtures 1“8,

An alternative method consists on the preparation of chitosan-based material through
crosslinking agents. Covalent crosslinking guarantees the stability of chitosan, but also by other
interactions such as hydrogen or hydrophobic bonds 7™ |t leads to a permanent network

[189]. Some common covalent

structure, since irreversible chemical bonds are formed
crosslinking agents are genipin, silk, fibroin, polyethylene glycol (PEG) and dialdehydes such as
glutaraldehyde and glyoxal ™% However, due to the lack of information, it is essential to
study the biological effects of these agents in the human body. For example, it is known that
glutaraldehyde is neurotoxic, but its elimination in the human body is not fully understood yet
[189]

On the other hand, ionic crosslinking occurs due to the reactions with negatively charged
components, either ions or molecules, leading to the creation of a network of ionic bridges
which enhances the stability of the chitosan complexes ¥, One of the main advantages of this
process is avoiding the toxicity present in most of the crosslinkers used to perform covalent
crosslinking ™. When compared to the covalent crosslinking, this is a simpler process which
does not require either the presence of catalysts or the purification of the final product
method 7. Additionally, it favors drug delivery applications: an increase in crosslinking
density improves the stability of the network, inducing a decrease in swelling and pH-

[189,190]

sensitivity thus decreasing the drug release . Different types of ionic crosslinkers form

complexes with chitosan 7% metallic ions (e.g. Fe(lll) and Mo(VI)), small-size anions or anionic
molecules (e.g. sodium succinate and inorganic phosphate salts), natural anionic polymers (e.g.
gelatin, hyaluronic acid sodium salt, sodium alginate and xanthan gum) and synthetic anionic
polymers (e.g. poly(acrylic acid) and poly(methacrylate)).

Despite all the previously described methods, it is important to note that the selection of the
most proper storage conditions is still necessary in order to ensure maximal stability of

chitosan based-products.

3.6. Conclusion

Chitosan has generated great interest in the medical community due to its availability,
biocompatibility, biodegradability, capacity in promoting bone formation, among other
properties, all of whom make it an excellent candidate for biomedical applications. Despite the
inherent limitations of working with this material, several biomedical products and forms can
be achieved, including 3D dense specimens able to be transformed into bioabsorbable
implants with low porosity and promising mechanical properties. However, new studies and
investigations are still necessary to translate these results, with great potential, into
commercial applications in regenerative medicine in the near future.
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SECTION B: Early health technology
assessment of a new bioabsorbable
orthopedic implant
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4. Early health technology assessment in medical
devices

Normally, medical devices companies have a strong engineering culture towards their product
development (e.g. customer requirements, prototyping and marketing authorization) (192
However, in order to develop medical devices that can have a great impact in the society and
easily penetrate in the market, it is necessary to concentrate on the healthcare milestones
(e.g. clinical indications, product profile and reimbursement) in order to increase the value of
their research and development (R&D) [192]

Billions of dollars are invested in medical product development worldwide. To maximize the
revenues of these investments, companies need to manage their product development in
order to maximize both profits and societal benefits, and governments need to be informed -
about these benefits before spending public resources (192 Therefore, it is crucial to apply the
health technology assessment (HTA) in the early stages of medical technology development
and implementation. The main goal of early HTA is to reduce the failure rate at each stage of
the development process, thus prioritizing the innovations most likely to succeed and more
likely to be approved by regulatory and reimbursement agencies %3\,

The main propose of HTA is to support decisions on coverage and adoption of new medical
products from a variety of perspectives (192 In healthcare, the adoption of new technologies is

1921 Hence, the cost

mainly related to the ability to produce cost-effective solutions
effectiveness analysis (CEA) is used to compare the relative value of different interventions in
creating better and/or longer life ™. For example, the UK National Institute for Health and
Clinical Excellence (NICE) is the organism responsible for making recommendations such as
implementation of treatments or medical devices within the UK National Health Service (NHS)
(191 This organism uses CEA to appraisal two or more alternatives in terms of their costs and

benefits

. The comparison is then summarized using the expected incremental cost-
effectiveness ratio (ICER), which represents the additional cost of obtaining a unit health effect
from a given health intervention when this intervention is compared with an alternative
(194191 "NICE uses preferably the Quality-Adjusted Life-Years (QALY) gained to describe the
health outcome of each intervention "%, Therefore, ICER is the cost per QALY gained. The
QALY assigns a weight to each period of time, ranging from 0 to 1, corresponding to the quality
of life during that period (1 for perfect health and 0 is equivalent to death). The number of
QALYs then represents the number of healthy years of life that are valued equivalently to the
actual health status ™.

According to the NICE evaluation process, the ICER for each technology is compared with a
threshold value to establish whether the technology represents an efficient use of limited NHS
resources %),

However, new medical devices are more easily defined as cost-effective if its potential impact
was previously anticipated. Therefore, early HTA has been introduced as an emerging form of
HTA and currently there is a growing interest in assessment methods that allow making
decisions in early stages of product development 192197 These decisions may go through
specific features in new medical devices or decisions on minimal clinical performance to be

able to complete with existing products "*?. To do so, several issues must be determined:
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market size, product specifications, patient needs, market acceptance, potential barriers for
the product implementation, etc.!*9>*%7),
The concept of early HTA is then related with early examination of the medical, social,
economic, ethical, and regulatory implications of medical technologies, to determine the
potential for incremental value in healthcare '3, As shown in Figure 4.1, the early HTA
starts from initial basic research to stage | of clinical trials. At each of these stages, different
qualitative and quantitative assessment methods can be used to provide the best available
information to feed the decision making process and, consequently, the stakeholders
responsible for such decisions (1951 Different levels of stakeholders’ involvement are seen in
the different development stages, and different information needs are required by them in
each one of these stages %%,
Cosh et al. "*® proposed the following algorithm for the decision process:
1) The organization needs to start with strategic considerations by asking questions
like: Does this new technology fit with our capacity and strategy? Who are the
competitors? Similar technologies exist in the market or are they about to be
launched?
2) The clinical need should be clearly identified and all the conditions of the new
medical technology should be examined. Therefore, the statement of the new
technology, the disease context, the prevalence and incidence of the disease, the
current treatment and the cost-effectiveness of such treatments should be clearly
defined. The identification of the strengths and weaknesses of current treatments is
then essential to the uptake of the new medical technology.
3) The incremental benefit (A QALY) of the new technology, when compared the
existing one, should be estimated based on optimistic but plausible estimates of
effectiveness of the technology being assessed.
4) If the new technology shows benefit to society, it is also necessary to assess
whether or not the technology has the potential to succeed once its
commercialization. The factors implied in this evaluation are more related with
internal factors to the organization rather than the technology itself.

Several management tools can be employed for the different phases of the decision process.
For example, PEST (Political, Economic, Social and Technological) and SWOT (Strengths,
Weaknesses, Opportunities and Threats) analysis can be used to structure the strategic
considerations described by Cosh et al.™® Multi-criteria decision analysis (MCDA) is a tool to

(1921 Health economic modelling

support decisions in case of multiple competing attributes
(Bayesian methods) may be used to gather evidence on the benefits of the new medical
technologies (199, Bayesian methods combine empiric data with an explicit use of subjective
probability *. This meta-analysis technique allows for existing evidence, knowledge or beliefs
about a parameter, formally expressed as a probability distribution, to be updated by new
information as it becomes available, making explicit and quantitative use of all the information
available at certain point 2%,

Final examples of decision tools are the value-of-information (VOI) analysis and real options

analysis (ROA) 92,
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Figure 4.1. Representative model of the different stages of medical product development, from basic research (very
early HTA), product development (early HTA), clinical research and market access (main stream HTA) 12

Since several quantitative methods can be employed in early HTA, it becomes clear that there
is no agreed-upon theoretical framework for early assessment. The lack of uniformity is related
with the dynamic nature of the development process, which requires flexibility for the
assessment process.

As a final remark, it is important to note that there are several challenges when early HTA is
performed. These challenges go through how to handle uncertainty in interpreting the results

and how to involve patients directly in the decision making process %%,

4.1. Early HTA studies in the development of orthopedic
bioabsorbable implants

There are not many studies published in the early evaluation of bioabsorbable orthopedic
implants. However, Vallejo-Torres et al.®® demonstrated the power of early HTA during the
product development process by applying an early assessment methodology to a product
already in the market, which was the case study of the proposed methodology. The selected
case study was the development of new bioabsorbable pins for Hallux Valgus osteotomy by
Johnson & Johnson. The authors applied an iterative Bayesian approach to the early
assessment of cost-effectiveness of the pins at four different stages of the development
process, using the information available at that time. Based on the assumptions taken into
account in this study, including the elicit impact of the new device on quality of life that were
made by experts (group of manufacturers with experience with standard and innovative
devices) the bioabsorbable pins appeared to be cost-effective. The authors also constructed a
decision model using information available in 1987, 1990, and 1995. They found that
bioabsorbable pins were the most cost-effective strategy in Hallux Valgus osteotomy for a
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cost-effectiveness threshold of £20.000, and showed a high probability (higher than 70%) of
this implant being cost-effective, in all of these stages, by probabilistic sensitivity analyses and
after accounting for all the parameter uncertainty. As the last analysis, data used in the
decision model were updated with evidence from RCT. Bioabsorbable pins remained the most-
effective option, although the probability after addressing uncertainty fell to 55%. The reason
for this reduction, pointed out by the authors, was the reduced effect on quality of life of
bioabsorbable pins over other methods used in Hallux Valgus osteotomies in the RCT. Based
on several assumptions, including experts’ opinions, the bioabsorbable pins appeared to be
cost-effective. However, such methodology may not truly represent the challenges posed by
uncertainty since this product was already in the market and therefore the available data and
knowledge may have introduced biased beliefs and assumptions in the results obtained in the
initial stages of the analysis.
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5. Economic analysis model for a new
bioabsorbable orthopedic implant candidate

To reduce the impact of musculoskeletal disorders, it is crucial to research and implement
effective and affordable strategies for the prevention, treatment and management of such
diseases. For example, prevention programs can target the individuals in order to modify their
lifestyle behaviors and choices. These programs can involve both strategies to reduce the
incidence of musculoskeletal disorders and strategies to reduce the extent of disability.
Regarding the treatment of musculoskeletal disorders, bioabsorbable implants have a huge
impact since they are able to reduce the problems associated with the rigid fixation implants
(e.g stress shielding effect) and avoid the need for a second surgery after the biological
consolidation. However, problems such as lack of mechanical strength and inflammatory
reactions motivate the continuous research in this field, in order to achieve a bioabsorbable
implant with optimal mechanical and biological features.

In order to evaluate the impact of new R&D in the area of bioabsorbable orthopedic implants,
an economic tool was developed as an early HTA method for this area. The main output of this
economic analysis is to assess the eventual cost reduction capable of being generated if a new
implant, with improved properties, is used instead of the current implants. Therefore, this
chapter explains the methodology used to select the orthopedic application that will benefit
the most from the construction of a new bioabsorbable implant and explains how this model
was constructed, using a decision tree which was solved using the Monte Carlo simulation.
Different scenarios and assumptions were integrated in this study, and several sensitivity
analysis were performed to identify which are the prevalence of health outcomes and,
consequently, the costs, necessary to be reduced in order to classify a new bioabsorbable
implant as beneficial for all the society and, in particular, for the healthcare system.

5.1. Proposed methodology to identify an orthopedic
application for the R&D of new bioabsorbable
orthopedic implants

To select an orthopedic application for the construction of a new bioabsorbable orthopedic
implant, it was assumed that the potential applications are limited to those that already exist
(see section 5.1.1). This study is based on the assumption that the new bioabsorbable implant
will continue to not bear heavy loads, which are necessary for applications such as hip
arthroplasty.

The orthopedic surgical intervention will be selected according to the defined selection criteria
as well as the information collected after the analysis of the current market of bioabsorbable
implants and the analysis of the features required for such implants, which are not yet
satisfied.
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5.1.1.  Analysis of the current market of bioabsorbable implants

Bioabsorbable implants are especially advantageous in low-weight bearing orthopedic
applications (e.g. fractures on the extremities) and in applications that require only a transient
existence of the implant. Therefore, not all the orthopedic areas are considered suitable for
the use of bioabsorbable implants. Currently, these implants are used in the orthopedic
surgery in the treatment of fractures and osteotomies in the lower and upper extremities; in
craniomaxillofacial surgery reconstruction; in spine surgeries; and in sports medicine surgeries,
in the reattachment of ligaments, tendons, meniscal tears and other soft tissue structures.

Bioabsorbable implants vary from interference screws, staples, needles, sutures, tacks and
suture anchors (see Table 2.2). In the past, these implants were mainly used in trauma surgery,
however the advancement of sports medicine greatly boosted the development and diffusion
of bioabsorbable implants, and nowadays the market offers a multitude of implants with

2021 The explanation lies in the need for higher

different geometries, sizes and materials
mechanical strength in applications where the implant is exposed to high load solicitations,
contrary to what happens in applications in sports medicine. For example, in sports medicine,
it is common practice to use bioabsorbable polymeric fixation implants in shoulder and knee
ligamentous reconstruction.

Some examples of commercial bioabsorbable implants available in the market are shown in

Figure 5.1 to Figure 5.3.

Figure 5.1. RapidSorb plate® (DePuy Synthes).

Figure 5.2. ComposiTCP® (Biomet).

Figure 5.3. BioZip® (Styker).
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5.1.2.  Critical features for the development of new bioabsorbable
implants

Currently, there is no ideal bioabsorbable orthopedic implant, since all the available
commercial implants present some disadvantages. However, this type of implant material is
not the only one that requires improvements. Table 5.1 summarizes the disadvantages of all
the orthopedic implants currently used in the orthopedic areas that were described in the
previous chapter.

Table 5.1. Disadvantages of the different types of orthopedic implants currently used in craniomaxillofacial and
spine surgeries, sports medicine surgeries and in the treatment of fractures in the extremities (5261

Type of Fixation Disadvantages

Bioabsorbable implants = Byproducts released during implant degradation are acidic;

= Possible foreign body reactions of the implant which interfere with
bone and soft tissue healing;

= Possible implant failure during insertion;

= Possible implant migration;

= Lower material strength and, consequently, lower stabilization of the
injured zone;

= Possible interference of sterilization on the stability of the materials;

= Higher cost.

Metal implants = Stress shielding effect (bone weakening and resorption);

= Tissue growth restrictions;

= Interference of the implant with magnetic resonance imaging and in
subsequent revision surgeries;

= Possible implant migration;

= Possible graft laceration;

= Poor biological interactions and osteointegration of the implant;

= Need of surgical removal of the implant.

Biostable implants = Poor biological interactions and osteointegration of the implant;
= Inertness and hydrophobicity of the material;
= Possible material wear debris to cause foreign body reactions.

Based on the information in the previous table, it is possible to infer which are the critical
features required for the orthopedic applications that also must be considered in the
development of a new bioabsorbable implant. In general, the ideal material should: 1) provide
adequate mechanical fixation and 2) degrade completely after finishing its function, being
replaced by bone causing no harm *®\. Therefore, the three important factors that must be
taken into account are “#62%3 ;

1) mechanical properties

Bioabsorbable implants should have high initial strength and appropriate initial modulus, to
withstand the mechanical stresses imposed by the surgical procedure and to support the
injured area. Bioresorption rates should be compatible with the healing rates of the tissues,
leading to graded load transfer; controlled strength and modulus over time until the
surrounding tissue is healed.

2) biological response

Bioabsorbable implants should not invoke inflammatory and immunogenic responses. They
should be biocompatible both in the local and the systemic response.
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3) osteointegration

Bioabsorbable implants should form direct bone-implant contact, allowing an effective
transmission of loading forces, which is essential for long-term stabilization. They should
positively promote bone formation.

Table 5.2 shows a qualitative evaluation of the existing orthopedic implants according to the
three factors mentioned previously. In this table, the performance of the orthopedic implants
is compared considering the different types of fixation (bioabsorbable, metal and biostable)
and the information present in Table 5.1. This qualitative comparison allows the identification
of the research opportunities for the development of new bioabsorbable implants. As a
proposal, a “better” bioabsorbable implant may be designed to improve the biological
response of the body to the presence of the implant, especially during the biodegradation

|II

process. On the other hand, an “ideal” bioabsorbable implant may be designed to improve

both the biological response and the mechanical properties of the current implants. These
proposed improvements are described in Table 5.3 and Figure 5.4.

Table 5.2. Qualitative comparison between different types of fixations currently used in craniomaxillofacial and
spine surgeries, sports medicine surgeries and in the treatment of fractures in the extremities. Green circle denotes
a good performance in the assessed feature and the orange circle denotes a bad performance in the assessed
feature.

Type of Fixation Mechanical properties Biological response Osteointegration

Bioabsorbable
(e.g. PLLA)

Metallic alloy
(e.g. titanium)

Biostable
(e.g. PEEK)

Table 5.3. Proposed improvements for the construction of new bioabsorbable orthopedic fixation implants. Green
circle denotes a good performance in the assessed feature and the orange circle denotes a bad performance in the
assessed feature.

New Fixation Mechanical properties Biological response Osteointegration

Better bioabsorbable
implant

Ideal bioabsorbable
implant
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Figure 5.4. Opportunity window for the research of new bioabsorbable implants, in terms of mechanical and
biological improvements.

5.1.3.  Criteria for the selection of the orthopedic application
The criteria defined for the selection of the case study are shown in Figure 5.5.

JE———

Information available BT
in the literature: p pinion:
Impact of side effects
Injury incidence and complications
Market size and Incidence of revision
revenues surgeries
Etiology and Cost of the revision
epidemiology of the surgeries and other
injuries treatments
Incidence of Mechanical and
complications and biological properties
side effects required

—

Figure 5.5. Criteria for the selection of the orthopedic intervention (case study).

In a first stage, it was selected the intervention(s) within each different orthopedic area under
study that have higher incidence, market size and associated complications. Therefore, giving
greater importance to these criteria, the following interventions were selected:

- Anterior cruciate ligament (ACL) reconstruction and rotator cuff repair (sports

medicine);

- Hand and distal radius fractures (treatment of fractures in extremities);

- Mandibular fractures (craniomaxillofacial surgery reconstruction);

- Spine fusions (spine surgeries).

Among the selected interventions, the implants used either in the treatment of mandibular
fractures and in spine fusions are those who will be subjected to higher local stresses.
Additionally, there is less information available in the literature regarding the problems and
side effects caused by the bioabsorbable implants used in these two interventions.
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The second stage of the selection process was performed based in the opinions of three
orthopedic surgeons and one orthopedic researcher, who advised on the preferable option
among the six previously described interventions. The experts gave greater importance to the
incidence and costs of complications’ treatment, as well as incidence and costs of revision
surgeries, in cases where bioabsorbable implants are used. Based on the opinions, the ACL
reconstruction was chosen as object of the case study.

5.1.4. Final selection: ACL reconstruction

ACL reconstruction surgery is the case study selected for the analysis of the economic impact
of a new bioabsorbable implant in the market. The goals of this surgery are 1) to stabilize the
knee joint, 2) to restore normal kinematics and 3) to prevent the onset of arthrosis [204)

ACL rupture is one of the most common knee injuries in athletes, and occurs when the player
is cutting, pivoting, jumping or abruptly stopping *®?°!. The exact mechanism includes poor
knee positioning and a strong, unopposed quadriceps contraction. It is estimated that 200.000
ACL ruptures occur each year in the U.S., and ACL reconstruction is performed in 175.000 of
the cases %7,

The current gold standard of treatment (adult patients) is an ACL reconstruction with a tendon
graft, placed through tunnels in the distal femur and proximal tibia and anchored at both sides
(2081 _ Figure 5.6. Different surgical choices can be made for each patient: graft type (autograft
or allograft), type and material fixation (intratunnel or extra-articular; metal or bioabsorbable)
and the surgical technique (double-bundle or single-bundle) Y. The treatment protocols are
not rigid and surgical choices depend not only on the patient status, but also on the surgeon’s
preference and experience — see Table 5.4. The complications after an ACL reconstruction
include infection, stiffness, inability to regain pre-injury function, recurrent functional
instability, residual laxity, chronic pain, loss of range of motion and development of
osteoarthritis 2. The costs of treating the complications logically depend on how serious

the complications are.

ACL injury
(anterior view of left knee joint)
/ ‘ Femoral
- , Tunnel
Reconstructed -
anterior cruciate ‘ ’ Graft
ligament ; -
y =¥ Tibial
) Tunnel

Figure 5.6. a) Rupture of the ACL and b) fixation of the injury by an ACL reconstruction surgery (212)
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Table 5.4. Surgical choices for the ACL reconstruction (213-217]

Graft Type

Autograft Bone-patellar tendon-bone (BPTB)

Most secure fixation and lower failure rate. However, it is associated with
increased anterior knee pain, numbness, extension loss, long term osteoarthritis
of the knee and possible fracture of the patella.

Quadrupled hamstring tendons (HST)

Consisting of either doubled semitendinosus/ gracilis or quadrupled
semitendinosus tendons. Associated with less harvesting morbidity than BPTB,
however they exhibit a slighter degree of laxity, especially in females.
Quadriceps tendons (QT)

Low incidence of anterior knee pain and almost no residual numbness. However
it is technically more difficult to harvest the graft from the patient.

Allograft Avoids complications related with tendon harvesting. Currently fresh frozen
allografts are the most widely used (tibialis anterior or posterior tendons,
Achilles’ tendon with bone plug and BPTB). They have a longer incorporation
time and are associated with an increased risk of ACL graft rupture.

Type of graft fixation

Intratunnel or Interference screws and cross pins

aperture fixation Interference screws (metal or bioabsorbable) are mainly used in bone-tendon-
bone graft fixation once high fixation strength is necessary. In these cases,
healing occur between 4 and 12 weeks after surgery.

Extra-articular Cortical fixation devices, femoral loops and tibial cortical fixation.
fixation Cortical fixation is commonly used in soft tissue graft fixation. In these situations,
healing normally occur between 6 and 12 weeks after surgery.

Surgical Technique

Single-bundle The most common technique in ACL reconstruction. It creates one single femoral
tunnel and one single tibial tunnel.
Double-bundle Reconstructs the two functional bundles of the ACL (anteromedial bundle and

posterolateral bundle), which improves knee kinematics and rotational stability.
It increases the costs of the surgery.

In the U.S., there are approximately 3.000 to 10.000 revision ACL reconstructions performed
annually . If a revision is needed, additional costs should be expected. The surgeon must
develop a careful management algorithm to optimize surgical outcome including consideration
of skin incision placement, tunnel widening, implanted hardware, graft selection, tunnel
placement, and graft fixation &,

Despite extensive research in this topic, leading to constant improvements over the last 30
years, controversy remains regarding the natural history of ACL injuries, surgical technique,

graft choice and long-term outcomes [204,219]

5.2. Proposed economic model for early HTA of new
bioabsorbable orthopedic implants for the ACL
Reconstruction

In ACL reconstruction, there are several publications performing HTA considering different
aspects of this surgery. Economic methodologies such as cost-effectiveness analysis and cost-
utility analysis were used to compare variables such as surgery with non-operative treatment
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[220-222] [223] [224]

, single-bundle with double-bundle technique and different type of grafts

Further literature reported different types of cost-models, for example, the analysis of the

2170 and autograft vs

economic benefit of double-bundle technique vs single-bundle technique
allograft **\. In 2016, Saltzman et al.'”®® published a systematic review of the economic
studies published on ACL reconstruction. The authors found that the majority of studies were
cost identification studies.

Regarding the type of implants used in ACL reconstruction, there are no economic studies
done yet to establish which type of fixation is most effective. However, several publications
compare the outcomes of this surgery when metal and bioabsorbable implants are used
(statistical comparison) 7%??"2% These studies are mostly prospective randomized controlled
trials (RCT).

There are no published studies on early HTA in the development of bioabsorbable implants for
the ACL reconstruction, or in the development of any other type of fixation implants for this
orthopedic application.

With the goal of developing an early economic model to anticipate the societal benefits of
having a new bioabsorbable implant for the treatment of the ACL ruptures, the complications
and the failure rates of the current implants were determined and the reasons for their origin
were identified. The health events after an ACL reconstruction were represented by a decision
tree, and scenarios were established according to the type of complications and the features
presented by the new implant. The advantage for the patients in having a new bioabsorbable
implant for ACL reconstruction was measured in terms of reduction of complications and the
correspondent benefit to the society was measured by the reduction of the extra costs that are
incurred by the treatment of such complications after an ACL reconstruction.

It was not possible to perform this evaluation based on clinical trials that would collect
information regarding the patients’ health events of a specific bioabsorbable implant when
placed in the human body. Therefore, several sensitivity analyses were executed to identify
the threshold that allows characterizing the new bioabsorbable implant as beneficial, when
compared to the current fixation strategies.

5.2.1.  Framing the study

Table 5.5 describes the characteristics of this study, namely the type of intervention, the
comparison programs and the perspective of the study.

Table 5.5. Framing the economic study by defining its characteristics.

Intervention Use a new bioabsorbable implant in the ACL reconstruction surgery

Audience Society, R&D companies, universities and policy makers.

Target Population Individuals from all ages (children and adults) that may suffer an ACL

rupture.
Current metal implants (screws) used in ACL reconstruction surgery.
Comparison Programs Current bioabsorbable implants (screws) used in ACL reconstruction
surgery
Perspective Societal
Time Horizon 2 years
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One important aspect of economic evaluations is the definition of the perspective of the study,
since it has implications in the study design. The “societal” perspective was incorporated in this
study since it allows to assess the impact of the intervention on the society’s welfare . This
perspective intends to incorporate all costs and all health events regardless of whom pays and
who obtains the effects 22 |

The comparator programs selected for this study are the ACL reconstruction surgeries that use
the current implants (screws) for the graft fixation in femur and tibia. Since metal and
bioabsorbable implants are the most commonly used implants in ACL reconstruction, thus two
comparison programs were established.

The selected time horizon of the study was 2 years. This is the shortest follow-up time that is
most commonly used in studies that follow groups of patients who have performed ACL
reconstructions.

5.2.2. The conceptual model and assumptions

A conceptual model was developed to outline the health events that may occur after an ACL
reconstruction and further treatments that are still needed.

The conceptual model was constructed using a decision tree. Decision trees are composed of
a set of nodes (represented by circles or squares) interconnected by branches (represented by
lines). A decision node is represented by a square and an uncertain node is represented by
circular nodes. In this study, the intervention and each comparison program were represented
by main branches in the tree, after a decision node. The subsequent events (uncertain events)
were depicted by further branches.

Table 5.6 describes the possible events after an ACL reconstruction, identified through an
extensive literature review.

Table 5.6. Complications after an ACL reconstruction [210,211,233]

Complications

Symptom Causes Treatment options
= Chondral injuries = Proper treatment exists according to
Meniscal injuries the specific pathology. Examples: anti-
Neuroma pain from the harvest site inflammatory medication for pain and
Pain Arthritis swelling and treatment of chondral
Synovitis injuries with arthroscopic debridement
Patellofemoral pain (chondroplasty).
Chronic inflammation
Poor positioning of the graft = Treatments are directed towards
Prolonged period of immobilization improvement of the range of motion
Arthrofibrosis and limb function. The range of motion
Stiffness Excessive tension of the graft can be achieved through rehabilitation

Cyclops lesion
Persistent pain
Time from injury to surgery

exercises and/or open or arthroscopic
debridement of the knee.

Instability/Laxity

Early return to sport - new trauma
Technical errors

Biological factors

Failure of initial diagnosis
Inadequate postoperative
rehabilitation

= Revision surgery
= Physical rehabilitation, when a new
surgery is not advised
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To reduce the complexity of the model, these complications were divided into three main
groups of symptoms: a) persistent pain, b) stiffness (loss of motion), and c) recurrent
instability/laxity, causing the patient’s sensation of giving-way. Infection was not considered in
this model, since it is a rare event 2%,

The literature is not unanimous regarding the definition of failure after an ACL reconstruction
2351 The surgical procedure may be considered to have failed when the patient has a
perception of instability or objective laxity develops in an ACL-reconstructed knee, or when

postoperative pain and/or stiffness occurs in a stable ACL-reconstructed knee [236]

However,
some authors prefer the definition of Johnson and Coen, who define failure as the presence of
recurrent instability when performing daily sports activities or as a stable, but painful knee,

with more than 10° motion loss after the surgery **¥

. In cases of objective evaluation of
failure, measurements include motion deficits, the Lachman test, the anterior drawer test, the
pivot shift test or KT arthrometer 7).

Despite the inexistence of a universally accepted definition of ACL reconstruction failure, it is
generally accepted that the Revision Surgery is only performed in cases of recurrent
instability/laxity, i.e., when the reconstructed ligament cannot provide adequate anterior

(236238 The ACL reconstruction failures can occur for

and/or rotatory stability of the knee
different reasons: a) early failures (less than 3 months after the surgery) are typically related to
loss of fixation, sepsis, and failure of graft incorporation due to aseptic biological reaction, b)
midterm failures (3-12 months after the surgery) are most common and are often due to
surgical technique errors, aggressive physical therapy, and graft failures secondary to
unrecognized loss of secondary stabilizing structures and c) late failures (more than 12 months
after the surgery) are mainly related with trauma %%,

Figure 5.7 shows the decision tree constructed from the Tree Plan sofware, to outline the
health events after an ACL reconstruction. This decision tree includes the comparison
programs and the proposed intervention. The first node represents the decision that the
sports medicine surgeon will make regarding which type of fixation should be used: metal
fixation, current bioabsorbable or new implant (bioabsorbable) fixation. Despite all the fixation
alternatives, this model focused on interference screws, since this is the most reported fixation
method in the literature *?. To simplify the model, the surgical technique and type of graft
were neglected. However, the use of an autograft was assumed. For the remaining decision

tree construction, the following assumptions were also taken into consideration:

- the complications caused by instability/laxity of the graft are addressed in the branch
“Failure”. In this case, it was assumed that the patient necessarily requires an ACL
Revision, thus the option of “no Revision” was not included.

- if patients require an ACL Revision, there is a chance of doing it in two stages. In
addition, it was considered that the implant used in the Revision Surgery was the same
used in the primary surgery.

- the branch “Other complications” encompasses the complications that cause pain
and stiffness. These complications have essentially an inflammatory origin and can be
treated by surgery (arthroscopic release/debridement or manipulation under
anesthesia) or by a more conservative treatment (physical rehabilitation and steroid
injections).

56



- to reduce the complexity of the problem, it was assumed that the patient’s symptoms
improve after the treatment of the complications, and therefore the patient does not
suffer from further problems during the remaining follow-up period.

- the health events after an ACL reconstruction occur regardless of the type of
interference screw that was used. The difference between the fixation methods lies on
the probability of such outcomes.

5.2.3. Scenarios and assumptions

To assess the economic benefit of having a new implant in the market, two potential implants
were studied, according to the improvements proposed in Table 5.3. Therefore, two types of
implants were studied:

a) the new (bioabsorbable) implant improves only the biological interactions, maintaining the
same mechanical performance of the current bioabsorbable implants - “better implant”.

b) the new (bioabsorbable) implant improves both the biological interactions and the
mechanical properties of the current bioabsorbable implants — “ideal implant”.

In addition, the economic evaluation was executed by studying separately the occurrence of
complications that cause pain and the complications that cause stiffness. These scenarios have
been chosen to understand in which situation it will be more beneficial to launch a new
implant in the market. This benefit will be measured in terms of reduction of the rate of
complications and their treatment costs and, consequently, the expected cost of the primary
ACL reconstruction.

In total, two symptom scenarios and two implant improvement levels were considered for this
economic model, as described in Table 5.7.
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Figure 5.7. Schematic representation of the decision tree.



Table 5.7. Symptom scenarios and implant improvement levels included in the study.

Scenario Description

The new implant under study only improves the biological
Pain 1 properties of the current bioabsorbable implants (Better
implant).

Pain Scenario
The new implant under study improves the biological and the

Pain 2 mechanical properties of the current bioasborbable implants
(Ideal implant).

The new implant under study only improves the biological
Stiffness 1 properties of the current bioabsorbable implants (Better
implant).

Stiffness Scenario
The new implant under study improves the biological and the

Stiffness 2 mechanical properties of the current bioasborbable implants

(Ideal implant).

5.2.4. Probabilities and assumptions

To identify the probabilities of the health events depicted in Figure 5.7 an in-depth literature
review was carried out to determine the incidence of the complications and their associated
treatments (Table 5.8). Attention was given to the studies that followed the patients over a
mean period of 2 years or up to 2 years.

Table 5.8. Literature review on the incidence of the health events and treatments after an ACL reconstruction.

Events/Treatments Data from Literature

Failure -1,82% 241 5 394 12421, 1 794 2901, 4 gy 12241

Two-Stage ACL Revision (Failure) -5,4% to 8,3% %

-Anterior knee pain: 22% (2241
-Meniscal and cartilage injuries: 37%
Other complications -Loss >52 extension: 9% "
Stiffness scenario | -Loss of extension: 25,3% [245]
-Cyclops Lesion: 3,61% (2461

Pain scenario [244]

-6% (4/68) of the patients subjected to an ACL

Pain scenario reconstruction, undergo another arthroscopy to treat
pain related complications [247)
Surgical treatment -Arthroscopy for loss of extension: 12,2% (2431
(Other complications) -Anterior debridement: 3,3% **”

Stiffness scenario | -3% (2/68) of the patients subjected to an ACL

reconstruction undergo another arthroscopy to treat
. .. [247]

stiffness related complications

The small number of published data difficults the identification of well-defined complications’
rates. Additionally, from the studies that followed the patients during a mean period of 2
years/up to 2 years, only one related the complications that arose with the type of implant
used 2*® However, this study followed patients who received a type of bioabsorbable implant
that is no longer in the market.

Table 5.9 and 5.10 detail the probabilities of health events delineated in the decision tree,
according to the different scenarios that were defined in this model. The probabilities were
chosen based on the information collected after the literature review — Table 5.8.
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Table 5.9. Probabilities for the scenario Pain.

SCENARIO PAIN

Current implants

New implant

. Pain 1 Pain 2
Bioabsorbable Metal (Better) (Ideal)
- . -5% -20%
Probability of Failure 0% -5% 0% -5% Bioabsorbable | Bioabsorbable
0% - 4.8% 0% - 4%
Probability of Two-stage ACL -50% -60%
revision (due to Failure) 0% - 8% 0% -5% Bioabsorbable | Bioabsorbable
0% - 4% 0% - 3.2%
- -15% -20%
:;c:::llia(::::/ot:‘imher 0% - 40% 0% - 35% Bioabsorbable | Bioabsorbable
(0% - 34 %) (0% - 32%)
Probability of Surgical -15% -20%
treatment (due to Other 0% -15% 0% -10% Bioabsorbable | Bioabsorbable
complications) 0%-12.8% 0% -12%

Table 5.10. Probabilities for the scenario Stiffness.

Current implants

New implant

SCENARIO STIFENESS Bioabsorbable Metal ST SHUiEEs
(Better) (1deal)
- . -5% -20%
Probability of Failure 0% -5% 0% -5% Bioabsorbable | Bioabsorbable
(0% - 4.8%) (0% - 4%)
- -50% -60%
ProI:aeI::;:;tiz:i(’Jl\:;o(;ztii;lﬁiI; 0% - 8% 0% - 5% Bioabsorbable | Bioabsorbable
(0% - 4%) (0% - 3.2%)
- -25% -30%
:;:aallia;:;::/ozimher 0% - 25% 0% - 20% Bioabsorbable | Bioabsorbable
P (0%-18.8%) | (0% - 17.5%)
Probability of Surgical -25% -30%
treatment (due to Other 0%-12% 0% -7% Bioabsorbable | Bioabsorbable

complications)

(0% - 9%)

(0% - 8.4%)

The following assumptions were taken into consideration, for the definition of the probabilities

of the previous tables:

a) Branch: Failure

The maximum probability of Failure was established at 5%, as indicated in Table 5.8. The

probabilities of this branch are the same, regardless of the type of scenario under study.

The failure incidence is reduced by 5% when a new implant with improved biological

properties is used. In this case, the new implant only eliminates the causes of failure related

with inflammatory reactions caused by graft/hardware interface, which are a consequence of

the patient’s immune response. According to the Multicenter ACL Revision Group Study
(MARS), the reasons that lead to an ACL revision are trauma (32%), technical errors (24%),
biologic failure (7%), or a combination of factors (37%) 2**!. Therefore, the biological factors do

not strongly contribute for the reduction of this event, especially when inflammation is the

only source of the biological failure of the graft. These assumptions are considered both in the

pain and the stiffness scenarios.
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Technical errors include malpositioned tunnels, improper graft choice and technique, failure to
diagnose conditions associated with the ACL rupture (e.g. other ligamentous injuries),
improper fixation sizing and graft tensioning (18 Therefore, even if there is a new implant in
the market, with better biological and mechanical properties, the ACL failures continue to
occur if the surgeon is unable to avoid these technical errors. However, it is considered that
mechanical properties of the implants contribute both for the fixation and the biomechanics of
the graft, which are factors that can foster a new trauma (2331 Thus, it was assumed that
improving both the biological and mechanical properties of a new implant can reduce the need
for an ACL revision by 20%.

b) Branch: Other complications

The pain situations mostly reported in the literature are related with anterior knee pain. The
prevalence of this complication is often related with the donor site morbidity, resulting from
the harvest of the graft. However, the authors suggest that it might be associated with loss of
motion, which could be related to the inadequate rehabilitation techniques rather than the
graft choices %% Therefore, anterior knee pain symptoms will be associated with loss of
motion, and the occurrence of this complication will be studied in the stiffness scenario.
Considering that the complications that cause pain are mainly due to the chondral and
meniscal injuries, loose bodies and chronic inflammation (e.g arthritis and synovitis) then the
pain scenario complication’s probability will be fixed at 40% maximum, which is related to the
1.4 “indicated in Table 5.8. In this study, the authors found
more prevalence of meniscal injuries than cartilage injuries.

number found by Rgtterud et a

Regarding the stiffness scenario, the maximum probability of complications related with loss of
motion will be set at 25%, as indicated in Table 5.10.

The information available in the literature only indicates a greater bone tunnel widening, knee
effusion, pain and swelling when bioabsorbable implants are used instead of metal implants

[251] [70,227,252,253] and the

prevalence and origin of complications among a cohort of patients who were treated with

. However, this statement is only justified by statistical significance

bioabsorbable implants are not studied. However, to integrate this finding in the model, it was
established a difference of 5% between the maximum probability rate of complications of the
metal and bioabsorbable implants.

In the pain scenario, it was assumed a reduction of the complications by 15% if a new implant
becomes available in the market, able to improve only the biological interactions of the
current bioabsorbable implants. This reduction was established in 20% if this new implant is
able to improve both the biological and mechanical properties. In the latter case, the new
implant will be able to avoid slippage of the graft and migration of the screw, which happens
less often when compared to the foreign body reactions. These numbers were assumed
considering that even if the inflammation caused by the fixation method is avoided, the
episodes of persistent pain do not disappear completely since it comes mostly from the
meniscal and cartilage injuries.

In the stiffness scenario, it was assumed a slightly higher reduction of the incidence of
complications since the inflammation has higher impact in the problems related with loss of
motion. The new implant which provides only better biological properties will reduce
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complications by 25% whereas the new implant that is able to reduce both the biological and
mechanical properties will reduce complications by 30%.

c) Branch: Two-stage ACL revision

A two-stage revision surgery in required in situations that: a) there is a widening of the tunnel,
b) there is bone loss, c) it is necessary to treat other complications, for example arthrofibrosis
or inflammation due to the foreign body reactions % .

Although the data collected in the literature do not relate the incidence of this event with the
type of implant material that was used, it was also assumed, in this health event, a different
rate between metal and bioabsorbable. The highest probability found in the literature (8%)
was assigned to the current bioabsorbable implants, and the lowest probability found in the
literature (5%) was assigned to the current metal implants. However, it is important to note
that these numbers were collected from studies that include patients who took more than 4
years to perform the ACL Revision. The same rate values were established regardless of the
type of complication scenario being studied, since these scenarios do not influence the
occurrence of the graft failure (instability/laxity) and, consequently, the need of an ACL
revision surgery.

It was assumed that the new implant with improved biological properties greatly reduces the
need of a staged surgery, because it will avoid the widening of the tunnels and other
complications of inflammatory origin. Based on the information present in the literature, the
widening of the tunnels is a common complication when the current bioabsorbable implants
are used. The factors that may contribute for this complication are pitfalls in the graft fixation,
causing micromotion and residual laxity, as well as osteolysis around the implant due to acidic
degradation products '*°>?*®!, Therefore, this event can be drastically reduced if the biological
properties of the current implants are improved. It was then assumed that a new implant with
better biological properties reduces the need of a stage surgery by 50%. On the other hand,
improving both the biological and mechanical properties of the current bioabsorbable implants
reduces the need to perform a two-stage surgery by 60%. In addition to the enlargement of
the tunnels and other complications of inflammatory origin, there are further reasons that
contribute to a staged ACL revision: a) tunnel defect which limits fixation or anatomic graft
placement, b) conflict with previous tunnels and/or hardware, which requires the removal of
all material, c) bone voids (254 1t was then assumed that the improvement of the mechanical
properties of the current implants prevent the occurrence of these complications, although to
the lesser extent.

d) Branch: Surgical treatment

The range of values attributed to the chance of this event depends on the scenario that is

being studied. Based on the study of Heijne and Werner **"

, among the 8 patients who
underwent another surgical arthroscopy for the treatment of complications after an ACL
reconstruction, 4 patients were treated mainly due to pain symptoms and 2 patients were
treated mainly due to lack of mobility. Considering the total number of patients followed in
that study, and the probabilities defined for the two complication scenarios, the chance

interval of the branch “Surgical treatment” was set at 15% and 12% maximums for the pain
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and stiffness scenarios, respectively. Once again, a 5% difference is assumed between metal
and bioabsorbable implants.

It was assumed the same reduction of the incidence of this event, like in the event of “Other
complications”, when the effect of a new implant was studied. According to the scenario, the
reduction of the event “Surgical treatment” was established at 15% or 20% maximum in the
pain scenario, and at 25% or 30% maximum in the scenario stiffness.

5.2.5. Costs and assumptions

In total, there are eight aggregate costs associated with each node: 1) ACL reconstruction
(ACLR - branches bioabsorbable, metal or new implant), 2) Failure, 3) Other complications
(pain or stiffness), 4) Well, 5) Two-stage ACL revision, 6) One-stage ACL revision, 7) Surgical
treatment and 8) Conservative treatment. These aggregate costs were calculated after defining
the cost items responsible for each one of them, as shown in Table 5.11. This definition was
made with the help of doctors, physical therapists and also the information collected in the
literature 12222227281 |n some cases, the cost items are multiplied by the number of times
that are present in a certain aggregate cost. For example, the cost item “Manual
Rehabilitation” is multiplied by the average number of sessions necessary in each different
situation. It is important to note that the sessions of physical rehabilitation are billed in periods
of 15 minutes. The surgical treatments assumed the occurrence of pre- and post-operative
rehabilitation sessions, which last for different periods of time. As an example: the post-ACL
Reconstruction rehabilitation lasted for 6 months, whereas the post-ACL revision rehabilitation
lasted for 12 months.

Regarding the cost of the anesthesia, the anesthesiologist fee depends on the surgery time (in
periods of 15 minutes) of the different procedures. To cover all possibilities, the surgery time
was not fixed in an average time but in a probable interval.

The “Conservative treatment” node refers to a less aggressive treatment of complications,
wherein a surgery is not necessary. In this case, as an assumption, the treatment lasts for 6
months, which include 2 steroid injections (spaced by 3 months) and continuous physical
rehabilitation during the entire period.

Not all the cost items were integrated in each different aggregate cost, but at least the most
relevant direct costs were included. The range of values for each cost item was obtained from
a U.S. health insurance database, by searching the Medical Billing Code corresponding to each
cost item — see Table 5.12. For each cost item, the existing data was used to fit a MATLAB
probability distribution object using the fitdist function. Given the knowledge of the probability
function associated to the data, it was possible to obtain a set of random data with that
distribution, which was used afterwards in the calculation of random values associated to each
cost item, for each iteration of the simulation.
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Table 5.11. Cost items responsible for each different aggregate cost.

Units
Node/Aggregate Cost Cost Item Pain Stiffness
Scenario Scenario
XRay 1
MRI 1
Surgeon Fee 1
Facility Fee 1
Anesthesiologist Fee 1
Anesthesia time 5—-28.3 (75 min — 125 min)
ACL Reconstruction Implant 2
Physical Evaluation 2
Strength Therapy 42
Neuromuscular Therapy 42
Manual Therapy 22
Brace 1
CPM 14
Failure XRay
Other complications XRay
Well - -
MRI 1
Surgeon Fee 1
Facility Fee 1
Anesthesiologist Fee 1
Anesthesia units of 15 min 6 —10 (90 min — 150 min)
Implant 2
Physical Evaluation 2
Strength Therapy 60
Neuromuscular Therapy 60
Manual Therapy 34
CPM 14
CT 1
Surgeon Fee* 1
Facility Fee* 1
Anesthesiologist Fee 1
Anesthesia units of 15 min. 6—10 (90 min — 150 min)
Physical Evaluation 2
Strength Therapy 26
Neuromuscular Therapy 26
Manual Therapy 14
CPM 14
+ One-stage ACL Revision
MRI 1
Surgeon Fee
Facility Fee
Anesthesiologist Fee 1
Anesthesia units of 15 min. 2 —4 (30 min — 60 min)
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Physical Evaluation

Strength Therapy 26

Surgical treatment Neuromuscular Therapy 26
Manual Therapy 14
CPM 14
Injection Drug
Injection Fee

Conservative treatment Physical Evaluation

Strength Therapy 32
Neuromuscular Therapy 32
Manual Therapy 24

* average cost between two different procedures

Table 5.12. Medical billing codes included in the economic model.

Code Category Description Item of the model
73722 ) MRI Knee Arthrogram MRI
Imaging - -
73562 studies Standard Imaging Knee - 3 views XRay
73700 CT Extremity Lower without contrast CcT
01400 . Anesthesia - Professional Component (per 15 Anesthesiologist Fee
Anesthesia .
minutes)
29888 Professional Component — Arthroscopically ACL Surgeon Fee
Reconstruction
29888 Facility Component — Arthroscopically ACL Facility Fee
. Reconstruction
Surgical - -
29874 Professional Component — Arthroscopy Knee Surgeon Fee (Pain)
Procedure — .
Professional Removal Loose/Foreign Body
29874 and Facility Facility Component — Arthroscopy Knee Removal Facility Fee (Pain)
T Loose/Foreign Body
29884 Professional Component — Arthroscopy Knee Surgeon Fee (Stiffness)
W/Lysis of Adhesions
29884 Facility Component — Arthroscopy Knee W/Lysis of Facility Fee (Stiffness)
Adhesions
J1040 Methylprednisolone 80 mg - injection Injection Drug
20610 | Conservative | Arthrocentesis*, aspiration and /or injection, major Injection Fee
treatment joint or bursa (e.g., shoulder, hip, knee, subacromial
bursa)
97001 Physical Evaluation Physical Evaluation
97110 Therapeutic exercise to develop strength, Strength Therapy
endurance, range of motion, and flexibility, each 15
e minutes
97112 Rehabilitation Therapeutic procedure to re-educate brain-to- Neuromuscular
nerve-to-muscle function , each 15 minutes Therapy
97140 Manual therapy techniques to 1 or more regions, Manual Therapy
each 15 minutes
11845 Knee Orthosis, Double Upright, Thigh And Calf, With | Brace
Medical Adjustable Flexion And Extension Joint
E0935 Equipment Continuous Passive Motion Exercise Device CPM
c1713 and Implant Anchor/screw fgr opposing bone-to-bone or soft Implant
tissue-to-bone (implantable)

* synovial fluid aspiration

65




Although different types of surgeries can be performed for the treatment of complications, for
simplicity it was assumed that the surgeries for the treatment of pain complications have, in
average, the same cost of the arthroscopy for the removal of loose/foreign body. The same
assumption was made for the stiffness scenario: the average cost of all the surgeries needed in
this case is represented by the cost of the arthroscopy for the lysis of adhesions.

Regarding the two-stage revision surgery, it occurs due to several reasons and in this model its
probability is defined regardless of the type of complication that is being study. To cover the
different types of surgical procedures, it was assumed that the surgeon fee used in the
calculation of this aggregate cost would be the average cost of the surgeon fee when an
arthroscopy is performed for the removal of loose/foreign body, plus the surgeon fee of an
arthroscopy for the lysis of adhesions. The same was assumed for the facility fee.

5.2.6. Monte Carlo simulation

A Monte Carlo simulation was executed in MATLAB to study how the model responds to
randomly generated inputs. This technique helps to assess the risk in quantitative analysis and
decision making by building models of possible results by replacing a range of values
(probability distribution) for any factor that has uncertainty 2590 It then calculates results over
and over (iterations), using different sets of random values from the probability distributions.
Therefore, a Monte Carlo simulation uses probability distributions as the realistic way of
describing uncertainty in variables of a risk analysis *%.

The Monte Carlo simulation was then used to solve the decision tree represented in Figure 5.7.
The probabilities values for each scenario were chosen uniformly from the respective
established ranges (Table 5.9 and Table 5.10), whereas, for each iteration, all the cost variables
were selected according to their calculated distribution. For all the simulations performed in
this study, it was run 150.000 iterations.

The decision tree solutions were obtained by calculating the terminal values of each branch,
i.e. summing up all the aggregate costs along the path leading to a given terminal node. The
tree was then “rolled back” by computing the expected value at each event node and, in the
end, the result was obtained by minimizing the expected value obtained in each of the three
branches. The option obtained in the decision node indicates then the alternative/branch that
has the lower average cost.

In each iteration the program selects different values for the cost items as well as for the
probabilities, according to the corresponding distributions. The same value of a given cost item
is used in each iteration to calculate the aggregate costs. This rule applies except for the
implant cost. In each iteration, values for the cost of the bioabsorbable, metal and new
implants are randomly selected based on the same cost distribution function since the
database does not distinguish between the costs of bioabsorbable and metal implants.
Additionally, as an initial assumption, it was considered the same cost distribution function of
the current implants for the new implant.

Table 5.13 indicates the mean cost of the eight aggregate costs included in this model,
assuming the same cost for the three implants. These costs are compared with the costs
available in the literature. Additionally, Table 5.13 also indicates the mean cost of the current
implants.
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Table 5.13. Comparison between the costs calculated in this model and the costs presented in the literature.

Aggregate costs

Cost from the economic model

Cost from the literature

(average cost - USDS) (USDS)

ACL reconstruction 15.556 17.160 **
Failure

- 56
Other complications
Well 0 -
One-stage'ACL revision 16.966 20.000 (223224
(due to Failure)
Two- stage Revision Surgery 24.563

(due to Failure)

(additional surgery: 7.597)

Surgical Treatment
(due to Other complications)

Pain scenario: 7.194
Stiffness scenario: 8.816

5.644 220

Conservative Treatment
(due to Other complications)

4.416

Physical rehabilitation after ACL
injury: 4.993 122
Physical rehabilitation due to
stiffness symptoms: 3.000 f224)

Other costs

Costs from the economic
model (average cost, USDS)

Costs from the literature
(UsD$)

Implant

686

200 - 300 ¥

5.2.7. Results

In this chapter, more attention was given to the Pain 1 and Stiffness 1 scenarios, since they

have the lowest probabilities’ reductions on the various health events.

= Scenario PAIN 1

Figure 5.8 shows the distribution results of a Monte Carlo simulation. For this scenario, the

probability ranges for the different variables in the simulation are indicated in Table 5.9. The

bioabsorbable option had the lowest expected cost in 30,0 % of the iterations, the metal

option 34,2% and the new implant option 35,8% of all iterations.

50

40

30

20

Iterations with lowest average cost (thousands)

Figure 5.8. Number of times each implant had the lowest expected cost after 150.0000 iterations of the Monte
Carlo simulation in the scenario Pain 1.

Scenario PAIN 1 - 150000 iterations

BIO MET NEW

To assess the impact of the different events’ probabilities in the average expected value of the

new implant option, a series of two-variable sensitivity analyses were performed.
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In Figure 5.9, the reductions promoted by the new implant on the incidence of the Failure and
Other complications were studied, respectively, from 0% to 20% (2% of discretization) and 0%
to 50% (2% of discretization), keeping fixed the other probabilities’ reduction at 0%.
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Figure 5.9. Two-variable sensitivity analysis in Pain 1 scenario, where the branches Other complications and Failure
vary from 0% to 50% and 0% to 20%, respectively, while the other probabilities’ reductions are maintained at 0%.

The results in Figure 5.9 indicate that the new implant option starts to have an average
expected cost lower than the metal option when the incidence of Other complications is
reduced by 16%, even if the remaining events are not reduced. This value becomes 14% if the
incidence of Failure is reduced by 2%. However, it would be necessary to reduce the incidence
of Failure by more than 20% to eventually obtain a lower expected value for the new implant
option, if the incidence of the remaining events does not alter.

To study if the treatments Two-stage ACL revision and Surgical treatment have any impact on
the output of the model, new two-variable sensitivity analyses were performed. In this case, it
was assumed a) a default reduction values for these two events, attributed to the scenario
Pain 1 (Table 5.9) and b) an extreme reduction: 80% reduction for Two-stage ACL revision and
50% reduction for the Surgical treatment of other complications. These new simulations are
represented, respectively, in Figure 5.10 a) and Figure 5.10 b).
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Figure 5.10. Two-variable sensitivity analysis in scenario Pain 1, where the branches Other complications and Failure
vary from 0% to 50% and 0% to 20%, respectively, while the other probabilities’ reductions are maintained at: a)
default values (Table 5.9), b) 80% for Two-stage ACL revision and 50% for the Surgical treatment.

The results shown in Figure 5.10 indicate a similar trend, i.e. the probability’ reductions of the
Two-stage ACL revision and Surgical treatment do not significantly affect the output of the
model. In both analyses, if the probability of Failure is not reduced, then it is enough to reduce
the probability of Other complications by 14% in a) situation or by 12% in b) situation for the
new implant option to have a lower average expected cost. Additionally, it is not enough to
reduce the probability of Failure by 20% for the new implant option to have a lower expected
cost. In this case, it is also necessary to reduce the incidence of Other complications.
Therefore, these differences do not alter the preference of the model for the new implant
option, especially in the ranges defined for this scenario (Table 5.9).

Figure 5.11 shows the importance of the event Other complications in the scenario Pain 1. This
study compares the average expected cost of the three options, in which all the probabilities
reductions were fixed at the default values (Table 5.9), except for this event. In this case, the
reduction of Other complications varies from 0% to 50%.
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Figure 5.11. Average expected cost of the three options, obtained when the reduction of Other complications varies
from 0% to 50%. The probabilities used in the remaining events were the default assigned for the scenario Pain 1.
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Based on the results of the previous figure, the average expected cost is lower for the new
implant when the event Other complications is reduced by 12%. This expected average cost
falls more rapidly for reductions above 14%. When the reduction is 15% (Pain 1 scenario) the
average expected costs are USDS 16.917, USDS 16.791 and USDS 16.747 for the option
bioabsorbable, metal and new implant, respectively.

Returning to the initial inputs of the model, described in Table 5.9, a new study was performed
to assess whether the new implant remains the most attractive option even if it has a higher
cost than the current implants. In this study, shown in Figure 5.12, the cost increase of the new
implant varied between 0% and 20% (1% discretization).
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Figure 5.12. Average expected cost of the three options, obtained when the cost of the new implant increases (0 to
20%) comparing to the costs of the current implants. The probabilities used for the events were the default
assigned for the scenario Pain 1.

According to the previous figure, there is a minimum margin for increasing the cost of the new
implant. The average expected cost of the new implant option is lower than the other options
only if the increase is up to 2%. Above 2%, the new implant is no longer the most attractive
option, performing even worse than the bioabsorbable option if the cost increase is greater
than 10%.

Next, a three-variable sensitivity analysis was performed to study the variation of the cost
increase of the new implant alongside the reduction of the two most important events for the
model. Therefore, in this study, the cost increase varied from 0% to 30% (increments of 5%),
and the reduction of Failure and Other complications varied from 0% to 20% and 0% to 30%,
respectively (increment of 2%). Figure 5.13 shows the implant with the lowest average cost for
each situation.
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Figure 5.13. Three-variable sensitivity analyses in the scenarios Pain 1. The reduction of Other complications (0% to

30%, increment of 2%) was compared with the reduction of Failure (0% to 20%, increment of 2%) and the increase

of the cost of the new implant (0% to 30%, 5% of increment). For each group of bars, the leftmost bar corresponds
to a cost increase of 0% and the rightmost bar to a cost increase of 30%.

Based on the results of the previous figure, for a 10% cost increase it would be necessary to
reduce at least the probability of Failure by 4% and Other complications by 30% for the new
implant to still have a lower cost compared to the other implant choices. Another possibility is
to reduce at least the probability of Failure by 16% and Other complications by 24%. In this
figure, the cost increase of the new implant is represented by each bar, from left to right
(increase of 5%).

Another study was executed to determine the annual cost savings that are generated from
replacing the current treatment options by the new option, which uses a new implant for the
ACL Reconstruction. This study used the default reduction values described in Table 5.9.
According to the information detailed in chapter 5.1.4, it is estimated that 175.000 ACL
reconstructions are performed in the U.S., per year. Assuming that half of these surgeries
(87.500) are performed using the bioabsorbable implant and the remaining using the metal
implant, an additional simulation was performed to determine the yearly cost savings
generated by replacing the current treatment options by the new implant option. The yearly
cost savings were determined assuming the default probabilities assigned to Pain 1 (Table 5.9)
and they were compared by increasing cost of the new implant, from 0% to 14%.
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Figure 5.14. Yearly cost savings generated on the scenario Pain 1 by replacing the current treatment options by the
new option, and according to the percentage of cost increase (0% to 14%).

The social advantages of a new commercially available implant, with better biological
properties, is always positive when the treatments with the current bioabsorbable implants
are replaced by a new treatment option, and assuming only a maximum cost increase of 10%
for the new implant. The same is not valid for the metal option; in this case, the new implant is
advantageous if the cost does not increase more than 2%. Assuming the same cost for all the
implants, the estimated savings are USDS 15,1M, comparing with the Bioabsorbable option,
and USDS 3,6M, comparing with the Metal option.

= Scenario PAIN 2

The scenario Pain 2 has three different assumptions when compared to the scenario Pain 1.
They are summarized as follows: a) a 20% reduction both in the probability of Other
complications and the probability of Surgical treatment of complications; b) a 20% reduction in
maximum probability of failure, and c) a 60% reduction in maximum probability of the Two-
stage ACL revision.

Figure 5.15 shows the distribution results of a Monte Carlo simulation, using the default values
assigned to the scenario Pain 2. The bioabsorbable option had the lowest expected cost in 28,5
% of the iterations, the metal option 32,8% and the new implant option was chosen in 38,6%
of the iterations.
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Figure 5.15. Number of times each implant had the lowest expected cost after running 150.000 iterations of the
Monte Carlo simulation in the scenario Pain 2.

Next, it is presented an impact analysis of the branch Other complications in this scenario. The
average expected value of the three treatment options are compared to each other, when the
reduction of the event Other complications varies from 0% to 50% (increments of 1%), while
the other reductions are kept at the values defined for this scenario (Table 5.9).
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Figure 5.16. Average expected cost of the three options, obtained when the reduction of Other complications varies
from 0% to 50%. The probabilities used in the remaining events were the default assigned for the scenario Pain 2.

The results indicated in Figure 5.16 reveal that if the event Other complications decreases by
20% (scenario Pain 2) the average expected cost of the bioabsorbable, metal and new implant
options are, respectively, USD$16.944, USD$16.817and USDS16.661. In this case, the new
implant has a lower expected cost for a reduction of more than 5% in this event.

Figure 5.17 compares the average expected cost of the three options when the cost of the new
implant increases relatively to the cost of the current implant strategies. It is verified that the
new implant remains the most attractive option if its cost does not increase more than 6%.
When the cost increases by 14%, the new implant option is more unfavorable than the
bioabsorbable option. Therefore, there is more room to increase the cost of the new implant
in the scenario Pain 2 than in the scenario Pain 1.
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Figure 5.17. Average expected cost of the three options, obtained when the cost of the new implant increases (0 to
30%) comparing to the costs of the current implants. The probabilities used for the events were the default
assigned for the scenario Pain 2.

Assuming that 87.500 ACL reconstructions are performed in U.S., per year, using metal
implants and the same number or surgeries are performed using bioabsorbable implants, the
yearly cost savings (Figure 5.18) resulting from replacing the current treatment options by the
new implant option correspond to USDS 20,5M and USDS 9,2M, respectively, if all the implants
have the same cost. However, if the cost of the new implant increases by more than 6%, there
are no positive savings by replacing the metal option by the new implant option.
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Figure 5.18. Yearly cost savings generated on the scenario Pain 2 by replacing the current treatment options by the
new option and according to the percentage of cost increase (0% to 15%, increment of 1%).

®  Scenario STIFFNESS 1

Figure 5.19 shows the distribution results of a Monte Carlo simulation, when the default values
assigned to the scenario Stiffness 1 are used (Table 5.10). The results show that the
bioabsorbable option had the lowest expected cost in 29,2% of the iterations, the metal option
in 34,3% and the option New Implant in 36,5% of the iterations.
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Figure 5.19. Number of times each implant had the lowest expected cost after running 150.000 iterations of the
Monte Carlo simulation in the scenario Stiffness 1.

New simulations were run to study the impact of the reduction of the different events on the
average expected cost of the three options. The goal was to evaluate in which conditions the
new implant option is selected, i.e., it has a lower average expected cost. Therefore, as
performed in scenario Pain 1, the reductions promoted by the new implant on the incidence of
Failure and Other complications were studied from 0% to 20% (2% of discretization) and 0% to
50% (2% of discretization), respectively, keeping fixed the other probabilities’ reduction at 0%.
Figure 5.20 shows the results of this two-variable sensitivity analyses study.
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Figure 5.20. Two-variable sensitivity analysis in Stiffness 1 scenario, where the branches Other complications and
Failure vary from 0% to 50% and 0% to 20%, respectively, while the other probabilities the other probabilities’
reductions are kept at 0%.

The results in the previous figure show that the new implant needs to reduce the event Other
complications by 24% to become the selected option, even if the other health events are not
reduced. However, this reduction drops to 20% if the incidence of Failure is also reduced by
4%. For a 20% reduction in the incidence of Failure, it is still necessary to reduce the incidence
of Other complications by 8%. As a comparison, for the scenario Pain 1, it was only necessary
to reduce this event by 6%.

New two-variable sensitivity analyses were performed to study the impact of the events Two-
stage ACL revision and Surgical treatment on the average expected cost of the three options.
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Once again, the reduction of the events Other complications and Failure varied, respectively,
from 0% to 50% and from 0% to 20%, with an increment of 2%. The reduction of the
probabilities of the events Two-stage ACL revision and Surgical treatment were kept either a)
on the default values defined in Table 5.10 or b) in 80% and 50%, respectively. Figure 5.21 a)
and Figure 5.21 b) show the results of the simulations.
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Figure 5.21. Two-variable sensitivity analysis in scenario Stiffness 1, where the branches Other complications and
Failure vary from 0% to 50% and 0% to 20%, respectively, while the other probabilities’ reductions are maintained
at: a) default values (Table 5.10), b) 80% for Two-stage ACL revision and 50% for the Surgical treatment.

Analyzing the results in previous figure, no relevant differences are found in the output of the
model when the incidence of the events Two-stage ACL revision and Surgical treatment is also
reduced. For example, in both situations, to reduce incidence of Other complications by 18%, it
is also necessary to reduce the incidence of Failure by 4%. Even though the simulation b)
further reduces the incidence of Other complications when the incidence of Failure is 20%,
these differences do not significantly alter the model response. Additionally, the results
obtained in Figure 5.20 are similar to those on Figure 5.21 a).

Figure 5.22 shows the impact of the event Other complications in the scenario Stiffness 1. In
this simulation, the average expected cost of the three options is compared when the
reduction of Other complications varies between 0% and 50%, fixing the other reductions at
the default values (Table 5.10). In this case, the results reveal that it is necessary to reduce the
incidence of this event by more than 18% to obtain a smaller expected cost in the new implant
option. This reduction level was also obtained in the study shown in Figure 5.20, when the
incidence of Failure was reduced by 4%.

For a 25% reduction in the event Other complications (scenario Stiffness 1), the average
expected cost of the bioabsorbable, metal and new implant options are, respectively,
USD$16.598, USD$16.469 and USD$16.322.
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Figure 5.22. Average expected cost of the three options, obtained when the reduction of Other complications varies
from 0% to 50%. The probabilities used in the remaining events were the default assigned for the scenario Stiffness
1.

Returning to the inputs assigned to the scenario Stiffness 1 (Table 5.10) a new simulation was
performed to assess whether the new implant remains the most attractive option even if it has
a higher cost comparing to the cost of the current implants. The results in Figure 5.23 reveal
that if the cost of the new implant increases by more than 3%, then this option is no longer the
most attractive, performing even worse than the bioabsorbable option if the cost increases by
10%. The cost boundary defined in this scenario for the new implant is in accordance with the
boundary defined in the scenario Pain 1.
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Figure 5.23. Average expected cost of the three options, obtained when the cost of the new implant increases (0 to
20%) comparing to the costs of the current implants. The probabilities used for the events were the default
assigned for the scenario Stiffness 1.
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The next simulation, summarized in Figure 5.24, is a three-variable sensitivity analysis used to
study the variation of the cost increase of the new implant alongside with the variation of the
probability of the events Other complications and Failure. In this case, the cost increase varies
from 0% to 30%, with an increment of 5%, the reduction of the events Other complications

and Failure varied from 0% to 50% and 0% to 20%, respectively, with an increment of 2% in
both cases.
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Figure 5.24. Three-variable sensitivity analyses in the scenario Stiffness 1. The reduction of Other complications (0%
to 30%, increment of 2%) was compared with the reduction of Failure (0% to 20%, increment of 2%) and the
increase of the cost of the new implant (0% to 30%, 5% of increment). For each group of bars, the leftmost bar
corresponds to a cost increase of 0% and the rightmost bar to a cost increase of 30%.

As shown in the previous figure, to compensate the increase of the cost of the new implant by
10%, it is necessary to reduce the incidence of Other complications by more than 30% and the
incidence of Failure by more than 20%. To compensate an increase of the cost of the New
Implant by 10%, it is then necessary to reduce the incidence of Other complications at least by
45% (this result is not shown in Figure 5.24). Therefore, there is less room to increase the cost
of the new implant in scenario Stiffness 1 than in scenario Pain 1.

Next, a study was executed to determine the cost savings obtained from replacing the current
treatment options by the new option, which uses a new implant with better biological
properties. This study assumed the reductions assigned to the scenario Stiffness 1 (Table 5.10).
However, the cost savings were computed according to the cost increase of the new implant,
which varied from 0% to 14%. Additionally, the cost savings were extrapolated considering the
yearly number of ACL reconstruction surgeries performed in the U.S., using bioabsorbable and
metal implants. According to the results indicated in Figure 5.25, if all the implants have the
same cost, the estimated yearly cost savings are USDS 16,6M and USDS 4,2M if the new
implant option replaces, respectively, the bioabsorbable and metal options. The cost of the
new implant can increase only by 3% or by 10% to be the option with a lower expected cost, if
compared with the metal and the bioabsorbable options, respectively.
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Figure 5.25. Yearly cost savings generated on the scenarios Pain 2 by replacing the current treatment options by the

new option, and according to the percentage of cost increase (0% to 14%, increment of 1%).

= Scenario STIFFNESS 2

According to the information presented in Table 5.10, the scenario Stiffness 2 has the following
assumptions: a) a 30% reduction in both maximum probability of Other complications and
maximum probability of Surgical treatment, b) a 20% reduction in maximum probability of
Failure and c¢) a 60% reduction in maximum probability of the Two-stage ACL revision.

Figure 5.26 shows the distribution results of a Monte Carlo simulation after running the
150.000 iterations, using the values assigned to the scenario Stiffness 2. In this case, the
bioabsorbable option had the lowest expected cost in 28,0% of the iterations, the metal option
in 32,8% and the new implant option in 39,2% of the iterations.
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Figure 5.26. Number of times each implant had the lowest expected cost after running 150.000 iterations of the
Monte Carlo simulation in the scenario Stiffness 2.

Figure 5.27 shows a study that simulates the cost savings obtained when the current
treatment options are replaced by a new option, which uses an ideal bioabsorbable implant for
the ACL Reconstruction. Under the conditions of the scenario Stiffness 2, the average expected
cost of the three options were computed when the probability of Other complications varied
between 0% and 50%. The other probability reductions were fixed at the values assigned to
this scenario.
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Figure 5.27. Average expected cost of the three options, obtained when the reduction of Other complications varies
from 0% to 50%. The probabilities of the remaining events were the default assigned for the scenario Stiffness 2.

According to these results, if the probability of the event Other complications is reduced by
7%, or more, the new implant option becomes the option with the lowest expected cost. The
average expected costs of the bioabsorbable, metal and new implant options are, respectively,
USDS$16.598, USD$16.469 and USDS16.322 if this event is reduced by 30%, as assigned for the
scenario Stiffness 2.

Figure 5.28 shows the average expected cost of the three options when the cost of the new
implant increases between 0% and 20% relatively to the cost of the current implants.
Assuming the reductions attributed to the scenario Stiffness 2, for all the events (Table 5.10),
the results in Figure 5.28 reveal that it is possible to increase the cost of the new implant by at
least 8%, ensuring at the same time a lower expected cost in this scenario. The same boundary
value was obtained when this simulation was performed in the scenario Pain 2. Comparing
with the bioabsorbable option, it is only possible to increase the cost of the new implant by
16%.

Scenario STIFFNESS 2

i —e—BIO
169 Average Expected Cost for 3 options —— METAL
: ' ‘ ‘ NEW
16.8
16.7

Bogagmer A A A A
16.5. " "W.

16.4

Average Expected Cost (thousand USD)

16.3

0 5 10 15 20 25 30

% New implant cost increase
Figure 5.28. Average expected cost of the three options, obtained when the cost of the New Implant increases (0 to
20%) comparing to the costs of the current implants. The probabilities used for the health events were the default
assigned for the scenario Stiffness 2.
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Figure 5.29 shows the last study that involved the computation of the savings generated if the
current treatment options are replaced by a new option. This new option uses a new implant
with improved biological and mechanical properties. Considering the vyearly ACL
reconstructions performed using bioabsorbable and metal implants, and assuming that all the
implants have the same cost, the generated savings correspond to USD$ 47M and USDS 25M if
the new implant replaces the bioabsorbable and the metal options, respectively. However, if
the cost of the new implant increases more than 8%, there are no positive savings when the
new implant option replaces the metal option.
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Figure 5.29. Yearly cost savings generated on the scenarios Stiffness 2 by replacing the current treatment options by
the new option, and according to the percentage of cost increase (0% to 14%, increment of 1%).

5.3. Discussion of the Results

To construct this economic model, it was necessary to determine the health events after an
ACL Reconstruction. The time period chosen for this evaluation was two years of follow-up
after the primary surgery. Therefore, a patient who performed an ACL reconstruction, after
two years of follow-up he can be placed in one of the following categories:
1) the patient recovered well;
2) the patient needed an ACL Revision;
3) the patient did not need an ACL Revision, but needed to treat other complications.
The literature is not clear regarding the prevalence of complications and the exact nature of
the complications associated to the ACL Reconstruction. Several authors report results for
“satisfactory outcomes” or “good results” after an ACL reconstruction, without defining which
criteria were used for such reference. Additionally, many studies that follow the patients after
an ACL Reconstruction only record problems as those requiring a revision procedure, not
including the patients who declined a new surgery or have complications other than instability.
Therefore this study was divided in two main symptom scenarios:
= pain, in which the complications are mainly from inflammatory origin and cause
pain symptoms;
= stiffness, in which the complications arise from loss of mobility and stiffness
symptoms.
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Although the instability symptoms are also considered as complications, these cases were
mostly studied in the Failure branch. Dividing the complications only in stiffness and in pain
reduces the complexity of the model, because it does not include the cases of the patients
who suffer from both types of complications. Additionally, it allows to infer which group of
patients benefits the most from the use a new bioabsorbable implant, with improved
biological and/or mechanical properties.
Two additional levels were created in each main scenario:
= Pain 1 and Stiffness 1 studied the use of a better bioabsorbable implant, which has
better biological properties;
= Pain 2 and Stiffness 2 studied the use of an ideal bioabsorbable implant, which
improves both the biological and the mechanical properties.
After defining which would be the expected reduction on the probability of the health events,
resulting from the use of a new implant in the ACL Reconstruction, several simulations were
performed to assess the potential economic impact of such implant. The reductions promoted
by the new implant are related to the probabilities of the health outcomes that come from
using the current bioabsorbable implants.
Table 5.14 summarizes the annual cost savings for the different scenarios if the current
treatment strategies (bioabsorbable and metal) are replaced by the new strategy, which uses
the new implant for the ACL Reconstruction.

Table 5.14. Expected yearly cost savings generated when the current treatment options are replaced by a new
option that uses a new implant.

Scenario Pain 1 Pain 2 Stiffness 1 Stiffness 2
(Better implant) (Ideal implant) (Better implant) (Ideal implant)
Cost Savings — Replacing USDS 15,1M USDS 20,5M USDS 15,6M USDS 23,9M
Bioabsorbable Option (-1,0%) (-1,7%) (-1,1%) (-1,7%)
Cost Savings —Replacing usDS 3,6M USDS 9,2M USDS 4,2M usD$ 12,6M
Metal Option (-0,3%) (-0,9%) (-0,3%) (-0,9%)

According to the results in last table, it is clear that the use of a new implant promotes similar
cost savings, regardless of the type of scenario under study. However, the most evident cost
savings are generated when the new implant option replaces the bioabsorbable option and if
the new implant can improve both the biological and the mechanical properties of the current
bioabsorbable implants (ideal implant). Nevertheless, cost savings are generated in any
situation, even if the new Implant is only able to improve the biological properties of the
current implants (better implant).
Further attention was given to the scenarios Pain 1 and Stiffness 1, since are these scenarios
that present smaller reductions on the probability of complications when a new implant is
used.
Based on the several simulations performed, it becomes clear that the probability of the event
Other complications has higher impact on the average expected cost of the ACL
Reconstruction. Assuming that the new implant necessarily reduces the probability of this
event, even if the reductions of the other reductions are kept at 0% and its cost of does not
increase, the following values are then defined as the minimum probability reduction:

= Pain 1 scenario: 16% reduction in the probability of Other complications;

= Stiffness 1 scenario: 24% reduction in the probability of Other complications.
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On the other hand, assuming the default reductions assigned to the Pain 1 and Stiffness 1
scenarios, for the events Failure, Two-stage ACL revision and Surgical Treatment of other
complications, it becomes only necessary to reduce the incidence of Other complications by
12% and 18%, respectively for each scenario. These results show the impact of this event in
the model, which greatly depends on the cost of the new implant.

This study also shows several limitations. One important limitation is due to the uncertainty
regarding the real prevalence of the health events after an ACL Reconstruction, when the
current implants are used. This occurs as a direct consequence of poor reporting as health
outcomes are rarely associated with the type of implant that was used by the studies reported
in the literature.

As an assumption, this model considered a different prevalence on the following health
outcomes, between the bioabsorbable and metal options: Other complications (5%
difference), Surgical treatment of complications (5% difference) and Two-stage ACL revision
(3% difference). The introduction of these differences is consistent with the largest number of
the cases reported in the literature when the primary surgery is performed using a
bioabsorbable implant. The exception is the incidence of Failure. In this case, the literature
only associates the prevalence of Failure to the type of graft or technique. In many occasions,
studies do not even indicate which type of implant was used. For this reason, the average
expected cost of the new implant option is often compared with the metal option.

To simplify the model, interest rates were not applied to the costs. However, it is important to
point out that the cost items used to calculate the aggregate costs of this model were obtained
from a U.S. health insurance database in April 2016.

Although this study assumed a societal perspective, unfortunately it was not possible to
integrate indirect costs in this economic model. These costs are associated with disease
morbidity and include, for example, costs associated with work loss (cessation or reduction),
whose consequences are lost taxes, lost contributions to the economy from decreased
spending (e.g. in leisure activities) and an increased burden on the social and healthcare
systems. Eventually, if this study had included indirect costs, it is estimated that the usage of a
new implant would also promote a reduction of such costs. One of the advantages of the new
implant could be a faster and more effective treatment, which saves patients’ time on
dislocations, increasing work hours and productivity, among others. Greater efficacy in the
treatment could also be accounted by reducing the number of physical rehabilitation sessions.
In the model, it was assumed that if certain health events occur, then the same treatment
protocols are used. However, this model integrated the direct costs that could have higher
impact in its outcomes. This explains why certain cost items were not included, such as the
medication cost for pain or swelling relief.

Through the database consultation, it was not possible to distinguish differences between the
costs of implants. According to Prodomos et al.?*” the cost differential between metal and
bioabsorbable implants is reducing (U.S. healthcare system). Thus, the model assumes the
same cost for these two implants. Nonetheless, had the model considered that the
bioabsorbable implant has a higher cost, greater yearly cost savings would be obtained if the
new treatment option replaces the current bioabsorbable option.

Table 5.13 compares the costs calculated in this model with the costs in the literature. The
model assumed lower costs for the ACL reconstruction surgery and One-stage ACL revision, but
the cost of the implant was higher when compared with the range values found in the
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literature. After simulating the cost impact of the new implant, it became clear that it is only
possible to increase its costs by 2% or by 3%, respectively, in Pain 1 and Stiffness 1 scenarios. If
the percentage of cost increases more than those values, the new implant option will have an
average expected cost higher than the metal option.

5.4. Conclusion and future work

The results indicate that the health event that most influences the response of the model is
Other complications, being either associated to pain or to stiffness symptoms. Therefore, the
new implant can only be the option with the lowest average expected cost if it can reduce the
probability of this event, especially when compared with current bioabsorbable implants. If the
new implant reduces the probability of complications by 15%, without reducing the prevalence
of the other health events, it is already introducing benefits to the patients that suffer from
pain after an ACL Reconstruction.
Since this economical study started from the premise that the new implant improves at least
the biological properties of the current bioabsorbable implants, then it is concluded that the
development of a new implant has benefits to society, since the expectation is that it will
reduce the probability of complications by 15%, in the scenario Pain 1, or by 25%, in the
scenario Stiffness 1. This expectation is supported by the information presented in the chapter
2.5. (Current Research for Bioabsorbable Polymer Fixation Implants in Orthopedics), where
several strategies were presented for the development of new bioabsorbable implants, with
improved biological properties. This thesis focuses in the development of new bioabsorbable
implants based on chitosan (see the next chapters).
To be the option with the lowest expected cost, the commercial cost of the new implant
should be similar to the current implants used in the ACL Reconstruction. To introduce a more
expensive implant in the market, it is necessary to guarantee that it will introduce a greater
reduction in the probability of Other complications. However, such higher reduction may not
be achieved, since the complications that arise after an ACL Reconstruction can be influenced
by other factors, such as other concomitant injuries associated with the ACL rupture and
technical errors.
As future work, the following points are proposed:
= A new bioabsorbable implant should be developed, since the introduce
improvements will have a positive impact in the society;
= This model intended to study the economic potential of a new bioabsorbable
implant, for the treatment of ACL ruptures. However, the decision tree that supports
the model was constructed as general as possible, thus allowing its application in
further studies, for different orthopedic areas. As an example, this model can be
applied to study the potential development of a new bioabsorbable implant for the
treatment of the shoulder’s ligaments (e.g. rotator cuff injury);
= Given the difficulties to obtain data for the probabilities of the health events and for
the costs of the several items, it is recommended that the hospitals and orthopedic
surgeons report, in an accessible way, all the important information regarding the
ACL Reconstruction surgeries, as well as all the short- and long-term outcomes of
such procedures. The information can be accessible through scientific articles and/or
hospital databases. The success of early HTA models is only possible if information on
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the outcomes of the surgeries and treatments is easily obtainable. In this case, it
would be important, for example, to know the prevalence and origin of certain
complications. This is important not only to conciliate medical practice with scientific
research, but also to give orthopedic surgeons more information for better decision
making, thus helping to reduce the future clinical errors.

= The data introduced in the model should be constantly updated, especially after
eventual clinical trials.
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SECTION C: Methodologies for the
development and evaluation of 3D dense
chitosan-based compositions for orthopedic
applications
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6. Experimental tests to define the
physicochemical properties of chitosan

The different functions of chitosan depend both on its chemical structure and molecular size.
Therefore, the characterization of a chitosan sample requires the determination of its D.D.,
viscosity and M,, being the M,, the feature that companies generally prefer to use as the
representative feature of their commercial products.

This chapter introduces and explains the methodologies that were used to characterize the
D.D. and the viscosity of the chitosan samples tested in this study.

6.1. Viscosity

Viscosity is a property of all liquids that measures their resistance to flow or shear as a function
of the temperature and pressure *®Y. With n representing the dynamic viscosity, the relation
between the shear stress, o, and the strain rate, é, is given by equation 1. The most common
unit of measurement for viscosity is the poise (P) 2.

c=nxe (1)

The flow characteristics of liquids are divided into three categories: Newtonian, time-
dependent Non-Newtonian and time-independent Non-Newtonian 264 In the first case, the
viscosity of the liquid does not depend on the shear stress **Y. However, for Non-Newtonian
liquids, the viscosity depends on the applied shear force and time *®Y. For time-dependent
fluids, there is a change in viscosity with time under same conditions of constant shear rate
(thixotropic and rheopectic fluid), whereas for time-independent fluids, the shear stress does
not vary proportionally with the shear rate %Y. Figure 6.1 represents different types of time-
dependent Non-Newtonian fluids.

Viscosity

Bingham (vield stress)

Shear thicksnmgz

Newtonian

Shearthummg

Shear rate

Figure 6.1. Different types of time-independent Non-Newtonian fluids 262

There are different types of rheometers and viscometers that are able to measure a fluid’s
viscosity 3. The Brookfield viscometer is a type of rotational viscometer that commonly uses
a rotating disk in a fluid at a known speed, and the torque force required to rotate the disk is

related to the viscosity of such liquid [263]
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Several published studies report the rheological behavior of chitosan. Kienzle-Sterze et al. 2%
showed that the viscosity of chitosan increases with its concentration. The authors also
showed that at higher concentrations of chitosan solutions revealed a shear thinning behavior.

Wang and Xu %*°)

reported that the non-Newtonian behavior of chitosan solutions increased
for higher D.D., which is explained by the increase of entanglements. Other studies showed
that the chitosan’s M,, affects the viscosity of its dispersions 2°%”! |n fact, the viscosity of
chitosan solutions can be related to its Mw according to the Mark-Houwink-Sakurada

equations [268)

6.1.1. Experimental Procedure

Chitosan viscosity procedure used followed the protocol defined by Altakitin S.A. A 1% (w/v) of
chitosan was dissolved in a 1% (v/v) acetic acid solution. After the total dissolution of chitosan,
the solution was left to rest for 1 hour, for air bubbles to collapse.

The viscosity of the solution was measured at room temperature (21°C) and at 50 RPM using a
Brookfield viscometer. The spindle of the measurement (R2 or R3) was chosen accordingly
with the samples behavior (torque of about 50% on the viscometer display). Registration of the
viscosity was performed after the values stabilized.

6.2. Molecular Weight

Gel permeation chromatography (GPC) is an analytical technique that separates dissolved
macromolecules according to their size throughout a specific stationary phase ?*?’%. The main
use of GPC is identifying the molar mass averages (M,, M,,, M,) or molar mass distributions
(MMD) of natural and synthetic polymers, which is normally accomplished through the
application of calibration curves 2691 '|n addition to the molar mass determination, the GPC
also allows to prepare molecular fractions for characterization or further use, to serve as a
method for desalting or buffer exchange and to estimate molecular association constants (e.g.
macromolecular aggregation) 2*°.

GPC employs a stagnant liquid present in a porous-particle column packing (stationary phase)
and a flowing liquid (mobile phase) ***?’%, The mobile phase can flow between and in and out
of the pores of the packing. The separation phenomena occurs by repeated exchange of the
solute molecules between the bulk solvent of the mobile phase and the stagnant liquid phase
within the pores of the packing ?**?’%. The pore size of the packing particles determines the
molecular size range within which separation occurs %279,

Briefly, a GPC instrumentation includes: a pump (to push the solvent through the instrument),
an injection port (to introduce the test sample onto the column), a column (to hold the
stationary phase), one or more detectors (to detect the components as they leave the column)
and a software(to control the different parts of the instrument and calculate and display the

results 1279,

6.2.1. Experimental procedure

The M,, of chitosan samples were determined by GPC at room temperature. A sodium
acetate/acetic acid buffer solution was prepared as eluent, and 2 mg of each different chitosan
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powder was dissolved in 1 ml of such solution. To prevent insoluble particles from
compromising the proper functioning of the column, all the dissolutions were filtered through
a cellulose acetate syringe filter (pore size 0,45 um).

The GPC equipment included a Smartline RI Detector 2300 (refraction index detector) and a
Smartline Pump 1000 from Knauer. The column was a PL aquagel-OH Mixed-H 8, from Aligent
Technologies. The flow rate used was 1 mL/min and the sample injection volume was 100 uL
per run.

Calibration curve was previously obtained by using Pullulan polysaccharides calibration kit
from Varian (same chromatography parameters). Acquisition and data processing was done
using Clarity ® software from DataApex.

6.3. Degree of Deacetylation

There are multiple methods available to determine the D.D. of chitosan samples (see chapter
3.2.). One of this methods, the nuclear magnetic resonance (NMR) studies the molecules by
assessing the interaction of radiofrequency electromagnetic radiations with their nuclei when

placed in a strong magnetic field [271].

3¢ N, and *F, possess a spin angular

The atomic nuclei of certain isotopes, such as 4, ?H,
momentum and a corresponding magnetic moment. Considering the 'H nucleus, it has a spin
guantum number (l) of 1/2, which generates two quantized orientations in the presence of a
magnetic field: parallel to the applied field (lower energy orientation) or antiparallel to it

(higher energy orientation) "%

. When the nucleus is placed in a magnetic field, it stops
spinning on its axis, exhibiting a characteristic wobbling motion (precession) @Y. If a
radiofrequency field is now applied in a direction perpendicular to the magnetic field, and at a
frequency that exactly matches the precessional frequency (“Larmor” frequency) of the
nucleus, absorption of energy will occur and the nucleus will suddenly “flip” from its lower
energy orientation to the higher energy orientation ?’Y. It can then relax back to the lower
energy state through spin-lattice relaxation (T1), by transfer of energy to the assembly of
surrounding molecules, or by spin-spin relaxation (T2), involving transfer of energy to a
neighboring nucleus ?’Y. The change in the impedance of the oscillator coils caused by the
relaxation is measured by the detector as a signal in the form of a decaying beat pattern,
known as a free induction decay (FID) . The signal is then converted to a *H-NMR spectrum
by Fourier transformation.

Protons that are in the same magnetic environment are chemically equivalent. Each group of

I [272,273]

chemically equivalent protons gives rise to a signa . The groups H’s, CH; and CH, are

usually equivalent, as well as symmetrical compounds such as benzene. The relative intensity
(integration) of the signal is proportional to the relative number of protons responsible for

such signal ¥>?%, Instead of inform the absolute number of protons, it provides ratios of
protons #7273,
Protons that are not equivalent will absorb at different frequencies, which give rise to a

(272273 " The positions of the signals in a 'H-NMR

d 272273

different signal on the 'H-NMR spectra
spectrum are based on how far they are from the signal of the reference compoun
The position of the signals depends on the chemical shift, which is measured in parts per
million, ppm. The reference compound is at the zero position on the very left of the spectrum,
and as the signal moves toward the left, the ppm values become larger (272273] The chemical
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shift is influenced by the shielding effect (electron density) and electronegativity. For example,
protons in electron dense environments sense a smaller effective magnetic field and therefore
will require a lower frequency to come into resonance 27”3,

Each unit residue of the polymer has six carbon and seven hydrogen atoms which produce C-H
linkages %! The peak at 2.2 ppm represents three protons of N-acetyl glucosamine and the
peak at 3,5 ppm represents H2 proton of glucosamine residues 2’*?’*!. The non-anomeric
protons (H3-H4-H5-H6-H6'), connected to ring-skeleton, have similar electron densities and
thus chemical shifts #’#*”*!. The signals of the non-anomeric protons partially overlap and
produce a broad envelope of signals in the middle of the spectrum, which are observed around
4 ppm #%. Anomeric proton H1 is observed at higher chemical shift due to its neighboring
glycosidic and ring oxygen 7%,

According to Hirai et al?” the D.D. of chitosan is determined from equation 2 by using the
integral intensity of its CH; residue (Ic43) and the sum of the integral intensities of H2, H3, H4,

H5, H6, H6” protons.

Icu3

D.D.(%) = (1 - 4) X 100 )

IH2-He
6

6.3.1. Experimental Procedure

To measure the D.D. of chitosan, a '"H-NMR tube was prepared with a chitosan solution of 5
mg/ml in a DCI/D,0 solution (2%, w/v). The experiment was carried out in a Bruker Avance-ll|
400 MHz NMR spectrometer, under a static magnetic field of 9,4 T and at a temperature of
70°C. This temperature was chosen to avoid any interference of the solvent with the chitosan
peaks.

The sample tube was inserted in the magnet and allowed to reach thermal equilibrium. The
experiment for D.D. determination was a single pulse sequence with pre-saturation of the
solvent with irradiation (ZGPR pulse sequence). The software used to analyze the spectrum
was the Bruker Topsin 3.1.

The D.D. was calculated by using equation 2.
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7. Experimental tests and methods for the
evaluation of 3D dense chitosan-based product
compositions

Several test methods (e.g. mechanical, chemical and biological tests) are available in science
and engineering to identify the performance and characteristics of a given material or product.
This chapter presents the different test methods used in this experimental study, in order to
evaluate and characterize the intrinsic potential of each the chitosan-based compositions
developed for applications in orthopedics.

7.1. Mechanical properties

7.1.1. Compression tests

Compressive tests determine the behavior of the materials under crushing loads, by estimating

fundamental variables such as stress, stain and deformation 27°

. By testing the material at
compression, the compressive strength, the compressive stress and the compressive modulus
of elasticity may all be determined.

During a compressive test, a specimen is loaded with a force that is applied perpendicularly to

the cross section under consideration #7®

. Compressive internal forces develop in the
specimen and the intensity of such forces, on the various cross sections portions of the
specimen, is called stress ¥’®\. When a deformable body is subjected to stresses, it undergoes
deformation. When a compressive test is performed, the deformation is normally
accompanied by a reduction of the specimen’s dimensions in the direction of the applied force
(278 The total deformation of a specimen under the force is called elongation, & #7°.

The compressive strength supported by a test specimen corresponds to the maximum

d [277]

compressive stress applied, before a first crack is detecte . In turn, the nominal

compressive stress (o) is the load (F) per unit area of minimum original cross section (4,)

carried by the test specimen at any given moment, as given by equation 3 (277,

Oc = Ll 3

c= 7 (3)

The compressive strain is calculated according to equation 4, where [ is the instantaneous
length at any moment, after deformation, and /o is the original length of the material. It

corresponds to the elongation, 8, per unit of the original length, lo ?””\.

8
ge= > =10 @)

The compressive modulus of elasticity, E, is calculated by the slope of the initial linear portion
of the stress-strain curve 77, According to Hooke’s law, there is a linear relationship between
stress and strain, as long as the values of stress are below the yield point. The mathematical

relation between o, €¢, and E;, is expressed by equation 5 *7°,
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Ec = S_C (5)
The ASTM D695-10 Standard provides the guidelines for how to calculate the mechanical
properties of unreinforced and reinforced rigid plastics (or composites) when compression
tests are performed. This standard shall be followed for loads in compression at relatively low

uniform rates of deformation %7/,

7.1.1.1. Experimental procedure

Compression tests were performed at IST, according to the ASTM D695-10 Standard, at room
temperature. It was used an Instron Universal Testing Machine (model 5566) and flat
compression test plates from steel. The load cell was 10 kN and the loading rate was 1.5
mm/min. The results were processed using the Bluehill®2 software. For each specimen tested,
the compressive modulus, the compressive strength and the compressive strain were
determined from the corresponding load-displacement curve, according to the information
presented in 7.1.1.

The number of specimens and dimensions will be addressed in the chapter 9 of the section D.

7.1.2. Flexural tests

The flexural test method measures the behavior of the materials when subjected to loads
transverse to their main structural axis. This test provides information about the flexural
stress-strain response of the material and estimates for the flexural stress, the flexural strain
and the flexural modulus of elasticity.

The ASTM D790-15 Standard gives indications of how to determine the flexural properties of
unreinforced and reinforced rigid plastics (or composites) when a three-point loading system is
used to apply a load to a specimen. The test specimens must be solid and uniformly
rectangular 7%, Figure 7.1 represents a schematization of a three point loading system. Briefly,
a bar of rectangular cross section rests on two supports and is loaded by means of a loading
nose midway between the supports. The distance between the two supports is called support
span (L).

Load
IU""' L o

] Support span, I_-
Figure 7.1. Example of a three-point loading system 279,
When a beam is subjected to external loads, shear forces and bending moments develop in the
beam. Therefore, a beam must develop internal resistance to resist such forces'”®. The
relationship between the bending moment on the cross section, bending stresses and the
properties of the cross section allow to define the flexural formulas 2,
The flexural stress (af) of the test specimen, at a given strain, is calculated according to

equation 6. In this formula, P corresponds to the load at a given point on the load-deflection
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curve, b is the specimen width, d is the specimen thickness and L is the support span 7%, The
maximum flexural stress sustained by the test specimen, during the flexural test, is designated

by flexural strength.

3PL

Of = Zpaz )

The flexural strain (&f) is the nominal fractional change in the length of an element in the
outer surface of the specimen at the center of the support span, where the maximum strain
occurs. It is calculated from the formula shown in equation 7. In this equation, the variable D is
the maximum deflection of the center of the specimen, d is the specimen thickness specimen

and L is the support span 78,

6Dd
&= 1z (7)
Lastly, the flexural modulus of elasticity (Eg) is the ratio, within the elastic limit, of stress to
corresponding strain (Hooke’s law). To calculate this property, it was drawn a tangent to the
steepest initial straight line portion of the load-deflection curve in order to obtain the slope of
this tangent, m. Then, it was applied the formula of equation 8. Once again, b is the specimen

width, d is the specimen thickness and L is the support span 1#’%.

L3m
4bd3

Eg = (8)

7.1.2.1. Experimental procedure

Three point bending flexural tests were performed at IST, at room temperature, according to
the ASTM D790-15 Standard. It was used an Instron Universal Testing Machine (model 5566)
and a bending test aluminum fixture. The load cell was 10 kN and the loading rate was 0.1
mm/min. The results were processed using the Bluehill®2 software. For each specimen tested,
the flexural modulus of elasticity, the flexural strength and flexural strain were calculated from
the corresponding load-displacement curve, according to the equations presented in 7.1.2.
Number of specimens and dimensions will be addressed in the chapters 10, 11 and 12.

7.1.3. Hardness tests — Nanoindentation

Hardness is commonly defined as the resistance of the material against plastic deformation,
usually by penetration 281 This property gives a general indication of the strength of the
material, and it is the result of a well-defined measurement procedure 279 1t s important to
note that the hardness is not a fundamental property of a material; it represents a quantity
measured on an arbitrary scale. Comparisons between different hardness scales are
meaningful only through experimental verification. Additionally, correlation with fundamental
parameters (e.g. yield stress) is valid only in the range used in the experiment %%,

Three different types of methods characterize the hardness tests: 1) scratch tests, 2) rebound
tests and 3) indentation tests 283 '|ndentation tests are the most commonly used method for
evaluating the hardness of a material. They produce a permanent impression in the surface of

the material. The force and size of the impression can be related to the hardness quantity and
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the pressure (stress) used to create the impression can be related to both the yield and
ultimate strengths of materials 2%,

Indentation hardness tests are still divided in three classes: macroindentation,
microindentation and nanoindentation. The division between micro and macro occurs for a
load of approximately 2 N; microindentation hardness apply a load lower than 2 N and they
are recommended to assess the hardness of a material at a microscopic scale. In the
nanoindentation tests, the load is of the order of mN and the length scale of the penetration is
measured in nanometers 2,

Macroindentation hardness tests include Brinell, Vickers and Rockwell and microindentation
tests hardness include Knoop and Vickers (in these last two cases, the load used is lower than
the load assigned to the macroindentation test).

Nanoindentation tests are performed using a computer-controlled depth-sensing indentation
system that allows the measurement of small forces and displacements 2. Since the size of
the residual impression of the nanoindentation test is too small, it is very difficult to obtain a
direct measure using optical instruments. Thus, very small volumes of a material can be
studied and local characterization of microstructural features (e.g. coatings, matrix interface
and grain boundary regions) can be obtained using this hardness-testing method 2%

The main goal of the nanoindentation tests is to extract the hardness and the elastic modulus
of the specimen material from a load-displacement measurement %, The hardness measure
is obtained by dividing the indentation load by the projected area of the contact. In turn, the
elastic modulus (the indentation modulus) of the specimen can be determined from the slope
of the unloading of the load-displacement response 224,

These measurements can be affected by the presence of indenter tip imperfections, especially
when sharp points (pyramidal or cone shaped) were used to penetrate the surfaces . To
avoid such problems, the Berkovich indenter is usually used. Berkovich’s three-sided pyramid
indenter has the advantage that its edges are more easily constructed to meet at a single

[284,285]

point, thus ensuring a more precise control over the indentation process . Figure 7.2

shows a typical residual impression of this indenter in a specimen material.

Figure 7.2. Example of a residual impression left on a metal sample by the Berkovich indenter [2861,

The International Standard ISO 14577 covers the determination of the indentation hardness in
metallic materials, using a Berkovich indenter (287 According to this Standard (2871, a) the test
specimen surface should be smooth and free from lubricants and contaminants, b) a hold
period at a maximum indentation load should be applied for the instrument and the specimen
to stabilize before the unloading segment begins and c) the indentations should be spaced at
approximately three to five times the diameter of the residual impression obtained, to avoid
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affecting the results by the presence of an edge or any previous residual impression in the
specimen surface.

Figure 7.3 indicates the load/unload cycle of a nanoindentation test procedure. As the
indenter penetrated the specimen, the test force, F, indentation depth, h, and time are

recorded continuously during the load/unload cycle 2.,

Ft
I

T

loading

-unloading

L}
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ol r e

Figure 7.3. Parameters of a nanoindentation test procedure; hp is the depth of the residual impression, hr is the
intercept of the tangent to the initial unloading curve, hmax is the maximum penetration beneath the specimen
surface and Fmax is the maximum load applied to the indenter (2871

The indentation hardness H;r is defined as the mean contact pressure, i.e., it is obtained

dividing the maximum indentation load (Fy,x) by the projected area of contact (4p),

9 [287]

according to equation . The area of contact is estimated from the depth of the

penetration and the known geometry of the indenter — equation 10 7).

Fmax
Hp = “ap (9)
Ap = 24,5h? (10)

In the Standard, h. is the depth of contact of the indenter with the specimen, given by
equation 11. The parameter € corresponds to the intercept corrector factor, which is 0.75 for

[287]

the pyramidal Berkovich indenter . Still on this formula, h, is the depth found from

extrapolating the slope of the tangent of the initial unloading to the depth axis and h,,,,, is the

h [287]

maximum penetration dept as shown in Figure 7.3.

he = hypax — s(hmax - hr) (11)

The indentation modulus (E;r) is calculated from the slope of the upper portion of the
unloading curve during the initial stages of unloading (also called the contact stiffness),
according to the method developed by Oliver and Pharr [287,288] Equation 12 is then applied for
the calculation of the Ejr.

_ 1‘(”3)2
EIT -1 1— (vi)Z (12)
E T E

The formula represented in equation 12 takes into account the fact that elastic displacements
occur in both the specimen and the indenter. The elastic modulus and the Poisson’s ratio of
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the indenter are E; and v;, respectively ®*. For the specimen, v; is the Poisson’s ratio and
Eis the reduced modulus, which is given by Equation 13.

N3
2/

In equation 13, A,is the projected contact area and C is the compliance of the contact 287 This

E, = (13)

last parameter is defined as the deflection of the indentation test instrument divided by the
load ®#"%%9 The compliance of the instrument should be accurately determined to avoid errors

into the load-displacement curve obtained for a particular specimen 2%,

7.1.3.1. Experimental procedure

Nanoindentations tests were performed at IST, using a Dynamic Ultra Micro Hardness Tester
from Shimadzu. The specimens were first smoothed with water sandpaper and then tested
using a diamond Berkovich indenter. The results were processed using the DUH-211S software,
according to the International Standard ISO 14577. The maximum load force was 200 mN and
the load speed was 5 mN/second. For each load/unloading cycle, there was a hold time of 15
seconds. The elastic modulus was calculated by the software from the slope of the initial 30%
of the unloading curve.

7.2. Microstructural properties

7.2.1.  Scanning Electron Microscopy analysis

Scanning Electron Microscopy (SEM) analysis is used to scan a solid sample with a focused
beam of high-energy electrons, generating a variety of signals at the surface of the specimens
29 These signals provide information about the specimen’s topography, microstructure and
chemical compositions or its variations °”. The signals generated during SEM analysis produce
a two-dimensional image over the selected area on the specimen’s surface. The images
produced have high resolution, and the magnifications can vary from 5X to 300.000X %!,

Briefly, when the incident electrons are decelerated in the solid specimen, the resultant kinetic
energy is dissipated in signals such as secondary electrons, backscattered electrons, diffracted
backscattered electrons, photons, visible light and heat ?*?°?, Secondary electrons are most
valuable for showing morphology and topography on specimens while the backscattered
electrons are most valuable for illustrating contrasts in composition in multiphase samples
(290292] '|n turn, the X-rays generated are used for elemental analysis ****?. The X-ray spectrum
emitted by the specimen provides both quantitative and qualitative information, allowing

identification of which elements are present in the sample and its respective amount [293],

7.2.1.1. Experimental procedure

The SEM analysis was performed at IST. The analysis required the coating of all the tested
specimens with a gold-palladium thin film, which made them electrically conductive. The
specimens were then observed in a high resolution FEG-SEM from JEOL, model JSM-7001F,
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using a beam energy of 5 kV to 15 kV. To analyze the specimens, magnifications from 20X to
6.000X have been recorded.

Some images obtained by SEM analysis were analyzed by Imagel, an image processing
program developed at the National Institutes of Health.

7.2.2.  X-ray microtomography analysis

X-ray computed tomography (CT) is a well-established diagnostic tool which is routinely used
in modern medicine. Beyond that, this nondestructive technique has become an important
and common tool in industrial inspection and material sciences, for example, to search for
defects in critical parts of airplanes, cars, engines, etc. 1294 To visualize and characterize the
internal structure of materials, such as ceramics, composites, metals, bones and soft tissues, it
is fundamental to obtain an image quality in terms of absolute contrast, homogeneity and

294295 Therefore, the accuracy of reconstructed mass densities or

artifacts reduction
attenuation coefficients is crucial ?*%,
X-ray microtomography (microCT) differs from conventional CT by combining a much smaller
field-of-view with a high resolution detector **\. It produces high resolution 3D images and
applies differences in X-ray attenuation properties of the materials to reconstruct their 3D
structure *****1_ Four main steps explain the operation of microCT 2942.

1) X-rays are first emitted from the X-ray generator;

2) X-rays propagate through the sample where some of the photons are absorbed while

others are transmitted to the detector, resulting in a projection image;

3) the sample can be rotated by 180° and 360° with a projection image being acquired at

each defined angle position;

4 the projection images are reconstructed through image reconstruction algorithms.

7.2.2.1. Experimental Procedure

Morphologic studies and internal microstructure images were obtained using microCT
equipment at IPLeiria, SkyScan 1174v2 from Brucker, without sample preparation or chemical
fixation. Some acquisition scan parameters included the image pixel size of 7,76 um, the
source voltage/current of 50 kV/800 uA, the exposure time of 4500 ms and the rotation step of
0,9 degrees.

After scanning, the sample reconstruction procedure was performed using the NRecon
reconstruction program version 1.7.0.4. CTAn program was used to analyze and quantify the
fractions of the different materials in the specimens. CTVox program was used to do the 3D
realistic visualization of the scanned specimens.

7.3. Physical properties

7.3.1. Differential Scanning Calorimetry analysis

Differential Scanning Calorimetry (DSC) is a thermoanalytical technique whose goal is to
measure the difference in the amount of heat flow or the difference in temperatures between
a test sample and an inert reference when both are raised and/or lowered in temperature, at
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some constant temperature rate (°C/min) 297) DSC allows quick measures on small sample
masses, in wide temperature ranges with high accuracy. This technique is advantageous in
areas such as the characterization of materials, quality control, stability investigations and
evaluation of phase transitions *%..

Two types of DSC are available: the heat flux DSC and the power compensation DSC %!, In the
first case, the sample and the reference sample are positioned in the same single furnace. The
heat flow is directed from the furnace to the samples . If the heat capacity of the sample
changes, a difference in temperature is generated, AT, which corresponds to the enthalpy
change in the sample 2971 The AT is then converted into heat flow information, ¢, , through
calibration experiments and mathematical equations built in the equipment software *°7).
Regarding the power compensation DSC, the sample and the inert reference are heated
independently, since it is intended that both are always at the same temperature 390 When
changes in the sample occur, extra heat, Q, (endothermic effect) or less heat, Q, (exothermic
effect) will be needed to maintain the set temperature program and the zero temperature
difference between sample and reference 3% The heating power difference necessary for this
to occur is converted into a proportional temperature difference, AT *°!. Once again, the heat
flow rate, ¢, , is related with AT by a factor which come from the instrument calibration [259]
Commercial instruments provide a recorder output of the constant-pressure heat capacity, C,,
as a function of temperature — equation 14 %34,

= (@), = &)
Cp = (dT p_ \aT/p (14)
The area detected in the DSC profile, between any two temperature limits, corresponds to the
enthalpy change, AH, of the sample — equation 15 #%*%,

AH = [T (%’)P dT = [,/ Cp dT (15)
As previously discussed, DSC allows the determination of important thermal characteristics of
materials such as the following transition temperatures: melting temperature (7,),
vaporization temperature (Ty), glass transition temperature (Ty) and crystallization
temperature (T,) 3021 At the melting phase, the energy is spent in breaking down the rigid solid
structure into a much less rigid structure, leading to a material’s gain of energy (endothermic
transition) 92 Therefore, the sample requires a higher heat flow in order to increase its
temperature at the same rate as the reference sample. A similar process takes place during the
phase transformation from liquid to gas (vaporization) 2%,
Glass transition is a reversible characteristic of amorphous materials (or amorphous regions
within a semicrystalline material) due to a change in the heat capacity of the material 302 The
T, corresponds to a temperature range in which the material change from a hard, rigid or

“glassy” state to a more pliant, compliant or “rubbery” state %!

. Over this temperature range,
the material undergoes a transition from a lower energy state to a higher energy state where
its molecules/atoms become more mobile fs02], Generally, there is no peak, but in some studies
a small endothermic relaxation peak is found in the DSC profile %7,

At a temperature between the T; and the T, the crystallization of the material occurs. At or

near the T,, the material has gained enough energy so that its atoms/molecules could re-
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arrange into a more stable and ordered state . This is an exothermic process since the
sample heater supplies less energy than the reference heater to maintain the same constant
heating rate 3021,

Figure 7.4 represents a DSC profile, where different phase transitions are exemplified, namely

the Ty, T, and T,.

TEnl:Iuthermil:

N

T of melting

Heat Flux

/

T, of glass transition

I\‘\

T. of crystallization

Temperature

Figure 7.4. Example of a DSC profile @om,

7.3.1.1. Experimental procedure

The thermal properties of the specimens were analyzed using a DSC 200 F3 Maia® from
NETZSCH, which uses the heat flux system. These tests were performed at IST.

The following setup has been configured for each DSC run:

= |sothermal period: 25°C for 10 minutes;

= Dynamic period: heating rate at 20°C /min to 200°C;

= Dynamic period: cooling rate at 20°C /min to 25°C;

= |sothermal period: 25°C for 10 minutes;

= Dynamic period: heating rate at 20°C /min to 300°C;

= Dynamic period: cooling rate at 20°C /min to 25°C;

= |sothermal period: 25°C for 10 minutes.

To perform this experiment, it was necessary to crush the specimens into small fragments
using a mortar and pestle. Approximately 7 mg of each composition were introduced into an
aluminum pan, to constitute the sample pan. The reference pan had nothing inside it.

7.3.2.  Wettability — Contact Angle measurement

Wettability describes the tendency of one fluid to spread or adhere to a solid surface. It is then
a measure of the preferential tendency of one of the fluids to wet (spread or adhere) the
surface B3#3%1,

Wettability is governed by the interfacial tension between solid and liquid. It can be estimated

B398 "\which depends on the surface tension of the liquid. The

by measuring the contact angle
surface tension of a liquid results from an imbalance of intermolecular attractive forces; for
example, each molecule in the bulk liquid experiences cohesive forces with other molecules in

all directions while the molecules exposed at the surface experience only net inward cohesive
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forces .. As a result, the liguid voluntarily contracts its surface area to maintain the lowest
free energy surface. This intermolecular force is called surface tension 2%\

Several approaches can be used to estimate solid surface tensions, including direct force
measurement, sedimentation of particles and contact angle % Focusing on the contact angle
approach, it represents the mechanical equilibrium of the drop under the action of three
interfacial tensions: solid - vapor,ys,, solid - liquid, y,;, and liquid - vapor, y;, (306307} 1t is then

defined as the angle, 8, between the solid surface and the tangent to the liquid surface at the

line of contact with the solid, according to equation 16 (Young’s Equation) 5%,
cosO = % (16)
v

The contact angle measurement is specific for a given solid-liquid system and depends on the
environment conditions *%!. The chemical inhomogeneities or roughness of the solid substrate
can influence this measure %,

Small contact angles (less than 90°) indicate a solid surface with high wettability whereas large
contact angles (more than 90°) indicate a surface with low wettability %, In the first case, the
fluid will spread over a large area, occurring a complete or perfect wetting if the contact angle
is 0° ®1 In turn, less wettability generally means that the solid surface is unfavorable for the

fluid, thus it will tend to minimize its contact with the surface =%

. For superhydrophobic
surfaces, it is considered that water contact angles are greater than 150°, revealing almost no
contact between the liquid drop and the surface ). All these cases are represented in Figure

7.5. Note that contact angles of 180° are not found, since there is always some interaction

between the liquid and the solid 5%
0 < 90° 8 > 90°
Vv
[A“" [3) V\\

Ysi

Figure 7.5. Examples of different contact angles formed by liquid drops on homogenous solid surfaces g7,
Forces of attraction between a liquid and a solid surface are called adhesive forces. A surface
that is mainly composed by polar groups (e.g. hydroxyl groups) will have strong adhesive
forces and low contact angles with polar liquids such as water 2%, This type of surface is called
hydrophilic. On the other hand, if the surface is mainly composed by non-polar groups (e.g.
polymer surfaces), it will not have good affinity to water and the contact angle will be large
B97 Such a surface is called hydrophobic. Therefore, the chemical compositions of the surfaces
can be assessed by measuring their contact angles 307

The fundamental property of liquid surfaces is that they tend to contract to the smallest
possible area ', The contact angle is the boundary condition for the differential equation
that states the normal stress jump across the liquid-vapor interface is balanced by the
curvature of the interface %%, For static situations in a gravitational field, this corresponds
to the Laplace equation of capillary action, represented in equation 17. In this formula, AP is
the pressure jump across the liquid-vapor interface, y;,, is the liquid-vapor interfacial tension,

and R,, is the mean curvature of the interface B%3%%311,
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AP = 2w (17)
Ry

An adequate technique to determine the contact angle is to determine the drop profile and to
fit that shape to the appropriate version of equation 17, which has as fitting parameter the
contact angle . The contact angle is then the angle that the solid surface forms with the
drop interface, at the triple point tangent where solid, liquid and vapor coexist. This

methodology assumes that the contact angle is a material dependent boundary condition 2%,

7.3.2.1. Experimental procedure

Contact angles were estimated analyzing the profile of a liquid drop placed on the surface of a
solid (sessile drop technique), as represented in Figure 7.5. These tests were performed at IST.

To remove the residual water and ensure the reproducibility of the hydration state of the
surfaces, the specimens were left in a vacuum oven, without temperature, for 3 hours. After
the drying period of the specimens, they were left in the desiccator while the contact angle
was determined experimentally.

Specimens were placed individually in the test chamber at room temperature. Using a
micrometer syringe, a drop of pure water (3 - 4ulL) was deposited in the specimen surface. The
profile of each drop was analyzed from images collected during 180 seconds, using a video
camera (JAl CV-A50), installed in a microscope (WildM3Z) and connected to a frame grabber
(Data Translation DT3155). During the 180 seconds, 20 imagens were collected at instants 0, 1,
2,3,4,5,6, 8,10, 12, 15, 20, 30, 40, 50, 60, 90, 120, 150 and 180 seconds.

The contact angles were obtained indirectly using the Laplace equation, as explained in
chapter 7.3.2. In this work, it was used the algorithm developed by Cheng et al.*'?,
(Axisymmetric Drop Shape Analysis-Profile), which allows to theoretically adjust the Laplace
curve to the drop profile.

7.4. Chemical properties

7.4.1.  Fourier Transform Infrared Spectroscopy - Attenuated Total
Reflection analysis

Infrared (IR) spectroscopy is a technique that relies on the vibrations of the atoms of a
molecule. An infrared spectrum is normally obtained by passing infrared radiation through a
sample and determining which fraction of the incident radiation is absorbed at a particular
energy B The energy at which any peak appears in an absorption spectrum corresponds to
the frequency of a vibration of a part of a sample molecule 5%,

Vibrational spectra appear as a band because a single vibrational energy change is
accompanied by a number of rotational energy changes B**. The frequency (or wavelength) of
absorption depends on the relative masses of the atoms, the force constants of the bonds and
the geometry of the atoms (314

There are two types of molecular vibrations, namely bending and stretching B3 The
bending vibration involves the change of bond angles whereas the stretching vibration results

in an increasing or in a decreasing of the interatomic distance ******!, Some bonds can stretch
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in-phase (symmetrical) or out-of-phase (asymmetric) B The latter case corresponds to
stronger vibrations that will lead to an intense band. Additionally, if the molecule has different
terminal atoms (e.g. HCN) then the stretching modes consist on different proportions of each
of these groups (coupling) 2.

Infrared spectroscopy is a versatile experimental technique and it is possible to obtain spectra
from solid or liquid samples 315, Traditionally, Fourier-Transform Infrared Spectrometry (FTIR)
is used to obtain the infrared spectrum . When IR radiation goes through a sample, some

radiation is absorbed and some is transmitted ***

. A detector measures the intensity of
transmitted light as a function of its wavelength ***. The signal obtained from the detector is
an interferogram, which is analyzed using Fourier transforms to obtain an interpretable
spectrum B%!. Band positions in IR spectra are presented as centimeter (cm™), as indicated in
the examples of Table 7.1.

The technique of Attenuated Total Reflectance (ATR) spectroscopy is based on the concept of
total internal reflection 3™\, In this case, an infrared beam is directed to an optically dense
crystal with a high refractive index at a certain angle *>**). This internal reflectance creates an
evanescent wave that extends beyond the surface of the crystal into the sample B3 The
attenuated energy from each evanescent wave then exits the opposite end of the crystal and

passes to the detector in the IR spectrometer, generating an infrared spectrum B*>3¢],

Table 7.1. Characteristic IR absorption frequencies of some functional groups (1853171

Functional group Type of vibration Absorption range (cm™) Intensity
O-H stretch, H-bonded 3.200-3.600 strong, broad
Alcohol O-H stretch, free 3.500-3.700 strong, sharp
c-0 stretch 1.050-1.150 strong
C-H stretch 2.850-3.000 strong
Alkane - :
-C-H bending 1.350-1.480 variable
=C-H stretch 3.010-3.100 medium
Alkene =C-H bending 675-1.000 strong
Cc=C stretch 1.620-1.680 variable
N-H stretch 3.300-3.500 medium
Amine C-N stretch 1.080-1.360 medium-weak
N-H bending 1.600 medium
C=0 stretch 1.700-1.725 strong
Acid O-H stretch 2.500-3.300 strong, very broad
Cc-0 stretch 1.210-1.320 strong
Carbonyl Cc=0 stretch 1.670-1.820 strong

7.4.1.1. Experimental procedure

ATR-FTIR was carried out at FCT/UNL using a Spectrum Two spectrometer (PerkinElmer)
equipped with a UATR Polarization Accessory, using a single reflection diamond crystal. The
software used in data collection, processing and results generation was the SpectruM® 10.
Spectra were recorded between 4.000 cm™ and 600 cm™, resulting in a total of 6 scans at 4 cm”
! resolution. The sample was clamped to the crystal surface by applying pressure to ensure a
good optical contact between the sample and the crystal.
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7.5. Biological properties

7.5.1. In-vitro Cytotoxicity tests

To limit animal experimentation to its minimum, it became essential to develop and
standardize in vitro tests that can detect the toxicity of devices for human use, especially those

in clinical applications 23],

In this sense, the in vitro cytotoxicity assays are performed to
carry out an initial screening on the biocompatibility of any material proposed for
implantation. It is only after its non-toxicity has been proven that the biocompatibility of the
material can be further assessed, which includes the necessary in vivo tests [318] Additionally,
these assays limit the number of experimental variables, allowing significant data to be
obtained more rapidly and with lower associated costs **%.

Toxicity involves the disturbance of cellular homeostasis, which produces negative effects on
the cellular functions ®2%. Essentially, it consists on morphological evaluations to quantify and
highlight the cells that died or have undergone regressive phenomena after contact with the
material ®'¥. Examples of toxicity evaluations in vitro include: cell death, reduced cell adhesion
and proliferation, altered cellular morphology and reduced biosynthetic activity (21

Cytotoxic tests were performed according to the International Standard 1SO 10993-5 #22. This
standard does not focus on a specific test but rather it presents guidelines to choose
appropriate tests for the toxicity evaluation. These guidelines include, for example, positive
and negative control materials, number of replicates, extraction conditions, choice of cell lines
and cell media and the different categories of the procedures **?. Three categories of tests are
listed in this Standard: extract test, tests by direct contact and tests by indirect contact **>*%,
In this work, the first two types were used.

Tests by direct contact or by extract allow both qualitative and quantitative assessment of
cytotoxicity %% These methods specify, respectively, the incubation of cultured cells in direct
contact with a material/device and in contact with extracts of a material/device *?%. In this
work, the cell morphology and viability were analyzed qualitatively by the direct contact assay,
through an optical microscope. In turn, a quantitative analysis of the cell viability was
performed by the extract assay, through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromid (MTT) test.

MTT test is used to quantify the metabolic activity of cells ®%!. In viable cells, the water-soluble
yellow dye MTT is reduced to a dark purple (blue-magenta) colored formazan precipitate [324)
as represented in Figure 7.6. The lipid soluble formazan product may be extracted with organic

[325]

solvents and estimated by spectrophotometry . The MTT-formazan production is then

proportional to the number of metabolically viable cells [324,326)
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Figure 7.6. Chemical structure of MTT (a) and its reduced formazan product (b) 327,
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MTT reduction occurs by oxidoreductases, which use nicotinamide adenine dinucleotide

B2] Superoxide may also contribute to

coenzyme (NADH) generated in the mitochondria
intracellular MTT reduction, whereas the cell surface oxidoreductases are responsible for

extracellular MTT reduction %%,

7.5.1.1. Experimental procedure

The cytotoxic tests were performed according to International Standard 1SO 10993-5 2% at IST.
In the extract assay, material triplicates were submersed in 90% (v/v) Dulbecco's Modified
Iscove’s Medium (DMEM, GIBCO®) supplemented with 10% (v/v) of Fetal Bovine Serum (FBS,
Life Technologies) and left in the incubator (37°C, 21% 0O,, 5% CO,) for 24h. At the same time,
mouse fibroblasts L929 were seeded in 12-well plates in order to achieve 80% of confluence,
and were also left in the incubator. After the incubation time, the medium in contact with the
cells was discarded and the leachings from the triplicates were added to the cells seeded in the
well plates. Fresh medium was used as negative control and a piece of latex glove was used as
positive control. The well plates were again incubated in the same conditions, for the same
period of time. The cell viability was then quantified following the MTT (Sigma Aldrich)
protocol. The relative quantification of cell viability was normalized to the negative control.

To perform the direct contact assay, L929 cells were seeded in well plates as previously
described for the extract assay. Triplicates were placed on the top of the cell monolayer and
incubated in the same conditions and period of time. Cell morphology and viability in contact
with materials were then analyzed with the optical microscope Leica DMI3000B.

7.5.2.  In-vitro Degradation tests

In vitro degradation tests of bioabsorbable polymeric implants, in simple aging media, are
normally conducted to predict the in vivo performance of such polymers in the clinical
situation 3%,

Materials exposed to the body fluids may undergo changes in their physicochemical properties
as a result of chemical, physical, mechanical, and biological interactions between the material
and the surrounding environment %!, In this sense, the International 1SO Standard 10993-13
was outlined to determine the biological hazards from potential degradation products from
polymer components of medical devices *?°\. These products might come from a variety of
sources since the polymeric device can contain residuals and leachables such as monomers,
oligomers, solvents, catalysts, additives, fillers and processing aids 3291 This standard describes
two test methods to generate degradation products: an accelerated degradation test as a
screening method and a real-time degradation test in a simulated environment %\, However,
the in vitro degradation study of this thesis focused only on the determination of the mass and
mechanical degradation profile of the chitosan-based materials, according to the information
of the FDA guidance indicated in Appendix A.2.

Lysozyme is the primary enzyme responsible for the in vivo degradation of chitosan 129 Inside
the body, it leads to the release of amino sugars that can be processed by the metabolic
system [129] Lysozyme (or muramidase or N-acetylmuramichydrolase) is a strong basic protein
known as a hydrolase that cuts the 8-1-4 glycosidic bond of the polysaccharides architecture
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B30 1t is found in almost all secretions, body fluids, and tissues of human and animal

organisms, ranging from 4 to 13 mg/L in normal human serum while in tears this value is
approximately 1300 mg/L ®*°%32 Therefore, the in vitro degradation tests used a commercial
source of lysozyme - recombinant human lysozyme. This lysozyme is produced in an animal-
free production system and it presents higher bioactivity when compared with lysozyme from

chicken egg white albumen [330]

7.5.2.1. Experimental Procedure

Degradation tests were performed at IST. Before initializing the experiment, the specimens
were weighed in an analytical scale (w;). Next, all the specimens were sterilized in 70% (v/v)
ethanol for 24h, followed by overnight exposure to ultraviolet (UV) light.

The specimens were placed on 6 well plates, totally covered by an enzymatic solution or by a
phosphate-buffered saline (PBS) control solution (Thermo Fisher). The enzymatic solution
consisted in 500 mg/L of lysozyme (Lysobac™ from Sigma Aldrich). Additionally, a mixture of
antibiotic-antymicotic (AA, Thermo Fisher) was added to each solution in the proportion 1:100,
to prevent bacterial and fungal contamination. The well plates were incubated (37°C, 5% CO,,
fully humidified) throughout the study, and the medium was replaced every week.

The specimens were removed at defined degradation periods, the excess of water was
removed with an absorbent paper and their wetted weight (w,,) was recorded to determine
the swelling ratio, according to equation 18. The specimens were then dried at 40°C in a stove
(humidity controlled and with air circulation) until their weight stabilizes. The weight loss was
then calculated according to equation 19, where wr is the final weight, after the degradation
test.

Swelling Ratio (%) = (WWT_W‘) x 100 (18)

_ (wi-wy)

Weight Loss (%) x 100 (19)

13

To determine the loss of the mechanical properties at each degradation period, flexural tests
were performed according to the experimental procedure described in chapter 7.1.2.1.

7.5.3. In-vitro Differentiation tests

Bone constitutes the supporting framework of the body, characterized by its rigidity and

[333]

dynamic nature . It protects internal organs and structures, provides maintenance of

mineral homeostasis and acid-base balance, serves as a reservoir of growth factors and
cytokines, and provides the environment for hematopoiesis within the marrow spaces [333,334]

The dynamic nature of the bone is achieved by a process of remodeling, which occurs in both
cortical and trabecular bone ®*!. Bone remodeling is a complex process by which old bone is
replaced by new bone in response to physiologic stimulus (e.g. calcium levels and endocrine

(334335 ¢ depends on the concerted actions of osteoclasts (cells

factors) or mechanical forces
that destroy one) and osteoblasts (cells that form bone) as well as osteocytes within the bone
matrix and osteoblast-derived lining cells that cover the surface of bone [335], Osteocytes act as

mechanosensors and orchestrators of the bone remodeling process whereas bone lining cells
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(3361 Figure 7.7

play an important role in coupling bone resorption to bone formation
represents the coordinated actions of these cells, which together form the temporary
anatomical structure described as the “Basic Multicellular Unit 333,

Bone remodeling also occurs during the complex process of fracture healing that occurs as a
response to injury, resulting in skeletal repair and skeletal function **”). It follows a definable
and spatial sequence of haematoma, inflammation, angiogenesis, chondrogenesis to

[338]

osteogenesis and finally bone remodeling . Therefore, the complex cascade of biologic

events that characterize the fracture healing process repeats certain aspects that regulate the
formation of skeleton tissue during the embryogenesis 3%,

The formation of bone during the embryogenesis involves two mechanisms: intramembranous
ossification and endochondral ossification ®*". In the first case, there is direct conversion of
mesenchymal tissue into bone whereas in the second case, the MSCs first differentiate into

cartilage, and then this cartilage is later replaced by bone B*.

d) c)

Figure 7.7. Schematization of the bone remodeling process: a) bone lining cells are activated, b) activated
osteoclasts resorb the underlying bone, c) osteoclasts are replaced by osteoblasts and a new osteoid matrix is
formed, d) mineralization of the osteoid matrix (333

In this thesis, the osteogenic capacity of the chitosan-based specimens was assessed by their
ability in promoting the in vitro osteoblastic differentiation of human bone marrow
mesenchymal stem cells (hBMSC). It involved the assessment of hBMSC metabolic activity
using the AlamarBlue” (AB) assay, the detection of the alkaline phosphatase (ALP) activity and
the quantification of the expression of certain osteogenic marker genes by real-time reverse
transcription polymerase chain reaction (RT-qPCR).

The AB is a cell viability reagent that works by using the reducing power of living cells.
Metabolic active cells produce reducing equivalents that promote the conversion of resazurin
to resorufin 3*?. As the indicator dye accepts electrons, it changes from the oxidized, non-
fluorescent, blue state to a reduced, fluorescent, pink state 3421 Therefore, the intensity of the
fluorescence produced is proportional to the number of viable cells.

The ALP is a biochemical marker for osteoblast activity, playing an important role in skeletal

mineralization **!

. It is an enzyme that catalyzes the hydrolysis of phosphate esters at an
alkaline environment, resulting in an organic radical and an inorganic phosphate 3*!. The
detection method uses p-nitrophenyl phosphate that is hydrolyzed by ALP into a yellow
colored product B34 The rate of the reaction is directly proportional to the enzyme activity.

The RT-gPCR is a sensitive technique which has become the method of choice for gene
expression analysis. In this method, messenger RNA (mRNA) is first transcribed into

complementary DNA (cDNA) by reverse transcriptase (3451, Gene-specific PCR primers are then
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used to amplify a segment of the cDNA of interest 2*!. The reaction is followed in real time by
double-stranded DNA intercalating agents (e.g. SYBR® Green 1) or by fluorescent probes (e.g.
Tagman®).The fluorescence intensity measured is proportional to the product accumulation,
i.e. the amount of amplified DNA 3%/,

For the analysis of a RT-qPCR experiment, a threshold level of fluorescence is chosen in the
exponential phase of the PCR, and the number of cycles required to reach such level is called
threshold level (C;) B*!. Two methods are available to quantify the RT-qPCR results: the

5T method) and the absolute quantification method %,

relative quantification method (2
The first method, used in this thesis, consists in determining the relative expression levels of a
target relative to a reference control such as a sample at time zero ®*. The amount of the
target gene in the sample is normalized to an endogenous housekeeping gene and relative to
the normalized calibrator %%,

In this thesis, the osteogenic differentiation was confirmed by assessing gene expression using
RT-gPCR. A subset of genes was selected, including Runt-related transcription factor 2 (Runx2),
ALP, alpha-1 type | collagen (COL1A1) and Osteocalcin. Runx2 is a central and early osteoblastic
gene that regulates a broad spectrum of other genes involved in osteoblastic differentiation
4739 The gene encoding ALP is expressed early and indicates cellular activity and
(3473981 COL1A1 is an early gene that encodes the

expression of type 1 collagen, which is an important component of bone ECM B*3%!|n turn,

differentiation, as reported previously

Osteocalcin is expressed late, being an osteoblast-specific gene that has a significant up-
regulation role in both matrix synthesis and mineralization B2*!. Lastly, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as housekeeping gene since it is expressed in all
cells.

7.5.3.1. Experimental procedure

The osteogenic differentiation experiment was performed at IST. hBMSCs were seeded on top
of the specimens at a density of 20.000 cells per specimen. The osteogenic medium consisted
of StemPro® Osteogenisis Differentiation Kit (Thermo Fisher Scientific). Before subjecting the
hBMSCs to the osteogenic medium, they were first expanded on the surface of the specimens
in a culture media which consisted of DMEM + 10% FBS (MSC qualified) + 1% AA for 7 days.
The experiments were performed in an incubator (37°C, 5% CO,) under a humidity controlled
environment in static conditions. Throughout the experiments, the culture medium was
changed every 3 days, until the end of the experiments.

AB assay
hBMSC metabolic activity was monitored at days 1, 7, 14 and 21 by the AB reagent, according

to the manufacturer’s protocol (Thermo Fisher Scientific).

Samples were incubated at each time point with a 10% v/v AB solution (diluted in culture
media) for 2,5 hours. For zero control, AB was added to wells containing only specimens and
media. After the incubation time, 200 uL aliquots were pipetted in triplicates into 96-well
plates and the AB fluorescence intensity was measured using the plate reader Infinite 200 PRO
(TECAN) with an excitation wavelength of 560nm and an emission wavelength of 590nm.

The cells were refeed with fresh medium and placed in the incubator to be analyzed at the
next reading point.
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The fluorescence intensity results were calculated from the fluorescence detected for the
specimens tested with cells, at a certain culture time, minus the fluorescence intensity
detected for the control.

RT-gPCR

After 21 days of cell culture (14 days of osteogenic differentiation), the expression of
osteogenic marker genes was evaluated by gPCR. Total RNA was isolated using the RNeasy
mini kit (Qiagen). RNA concentration was quantified in a NanoDrop, after which RNA was
reverse-transcribed to cDNA using the IScript cDNA synthesis kit (BioRad). cDNA was
amplified with a RT-qPCR equipment (StepOne, Applied Biosystems) with the Fast SYBR Green
Master Mix (Life Technologies) and the primers (Life Technologies) indicated in Table 7.2. The
relative expression of the genes was obtained following the 27**" method. GAPDH was used a
housekeeping gene and the gene expression at day 0 was used as a baseline.

Table 7.2. List of primers sequence used in the quantification of the osteogenic differentiation.

Primers Sequence
GAPDH For: 5" AAC AGC GACACC CACTCCTC
Rev: 5'CAT ACC AGG AAA TGA GCT TGA CAA
Runx2 For: 5" AGA TGA TGA CACTGC CACCTC TG
Rev: 5" GGG ATG AAATGC TTG GGA ACT
ALP For: 5 ACC ATT CCCACG TCT TCA CATTT
Rev: 5" AGA CAT TCT CTC GTT CACCGCC
COL1A1 For: 5’ CAT CTCCCCTTCGTT TTT GA
Rev: 5’ CCA AAT CCG ATG TTT CTG CT
Osteocalcin For: 5’ TGT GAG CTC AAT CCG GCA TGT
Rev: 5’ CCG ATA GGC CTC CTG AAG C
ALP activity

ALP activity was detected using a colorimetric ALP kit (QuantiChrom™, BioAssays Systems),
according to the manufacturer’s protocol. After 7 days of osteogenic differentiation, the
specimens were washed with PBS (Gibco) and were incubated in a lysis buffer (0.1% Triton X-
100 in PBS) by shaking for 1 hour at room temperature. The lysis solution was added to a p-
nitrophenyl phosphate solution from the ALP kit. The absorbance was measured at 405 nm for
each sample using the plate reader Infinite 200 PRO (TECAN).

7.6. Statistical analysis

The results of the experimental tests are shown in graphs and/or tables. When the results are
presented in the form mean % standard deviation (SD), samples t-tests were performed for
statistical comparisons between two groups. In all statistical evaluations, statistical significance
was set at the level of 0,05 under the assumption of the null hypotheses (HO: the means of the
two groups are equal). Therefore, if the p-value < 0,05 the null hypothesis is rejected. The
statistical evaluations with p-value < 0,05 are visually labelled with a line and an asterisk*.
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8. Sterilization methods on 3D dense chitosan-
based product compositions

Sterilization eliminates or destroys all forms of microbial life including the more resilient forms

such as bacterial spores, mycobacteria, nonenveloped (non-lipid) viruses, and fungi (3491

Therefore, materials implanted either into the human or animal body must be sterile to avoid

infection that can lead to illness or even death **%.

Sterilization of medical devices is generally the last phase in their manufacturing process. It

should occur when the medical device is packaged to guarantee sterility during handling,

transport and storage.

The choice of the sterilization method depends on several factors including the type of

material to be sterilized, the quantity and type of microorganisms involved, the classification of

the item and the availability of sterilization methods ®*°!. Table 8.1 shows the different

physical, chemical and gas vapor sterilization methods.

The FDA guidance "Submission and Review of Sterility Information in Premarket Notification

(510(k)) Submissions for Devices Labeled as Sterile" classifies the established sterilization

methods into two categories 2

= Category A: methods that have a long history of safe and effective use, thus consensus
standards for development, validation and routine control are recognized by the FDA.
Examples: dry heat, steam heat, EtO and ionizing radiation.

= Category B: methods for which there are no FDA-recognized dedicated consensus
standards, but there is published information regarding development, validation and
routine control. Examples: hydrogen peroxide, ozone and flexible bag systems (e.g.
diffusion method).

Table 8.1. Sterilization methods.

Physical Methods Chemical Methods
= Steam under pressure = Peracetic acid
= Dry heat = Glutaraldeyde
= Filtration = Ethylene oxide
= Ultraviolet radiation = Hydrogen peroxide vapor
= |onizing radiation (e.g. gamma and electron = Plasma gas
beam) = Ozone

Since it is difficult to clearly verify the sterility of large lots of medical devices that underwent
an industrial-scale sterilization process, validation studies are used to determine the security
assurance level (SAL) ®*°. The SAL is defined as “the probability of a single viable
microorganism occurring in or on a product after sterilization” #°**?. The accepted definition
of sterility is a chance of 1 in 1 million that the implant will remain nonsterile or a SAL of at
most 1076 B3%03%2 However, FDA recommends a SAL of 1073 if the medical device is only in
contact with intact skin 22,

To validate the sterilization method, it is necessary to quantify the bioburden, i.e. the number
of viable microorganisms present in the device after the manufacturing process ***. The

bioburden quantification is expressed in terms of colony forming units (CFU) #53. The next step
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is to perform fractional-run sterilization studies to determine the rate of killing ®***2. In this
case, product samples (in packages) are exposed to different fractions of the desired
sterilization process or dose ®°**2 Samples are then tested for sterility, and the number of
surviving microorganisms is reported graphically on a semi-logarithmic scale to extrapolate the
exposure time or dose required to achieve a 107¢ SAL ®°°**2 The exposure time (or dose)
necessary to reduce the microorganism population by 90% or 1log,, is designed by the
decimal reduction time (D-value) **. This parameter allows to determine the limit sterilization
exposure time, necessary to achieve the SAL from a given bioburden B°2. In this way, excess
sterilization can be avoided since it may damage the medical device.

The efficiency of the sterilization can be monitored by biological and chemical indicators (or
dosimeters, in case of radiation dose) 13521 |y the first case, the indicators inform when certain
sterilization parameters have been reached while in the second case, the indicators provide
direct evidence that the sterilization process conditions can effectively kill spores #°2.

The International Standard ISO 11737-1 is defined to determine the bioburden of the medical
devices and products, whereas the International Standard I1SO 11737-2 indicates how to
validate the sterilization process.******,

The sterilization methods used in this thesis and their main guidelines are described in chapter
8.1 and the experimental procedures are described in chapter 8.2. In this case, the validation
guidelines were not strictly followed, since the aim was not to confirm the sterility of the
products but to see whether the different sterilization methods could affect the physical,
mechanical and cytotoxic characteristics of the chitosan-based compositions.

8.1. Sterilization method’s guidelines

8.1.1. Steam (autoclaving) sterilization

Steam sterilization is a quick, effective, nontoxic and simple method that destroys
microorganisms by an irreversible denaturation of enzymes and structural proteins 2°%*°¢,
However, it is only recommended for products that do not suffer from heat or water damage
B57] For example, most liquids, metals, glass and some heat resistant plastic materials such as
polytetrafluoroethylene (PTFE), PP and celluloses (papers) can be sterilized by this technique
B8] Further attention should be given to the permeability of the package since it can influence
the sterilization process 7.

The power of steam is due to its latent heat of vaporization (e.g. approximately 540 calories
per gram) and temperature ®*). After steam contacts the device surface, it condenses and
raises the temperature, decreasing the volume of steam, which establishes a negative pressure
that draws in more steam. This occurs until a temperature equilibrium is reached 3571

The primary process variables of this sterilization are temperature, steam pressure and length
of exposure (3563571 The pressure is mainly used to obtain the required steam temperature and

will vary directly with the temperature applied [356]

. A typical steam sterilization process
generally lasts 15 to 30 minutes at a temperature of 121°C B°**7! |t involves several steps: 1)
loading, 2) pre-evacuation to remove air prior before the admission of steam, 3) heat-up, 4)
exposure, 5) cool-down and 6) drying **”..

The validation for the steam sterilization in medical devices can be found in the International

Standard 1SO 17665-1:2006 and 1SO 17665-2:2009 **°3¢% More specifically, Part 1 provides
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three different approaches for microbial lethality assessment, which are: overkill, biological

indicator/ bioburden and bioburden 5%,

8.1.2. Gamma irradiation sterilization

Gamma irradiation is one of the most common used sterilization techniques on
pharmaceuticals and medical devices because of its high penetration capacity, uniform and
time dependent dose and absence of toxic residues 2. It is a safe method since the gamma
rays’ energies are not high enough to induce radioactivity in the irradiated products.

This sterilization method uses ionizing radiation from a cobalt-60 isotope source, which emits

gamma rays 2°**% measured in kiloGrays (kGy). In this case, the radiation generates mutations

in the DNA of the microorganisms, thus altering their replication capabilities **°.
The radiation processing facility should be made of concrete and the cell walls of the

1362 " control of sterilization is maintained

irradiation chamber should be ticker (~170 cm)
between two different areas of the building (sterile and non-sterile), divided by a conveyor
that runs through these two areas 32 The materials are exposed to the sealed cobalt 60
isotope source, where the conveyor system is used to transport materials through the cell in
carriers that hold the product 362 The goal is to ensure that the entire dose is uniformly
delivered ®*%. Dosimeters are placed with the materials to monitor the radiation doses during
the entire process. It documents that the minimum dose required for sterilization was

350]

delivered as well as the maximum dose for product integrity was not exceeded B350 pose

mapping is therefore an important parameter that measures the variation of delivered dose
within the radiation containers, and therefore should be determined a priori [363]

Validation procedures for the sterilization by gamma radiation are described in the
International Standard 1SO 11137, which is divided in three parts (ISO 11137-1:2006,
1IS011137-2:2013 and I1SO 11137-3:2006) *®*l. More specifically, Part 2 describes three
methods for the measurement of the radiation dose: Method 1 and 2 involve the
determination of bioburden and multiple dose analyses in several product units, whereas the
last method - designated by Method VD, - substantiates the suitability of a predetermined
dosage level, specifically 25 kGy (for product bioburdens less than or equal to 1.000 CFU) or 15

kGy (for product bioburdens less than or equal to 1,5 CFU) 254,

8.1.3.  Ethylene oxide sterilization

Sterilization by EtO is an efficient technique, compatible with most implant and packaging
materials ®°%. This is a gaseous method with high diffusivity and permeability, low volatility

[350,365]

and moderate chemical reactivity . One particular advantage is to avoid heat and

radiolytic stress often associated to sterilization with steam or radiation 2.

The lethal effect of EtO is due to the alkylation (replacement of a hydrogen atom with an alkyl
group) of side chains of enzymes, DNA and RNA, which interfere with the normal cellular
metabolism and reproductive processes of the microorganisms 2%\, However, strict regulations
limit its use since it is a toxic, explosive, flammable and (suspected) carcinogenic gas B4 To
reduce some of the EtO limitations, it is mixed with inert gases (e.g. nitrogen, N,, and carbon

dioxide, CO,) and special attention is given to the facility design and environmental control
[350,366]
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The sterilizing efficiency of EtO depends on the concentration of the gas, the humidity, the
exposure time, the temperature, and the load density ®*®. Briefly, the implants, conditioned in
a gas-permeable packaging, are loaded into a sterilization chamber. Initial vacuum is drawn to
remove air and the gas mixture is injected at a certain EtO concentration (recommendation:
400 — 650 mg/L) *°>%¢ The relative humidity in the chamber should be between 30%-90% and
the typical operational temperature should be between 35°C-60°C. These two last parameters
are crucial for the gas diffusion *****®!. The sterilization is maintained at a sufficient time to
achieve the required 107® SAL and this exposure time depends, primarily, on the gas
concentration and temperature *****®!, Following the exposure, an aeration period is necessary
to remove the EtO residues, which are toxic *****®\. This process can be performed in the
sterilizer or in a separate aeration chamber or room, under specific conditions (e.g.
temperature, rate and number of air changes, etc.) B3%¢] The aeration time depends on these
conditions as well as on the characteristics of the sterilized and packaging material, the
sterilizing conditions, the load being aerated and the acceptable limits of the residues for the
intended use of the medial device . A typical industrial EtO sterilization cycle involves an
exposure time of 4 hours and an additional aerated time of 12 hours %%,

Appropriate sterilization conditions must be determined experimentally for each type of
product, according to the International Standard 1SO 11135:2014 %3¢7] Thjs standard
provides three approaches for microbial lethality assessment, that are: overkill, biological

indicator/ bioburden and bioburden ¢!,

8.1.4. Ozone sterilization

As indicated previously, FDA considers the sterilization by ozone as a non-traditional
technique. The first ozone sterilizer for medical devices (STERIZONE 125L, TSO3) was licensed
by Health Canada in 2002 and by FDA in 2003 as a faster economical alternative to low-
temperature sterilization %83,

The antimicrobial activity of ozone is due to its oxidizing capacity that impairs the cellular

[370]

components of the microorganisms . Two mechanisms have been identified: 1) ozone

oxidizes sulfhydryl groups and amino acids of enzymes, peptides and proteins and 2) ozone
oxidizes polyunsaturated fatty acids to acid peroxides (37

Ozone is produced when oxygen is energized and split into two monatomic molecules. The
monatomic oxygen molecules then collide with oxygen molecules to form ozone B, It is easily
soluble in water and has a longer half-life in the gaseous state. In water, ozone quickly
degrades in oxygen. These characteristics make it an excellent candidate to be used as a
sterilizing agent*®®7%,

The mechanism of ozone sterilization involves two identical half-sterilization periods, where
vacuum is created through water vapor, followed by humidification of devices and ozone

[369]

generation and exposition”""'. Ozone is created in a specific enclosed generator when

admitted oxygen is subjected to an electrical discharge [365,372]

. The entire process takes
approximately 4,5 hours at a temperature between 30°C - 35°C (369372 ‘\When it is complete,
the residual ozone and water vapor are removed from the sterilized chamber into the catalytic
converter to transform ozone into oxygen 72 This last step uses ventilation to remove the
ozone from the chamber 5%, Therefore, no toxic/hazardous residues are produced in the end

of this sterilization process, which only requires medical-grade oxygen and only releases
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oxygen and water into the air. This means that no aeration and cool down time are required.
[372]

Like the other sterilization techniques, sterilization parameters, including the ozone dose,
should be defined to assure a 107° SAL. Therefore, the bioburden of the products should be
determined and the process must be monitored using biological and chemical indicators that
are specific to ozone sterilization 572 The validation of the ozone sterilization must be done in
accordance with the International Standard 1SO 14937:2009 B2

Many devices can be sterilized by ozone: stainless steel, titanium, ceramic, polyvinyl chloride
(PVC), PP, PTFE, among others %72 However, due to its great oxidizing capacity and the
humidity level used in the process, several other materials cannot be used. Examples include
natural rubber, latex, textile fabrics and copper 2***’2. Additionally, this sterilization process
was not approved for devices intended to be in contact with human body for more than 24
hours %, To overcome all these limitations, a new system that combines H,0, and ozone has
been developed by TSO; and, presently, it is commercialized in Europe and Canada by 3M™
and is under evaluation by the FDA ®*%. The idea under this new system is to facilitate ozone

penetration into challenging devices and to enable the use of lower concentrations of ozone
[369]

8.2. Experimental procedure

In this study, the objective of testing different sterilizations methods was not exactly to
determine if the methods are effective in the actual sterilization, but instead to ascertain if the
methods affect the physical and mechanical properties of the chitosan-based specimens.
Therefore, the parameters used in each sterilization method were defined according to
standard values of validated sterilizations wused for this type of orthopedic
products/biomaterials.

8.2.1. Steam (autoclaving) sterilization

Steam sterilization was performed in Altakitin S.A. (Loures, Portugal), following the sterilization
protocol that this company uses for the materials required for the production and/or
conditioning of its non-metallic medical devices (e.g. bone grafts, bone cements and injectable
bone substitutes).

The exposure cycle of this sterilization process occurred at 121°C for 20 minutes, and the
drying cycle lasted 20 more minutes.

The specimens to sterilize were conditioned in falcon tubes of 15 ml, composed of
polypropylene. The tubes were not completely enclosed, to allow the diffusion of the heat
steam to its interior.

8.2.2. Gamma radiation sterilization

Gamma irradiation sterilization was performed in Campus Tecnolégico e Nuclear (CTN) -
Instituto Superior Técnico (Loures, Portugal). The sterilization protocol was the same used by
Altakitin S.A., in the sterilization of its injectable bone substitute that has chitosan in its
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composition (k-IBS ®). The specimens were conditioned in Tyvek sterilization pouches, which
were heat-sealed.

The specimens were exposed to 15 kGy, at a dosage rate of 4 kGy/h. The sterilization process
occurred at room temperature (approximately 21°C), and the exposure time was 3 hours.

8.2.3.  Ethylene oxide sterilization

Sterilization by EtO was performed in Estereobato (Mora, Portugal), following the validated
sterilization protocol that this company uses for the sterilization of certain biomaterials and
medical devices such as prosthesis and surgical instruments. The specimens were conditioned
in Tyvek sterilization pouches, which were heat-sealed.

Pure EtO was mixed with nitrogen with a purity of 98%, to increase the pressure inside the
chamber (injected amount was 2,5 times the volume of the sterilization chamber). Before the
EtO exposure, the relative humidity was 60% and the chamber pressure was 700 mbar. The
specimens were exposed to 19,75 kg of EtO, which results in a concentration of approximately
600 mg/L. Exposure to EtO occurred for 4 hours, at a temperature of 54°C (chamber
temperature). The final aeration period took 3 hours and consisted in an injection of nitrogen
and then several injections of sterile air and vacuum, to reduce the EtO levels.

8.2.4. Ozone sterilization

Ozone sterilization was performed in Brasil Oz6nio (Sdo Paulo, Brasil), using equipment
developed by this company. To sterilize the 3D chitosan-based specimens a validated protocol
for other medical devices was followed. The specimens were conditioned in Tyvek sterilization
pouches, which were heat-sealed.

In this sterilization, four cycles were performed. Each cycle comprised the establishment of
vacuum inside the chamber, the admission of ozone gas with humidity between 91-95% and
temperature between 30°C - 35°C and a stabilization of the sterilization conditions for a period
of 20 minutes. A new cycle was repeated after emptying the chamber. In total, the four
sterilization cycles took 140 minutes.
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SECTION D: Development and experimental
evaluation of 3D dense chitosan-based
compositions for orthopedic applications
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9. Preliminary studies: production process
optimization and materials selection

Preliminary tests were performed to optimize critical parameters of the production process of
3D dense chitosan-based specimens and to select the materials for such production. The
production process adopted in this study was developed by Oliveira et al.!*!

described is chapter 3.3.1.1.

whose study in

9.1. Optimization of the production process

9.1.1. Optimization experiments

The optimization of the production process was still required to improve and systematize
future productions, reducing its duration and maintaining the quality and the appearance of
the produced specimens - dense and easily processable from the chitosan block that is
obtained in the end of the drying phase. Besides the parameters that were optimized by
Oliveira et al."® other parameters were analyzed in this optimization study.
To test the production process, a 3% (w/v) chitosan from Altakitin SA, with an average My, of
490 kDa, a viscosity of 970 cP and 92% D.D. was used. Further reagents used in the
optimization experiments were:

- Acetic acid (glacial) from Carlo Erba Reagents;

- NaOH 50% (w/w) solution from Liqual, Lda;

- Deionized water produced by reverse osmosis at Altakitin S.A;

- Glycerol from LabChem (purity > 99,5%);

- L-Ascorbic acid from Panreac;

- Ammonia solution 25% (v/v) from Quimitécnica.
The results of the optimization studies are described and discussed in the following chapters.

9.1.1.1. Blends of chitosan

Previous studies indicated that higher mechanical properties were obtained when chitosan
was blended with 10% (w/v) glycerol "'l Therefore, tests were performed to assess
differences between the specimens produced with and without this plasticizer. The results
indicated that it was not possible to produce chitosan-only specimens since the obtained
blocks were brittle and ended up breaking. Figure 9.1 shows the appearance of these blocks.

Figure 9.1. Example of chitosan block produced without the addition of plasticizers.
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This result may be related to the strong intermolecular forces that the chitosan chains feel
after the precipitation phase. Such interactions have made the chains stiffer and less ductile,
producing a brittle specimen. As consequence of this analysis, all the following optimizations
used 10% (w/v) glycerol.

9.1.1.2. Dissolution acid

Several studies have been published using chitosan as a raw material. Among these studies,
acetic acid is, by far, the most used acid in the dissolution of chitosan 17374378 Therefore, it
could be assumed a priori that 2% (v/v) of acetic acid is effective in the dissolution of 3% (w/v)
of chitosan. However, to analyze the efficiency of other acids, the dissolution of chitosan was
tested in a 2% (w/v) aqueous ascorbic acid solution. This is a biocompatible organic acid that
promotes the formation of collagen in fibrous tissues, teeth, bones, connective tissue,
capillaries and skin B7 In respect to its capacity to aid chitosan dissolution, it is believed that
ascorbic acid not only provides the necessary protons for the dissolution, but also that it can
act as a potential cross-linker, improving the final properties of the chitosan material %%,
However, as shown in the figure below, the production of specimens failed since it was not
possible to obtain integral specimens, capable of being shaped into any geometry. The
precipitation with NaOH resulted in a hydrogel with many cracks, possibly explained by the
new conformation of the chitosan’s backbone chain, promoted by this organic acid. This may
be related with the lack of freedom that the chitosan chains feel while being entangled with a
bigger conjugated salt anion. Therefore, during the basic precipitation of the polymer, the
homogeneity among the layers is affected due to a more rigid hydrogel causing a less
efficiency in NaOH diffusion within the medium (heterogeneous precipitation). As a
consequence, the next optimization studies used acetic acid as the dissolution agent, since it
produces better results.

Figure 9.2. Final aspect of specimens produced by dissolving chitosan in an ascorbic acid solution.

9.1.1.3. Dissolution temperature

Air retention during dissolution is another factor that plays an important role in the
reproducible production of 3D dense chitosan specimens. Thus, to reduce the viscosity of the
solution, two different dissolution temperatures were: 30°C and 50°C. To avoid possible
damages on the chitosan’s polymeric chain, temperatures above 50°C were not considered.
Although the dissolution temperature of 50°C greatly helped to reduce the air bubbles
entrapped in the solution, in the end a lower dissolution volume was obtained for the same
proportion of chitosan, acid and water due to solvent evaporation. For this reason, all future
dissolutions were performed at a temperature of 30°C.
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9.1.1.4. Type of mold

After the drying phase, the goal is to obtain consistent dense chitosan blocks, able to be
transformed into chitosan specimens with the desired dimensions. Hence, it was crucial to find
a mold for the solution freezing that would not only assure the appropriate dimensions for
these final structures, but would also ease its removal prior to the precipitation step. Examples
of different tested materials are shown in Figure 9.3. Besides the examples on this figure, a
dialysis membrane was also tested as a mold for the solution. However, the dialysis
membrane, as well as many other materials, had the same problem — the outer layers of the
hydrogel were destroyed once removed from the mold. This problem was avoided by using a
Tetra Pak® mold, since its inner material reduces the friction between the mold and the frozen
solution, allowing a smooth and straightforward removal of the mold without damaging the
outer layer of the hydrogel.

Figure 9.3. Examples of different materials tested as molds for the production of dense chitosan specimens.

9.1.1.5. Freezing temperature

Freezing cracks that are sometimes generated during the freezing process may cause
imperfections in the outer layers of the hydrogel. Figure 9.4 a) reflects these imperfections. To
avoid these cracks, three different freezing temperatures were tested: -20°C, -25°C and -30°C.
An improved result was observed when the temperature is reduced to -30°C, as seen in Figure
9.4 b). This observation could be explained by a faster freezing process that yields a more
random growth of water crystals (small crystals with different orientations), which reduces the
possibility of larger areas of “oriented crystals” that may give in to cracks. Therefore, all the
future productions used -30°C as the freezing temperature.

Figure 9.4. Hydrogel obtained when the freezing temperature was a) -20°C and b) -30°C.

9.1.1.6. Precipitation method

To shorten the production time of the 3D dense chitosan specimens, a different precipitation
method was tested. In this new method, the chitosan solution was poured inside a dialysis
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tubing membrane from regenerated cellulose (Spectra/Por®1, Spectrum Labs) and it was left
suspended in a close environment, in contact with a gaseous ammonia atmosphere (the
ammonia solution was placed in petri dishes), as shown in Figure 9.5. The idea behind using
ammonia as a precipitation method is not only to avoid the freezing phase, since the dialysis
membrane gives a 3D shape to the solution, but also to shorten the washing phase, since
ammonia is a slightly weaker base than NaOH.

The concentration of the ammonia solution used in this experiment was 25% (v/v). Since
ammonia is highly volatile, it diffused in the chitosan solution for the neutralization of amine

381 Although the precipitation of the solution did occur, this process took

groups
approximately one week and the hydrogel looked brittle and fluffy. Therefore, the

precipitation agent used hereinafter remained the NaOH solution.

Figure 9.5. Precipitation method using a gaseous ammonia atmosphere in an isolated environment.

9.1.2. Parameters selected for the production process

Table 9.1 indicates the parameters tested and optimized in this study. New experiments
considered the parameters selected.

Table 9.1. Critical production process parameters and their optimization.

Parameter

Optimization

Selection

Production Stage 1: Dissolution

Blends of chitosan

Dissolution of chitosan with and without a
plasticizer

Use plasticizers

Type of acid Ascorbic acid was tested, in addition to acid Use acetic acid
acetic
Dissolution Temperatures of 30°C and 50°C were tested, in Use 30°C
temperature addition to the dissolution at room temperature
Production Stage 2: Molding
Type of molds Molds from different materials/ geometries were | Use rectangular Tetra

tested

Pak® molds (117 mm x
47 mm x 37 mm)

Production Stage 3: Freezing

Freezing temperature

Temperatures -25°C and -30°C were tested, in
addition to the temperature at -20°C

Use -30°C

Production Stage 4: Precipitation

Precipitation method

Ammonia atmosphere was tested, in addition to
the NaOH solution

Use NaOH solution
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9.2. Preliminary tests on the production and evaluation
of candidate materials for chitosan-based implants

9.2.1. Production of specimens

The production process parameters optimized in the previous study were tested in this stage,
to assess the machining capabilities of the resulting blocks and to understand if the production
process is influenced by the addition of different materials, aiming to constitute chitosan-
based specimens with different compositions.

Three different plasticizers were added to the dissolution stage of the optimized production
process: 10% (w/v) glycerol, 10% (w/v) sorbitol and 10% (w/v) ethylene glycol. The chitosan,
glycerol and other reagents used in this production process are described in chapter 9.1.1.
Sorbitol (no crystallizable solution, 70%) and ethylene glycol were purchased from Carlo Erba
Reagents. The plasticizers used were according to the European Pharmacopoeia, except for the
ethylene glycol (analytical grade reagent).

The blocks were shaped in a conventional milling machine and cut with a handsaw into
specimens with average dimensions of 14 mm x 12 mm x 7 mm (all faces were smooth and
uniform). Figure 9.6 shows two specimens obtained by blending chitosan with glycerol.

Figure 9.6. Examples of 3D dense chitosan specimens produced by adding 10% (w/v) glycerol.

Differences in the behavior of the specimens were noted only during the precipitation stage;
the sorbitol hydrogels were faster to dive into the NaOH solution, possibly because
precipitation was faster, or it simply happened because sorbitol has a higher density than
glycerol. Despite this difference, the precipitation stage lasted 48h in both situations and both
hydrogels were precipitated at the end of that time.

The specimens produced with ethylene glycol showed problems during the shaping process
and, as a consequence, local fractures appeared during the machining process. Despite these
local imperfections, all the specimens were visually similar.

9.2.2. Experimental evaluation of preliminary specimens

9.2.2.1. Compression tests

Four specimens of each composition were tested to compression, according to the
experimental procedure described in chapter 7.1.1.1. Figure 9.7 shows the stress-strain curves
that represent the behavior of the three types of specimens during the compression test.
Figure 9.8 a) and b) show the results of the compressive tests, namely the compressive
modulus and the compressive strength. For the compressive strength results, the maximum
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stress for each specimen was measured on the first load decay observed in the respective

stress-strain curves.
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Figure 9.7. Stress-strain curves obtained for one specimen obtained by blending chitosan with a) 10% ethylene
glycol, b) 10% glycerol and c) 10% sorbitol.
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Figure 9.8. Results of the a) compressive modulus and b) compressive strength (*p-value < 0,05).

The stress-strain curves indicate a different mechanical response of the specimens under the

compressive loading. The ethylene glycol curve exhibits several load decays even for low

loading, indicating some crack initiation since the beginning of the test. This is also the material

which exhibit lower stress and strain values. The other materials reveal higher stress before

the first crack occurs, indicating higher compressive strength values. The 10% glycerol

specimens are the ones who exhibited higher strain before cracking occurs.
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In general, the specimens that present higher elasticity and strength are the ones produced
with 10% glycerol, according to the results depicted in Figure 9.8 (compressive modulus of
1421 MPa and compressive strength of 56 MPa). On the other hand, the specimens produced
with 10% ethylene glycol show lower mean values of these two properties.

9.2.2.2. SEM analysis

SEM analyses were performed using the experimental procedure described in chapter 7.2.1.1.
Figure 9.9 to Figure 9.11 show the SEM images on the surfaces of the different specimens.

OkV SEL SEM

Figure 9.9. SEM image (400X) of specimen produced by blending chitosan with 10% ethylene glycol.

W= 10pm Microlab
KV SEI SEM

Figure 9.10. SEM image (400x) of a specimen produced by blending chitosan with 10% glycerol.

Figure 9.11. SEM image (400X) of specimen produced by blending chitosan with 10% sorbitol.
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The SEM images revealed that the specimens are mostly dense and do not have significant

pores.

9.2.2.3. DSC tests

DSC tests were performed according to the procedure described in chapter 7.3.1.1. Figure 9.12
to Figure 9.14 represent the DSC curve of heat flux versus temperature obtained for each type
of chitosan blend.

In addition, Figure 9.15 shows a DSC run for the chitosan powder, where the maximum
temperature for the second dynamic heating period was 350°C, instead of 300°C.
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Figure 9.12. DSC of a specimen produced by blending chitosan with 10% ethylene glycol.
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Figure 9.13. DSC of a specimen produced by blending chitosan with 10% glycerol.

126



Heat Flux (mW/mg)

AN
\

T T T T T T T T T T T T T 1
0__60 80 100 120 140 160 180 2*0 220 240 26%300 320

Temperature (°C)

Figure 9.14. DSC of specimen produced by blending chitosan with 10% sorbitol.
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Figure 9.15. DSC to the chitosan powder.

The endothermic peak observed on the first dynamic heating run, for all the tested samples,
corresponds to the vaporization of water. The wideness of this peak shows that the water is
strongly attached to the material, and this occurs for all compositions, including the chitosan
powder (this peak is not so wide).
To easily identify the differences between all the DSC tests performed, the final dynamic
heating period, from all the materials, are compared in Figure 9.16.
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Figure 9.16. Comparison of all the lasted heating curves, from all the DSC runs.

127



In the second dynamic heating run, the temperature was raised by 20°C/min to a maximum of
300°C (or 350°C, in the case of the chitosan powder). The results show an exothermic peak
approximately at 260°C for all experiments performed on chitosan specimens, which
corresponds to the thermal degradation of chitosan. For the chitosan powder, this peak is
observed at 300°C.

9.2.2.4. Cytotoxic tests

For the cytotoxic test, two groups of triplicates of each composition, were first sterilized with
ethanol (70%, v/v) followed by overnight UV exposure. The cytotoxic tests were then
performed according to the methodology described in chapter 7.5.1.1. Figure 9.17 presents
the results of the cell viability performed by the extract assay.
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Figure 9.17. Results of the cytotoxic assay by extract dilution - MTT test (*p-value < 0,05).

According to the results in Figure 9.17, the percentage of viable cells is greater than 80%, and
in the case of the glycerol specimen, the mean percentage reaches the value obtained for the
negative control, prepared by placing the cells only in contact with fresh medium. Comparing
the three compositions, the percentage of viable cells is lower for the sorbitol specimens,
especially when compared with the results of the glycerol specimens and the negative control
(p-value of 0,01 and 0,009, respectively). However, the cell viability is still greater than 80%.
The results of the direct contact assay are shown in Figure 9.18, Figure 9.19 and Figure 9.20.
The specimens’ positions in the cell medium are identified in these figures.

specimen

100um

Figure 9.18. Direct contact assay for a specimen produced by blending chitosan with 10% ethylene glycol.
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Figure 9.20. Direct contact assay for a specimen produced by blending chitosan with 10% sorbitol.

The results of the direct contact assay show that the cells grew around and on the surface of
all the specimens, without any morphologic disorder.

9.2.3. Selection of the candidate materials

The goal of this experimental evaluation was to understand the effect of materials other than
glycerol in the optimized production process. At the same time, the effects of these materials
on the chitosan specimens’ processability and on their final properties were assessed.

Since plasticizers improve the processability of chitosan specimens, reducing its brittle
behavior, the selection focused on this group of materials. Although other materials such as
lipids and oligosaccharides can act as plasticizers, two other polyols were selected for this
study. Polyols are described as being more effective since their plasticizing effect results in a
structure similar to the polymer matrix ®2. Among several candidates (e.g. sorbitol, mannitol,
xylitol, ethylene glycol, propylene glycol and PEG), focus was given to sorbitol and ethylene
glycol. These compounds were selected because they differ from the molecular weight of
glycerol and do not have long molecules which may difficult the penetration of the plasticizer
through the polymer matrix.

Preliminary chitosan-based specimens were successfully produced and machined when 10%
(w/v) of each of the three plasticizers (glycerol, sorbitol and ethylene glycol) were blended to
chitosan. However, difficulties were found during the shaping process of the ethylene glycol
specimens.
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Compression tests:

The compression test results are in accordance with what has been described in the literature
for the chitosan films; the presence of glycerol improves the dynamics of the polymer chains,
relieving the limitations in local motion caused by the presence of strong intermolecular
interactions, hence modifying the properties of the polymer ¥, Interactions between glycerol
and chitosan occur by hydrogen bonding on specific polymer sites, which facilitates the stress
transfer to the reinforcement phase, resulting in a material with improved mechanical
properties [383],

Studies found no difference on the mechanical properties between chitosan films prepared by

the addition of glycerol and sorbitol 382354

. However, the statistical analysis performed on the
results of Figure 9.8 a) indicated statistical significance between the stiffness mean values of
the glycerol and sorbitol specimens (p-value = 0,03).

The specimens produced by adding ethylene glycol to the composition presented higher
standard deviation in the two mechanical properties measured: compressive modulus and
compressive strain. This may be related with material imperfections that, consequently,
promoted the appearance of material imperfections during the shaping phase. These
imperfections resulted in several points of stress decay, shown in the respective stress-strain
curve — Figure 9.7 a).

Oliveira et al."”® performed compression tests on dense circular chitosan specimens produced
by adding 10% (w/v) glycerol to a chitosan with high My, DD and viscosity (800 kDa, 90% DD
and 1.200 cP, respectively). They obtained a mean compressive modulus of 600 MPa and a
mean compressive strength of 75 MPa. The preliminary results of this thesis indicated higher
mean compressive modulus (1.421 MPa) for the glycerol specimens but lower compressive
strength (56 MPa). These differences could be related with the different geometries of the
tested specimens as well as the type of chitosan material used in each of the studies.

SEM analysis:

The SEM analysis shown in Figure 9.9 to Figure 9.9 revealed that the specimens are dense and
only some pores are visible in the interior of the specimens, eventually due to the air
retention. Comparing the images obtained for the three compositions, no relevant differences
were observed in the porosity of the specimens.

DSC tests:

The DSC analyses indicated that the different compositions do not alter the capacity of water
holding and the strength of the water-polymer interaction in the plasticized specimens.
Variations would be observed if another chitosan material, with different D.D., was also used
for the production of the plasticized specimens. The endothermic peak associated to the
chitosan powder indicates residual water (absorbed moisture) (3831,

The thermal degradation of chitosan powder occurred at a higher temperature, when
compared with the plasticized specimens. This shift towards a higher degradation temperature
may occur since the polymeric chains that compose this polysaccharide are in its native state,
and did not suffer from any type of action that may alter its ordered structure. In the native
state, there are two types of strong attraction forces operating in chitosan: intramolecular and

(13385 Therefore

intermolecular forces via hydrogen bonding or hydrophobic interactions
chitosan undergoes a process of self-cross-linked structure that greatly influences its thermal
properties 2% On the other hand, the polymeric structure of the plasticized specimens was

altered during the production process. The molecular interactions established between both
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plasticizers and water with chitosan weakens the strong intermolecular bonds that exist in
native chitosan, which explains their lower thermal resistance. This effect was also observed in

(386387] 1 this thesis, no differences were found in the

thermal studies on plasticizer films
degradation temperature between the different plasticized specimens. In turn, Matet el al. [387)
found differences when they studied different plasticized chitosan films, and concluded that
sorbitol films had a slower thermal degradation when compared with glycerol films 28\, The
degradation temperatures observed in this study are consistent with the results on published
studies %%,

The results did not reveal a stepwise increase on temperature, characteristic of a Tg. This
suggests that chitosan requires a higher temperature for their molecules to become more
mobile, which goes beyond its degradation temperature. According to Schut et al.®*”, several
factors can influence the mobility of the polymers’ chains and therefore the Tg: the molecular
weight (chain ends are more mobile), chemical structure (stiffness of the chain and
interactions with other chains), diluents or plasticizers (increase the free volume), cross links
and crystallization (limit the chain mobility). In case of plasticizers, as previously described,

(388,391 " They intersperse

these interact with the polymer chains, promoting its mobility
themselves among the polymers’ chains (spacing them apart), acting as internal lubricants by
reducing the frictional forces between polymer chains. By breaking the polymer-polymer

88 Therefore, if the Tg was

interactions, the free volume increases and the Tg lowers
observed, it was expected that it would occur at a lower temperature for the plasticized
specimens when compared to the chitosan powder.

The literature reports different values for the Tg of chitosan, obtained either by DSC or by
other techniques (e.g. Dynamic Mechanical Thermal Analysis, DMTA, and Thermogravimetric
Analysis, TGA) B*3%1 |5 some cases, the Tg is not even detected B¥**¥, Gartner et al.**
suggested that the residual water impairs the determination of the chitosans’ Tg,
hypothesizing that the complex structure of chitosan via local dynamics (secondary or B-
relaxation phenomena) explains the dispersion of results in the literature.

Cytotoxic tests:

The main goal of these tests was to investigate whether the different stages of the production
process would change the biocompatibility of chitosan specimens and to understand if the
addition of plasticizers would cause this effect. For the extract assay, the results shown in
Figure 9.17 revealed that there is cell activity, which points out that no cytotoxic substances
had been released in the medium during the extract assay. According to the 1ISO 10993-5, if cell
viability is reduced to < 70 % of the blank, the material has cytotoxic potential (3221 "\which did
not happen in this study. In addition to the extract assay, the results of the direct contact assay
reinforce the conclusions obtained for the extract assay, i.e. the blends of chitosan with
ethylene glycol, glycerol and sorbitol are not cytotoxic for the cells. The results of these tests
are in accordance with published cytotoxic studies performed on chitosan membranes and
fllmS [395,396].
Material selection:

The addition of different plasticizers to the production process allowed to obtain dense
chitosan specimens that were easily shaped and tested. However, the machining of the
ethylene glycol blocks caused local imperfections that resulted in lower mechanical properties
when the resulting specimens were tested to compression. The materials blended to the
chitosan did not alter the cytotoxic and the thermal properties of the specimens. According to
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the results, the blends with glycerol and the sorbitol seemed more appropriate for further
evaluations.

9.3. Selection of the chitosan material

9.3.1. Strategies used to obtain chitosan

To ensure the reproducibility of the experiments, it was crucial to guarantee the necessary
amount of chitosan, assuring the properties defined in chapter 3.3.1.1. A manual production of
chitosan was attempted, to obtain at least 1,5 kg of material. The manual production of
chitosan followed the industrial production protocol of Altakitin S.A., but on a smaller scale.
The initial step was to produce chitin, according to the schematization of the Figure 3.1. Figure
9.21 shows the result of the first deproteinization step. In this case, 1 M NaOH solution is used
to extract the proteins from the previously demineralized crushed shrimp shells. Figure 9.22
shows the final step of the chitin production, which consisted in the filtration and washing of
the chitin with acetone after the discoloration step.

Figure 9.22. Chitin production: filtration after the discoloration step.

The chitosan production followed the schematization in Figure 3.2, according to the industrial
production protocol of Altakitin S.A. Figure 9.23 shows the first deacetylation reaction that
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occurred at 80°C when a 50% (w/w) solution of NaOH was added to the chitin. This step was
repeated to obtain chitosan with D.D. of 90%.

Figure 9.23. Deacetylation reaction.

Two batches of chitosan were produced in the end of two completed manual production
processes, yielding merely 320 g of chitosan, from an initial weight of 1.200 g of crushed
shrimp shells. Since the manual production was long and extremely time consuming, a market
search was conducted to identify manufacturing companies that sell chitosan to use in further
experiments. From this search, only two sellers met the criteria defined for the desired
chitosan: medical grade, 90% D.D. and viscosity around 1.000 cP. These companies were
Primex (Iceland) and Heppe Medical Chitosan (Germany). Different chitosan batches were then
acquired from these two companies.

9.3.2. Selection of the chitosan batch

To select the final chitosan material, the optimized production process was tested using six
different chitosan batches. These productions were performed by adding only 10% (w/v)
glycerol to the dissolution stage. Table 9.2 indicates the characteristics of the tested batches.
The conformity of the different chitosan batches to the production process is explained in
Table 9.2; if a certain process stage was reached successfully, this is referred as “Yes” in this
table, otherwise, it is referred as “No”. Two specimens were produced in the end of successful
shape stages. These correspond to the production processes that used chitosan batches 2, 3
and 5.

The values of D.D. and viscosity are presented according to the product certificate of analysis,
except for the mixture of the batch 3. In this case, the properties of the chitosan were assessed
based on the experimental procedures described in chapters 6.1.1 and 6.1.2.
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Table 9.2. Properties and conformity of the different chitosan batches to the optimized production process.

Chitosan Properties Conformity with the production process
Batch Company DD Viscosity M,, Dissolution | Precipitation | Drying Shape
(%) (Cp) (kDa) stage stage stage stage
1 Primex 87 * 992 * 856 No - - -
2 Primex 95 * 570 * 910 Yes Yes Yes Yes
Primex/
3 Altakitin 89 800 704 Yes Yes Yes Yes
4 Heppe 91 * 568 * 608 Yes Yes Yes No
5 Heppe 88 * 1.210 * 834 Yes Yes Yes Yes
6 Heppe 98 * 1.040 * 700 Yes Yes Yes No

*according to the certificate of analysis

The final selection was based on the mechanical properties of the produced specimens. In this
case, flexural tests were performed according to the procedure described in chapter 7.1.2.1. In
Table 9.3, the mean flexural modulus, flexural strength and the maximum flexural strain are
compared for each type of chitosan successfully processed in the end of the production
process. The tested specimens had average dimensions of 20 mm x 12 mm x 3,5 mm.

Table 9.3. Flexural properties (mean properties) of the chitosan specimens produced with different chitosan

batches.

. Flexural modulus Flexural strength Flexural strain
Chitosan Batch (MPa) (MPa) J (%)
2 1.543 37 3,8
3 1.509 52 5,8
5 866 38 6,5

According to the results of the previous table, the chitosan mixture of batch 3 shows a better
combination between the mechanical strength, the stiffness and the deformation until
fracture. In this case, the combination of two types of chitosan, one with high My, and another
with medium My, provides a good relationship between mechanical strength (due to the long
chains) and flexibility (due to the mobility of the shorter chains). Identical results were
obtained by Oliveira et al.!"%*"

Several factors may explain why it was not possible to work with certain chitosan materials.
The methodology used for the companies to perform both the chemical extraction of chitin
and the deacetylation of chitin into chitosan, the origin of the material, the polydispersity
index and the techniques used to characterize the chitosan material are among the potential
factors. For example, the chitosan from Primex and Altakitin comes from the same shrimp
species (Pandalus borealis) whereas the chitosan from Heppe comes mainly from crab shells
B9 The first two companies indicate the origin of chitosan in the certificate of analysis of their
products, but the same does not happen with Heppe.

To prove differences between the purchased batches, the D.D. of each batch was confirmed by
'H-NMR, according to the experimental procedure described in chapter 6.3.1. The results were
77% for batch 1, 86% for batch 2, 93% for batch 4, 90% for batch 5 and 96% for batch 6. Figure
9.24 and Figure 9.25 show the 'H-NMR spectrum of the batch 1 and batch 2, respectively.
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Figure 9.24. 'H-NMR spectrum of the chitosan batch 1.
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Figure 9.25. "H-NMR spectrum of chitosan batch 2.

Therefore, the D.D. values determined by 'H-NMR did not match with the analysis certificate

of the batches acquired from Primex, being substantially lower. After contacting the company,

it became clear that the D.D. of their products is determined by colloidal titration, which

explains the differences found (rapid detection method but with less specificity).

9.4. Conclusion - optimized method and materials for

future productions

The optimization study altered some variables in the production process described in chapter

3.3.1.1. Therefore, the specimens produced in the next chapters followed the steps described

below:

1 — Dissolution stage: dissolve 3% (w/v) chitosan in 2% (v/v) acetic acid solution, at
30°C, using a mechanical stirring system. Add a plasticizer in this stage;

2 — Molding stage: pour the solution in Tetra Pak® molds and leave it at rest until all
the air bubbles disappear (approximately 24 hours);
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3 - Freezing stage: freeze the molds at -30°C for 24 hours to yield chitosan solutions
with a pre-defined 3D geometry;

4 - Precipitation stage: remove the frozen solutions from the molds and immerse
them into a NaOH 10% (w/v) solution for 48 hours. At the end of this process, mold-
shaped chitosan hydrogels are obtained;

5 — Washing stage: wash the hydrogels intensively until reaches neutral pH, for
approximately 6 days;

6 — Drying stage: dry the hydrogels at 40°C in a temperature controlled stove with
circulating air, for approximately 5 days. At the end of this process, dense chitosan
blocks are obtained with the average dimensions of 30 mm x 17 mm x 12 mm;

7 — Shaping stage: shape the chitosan blocks into the desired geometry, using
conventional machining processes.

The optimized production process was tested by adding, independently, sorbitol and ethylene
glycol to the dissolution process, in addition to glycerol. The goal was to evaluate not only the
suitability of the production process to other materials, but also to study the effect of these
plasticizers on the produced specimens. The results lead to following conclusions:
a) it was possible to dissolve and process all the materials, under the defined
production conditions, obtaining 3D dense chitosan specimens capable of being
machined and tested;
b) the results obtained do not rule out a particular plasticizer a priori. However, only
two plasticizers were selected for the next experiments — glycerol and sorbitol. This
decision considered the surface imperfections of the ethylene glycol specimens, which
lead to the dispersion of results for the compression modulus and the compression
strength, and also for not being approved as a pharmaceutical compound, according to
current regulations.

This optimization study also selected the chitosan batch 3 as the most adequate for future
productions. It was possible to dissolve the chitosan from this batch and to produce blocks
able to be shaped by a milling machine. Additionally, the specimens originated by this chitosan
batch allowed a better combination of mechanical properties determined by flexural tests.
These preliminary experiments also proved that the addition of plasticizers to the dissolution
stage may interfere with the polymeric chain of chitosan, improving the processability and
machinability of the chitosan dense blocks into specimens with the desired geometry. This
result was important since it was not possible to produce specimens composed only with
chitosan. In this case, brittle and non-uniform specimens were obtained, which easily broke
when machining. To further study the effect of plasticizers, or even other materials (e.g.
ceramics) on the final properties of chitosan specimens, a more intensive study is required to
determine the influence of different concentrations.

The reagents used in future studies and experiments were the same used in this chapter,
including the glycerol and sorbitol.
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10. Mechanical behavior of different chitosan
blends in the development of bioabsorbable
implant products

To produce 3D dense chitosan implant products for orthopedic applications, it is essential that
the final composition of such structures guarantees adequate stiffness and strength, able to
comply with the bone tissue requirements. With this goal in mind, a study was planned to
improve the mechanical behavior of the produced specimens by blending chitosan with
different types of materials (plasticizers and ceramics), in the early stages of the development
process. The mechanical evaluation was performed through flexural tests and nanoindentation
tests. Complementary tests were performed through SEM and microCT analysis. After these
tests, a final composition was selected for each type of material studied.

10.1.Blend chitosan with plasticizers

10.1.1. Production of rectangular specimens

According to the results of the preliminary studies, two plasticizers were selected to optimize
the final composition of the chitosan blocks: glycerol and sorbitol. Therefore, three different
concentrations of these plasticizers were added on the dissolution stage of the production
process described in chapter 9.4. The concentrations were:

e Glycerol: 5% (w/v), 10% (w/v) and 15% (w/v);

e Sorbitol: 5% (w/v), 10% (w/v) and 15% (w/v);
Regardless of the plasticizer type and concentration level, the obtained chitosan blocks had
the same appearance and brown color, as shown in Figure 10.1 and Figure 10.2.

Figure 10.2. Examples of 3D dense chitosan block obtained after blending chitosan with 15% sorbitol.

Each block was processed using a conventional milling machine (Optimum MF4). A 16 mm end
mill cutting tool of high speed steel (HSS) was used at a low cutting speed to thin out each
block into specimens with rectangular cross-section of 25 mm x 12 mm x 4 mm (average
dimensions). Figure 10.3 shows examples of the specimens obtained after the shaping phase.
The surface of the specimens was smooth and uniform.
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Figure 10.3. Specimens produced by blending chitosan with 5% sorbitol.

10.1.2.

10.1.2.1. Flexural tests

Results of the experimental evaluation

Flexural tests were performed to study the mechanical behavior of the plasticizer specimens
produced, according to the procedure described in chapter 7.1.2.1. Four specimens were
tested for each plasticizer blend, except for the 10% and 15% sorbitol compositions. In this
case, only three were tested (one specimen broke at the beginning of the test). Figure 10.4
exemplifies a three point flexural test running.

Figure 10.4. Three point flexural test of a specimen produced by blending chitosan with 10% glycerol.

The behavior of two plasticizers (the 10% compositions) to the imposed load is represented in
the stress-strain curves of Figure 10.5.

The flexural modulus, flexural strength and the maximum flexural strain results obtained for
each analyzed composition are indicated in Figure 10.6 to Figure 10.8. The statistical
evaluations considered for the graph bars were performed only for pairs of plasticizers tested

under the same concentration level. The remaining results are indicated in the Appendix A.3.
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Figure 10.5. Stress-strain curves obtained for specimens composed by a) 10% glycerol and b) 10% sorbitol.
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Figure 10.8. Flexural strain obtained for the specimens produced with different blends of chitosan with plasticizers.

The stress-strain curves reveal identical behavior of the two compositions when subjected to
transverse loading. The fracture of the specimens occurred with practically no plastic
deformation. During the tests, crack initiation was observed at the bottom of the specimens,
where higher tensile stresses develop. Crack propagation quickly occurred giving rise to
specimens’ fracture with a brittle surface.
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The results show that the mean flexural modulus decreased with the increasing concentration
of plasticizers, but the same was not observed for the flexural strength and maximum flexural
strain results. Globally, the 10% glycerol composition revealed better combination of these
three mechanical properties.

For the flexural strength, the highest mean value was obtained for the 10% composition (54
MPa), while the specimens with 15% sorbitol presented higher maximum flexural strain values.
However, for all the assessed properties, the statistical tests revealed weak evidence that the
means of the two groups of plasticizers with the same concentration reflect a true difference
between the populations from which the groups were sampled (p-value > 0,05).

10.1.2.2. Nanoindentation tests

Nanoindentation tests were performed according to the procedure described in chapter
7.1.3.1. In average, 8 indentations were made for each plasticizer/concentration specimen.
Figure 10.9 presents the indentation hardness values whereas Figure 10.10 shows the
indentation modulus.

The statistical evaluations considered in the graph bars were performed only for pairs of
plasticizers tested under the same concentration level. The remaining results are indicated in
the tables in the Appendix A.3.
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Figure 10.9. Indentation hardness obtained for the specimens produced with different blends of chitosan with
plasticizers (*p-value < 0,05).
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Figure 10.10. Indentation modulus obtained for the specimens produced with of chitosan with plasticizers (*p-value
<0,05).
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The mean indentation hardness value increases with increasing concentration of glycerol.
Similar results were obtained for sorbitol concentrations, although the 10% and 15%
concentrations of this plasticizer have practically the same mean value. The highest mean
value for the indentation hardness was obtained for 15% glycerol, which stands out from the
corresponding concentration of sorbitol (p-value = 0,0039). In this case, the nanoindentation
hardness was 21,3 kgf/mm?.

Comparing the results of the indentation modulus among themselves, the highest mean value
was obtained for 10% sorbitol. If the analysis is only restricted to the values obtained for
glycerol, the highest mean value is for the composition of 10% glycerol, with indentation
modulus being 4.093 MPa. The t-tests performed to all concentration pairs of glycerol and to
all concentration pairs of sorbitol reveal that there is strong evidence that the mean values of
both 10% concentrations are different from the other compositions (5% and 15%).

10.1.2.3. microCT analysis

MicroCT analysis was performed for one specimen of each plasticizer composition, according
to the experimental procedure described in chapter 7.2.2.1. Table 10.1 indicates the
quantitative (percentage) evaluation of closed pores (non-connected cavities) that were
present in the specimens. Additionally, Figure 10.11 shows images (frontal plane, x0z) from the
interior of the 10% plasticizers’ blends, obtained after applying the volume rendering
reconstruction software (CTVox).

Table 10.1. Quantification of the closed pores present in all plasticized specimens.

Content (w/v) of plasticizer material in the microCT analysis:
specimen (%) Closed pores (%)
5 0,31
Glycerol 10 0,75
15 1,20
5 0,21
Sorbitol 10 0,63
15 0,53

Figure 10.11. Frontal (x0z) images of specimens produced by blending chitosan with a) 10% glycerol and b) 10%
sorbitol, obtained through microCT analysis.
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The results in Table 10.1 reveal that the specimens produced either by adding glycerol or
sorbitol are dense, showing a maximum porosity level of 1,20%. Figure 10.11 shows the inner
structure of the specimens, revealing a continuous material with few black areas (pores).

10.1.3. Discussion

The preliminary results presented in chapter 9 showed that the addition of glycerol and
sorbitol favors the processability of chitosan specimens. To optimize the composition that
helps to improve, at the same time, the processability and the mechanical properties of the
final specimens, it was necessary to study concentrations beyond 10%. Therefore, two other
concentrations were selected for this study: 5% and 15%.

Flexural tests:

The mechanical properties of the bulk specimens were tested at flexion, contrary to what
happened in the preliminary study where the specimens were tested to compression (chapter
9). This change occurred to more easily perceive the behavior of specimens until break, namely
their ductility. For both plasticizers, the mean flexural modulus value was higher for lower
concentrations of plasticizers than higher concentrations, which was more evident for the
sorbitol condition. The effect of the plasticizer concentration on both the mean flexural
strength and flexural strain values was not so evident. Comparing each plasticizer alone, the
highest mean values for the flexural modulus, strength and strain were obtained, respectively,
for the 5% glycerol, 10% glycerol and 15% sorbitol compositions. Despite these results, it can
be stated that the 10% glycerol composition has lower dispersion of results, especially in the
flexural strength. Additionally, it was the best combination of flexural results.

One 10% sorbitol specimen and one 15% sorbitol specimen broke at the beginning of the
flexural tests. This may be related with small pores at the surface of the specimens, which are
favorable sites of cracks initiation and propagation, or due to small defects resulting from the
shaping process.

Several studies report that the strength of chitosan films decreases as the content of glycerol
increases, contrary to what happens with the elongation at break B9*%3% This occurs
because glycerol penetrates through the polymer matrix, interfering with the polymer chains
and promoting the polymer mobility %39 The results in this thesis are in accordance with
such findings.

Chen and Zhao ®* tested the mechanical properties of chitosan films produced with glycerol
and sorbitol and did not find major differences on their mechanical properties. They concluded
that sorbitol may also act like glycerol due to its similar carbon structure with hydroxyl groups
along the polymer chain ®¥%. However, Srinivasa et al.*®! reported that sorbitol films are more
flexible than films plasticized with glycerol, which are in accordance with the results found in
this thesis when the 15% compositions are compared.

Nanoindentation tests:

In this study, the indentation hardness and the indentation modulus were determined by the
Oliver and Pharr method, as described in chapter 7.1.3. This method assumes that the contact
between the material surface and the tip is purely elastic, and therefore the material
undergoes purely elastic recovery during the unloading 400 ‘However, for most polymers and
testing conditions, the indentation of the material is influenced by viscoelasticity, which
manifests itself as a change in depth for a constant applied load 2#**°%. This effect leads to an
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increase in the contact stiffness, as a result of poor non-linear curve fitting of the unloading

401" 'To minimize this effect, it was imposed a

data, and theoretically invalid fitting exponents
hold time of 15 seconds between each loading and unloading cycle. However, if the hold
period is too short or the unloading rate is too low, the estimation of the contact stiffness is
compromised as well %2 additionally, other phenomena can affect the measurements
such as the thermal drift and the sinking-in or pilling-up around the indenter, which depends of
the strain-hardening properties of the material, the indentation size effect, the residual

1403,408]  The presence of these effects, during the indentation tests,

stresses, among others
cause the overestimation of the elastic modulus of the material when compared with the
values of the elastic modulus determined using conventional macroscale mechanical testing
40U These phenomena may also explain other different trends between the flexural and the
indentation modulus: the flexural modulus decreases as glycerol concentration increases in the
specimens, contrary to what has been observed in the indentation studies. These observations
may occur due the previously mentioned factors (e.g. viscoelasticity), or because the
specimens are denser on their surface (fewer pores) as the concentration of glycerol increases.
Different studies have been published on the determination of the modulus and hardness of
chitosan materials, measured by nanoindentation. However, most of them are focused

primarily in films and porous structures. Mishra and Kannan !

analyzed four different
chitosan/PVA polymer composite films used in a titanium implant coating and they registered
hardness values from 0,20 to 0,35 GPa and indentation modulus from 10 to 35 GPa, according
to the concentration of PVA and the water content of the samples. Converting the values in
Figure 10.9 and Figure 10.10 to GPa, the results of the nanoindentation resulted in hardness
and modulus values varying from 0,16 to 0,21 GPa and 3,4 to 4,3 GPa, respectively. However,
comparing the results obtained in this thesis with results obtained in other studies, for
chitosan compositions or even other polymers, may lead to misinterpretations. Indentation
hardness and modulus are influenced by potential variations in microstructure, semicrystalline

14061 35 well as the

morphology, anisotropy, molecular weight, crosslinking density, etc.
conditions of the experiments (e.g. maximum load and loading speed).

microCT analysis:

The microCT tests were carried out in this stage with the purpose of observing the internal
microstructure of the specimens and quantifying their porosity. The results indicate a lower
porosity level under the conditions of the microCT equipment (image pixel size of 7,76 um).
Although the values presented in Table 10.1 lack experimental validity, obtainable if more
specimens were analyzed by microCT, the values range indicate that all the specimens exhibit
high density and have no significant pores. The low porosity level is also observed in the
images of Figure 10.11. These results are in accordance to the SEM analysis performed in the
preliminary tests (Figure 9.9 to Figure 9.11).

Plasticizer selection:

The chitosan blend with 10% glycerol was selected for the next study.
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10.2.Blend chitosan with ceramics

10.2.1. Selection of the ceramic materials

The materials that were selected for this study included different calcium phosphate-based
ceramic materials, namely:

= HA powder (acronym used: HA);

= biphasic powder mixture of 70% HA: 30% B-TCP (acronym used: HA-TCP);

= biphasic granules mixture of 70 % HA: 30% B-TCP (acronym used: granules).
This selection included ceramics with different particle dimensions and compositions. Since
biphasic mixtures are widely used in bone graft substitutes they were included in this study in
addition to pure HA. All the ceramic materials were produced by Altakitin S.A.
The powders had a particle size distribution of 7 um (d0,9) whereas the granules size ranged
from 75 pum to 125 pum. Figure 10.12, Figure 10.13 and Figure 10.14 show the particle size
distribution of the three ceramic materials.

Figure 10.12. SEM images of the HA particles, using a) 100X magnification and b) 500X magnification.

Figure 10.13. SEM images of the HA-TCP particles, using a) 100X magnification and b) 500X magnification.
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Figure 10.14. SEM images of the granules particles, using a) 100X magnification and b) 250X magnification.

The previous figures show a homogeneous distribution of the different particles, in which the
powders have variable dimensions while the spherical granules have uniform dimensions.

10.2.2. Production of rectangular specimens

New specimens were produced by adding HA, HA-TCP and granules to the production process
described in chapter 9.4. The production of these specimens included the addition of 10%
(w/v) of glycerol, according to the results of the previous study. The concentration levels of the
three ceramics took into account the desired amount of these materials on the final weight of
each block. Therefore, the different concentrations of each ceramic material were:

= HA: 5% (w/w), 10% (w/w), 15% (w/w)

=  HA-TCP: 5% (w/w), 10% (w/w), 15% (w/w)

= Granules: 5% (w/w), 10% (w/w), 15% (w/w)
The new blocks had all white color but had a different aspect if the material added to chitosan
was either HA and HA-TCP or the granules. In this case, the blocks produced with granules
were slightly rough while the other blocks were smoother. Examples are shown in Figure
10.15.

Figure 10.15. Examples of blocks produced by blending chitosan with: a) 10% granules and b) 10% HA.

In general, the dispersion of the ceramics was more difficult for the 15% concentrations and
for the powders than for the granules, but in none of the situations were noticed different
concentration gradients during the production stages (no sedimentation). To confirm a
uniform dispersion of ceramic particles, two blocks of the highest concentration level (15%)
were cut in two distinct zones, near the bottom and near the top of the blocks. The blocks
studied were produced by blending either HA or granules to chitosan. SEM analyses were

145



performed in the resultant cross sections, and the dispersion of the ceramic particles was
analyzed using the image analysis software Imagel. Figure 10.16 and Figure 10.17 show the
images assessed by this software.
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Figure 10.16. Analysis of different cuts of the block produced with HA, through the Image) software: a) bottom part
cross section (445 particles counted) and b) top part cross section (414 particles counted).
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Figure 10.17. Analysis of different cuts of the block produced with granules, through the ImagelJ software: a) bottom
part cross section (309 circular particles counted) and b) top part cross section (323 circular particles counted).

The results of the previous figures indicate an evenly distribution of particles in the bottom
and top part of the blocks. For example, 309 circular particles were counted on the bottom
cross section while 323 particles were counted on the top cross section of the block composed
by 15% granules (Figure 10.17).

Once again, specimens of rectangular cross section were machined using a conventional
milling machine, with the average dimensions 25 mm x 12 mm x 4 mm. These ceramic
specimens revealed the same color and surface characteristics of the respective blocks, as
represented in Figure 10.18. However, manual machining caused small damages of the
specimens, especially in their vertices and face transitions.

Figure 10.18. Examples of specimens produced by blending chitosan with: a) 10% HA and b) 10% granules.
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10.2.3. Results of the experimental evaluation

10.2.3.1. Flexural tests

Flexural tests were performed to four specimens of each ceramic blend, according to the
procedure described in chapter 7.1.2.1. The behavior of the 10% ceramic compositions to the
imposed load is represented in the stress-strain curves indicated in Figure 10.19. Figure 10.20,
Figure 10.21 and Figure 10.22, which show, respectively, the flexural modulus, the flexural
strength and the maximum flexural strain results. The statistical evaluations considered in the
graph bars were performed only for pairs of ceramics tested under the same concentration

level. The remaining results are presented in the Appendix A.3.
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Figure 10.19. Stress-strain curves obtained for one specimen composed by a) 10% HA, b) 10% HA-TCP and c) 10%
granules.
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Figure 10.20. Flexural modulus obtained for the specimens produced with different blends of chitosan with
ceramics (*p-value < 0,05).
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Figure 10.21. Flexural strength obtained for the specimens produced with different blends of chitosan with ceramics
(*p-value < 0,05).
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Figure 10.22. Flexural strain obtained for the specimens produced with different blends of chitosan with ceramics
(*p-value < 0,05).

The stress-strain curves reveal that the fracture of the specimens occurred with practically no
plastic deformation, as happened for the plasticizer specimens (chapter 10.1.2.1.) The crack
initiation was observed at the bottom of the specimens and quickly propagated giving rise to
specimens’ fracture with a brittle surface.
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The mean flexural modulus results (Figure 10.20) were similar for all 5% ceramic blends.
However this was not observed for the other concentrations. The highest mean value was
obtained for the 10% HA-TCP and for the 15% HA and 15% granules - 2679 MPa, 2245 MPa and
2215 MPa, respectively. Moreover, the mean flexural modulus was similar for these last two
ceramics in each concentration level. Adding HA-TCP to the specimens increases their flexural
modulus, reaching a maximum mean value for the 10% concentration. On the other hand, the
HA-TCP granules revealed lower mean value at 10% concentration, but a higher mean value for
the 15% concentration, which is accompanied by a large dispersion of results.

The results in Figure 10.21 indicate that the higher value for the HA-TCP and HA was attained
for the 10% and 15% concentrations — 68 MPa and 64 MPa, respectively. These results follow
the same trend observed for the flexural modulus results except for the granules, whose
highest mean value was obtained for the 5% concentration (54 MPa). However, the t-tests
performed on all the observations of this ceramic material revealed that there is weak
evidence that the means obtained, for each concentration, reflect a true difference between
the populations from which the groups were sampled. Therefore, the mean flexural strength
obtained for the 5% granules is not truly different from the other mean values, obtained for
the other concentrations of this ceramic material.

Regarding the maximum flexural strain (Figure 10.22), the mean value increases with
increasing concentrations of HA and HA-TCP, but the opposite observation is made for the
granules. The highest mean value (5,7%) was obtained for 10% HA-TCP blend.

10.2.3.2. Nanoindentation tests

Nanoindentation tests were performed according to the procedure described in chapter
7.1.3.1. In average, 8 indentations were performed for each chitosan blend with ceramics. The
results are indicated in the next figures. The statistical evaluations considered in the graph bars
were performed only for pairs of ceramics tested under the same concentration level. The
remaining results are presented in the Appendix A.3.
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Figure 10.23. Indentation hardness obtained for the specimens produced with different blends of chitosan with
ceramics (*p-value < 0,05).
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Figure 10.24. Indentation modulus obtained for the specimens produced with different blends of chitosan with
ceramics (*p-value < 0,05).

The nanoindentation results reveal that the highest mean values were obtained for the 10%
and 15% concentrations of HA-TCP. The indentation hardness (Figure 10.23) of the chitosan-
based specimens increases with increasing concentrations of HA-TCP, remaining practically the
same for the 10% and 15% concentrations 28 kgf/mm?). The opposite observation is made for
the HA, whose increasing content promotes a decrease in the measured hardness. For the
granules, the indentation hardness increases until 10% concentration ¢23 kgf/mm?), and then
decreases slightly.

The indentation modulus results (Figure 10.24) indicate higher mean values for increased
content of HA-TCP and granules in the specimens. Once again, an opposite observation is
made for the specimens with increasing content of HA. Like in the hardness evaluation, the
highest mean value was obtained for the concentration of 15% HA-TCP (4.896 MPa), followed
by the concentration of 10% (4.550 MPa).

10.2.3.3. microCT analysis

The microCT analyzes were performed in one specimen of each ceramic blend, according to
the experimental procedure described in chapter 7.2.2.1. Table 10.2 shows the results of the
quantitative study, where the percentage of ceramic dispersed and closed pores were
assessed.

Table 10.2. Quantification of closed pores and dispersion of ceramic material in all specimens with ceramics.

Content (w/w) of ceramic microCT analysis:
material in the specimen (%) Ceramic dispersed (%) Closed pores (%)

5 0,34 0,36
HA 10 0,07 1,63
15 0,13 1,57
5 4,50 2,17
HA-TCP 10 11,08 0,08
15 15,73 3,09
5 0,68 1,65
Granules 10 0,49 2,99
15 1,41 6,90
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The results of previous table show that, globally, the porosity increases as more ceramic
material is added to the specimens and the granules specimens have higher porosity while the
HA specimens have lower porosity. The initial theoretical percentage of ceramic dispersed in
the specimens was only confirmed for the composition with HA-TCP.

Figure 10.25 shows images (frontal plane, x0z) from the interior of each 10% ceramic blend,
obtained after applying the volume rendering reconstruction software. Larger areas of black
color are perceptible in the granules image (Figure 10.25 c), confirming the higher level of
porosity of these specimens when compared to the remaining. In this case, it was easier for
the operator to define a second grey threshold, which represents the ceramic material added.

Figure 10.25. Frontal (x0z) images of specimens produced by blending chitosan with a) 10% HA, b) 10% HA-TCP and
c) 10% granules, obtained through microCT analysis.

10.2.4. Discussion

To reach the properties of the synthetic polymers described in Table 2.3 (chapter 2.3.1.), the
properties of the blend selected previously were improved by adding different concentrations
(5%, 10% and 15%, w/w) of calcium phosphate-based ceramic materials: HA and a biphasic
mixture of 70% HA and 30% B-TCP with two different particle sizes. Therefore, the
improvements were carried on from the plasticizer blend optimized in the previous study
(blend of chitosan with 10% glycerol) to continue to take advantage from the plasticizer effect
of chitosan specimens.

Contrary to the previous observations, which reveal similar aspect between the different
chitosan blends with glycerol and sorbitol, the new specimens had different surface
characteristics if the material blended with chitosan-glycerol was either HA and HA-TCP or the
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granules. Spherical particles were noted on the surface of the specimens with granules and
these surfaces were slightly rough. Despite the increased difficulty to disperse the 15%
concentrations, the specimens did not reveal different concentration gradients of the ceramic
materials, confirmed by image analysis on the cuts performed on the top and on the bottom of
the blocks. The existence of this gradient would render the specimens as non-homogeneous
and would have a negative impact in their mechanical behavior. In situations where the
dispersion was more difficult, faster mixing velocity was required, which may have introduced
more air bubbles into the solutions, leading to increased porosity.

Manual machining caused damages in some parts of the specimens, which were promoted by
the brittle characteristics of the ceramic specimens.

Flexural tests:

The mean flexural modulus and flexural strength values were obtained for the 10% HA-TCP
blend. This may indicate an optimal homogenization of this powder concentration in the
specimens. On the other hand, the maximum mean flexural strength value was obtained for
the 15% HA-TCP blend. However, the statistical tests revealed weak evidence that the means
of the 10% HA-TCP and 15% HA-TCP groups reflect a true difference between the populations
from which the groups were sampled (p-value > 0,05).

The results were expected to be similar for the HA and HA-TCP blends. However, the two
means are only similar for the 5% concentration and 15% concentration (in this latter case,
only for the flexural strength property). Once again, the better homogenization of the HA-TCP
in the specimens could explain such observations.

The results also indicated that it is difficult to benefit from ceramic particles with larger sizes,
since the increase concentration of the granules led to the dispersion of results, which are
more evident in the flexural modulus and flexural strength measures.

Comparing all the results obtained in this study, the specimens produced with 10% HA-TCP
present better results for the two main properties assessed; flexural modulus of 2,7 GPa and
flexural strength of 67 MPa. Comparing these results with the results obtained for the
specimens produced with 10% glycerol, the flexural modulus increased by 60% and the flexural
strength by 25%.

Hu et al.*” produced a composite for the development of small circular rods via in situ
precipitation by blending chitosan with HA. They reported a flexural strength and modulus of
86 MPa and 3,4 GPa. In this thesis, these two values were slightly lower. Hasirci, et al.l**®
studied the behavior of different polymer materials used in the construction of bioabsorbable
plates and reported a flexural strength higher than 60 MPa for PLGA and higher than 100 MPa
for PLA. Therefore, the flexural strength obtained for 10% HA-TCP blend is comparable to the
value obtained by Hu et al."**”), for the PLGA polymer.

Nanoindentation tests:

For both the indentation hardness and indentation modulus measures, the highest mean
values were obtained for the 15% HA-TCP blend followed by the 10% HA-TCP blend. However,
the populations of these two groups are statistically different for the indentation modulus (p-
value = 0,0438). While the increase of the HA-TCP concentration may favor a less optimal
distribution of the powder in the specimen, which contributes to the reduction of the elasticity
of the bulk material, in the case of the indentation tests, it may contribute to increase the
indentation hardness and the indentation modulus of the nanostructure surface of such
specimens . In addition to the reasons explained in chapter 10.1.3. that may contribute to
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the overestimation of the indentation modulus (e.g., sinking-in is likely to occur when the
indentation is made on ceramic materials [403]), the nanoindentations were performed after
viewing and choosing the indentation area, which most of the time did not present significant
defects.

Comparing the nanoindentation results of the 10% HA-TCP blend with the results obtained for
the chitosan blends with 10% glycerol (chapter 10.1.), it is observed that the mean hardness
value increased by 44% and the mean indentation modulus by 11%.

Several publications are available on the study of the micro- or nanoindentation hardness of

chitosan/HA porous composite materials. Danilchenko et al.*®

studied non-porous
formulations and found that the micro hardness (Hardness Vickers, HV) varied from 0.12 to
0.22 GPa, according to the HA content. Although these results correspond to micro hardness
evaluations, studies report that the nanoindentation hardness is about 10%-30% larger in
magnitude than the micro hardness since nanoindentation uses the projected contact area at
full load instead of the residual projected area measured by the diagonal lengths of an
indentation . Katti et al."*” performed nanoindentation studies on a scaffold formulation
with chitosan/montmorillonite/HA, using a 100 puN load. They found a mean indentation
hardness and modulus of 0,47 GPa and 9,4 GPa, respectively. For mixtures only with
chitosan/HA, these values were 0,38 GPa and 7,6 GPa, respectively. The results obtained in this
thesis (0,28 GPa and 4,6 GPa, respectively, for the 10% HA-TCP blend) were lower if compared
with the results obtained by Katti et al. ' However, this comparison is merely for informative
purposes since the material structures are different and the indentations were not made
under the same force.

microCT analysis:

The microCT analysis showed that the samples have more porosity as the ceramic material
dispersed in the specimens increases. However, the porosity observed for 10% HA-TCP was
lower than the porosity of 5% HA-TCP, which may indicate an optimal dispersion of this HA-
TCP concentration in the specimens. However, the results lack experimental validity, which
could be achieved if more specimens were analyzed by microCT.

The porosity level of the ceramic specimens (Table 10.2) was higher than the porosity obtained
for the plasticized-only specimens (Table 10.1). This may be related with air retention, as
consequence of the higher rotation speed employed to uniformly disperse the ceramic
materials in the solution.

Two levels of grey scales were distinguished in the CTAn program. Considering the limitation of
the technique and the operator conditionings, namely in the definition of the material
threshold it was only possible to quantify the granules distribution. Additionally, the possibility
of image reconstruction failures (e.g. ring and beam hardening artifacts) is not completely
ruled out. These failures may have led to operator errors, for example, in the voids definition
in the images.

Ceramic selection:

The chitosan-glycerol blend with 10% HA-TCP was selected for further experiments.

10.3.Conclusion

The main goal of this study was to improve the mechanical properties of 3D dense chitosan-
based specimens though the optimization of their compositions. In the first part of this work,
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three different glycerol and sorbitol concentrations were added to the dissolution stage of the
production process. The mechanical performance of these specimens was tested at flexion and
the nanoindentation hardness and modulus were determined through a Berkovich indenter.
Based on the results obtained, the chitosan blend with 10% glycerol was chosen for the next
study. This composition presented the highest combination of all measured properties —
flexural modulus, flexural strength, flexural strain, indentation hardness and indentation
modulus.

In the second part of this work, three different concentrations of ceramic materials were
blended to chitosan together with the optimized plasticizer concentration. These consisted in
HA, HA-TCP and granules. These last two materials differ in their particle size. According to the
results of the flexural and nanoindentation tests, the selected composition was 10% HA-TCP. In
this case, the highest mean values for the flexural modulus and flexural strength were,
respectively, 2,7 GPa and 67 MPa, increasing by 60% and by 25%, respectively, if compared
with the results obtained for the specimens produced by adding only 10% glycerol. These
values agree with the mechanical properties associated to the current bioabsorbable implants
(Table 2.3), which reveal the potential of the chitosan blends in the development of chitosan-
based product implants.

The level of specimens’ porosity was also quantified through the microCT tests, proving that
these are mostly dense and therefore their mechanical properties will not be compromised.
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11. Biological behavior of the chitosan-based
compositions selected for the development of
bioabsorbable implant products

The blends studied and selected in the previous chapter were biologically evaluated to define
its degradation profile (that results from the immersion of the produced specimens in a
lysozyme solution) and to analyze the ability of MSCs to undergo in vitro osteogenic
differentiation when they are placed into contact with these materials.

The goal of this study is to confirm the good biological properties of chitosan-based
compositions and to detect if there are differences in the biological behavior of the chitosan
blends produced with and without the ceramics.

11.1.Production of rectangular specimens

Two groups of specimens with rectangular cross section were produced according to the
production process described in chapter 9.4., using the materials selected in chapter 10. The
specimens produced by blending chitosan with 10% (w/v) glycerol are described as Ch+Gly and
the specimens produced by blending chitosan with 10% (w/v) glycerol and 10% (w/w) of HA-
TCP are described as Ch+Gly+HA-TCP. The resulting blocks were shaped (stage 7) by a
computer numerical control (CNC) milling machine (Mikron VCE 500) to the dimensions of
25mm x 12 mm x 4 mm using a hard metal cutting tool (end mill) with 8 mm of diameter. The
spindle rotation was 800 rpm and the tool travelling at an axial speed was 800 mm/min.

The resulting specimens showed a good appearance and surface finish and they were smooth
to the touch. Figure 11.1 shows one specimen from each composition.

Figure 11.1. Examples of specimens with different compositions: a) Ch+Gly and b) Ch+Gly+HA-TCP.

Additionally, groups of small rectangular specimens were cut in a conventional milling machine
using a slitting saw cutting tool from HSS. From one original specimen, six small specimens
with average dimensions of 7,2 mm x 5 mm x 4 mm were obtained as depicted in Figure 11.2.

Figure 11.2. Examples of small Ch+Gly+HA-TCP specimens.
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The specimens of the previous figure were engineered to be used in the differentiation tests
described in chapter 11.3.

A control group of PLA specimens was also produced by a rapid prototyping machine
(Ultimaker 2), as shown in Figure 11.3. These bulky specimens were produced for the
degradation tests to simulate the behavior of this synthetic polymer under the same
degradation conditions used to study the chitosan-based specimens. Therefore, the PLA
specimens were produced with the same dimensions: 25 mm x 12 mm x 4 mm. The print
speed was 60 mm/s, the travel speed 120 mm/s, the layer height 0,1 mm and the printing
temperature was 200°C. Note that the PLA used as control is not a medical grade material, as
reported by the Ultimaker technical sheet.

Figure 11.3. Production of PLA specimens by rapid prototyping machine (3D printing).

11.2. Degradation behavior

The degradation tests were performed according to the procedure described in chapter
7.5.2.1. Two degradation periods were defined for this study: 12 weeks and 24 weeks. The
lysozyme was weekly replaced, to guarantee continuous activity, with the pH always remaining
close to 7, which did not impair the lysozyme activity. In the end of each degradation period,
four specimens from each of the three compositions (Ch+Gly, Ch+Gly+HA-TCP and PLA) were
removed from both the lysozyme solution and the PBS solution, and their wet weight, dry
weight and their flexural properties were determined.

Figure 11.4 shows the swelling ratio results at the end of the degradation periods. The
statistical evaluations were performed only for groups of materials tested under the same
degradation condition. The remaining statistical results are indicated in the Appendix A.4.
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Figure 11.4. Swelling ratio of the PLA and the chitosan-based specimens after 12 and 24 weeks of degradation (*p-
value < 0,05).

According to the results in the last figure, the swelling ratio is approximately 75% for the
Ch+Gly and Ch+Gly+HA-TCP specimens assessed and under all the degradation conditions.
However, the mean swelling capacity is statistically significant (p-value < 0,05) when the values
obtained for Ch+Gly and Ch+Gly+HA-TCP specimens are compared in week 24. However, the
mean values remain above 70%. Therefore, these specimens are hygroscopic and their liquid
absorption capacity did not change over time. As consequence of this process, the specimens
increased their dimensions. In turn, the swelling capacity of the PLA specimens is negligible
(lower than 1,5%).

Figure 11.5 shows the results of the weight loss of the specimens dried for 120 hours, after the
two degradation periods. The statistical evaluations were performed only for groups of
materials tested under the same degradation condition. The remaining statistical results are
indicated in the Appendix A.4.
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Figure 11.5. Weight loss of the PLA and the chitosan-based specimens after 12 and 24 weeks of degradation (*p-
value < 0,05).

The mean weight loss is approximately 4% and 6% for the Ch+Gly specimens, and 2,5% and
3,5% for the Ch+Gly+HA-TCP specimens after, respectively, 12 weeks and 24 weeks of
degradation (Figure 11.5). These values are registered at the end of each of the periods,
regardless of the type of degradation solution used. In these cases, no statistical significance is
found between the means obtained for the same specimens but which were studied under
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different degradation solutions. However, there is an increase in the weight loss between
week 12 and week 24, for all the specimens. This increase is proportional in both chitosan-
based compositions, being smaller for the Ch+Gly+HA-TCP composition. Therefore, the
statistical evaluations reject the hypothesis that the two means are equal when the analysis
considers the same degradation condition of the material in different degradation periods (see
results on Appendix A.4.). The weight loss of the PLA specimens is negligible (lower than 0,2%),
as happened in the determination of its swelling capacity.

Figure 11.6 shows the visual appearance of two Ch+Gly and Ch+Gly+HA-TCP specimens after

24 weeks of degradation.

Figure 11.6. Examples of the a) Ch+Gly and b) Ch+Gly+HA-TCP specimens after 24 weeks of degradation in the
lysozyme solution.

In general, the specimens are darker after drying in the stove, which is more noticeable for the
lysozyme condition and after 24 weeks of degradation than after 12 weeks of degradation.
This was particularly evident for the Ch+Gly specimens. Also, only for Ch+Gly specimens
studied over 24 weeks, small cracks appeared on their surface during the drying however
these cracks were no longer observed at the start of the flexural tests. In this case, the cracks
disappeared as the specimens absorbed moisture.

Figure 11.7, Figure 11.8 and Figure 11.9 show the results of the flexural modulus, the flexural
strength and the maximum flexural strain, respectively. The flexural properties of the
specimens are compared with the properties of the controls, which were not subjected to any
type of treatment. The statistical evaluations considered in the graph bars are performed only
for groups of materials which were assessed under the same degradation condition and for the
control pairs. The remaining results are shown in the Appendix A.4.

The behavior of the Ch+Gly and Ch+Gly+HA-TCP specimens under load is similar to the
behavior represented in the stress-strain curves of Figure 10.5 and Figure 10.19, respectively.
The same is valid for the PLA specimens.
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Figure 11.7. Flexural modulus of the PLA and chitosan-based specimens left on the degradation solutions for 12 and
24 weeks (*p-value < 0,05).
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Figure 11.9. Flexural strain of the specimens that were left on the degradation solutions for 12 and 24 weeks (*p-
value < 0,05).

In the beginning of the flexural tests, one Ch+Gly+HA-TCP specimen left in the lysozyme
solution for 24 weeks broke, probably related with the cracks referred above.

According to Figure 11.7, similar mean values are obtained for the flexural modulus of the two
chitosan-based specimens, regardless of the type of degradation solution used in the study
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(PBS or lysozyme). The mean flexural modulus values of the specimens subjected to
degradation are lower than the values of the control specimens.

The flexural strength and the flexural strain have increased considerably when the specimens
were left for some time in the degradation solutions, as shown in Figure 11.7 and Figure 11.8,
respectively. For example, the mean flexural strength increases more than 2 times and 3 times
in the Ch+Gly compositions which were studied for 24 weeks, respectively, in the lysozyme and
PBS solutions. Almost all these values differ significantly from the values obtained for the
control specimens, as indicated in the Appendix A.4. In both cases, the mean results are higher
for the Ch+Gly specimens, especially those immersed in the PBS solution for 24 weeks (mean
flexural strength of 126 MPa and mean flexural strain of 10,4%).

In general, higher dispersion of results is associated to the flexural modulus, strength and
strain measurements of the specimens that were left in the degradation solutions when
compared to the controls. This is especially evident for the flexural modulus.

Regarding the PLA specimens, the mean flexural modulus did not significantly alter after the
degradation periods, when compared with the control. The exception is the result obtained for
the specimens submersed in the PBS for 12 weeks: the statistical evaluation rejects the
hypothesis of equal means. Both the mean flexural strength and flexural strain greatly reduce
when compared with the control, especially for the specimens tested at 24 weeks of
degradation. In both evaluated mechanical properties, there was a decrease in the
measurements between week 12 and week 24 (p-value < 0,05), for the specimens tested in the
lysozyme solution. For example, in this case, the mean flexural strength reduced from 99 MPa
to 45 MPa.

11.3. Osteoinduction behavior

To evaluate the osteoinduction capacity of the chitosan-based specimens, different tests were
performed according to the methodologies described in chapter 7.5.3.1. To perform these
tests, all the specimens were sterilized with ethanol (70%, v/v) followed by UV exposure
(overnight).

For the AB assay, three small specimens (see Figure 11.2) were assessed in each time point.
Additionally, one small specimen from each composition was used as control.

Figure 11.10 shows the results obtained in the AB experiment. The statistical evaluations
represented in this figure were performed only for the materials tested at the same time
point. The remaining statistical results are indicated in the Appendix A.4., where only the data
of two consecutive cell culture times were considered.
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Figure 11.10. AB results of MSCs on chitosan-based specimens as a function of culture time (*p-value < 0,05).

As observed in the previous figure, the metabolic activity of the cells increased throughout the

experiment and reached maximum values on day 14 (after 7 days of MSCs expansion), for both

compositions. In day 1, the metabolic activity of the Ch+Gly+HA-TCP specimens was higher

than the Ch+Gly specimens (p-value = 0.018), but then the values of the two compositions

remained at the same level in the next two readings. In day 21, the metabolic activity

decreased, being lower for the Ch+Gly+HA-TCP composition. In this case, it decreased by 55%.

Gene expression was determined by RT-qPCR at day 21 of the experiment, after 7 days of

MSCs expansion and 14 days of MSCs differentiation). Three specimens from each composition

were used. Figure 11.11 shows the results of the expression of the genes Runx2, ALP, COL1A1

and Osteocalcin.
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Figure 11.11. Results of gene expression, presented as fold chance from undifferentiated (day 0) expression level
(*p-value < 0,05).
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The results of the previous figure indicate higher levels of Runx2 and ALP, contrary to what was
observed for the expression of COL1A1 and Osteocalcin. The expression of Runx2 and ALP was
higher when the cells were cultured on the Ch+Gly specimens.

The ALP activity was assessed using one small specimen of Ch+Gly and Ch+Gly+HA-TCP. Small
control specimens, one from each composition, were used as control (not exposed to MSCs).
The ALP activity registered was 0,635 pmol/(L.min) for the Ch+Gly composition and 0,387
pumol/(L.min) for the Ch+Gly+HA-TCP composition.

11.4. Discussion

Two groups of specimens were produced in this study: Ch+Gly and Ch+Gly+HA-TCP. In this
case, all the specimens were machined by a CNC milling machine, which reduced the variability
on the surface finish, observed when the machining was performed manually.

Degradation behavior:

The degradation study used a lysozyme concentration of 500 mg/L to accelerate the study and
to make the study conditions approximate the conditions of an in-vivo study.

The weight loss results were lower for the Ch+Gly+HA-TCP composition. The ceramic materials
did not dissolve under the degradation solutions and their presence difficulted the access of
the lysozyme to the glycosidic bond sites of chitosan chain. Pu et al.**" found that the addition
of ceramics to the composition of small chitosan rods has contributed to slow the degradation
rate of such specimens, especially on the first days of the experiment. After a degradation
period of 6 weeks, the authors observed a mean weight loss higher than 6%, for both rod
compositions. In this thesis, the specimens were placed on the degradation solutions for a
period four times longer, but even so, they did not register the same level of mass loss when
compared to the mentioned study.

The PLA used in this study does not degrade if immersed either in PBS or lysozyme solutions,
which indicates that this polymer takes more time than chitosan-based compositions to start
to degrade in the tested conditions. Several factors affect the PLA reactivity to water and
therefore its degradation rate - particle size, crystallinity, residual lactic acid concentration,
molecular weight, water diffusion, etc. W2 oy example, Savioli Lopes et al."? indicate that
the complete resorption rate for high molecular weight PLA can vary from 2 to 8 years.

The weight loss promoted by the PBS solution corresponds to the loss of material due to
normal hydrolysis. Since the two blends have glycerol in their composition, the PBS solution
can promote, for example, the extraction of the free glycerol or the glycerol that is not strongly
connected to the chitosan chain. When the PBS solution is supplemented with the lysozyme,
B3 Halim et al."™®¥

proposed a list of events for the chitosan degradation by the lysozyme. First the lysozyme

both the normal and the enzymatic hydrolysis are expected to occur

permeates into the chitosan structure and then it acts by cleavage of the B(1-4) glycosidic
bonds to form low M,, chitosan, chito-oligomers and N-acetyl-D-glucosamine residues. The low
Mw fragments remain in the bulk materials until they are small enough to dissolve. When the
small fragments are released into the media, the weight loss occurs, and the chitosan is totally
degraded to the smallest structure. This stage depends on the D.D. of chitosan, hence chitosan
with a higher D.D. requires more time for the fragmentation to occur. Therefore, in this thesis,
the lysozyme may have transformed the chitosan chain into small fragments, but these
fragments were not small enough to dissolve. Consequently, the lysozyme did not contribute
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to significantly increase the weight loss of the chitosan-based specimens after 24 weeks of
degradation. The lower lysozyme activity is explained by the high D.D. of the chitosan used in
the specimens (89%). The fragmentation of the polymer chain may also be related with the
small cracks observed on Ch+Gly specimens, after drying them in the stove.

There are several publications referring that lysozyme efficiently degrades chitosan, especially
if the specimens have a low Mw and D.D. ¥ |n this area, published studies are mainly
focused on chitosan-based films, membranes, microspheres and scaffolds. The exception is the

study performed by Oliveira et al.™”

. These authors studied the degradation of small
cylindrical plasticized and non-plasticized dense chitosan structures (14 mm diameter and 6.5
mm height), and they found a higher weight loss for the non-plasticized structures after 8
weeks on degradation solutions. The mean weight loss was approximately 15% for the
specimens immersed in lysozyme (Lysobac), and lower than 10% for the specimens left on the
control (PBS) solutions. For the specimens produced with glycerol, the weight loss was much
lower, even though there were still differences between the two degradation conditions.
Generally, the degradation studies vary among themselves by the different configurations of
the chitosan-based products, the lysozyme concentration, the frequency of the lysozyme
replacement/renovation and the study period. For example, the studies cited previously did
not focus on the degradation of chitosan-based products for more than 12 weeks. Additionally,
only a few studies reported the origin of the lysozyme, which generally is from chicken egg
white.

The flexural tests were performed to assess the loss of mechanical properties after the two
degradation periods. The results (Figure 11.7 to Figure 11.9) indicate a decrease in the mean
flexural modulus values, whereas the opposite trend was observed for the mean flexural
strength and strain results. This may occur since the water acts as a plasticizer as it permeates
into the structure of the specimens, promoting polymer chain re-orientations and crosslinks. In

| [415]

the context of these observations, Gonzalez-Campos et a reported that water affects the

molecular dynamics of chitosan films, a subject that was further explored by Fundo et al."**?,
who studied the relationship between molecular mobility and the properties in
chitosan/glycerol films by NMR. They found that water presented transverse relaxation (spin-
spin T2) 10 times higher than the glycerol, for the same film. This is related with the availability
of binding sites in the polymer chain that are preferentially occupied with glycerol, leaving the
water molecules free to move in the system. The effect on the mechanical properties was
increasing elongation at break and decreasing tensile strength. However, in this thesis, both
the elongation and strength increase, which may indicate new molecular rearrangements
(polymer/polymer, polymer/plasticizer, plasticizer/plasticizer) during the drying process, thus
improving the mechanical strength of the materials. It would be interesting to compare the
mechanical properties between the wet and dried specimens, to understand if this effect on
the mechanical properties is observed in both situations.

In general, lower dispersion of results was obtained for the control specimens when compared
to the specimens left in the degradation solutions. This was particularly evident for the flexural
modulus, which may indicate that the elasticity of the chitosan-based specimens can alter
more easily when they are placed inside the human body. Additionally, the control specimens
analyzed in this study did not show the dispersion of results as observed in the flexural
experiments described in chapter 10. This may be related with the machining process that was
used.
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The mean flexural strength and flexural strain values were higher for the Ch+Gly specimens.
This observation indicates a greater ability of the water molecules to exert a plasticizing effect,
which preferably occurred in the Ch+Gly composition left in the PBS solution. Statistical
significances were found for the flexural strength and flexural strain means of the Ch+Gly
specimens tested after 12 weeks of degradation in PBS and after 12 weeks of degradation in
lysozyme. In turn, no statistical significance was found when the results of PBS and lysozyme
are statistically compared between week 12 and 24.

According to Rokannen !

, current bioabsorbable implants lose most of their strength after
30 to 120 days in in-vivo environments and are resorbed after 6 to 12 months (SR-PGA) or 2 to
5 years (SR-PLLA), depending on size and composition. This information is also present in Table
2.3. Therefore, the behavior of chitosan-based specimens is distinguished from synthetic
materials since chitosan compositions do not lose strength for at least 6 months.

Two studies assessed the effect of degradation solutions on the mechanical properties of

dense chitosan specimens. Pu et al.!**"

produced small dense rods of chitosan and chitosan/HA
via in situ precipitation and tested the mechanical properties after 6 weeks of immersion in a
solution consisting only of PBS. Thus, these authors did not study the effect of lysozyme in
these specimens. They found that chitosan-only compositions showed a greater weight loss
(6,6%) and fractured before the bending tests. On the other hand, the compositions with HA
presented a bending strength of 51 MPa, which represents a reduction of 60% from the initial
value. Oliveira et al.™”® also analyzed the strength and stiffness of the materials before and
after the degradation period, and registered a reduction of these properties after 8 weeks of
degradation. For the plasticized specimens, the authors registered a reduction on the
compressive modulus, from the initial average value of 328 MPa to 112 MPa, after 8 weeks of
immersion in the solution containing lysozyme.

Osteoinduction behavior:

The metabolic activity results (Figure 11.10) indicated a decrease between days 14 and 21. This
decrease may not be directly related with cell death but rather by changes in the cell
metabolism as a result of attaining a certain level of differentiation. According to Zachari et al.
(4181 the AB method relies on metabolic pathways that can be affected by the reducing capacity
of individual cells or by agents affecting mitochondrial activity that have a direct reducing
effect on resazurin. Therefore, AB reduction may not indicate a direct cell dysfunction 2*?. To
understand the effect of certain redox potentials profiles during osteogenesis of MSCs, Imhoff

and Hansen 4%

measured different intracellular couples. The authors found, by studying the
effect of glutathione redox state, that osteogenic cells remain reduced during the initial
periods of differentiation and then rapidly oxidize during terminal differentiation. As a
conclusion, these authors referred that cellular differentiation is controlled by specific
regulatory elements and therefore it is important to understand what types of dysregulations
or redox changes could directly influence the differentiation of stem cells. Eble and Rezende
14201 reported that the ECM regulation in the cells use reactive oxygen species as physiologically
signalizing molecules, being crucial for cell signaling and redox-regulation, instead of just
causing oxidative stress and damage.

Frohbergh et al.!*?!

studied the metabolic activity by the AB assay of two types of genipin-
chitosan scaffolds (with and without HA), during osteogenic differentiation. The authors found
that by day 10 the metabolic activity of murine MSCs decreased on all scaffolds, remaining at

the same level until day 21. The AB fluorescence reached 70.000 a.u., considering an initial cell
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seeding of 500.000 cells per scaffold. Through fluorescence microscopy, the authors realized
that the cell number did not decrease over time and suggested that the observed decrease in
AB fluorescence might indicate an enhancement of cellular quiescence/differentiation rather
than a loss of cell numbers/viability.

The results in Figure 11.11 revealed promising gene expression results, i.e. the MSCs were
induced to differentiate into osteoblastic lineage with high expression of Runx2 and ALP genes.
Lower levels of COL1A1 and Osteocalcin may indicate that 14 days of in vitro cell
differentiation may not be sufficient to initiate ECM synthesis and bone mineralization, under
the established culture conditions. The cell culture conditions could be improved with a
dynamic culture system provided by a bioreactor “??. Garcia-Gareta et al.*** indicate that it is
still necessary to develop a consistent in vitro model of osteoinductivity; important factors to
take into account are cell type (stem cells, osteoprogenitor cells, fully differentiated cells, co-
culture of different cell types), culture conditions (media with or without osteogenic or
angiogenic factors, calcium/phosphate enriched media, static or dynamic culture, mechanical
stimulation, electrical stimulation, timeframe) and which output parameters should be
measured at the end and throughout the culture period. As reported in this thesis, Wang et
al®** observed lower levels of COL1A1 when they studied chitosan/collagen composite
microbeads for tissue regeneration using MSCs.

Surprisingly, lower levels of gene expression were detected for the Ch+Gly+HA-TCP
composition. In general, the biomaterial-cell interactions depend on surface characteristics
such as chemistry, topography and surface physics (425 The surface characteristics regulate the
ionic exchange dynamics, protein adsorption and the cellular activity of attachment,
proliferation and differentiation “?*\. Under physiological conditions, this dissolution process
strongly depends on the nature of the calcium phosphate material *>*?, HA is more stable
thermodynamically than TCP, therefore HA is less soluble %, Amorphous materials dissolve
faster than its crystalline equivalents and the larger the exposed surface to the environment,
the faster the biomaterials dissolves “***?®!, Therefore, micro- and macro-porosity play an
important role in the dissolution process of calcium phosphates as well as the presence of
concavities and channels “>*?°!, Smaller particle size and the presence of certain additives (e.g.
carbonate and silicate) can also accelerate the dissolution of the material “*>***!. However,
Barradas et al.**”) stated that it is still necessary to determine if free ions are in fact the trigger
for the osteogenic differentiation or simply they are the template where the onset of bone
formation can occur.

Yuan et al."**®

implanted different calcium phosphates in muscles of dogs to assess their
osteoinduction behavior. They found lower bone formation in materials without micropores,
composed by HA rather than HA/TCP and with higher sintering temperatures. Revisiting the
properties of calcium phosphates used in this thesis, the mixture HA-TCP had a particle size
distribution, d0.9, of 7 um and the sintering temperature used to prepare them was 1.110°C.
Therefore, these parameters may also have contributed to a lower expression level of the
genes in the Ch+Gly+HA-TCP compositions.

Other authors reported differences in the osteogenic differentiation in materials composed
with ceramics. Puvaneswary et al.?*' produced tricalcium phosphate-chitosan-fucoidan (TCP-
Ch-Fu) scaffolds for tissue engineering applications. They determined a high level of
Osteocalcin release (ng/ml) in the TCP-Ch-Fu scaffold seeded with hMSCs when compared with
that in the TCP-Ch scaffolds (in osteogenic and normal media). At day 14, the gene expression
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of ALP, Runx2 and COL1A1 was also higher for the TCP-Fu-Ch scaffold cultured in osteogenic
media. Comparing all the assessed genes, the expression of COL1A1 was lower, being at the
same level of the expression (fold increase relative to GAPDH) obtained in this thesis.

Finally, the osteoinduction capacity of the specimens was determined by measuring the ALP
activity. Since ALP is expressed at the early stages of the MSC differentiation towards
osteogenic lineage, this thesis focused on the ALP activity at day 14 (day 7 of differentiation).
The results confirmed the capacity of the two compositions in promoting osteogenesis, with a
higher enzymatic activity being recorded for the Ch+Gly composition (0,635 pumol/L.min).
These results are in accordance with the results obtained in the RT-gPCR experiments. Weir
and Xu®” studied the response of hBMSCs to a high-strength calcium phosphate cement
scaffold prepared with chitosan. They found a significant increase in ALP on day 8 (normalized
to DNA concentration), which was higher for the calcium phosphate cement without chitosan.
As a conclusion, these authors stated that such results were likely caused by ion activities
promoted by the continued setting and dissolution of the mixture of tetracalcium phosphate
and dicalcium phosphate anhydrous, used in the composition of calcium cement. Therefore,
the dissolution of ions from calcium phosphates accelerates the ALP activity, which may have
not happened in the ALP activity study of this thesis.

11.5.Conclusion

The in vitro degradation and osteoinduction behavior of the Ch+Gly and Ch+Gly+HA-TCP
compositions were studied to anticipate their in vivo performance.

The assessment of the degradation profile is essential for the selection of the composition that
best meets the biodegradation requirements, necessary for the development of new
bioabsorbable implants. For example, for the success of the ACL reconstruction, it is crucial
that the implant maintains its integrity and high fixation strength as healing occurs. According
to the information in chapter 5.1.4, for bone-tendon-bone graft fixation, healing occurs
between 4 and 12 weeks after surgery. Based on the results obtained over 24 weeks of
degradation, both compositions do not compromise the development of implants for the
intended application. The resulting degradation from the specimens’ immersion on the
enzymatic (lysozyme) and non-enzymatic (PBS) solutions was determined by measuring the
changes relative to the initial weight and initial mechanical properties. In both situations, the
mass loss was not substantial and the mechanical properties were not compromised; the
flexural strength and flexural strain even increased for both compositions, after the 24 weeks
of degradation.

Differentiation tests were also performed to determine the osteoinduction capacity of the
chitosan-based compositions, i.e. their capacity in inducing the bone-forming cell lineage from
MSCs. The osteoinductive potential of the chitosan-based specimens was determined over 21
days (7 days of expansion and 14 days of osteogenic differentiation). The response of the two
compositions allows inferring that they promote the differentiation of MSCs into osteoblastic
lineage, which is fundamental for the biological integration of the implant material into the
body. The osteoinduction capacity was verified in all the tests performed i.e. AB assay, ALP
activity and gene expression by RT-qPCR.

Comparing all the results obtained in this chapter, the composition that revealed a better
biological behavior is the Ch+Gly composition; despite losing more weight over time, in
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relation to Ch+Gly+HA-TCP, it showed better mechanical performance after degradation and it
revealed higher osteogenic potential. Therefore, Ch+Gly is the most interesting composition to
be used in vivo. Nonetheless, it is important to mention that both compositions have achieved
such performance values, allowing both them to be tested in vivo.

To analyze the effect that the ceramic materials used in the specimens can exert on the MSCs,
new experiments and analyzes must be carried out, including, for example, the study of
specimens produced with amorphous ceramics with smaller particle dimensions.

As a final remark, it must be taken into account that in vivo behavior of the materials can be
different from in vitro behavior. For example, the in vivo degradation of bioabsorbable
materials depends on the foreign body responses and the action of many more enzymes in
addition to lysozyme. The calcium a