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There is an increasing need for bone transplants in bone related diseases, trauma, and tu-
mours. At present time, autologous bone grafts, harvested from the patient's own body, have
been considered as the “gold standard” for bone regeneration. However, autografts bear an in-
creased risk because of the need for second surgery and the donor site morbidity. Therefore, the
need for innovative solutions that support the bone regeneration and provide an ideal environment
for bone tissue regeneration is high. To overcome challenges related to conventional bone grafts,
a field of science, namely bone tissue engineering, aims to create three-dimensional porous scaf-
folds to integrate with the host tissue without harmful reactions.

The aim of the thesis was to enhance the stability, the regenerative potential and the overall
performance of a synthetic bone substitute material, calcium phosphate ceramic, composed of
hydroxyapatite and B-tricalcium phosphate. This material already possesses good osteoconduc-
tive and resorbable properties, but to ensure controlled bone regeneration, the material was func-
tionalized with a collagen network. Later, bioactive molecules, such as hyaluronic acid and chi-
tosan were incorporated to the structure to enhance the antimicrobial properties. Both materials
possess self-healing capacity which helps during the implantation to improve the safety and the
lifetime of the scaffold. The performance of the scaffold material was assessed in vitro with deg-
radation in Hank’s Balanced Salts Solution (HBSS) which simulated the environment of body
fluids with stable pH and osmolality. The performance was also evaluated in hydrated stage to
simulate a near application stage situation where dentist would hydrate the material before plac-
ing it to the defect site. More focus was also drawn to the collagen material which properties were
assessed in vitro by enzymatic degradation due to collagenase.

Functionalization was shown to enhance the overall performance of a synthetic bone substi-
tute material. The best performance was seen for a composite scaffold made from synthetic bone
substitute material, collagen network and hyaluronic acid, when the scaffold had been frozen with
dry ice down to -80 °C. These scaffolds had desirable degradation rates in HBSS and the best
performance in hydrated stage. Additionally, the properties of collagen network were evaluated
separately from the synthetic bone substitute material, which showed that collagen samples that
were frozen with dry ice experienced the smallest mass loss due to enzymatic degradation by
collagenase in vitro.

Keywords: functionalization, calcium phosphate ceramics, bone tissue engineering, collagen,
bioactive molecule, bone substitute material.
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Luusiirtojen tarve lisdantyy jatkuvasti luustoon liittyvien sairauksien, traumojen ja
sybpakasvaimien hoidossa. Talld hetkelld autologiset luusiirteet, joissa siirteend kaytetdan
potilaan omia soluja, on pidetty luun uudistumisen kannalta parhaana valintana. Autologisiin
luusiirteisiin eli autografteihin liittyy kuitenkin lisdantynyt riski toisen vaadittavan leikkauksen
vuoksi sekd luovuttajakohdan mahdollinen sairastuminen. Taman vuoksi tarvitaan uusia
innovatiivisia ratkaisuja, jotka tukevat luun uudistumista ja tarjoavat ihanteellisen ymparistdn
luusoluille. Luukudostekniikka pyrkii vastaamaan haasteisiin kehittamalla kolmiulotteisia
huokoisia materiaaleja, jotka kykenevat integroitumaan isantdkudokseen ilman haitallisia
sivuvaikutuksia.

Opinnaytetyon tavoitteena oli parantaa hydroksiapatiitista ja B-trikalsiumfosfaatista koostuvan
synteettisen luun korvikemateriaalin stabiiliutta, regeneratiivista potentiaalia seka yleista
suorituskykya. Kyseisella luun korvikemateriaalilla on jo entuudestaan hyvat osteokonduktiiviset
ja resorboituvat ominaisuudet, mutta hallitun luun regeneroitumisen varmistamiseksi, materiaali
funktionalisoitiin  kollageeniverkon avulla. Mydhemmin materiaaliin lisattiin  bioaktiivisia
molekyyleja, kuten hyaluronihappoa ja kitosaania, jotka tunnetusti parantavat materiaalien
antimikrobisia ominaisuuksia. Molemmilla bioaktiivisilla molekyyleilla on itsekorjautumiskyky, joka
auttaa implantaation aikana parantamaan materiaalin turvallisuutta ja kaytt6ikaa.
Funktionalisoidun materiaalin  suorituskykya arvioitin in vifro hajoamisella Hankin
tasapainotetussa suolaliuoksessa (HBSS), joka simuloi kehon nesteitd pitamalld pH:n ja
osmoottisen paineen vakaana. Lisdksi materiaalin ominaisuuksia arvioitiin nestemaisessa
ymparistdssa, jonka tavoitteena oli simuloida materiaalia kayttaytymista l1ahelld sen kayttdastetta.
Myods kollageenimateriaalin ominaisuuksia tarkasteltiin in vitro entsymaattisella hajoamisella
kollagenaasi entsyymista johtuen.

Synteettisen luun korvikemateriaaalin funktionalistamisen huomattiin parantavan materiaalin
ominaisuuksia. Paras suorituskyky saavutettin komposiittimateriaalilla, joka oli valmistettu
synteettisesta luun korvikemateriaalista, kollageeniverkosta ja hyaluronihaposta, kun materiaali
oli jaadytetty kuivajaalla -80°C:seen. Kyseisilla komposiittimateriaaleilla oli ideaaleimmat
hajoamisnopeudet HBSS:ssa ja stabiileimmat ominaisuudet nesteytettyina.
Kollageenimateriaalia tutkittaessa huomattin, ettd kuivajdalla pakastetut naytteet vastustivat
parhaiten kollagenaasientsyymista johtuvaa hajoamista.

Avainsanat: funktionalisaatio, kalsiumfosfaatti keramiikka, luukudostekniikka, kollageeni,
bioaktiivinen molekyyli, luun korvikemateriaali.

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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LIST OF SYMBOLS AND ABBREVIATIONS

3D Three-dimensional

B-TCP Beta-tricalcium phosphate
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1. INTRODUCTION

Bone is the second most common tissue transplanted worldwide. Current gold standard
for the bone regeneration are autologous bone grafts, namely autografts, that have been
harvested from the patient’'s own body (Roseti et al., 2017). Autografts contain living
cells, a variety of human growth factors and provide a place for bone cells to grow and
integrate with the host tissue. They provide a low risk of immunogenic response thanks
to excellent biocompatibility with the human body (Kolk et al., 2012). The problems as-
sociated with autografts include risk of donor site morbidity, the need for second surgery
and limited availability. Another traditional option is bone graft harvested from cadavers
or living donors of the same species which removes the need of second surgery associ-
ated with autografts. These grafts are called allografts and they carry the risk of trans-

mitting pathogens or being rejected by the body of the recipient (Roseti et al., 2017).

Bone Tissue Engineering (BTE) is a promising field of science that aims to overcome the
challenges of conventional treatments of bone diseases. Three-dimensional (3D) porous
scaffolds have been developed to support bone regeneration and provide an ideal envi-
ronment for bone tissue regeneration. These scaffolds for BTE applications include pol-
ymers, ceramics, metals, and composites. Each material group has their own benefits
and limitations, but they all aim to attain the characteristics of a desirable scaffold (Turn-
bull et al., 2017). A desirable scaffold should meet specific biological requirements, in-
cluding good biocompatibility, non-toxicity and biodegradability. Additionally, scaffolds
should possess bioactive properties to interact with their physical environment for new
bone formation. In addition to biological requirements, scaffolds should fulfil structural
features to mimic the anatomical and physiological structure of native bone extra cellular
matrix (ECM) (Amini et al., 2012). Scaffolds should be designed to have a unique archi-
tecture with high porosity and pore interconnections to ensure vascular ingrowth and
nutrient diffusion to the scaffold. The architecture plays an important role in cell prolifer-
ation and their ability to occupy the bone defect area. The 3D structure of a scaffold is
affected directly by the connections between cells and scaffold, but also, by the scaffold
macrostructure where cells communicate between the nanoscale and macroscale of the
ECM (Lutzweiler et al., 2020).



The characteristics of an ideal scaffold mentioned above are all aiming for enhanced
bone regeneration. The goal is to allow cell attachment, proliferation, and homing for

restoring the physiological structure and functions of bone lost bone (Roseti et al., 2017).

A widely used group of scaffolds in BTE are ceramics that include ceramic composites,
amorphous glasses, and crystalline ceramics. Ceramics have the advantage of oste-
oconductive and osteoinductive properties which enable the stimulation of immature
cells to be developed into osteogenic cells and the interaction with the host tissue. The
drawback of ceramics is that they can be brittle and possess unfavorable degradation
rates that decrease the mechanical properties of the material. The most common bioc-
eramics are calcium phosphates (CaPs), which have good biocompatibility because of
their chemical composition and structure close to the mineral content of native bone.
Furthermore, tricalcium phosphate (TCP), hydroxyapatite (HAp) and their composite
called biphasic calcium phosphate (BCP) are especially interesting in the field of ortho-

pedics and dentistry (Turnbull et al., 2017).

During the bone healing process, the bone defect experiences blood vessel ingrowth
and revascularization, which enable cells to build new bone. Functionalization, or the
process of adding new functions or properties to bone substitute materials (BSM), is a
complex process which aims to improve bone tissue regeneration (Beger et al., 2018).
Various strategies have been developed to functionalize the biochemical, topographical,
and morphological properties of scaffolds (Fernandez-Yague et al., 2015). Biochemical
properties can be altered, for example, by the addition of bioactive molecules, by chang-
ing the orientation of molecules or by crosslinking the materials. Bioactive molecules,
such as proteins and glycosaminoglycans (GAGSs), play a key role in bone tissue regen-
eration by regulating host cell migration, proliferation, and differentiation (Kim & Lee,
2016). As an example, collagen is the most abundant protein in the body which is com-
monly used for bone tissue applications. The collagen superfamily can be divided into
different types, of which type | is the most plentiful in skins, tendons and the organic part
of the bone tissue. As it is one of the major components of the ECM, it has excellent
biocompatibility and can enhance cell adhesion. To further improve the biomimicry of
collagen, it is often combined with GAGs that together enhance the osteoblastic differ-
entiation. Topographical and morphological functionalization can be used to modify the
shape and surface roughness of the material, thus affecting the cellular behavior on top

of the scaffold (Fernandez-Yague et al., 2015).



The continuous development of new BSMs can potentially open new ways to regenerate
bone and reduce the risks associated with conventional BTE methods. The integration
of bone graft into the recipient’s tissue is a complex and multidimensional cascade of
events. The need for new solutions is high because, despite the effort to create the “per-
fect” bone reconstruction material, it has still not been found. Therefore, the functionali-
zation of BSMs is the key to improve the characteristics, such as biocompatibility, regen-

erative properties and the degradation rate of BSMs (Titsinides et al., 2019).

The aim of thesis was to enhance the stability, performance and regenerative potential
of a synthetic bone substitute material, maxresorb® (botiss biomaterials, Zossen, Ger-
many), composed of 60% slowly resorbing hydroxyapatite and 40% fast resorbing beta-
tricalcium phosphate (B-TCP). This material already possesses good osteoconductivity
and resorbability, but to ensure controlled bone regeneration, the material was function-
alized with the incorporation of a collagen network. Additionally, bioactive molecules,
such as hyaluronic acid and chitosan were incorporated to the structure to enhance the
antimicrobial properties for the safety and longer lifetime of the scaffold. The perfor-
mance of the scaffold material was assessed in vitro with degradation in Hank’s Bal-
anced Salts Solution (HBSS) which simulated the environment of body fluids with stable
pH and osmolality. The performance was also evaluated in hydrated stage to simulate a
near application stage situation where dentist would hydrate the material before placing
it to the defect site. More focus was also drawn to the collagen material which properties

were assessed in vitro by enzymatic degradation due to collagenase.



2. BONE TISSUE ENGINEERING

2.1 Structure of the bone

Bone is a rigid connective tissue that is being remodeled constantly. It consists of ap-
proximately 65% inorganic and 35% organic matrix. The inorganic matrix gives bone
tissue stiffness and is constructed mainly of phosphate (PO.*) and calcium (Ca?*) ions
that together form calcium crystalline hydroxyapatite [Caz(PO4)3;Ca(OH).] with Ca/P ratio
of 1.67. The organic matrix provides bone tissue tensile strength and is composed of
collagenous proteins, mostly collagen type I, and non-collagenous proteins, such as
bone morphogenetic proteins (BMPs) and growth factors (Chang et al., 2017). Remod-
eling of bone happens due to the activity of four different types of cells which are osteo-
blasts, osteocytes, osteoclasts, and bone lining cells. Osteoblasts are cuboidal cells that
are derived from mesenchymal stem cells (MSC) and are responsible for the synthesis
and the mineralization of bone. Osteoblasts synthesize bone matrix in two steps: by first
secreting collagen proteins, non-collagen proteins and proteoglycans to form the organic
matrix and then mineralizing the bone matrix through vesicular and fibrillar phases. Os-
teocytes are the most abundant cells in bone tissue residing in lacunae and are sur-
rounded by the mineralized bone. Like osteoblasts, they are also derived from MSCs.
Osteoclasts originate from mononuclear cells and are responsible for the resorption of
bone. Bone lining cells cover bone surfaces in areas where no bone formation or resorp-

tion occurs (Florencio-Silva et al., 2015).

Bone has a hierarchical structure that is composed of different structural levels (figure
1). The macrostructure of bone is divided into cortical and cancellous bone. Cortical bone
can be found on the outer parts of most bones and is rather dense with only a little
porosity. It creates a protective layer around the bone and constructs most of the bone
mass. Cancellous bone can be found on the inner parts of bones and has much higher
porosity than the cortical bone. The microstructure is formed of lamellae which are planar
arrangements of mineralized collagen fibres. The basic building block of bone is com-
posed of the lamellae that have mineralized collagen fibrils in its nanostructure. The tini-
est structure is called sub-nanostructure that is composed of collagen molecules, non-

collagenous organic proteins, and minerals, such as hydroxyapatite (Eliaz et al., 2017).
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Figure 1. Hierarchical structure of bone. (Nair et al., 2013)

Unlike other tissues, bone tissue has an inherent ability to regenerate constantly as either
part of a normal bone development, remodeling or as a result to injury. However, if the
bone defect is large, the healing and repairing process will decline due to the lack of
blood supply or because of an infection in the bone or surrounding tissue (Oryan et al.,
2014). Bone healing aims to restore its original condition through a repairing process,
which includes the early inflammation phase, the proliferative phase, and the remodeling
stage. Inflammation phase begins immediately after the injury and lasts between hours
to days. Blood clot, a collection of blood outside blood vessels, is formed and starting a
cascade of events that increase the number of macrophages, white blood cells, that re-
lease cytokines and growth factors to promote healing of the bone. During the prolifera-
tive phase, a bony callus is formed, replacing the hematoma formed during the inflam-
mation phase. The remodeling phase forms and mineralizes the callus, resulting with
mineralized bone that is being remodeled to its original shape. The remodeling phase

can last up to many years (Oryan et al., 2015).

In addition to the natural regeneration of bone, bone defects, or the lack of bone, can be
restored with bone substitute materials. When talking about dental applications, such as
implantology, periodontology, or oral and cranio-maxillofacial surgery, there are multiple
indications where bone tissue engineering can be implemented. The need for bone grafts
can arise from the loss of tooth, due to a tooth fracture or periodontal disease, which can
lead to severe alveolar bone resorption. As a result, dental implant cannot be placed
without an alveolar ridge preservation graft, where the extraction socket is filled with BSM
to heal into solid bone (Yamada & Egusa, 2018). Another common procedure is the sinus
lift or maxillary sinus floor augmentation, which is executed if the patient does not have
enough upper jawbone for a dental implant. Here, a bone graft is placed to enable bone

regeneration and later the implantation of a dental implant (Esposito et al., 2010).



2.2 Properties of bone substitute materials

The aim of a bone substitute material is to promote bone tissue regeneration at the defect
site and to degrade in situ to be replaced by newly produced bone tissue (Bharadwaz &
Jaysuriya, 2020). For this, three-dimensional (3D) scaffolds from BSMs have been de-
signed to support the tissue regeneration with specific requirements which are summa-
rized in figure 2. Biocompatible materials are compatible with living tissue and do not
present toxicity or carcinogenicity. The materials are also non-inflammatory and avoid
immune rejection in the body. Good biocompatibility also builds the basis for a long-term
tolerance of BSMs. Ideally, the BSM should be capable of osteoinduction, where undif-
ferentiated cells are stimulated to develop into osteogenic. Moreover, in osteoconduc-
tion, bone cells begin to grow on the surface of the BSM which, in turn supports the

ingrowth of the new bone (Kolk et al., 2012).

Biocompatibility

Long-term

integration

Degradability

and resorbability

Osseointegration
and stability

Figure 2. Requirements for an ideal bone substitute material. (Kolk et al.,
2012)

Osteoinduction

Osteoconduction

Porosity

Scaffolds with porous structures enhance the regeneration properties of the bone. Po-
rosity allows cell migration and diffusion into the scaffold, but also broadens the surface
for the cell-scaffold binding. The interconnected pores of BSMs enable the transportation
of nutrients and vascular ingrowth. For this, it is crucial that the BSM provides osseoin-
tegration, a stable connection between the living bone tissue and the scaffold (Turnbull

et al., 2017). When porosity increases, the elastic modulus and flexural strength usually



decreases. This has been shown in a study where macropores were built on calcium
phosphate cements (CPCs) by incorporating water-soluble mannitol crystals into CPC
and removing the mannitol by water dissolution, resulting in an increase of pore size and
a decrease in mechanical properties (Xu et al., 2001). In addition to the porosity, the pore
size plays a key role in the mechanical properties of bone substitute scaffolds. Pore size
can be divided into microporous (<5 pym) and macroporous (>100 ym). With increasing
pore size, the compressive modulus decreases (S.A. Park et al., 2009). On the other
hand, studies have shown that osteogenesis is better with bigger pore size (>300 ym),
because bigger pores provide better vascularization and high oxygenation for osteogen-
esis. Properties of bone substitute scaffolds can be modified based on the wanted prop-
erties (Hannink & Arts, 2011).

Biodegradability refers to a controlled scaffold degradation through enzymatic or biolog-
ical processes based on the influence of cells in the human body. The duration of bio-
degradability is a crucial property of a scaffold because too fast degradation may result
in possible mechanical failure while too slow degradation can trigger an unwanted in-
flammatory response that can weaken the tissue regeneration. In an ideal situation, the
tissue ingrowth is supported with controlled degradation of a BSM (Turnbull et al., 2017).
Furthermore, BSMs should withstand sterilization and be sterile. This can bring chal-
lenges to the sterilization process. For example, sterilization of scaffolds made from al-
ginate-based hydrogels with y-radiation results in degradation of the material. Bone tis-
sue regeneration is a long-term process which requires the BSM to withstand the
changes in the new environment and to support the formation of a new to maintain its
functions (Chocholata et al., 2019).

2.3 Overview on bone substitute materials

2.3.1 Natural bone substitute materials

BSMs can be divided into subcategories based on their origin: they are either natural or
synthetic (alloplastic). BSM with natural origin include autografts, allografts, xenografts,
and phytogenic materials (Garcia-Gareta et al., 2015). Autografts are the current gold
standard in bone regeneration, and they are harvested from the patient’s own body, usu-
ally from the region of the iliac crest. Autografts are ideal for bone reconstruction because
they possess osteogenic, osteoinductive and osteoconductive properties, and they are
non-immunogenic. Allografts, where bone tissue is obtained from living donors or cadav-
eric bone sources, are great alternatives to autografts. The issue with auto- and allografts

is that they carry a potential risk for transmission of diseases, morbidity of the donor site,



the risk of surgical complications and lack of supply in graft materials. Xenografts are
materials derived from a different species to humans (Bharadwaz & Jaysuriya, 2020).
For example, natural hydroxyapatite can be obtained from animal bones and are used
for their stable absorption properties. Xenografts made from bovine bone are commonly
used in the dental surgery field. For example, Cerabone® (botiss biomaterials GmbH,
Zossen, Germany) and BioOss® (Geistlich AG, Wolhusen, Switzerland) are both xeno-
genic bone replacement materials made from bovine bone. The disadvantage of xeno-
grafts is that they carry a high risk of disease transmission. Phytogenic materials are
derived from marine origins, such as marine algae. They share the same issues as xen-
ograft materials (Kolk et al., 2012). An example of a commercially available phytogenic
material is Symbios® Algipore® (Dentsply Sirona, York, Pennsylvania, United States),
which has been derived from the red algae. It is naturally occurring hydroxyapatite that
has a large surface area for protein binding, thus making it suitable as a protein carrier

for the bone growth promoting factors (Dentsply Sirona, 2021).

2.3.2 Synthetic bone substitute materials

Alloplastic synthetic bone substitute materials (SBSM) have been developed to over-
come the challenges of natural BSMs. Synthetic materials can be roughly divided into
metals, polymers, composites, and ceramics. Metals are the first group of synthetic
BSMs that are commonly used in load-bearing applications and in the need of stability
and structural support because of their great mechanical properties and machinability.
However, the challenge with metal BSMs is when comparing the properties of metals to
bone, the value of Young’'s modulus in metals is much higher. Therefore, metallic im-
plants can lead to the resorption of the surrounding bone tissues and affect the implan-
tation process. The effect can be reduced by using metallic materials with porous struc-
tures, such as titanium-based alloys or stainless steel (Wu et al., 2014). Metals do not
always have a good biocompatibility. Over the recent years, more approaches have fo-
cused on the controlling of biodegradability rates of metals, such as magnesium, iron
and zinc-based biomaterials. These biodegradable metals aim to corrode gradually in
vivo with an appropriate host response (Zheng et al., 2014). Additionally, the bone inte-
gration of metal implants can be enhanced by hydroxyapatite coatings to increase the

bone ingrowth and interface attachment strength (Agarwal et al., 2015).

Metal alloys, such as zirconium and titanium, are commonly used in joint replacements
and fracture fixation implants for their strength and biocompatibility. For example, Natix®
(Tigran Technologies, Malmd, Sweden) is a BSM made from pure titanium granules and

used in dental implants. It is used for its superior biocompatibility, osteoconductivity and



mechanical strength that provides support for the new bone formation (Sabet et al.,
2017). The use of composite metal scaffolds is increasing to overcome the limitations of
metal biomaterials. For example, strontium has been combined with hydroxyapatite and
chitosan via freeze-drying process to create composite nanohybrid scaffolds that can

enhance cell proliferation and osteogenic differentiation (Lei et al., 2017).

The second group of synthetic BSMs include polymers, that can be harvested from syn-
thetic sources, e.g., poly-lactic acid and poly-glycolic acid or from natural sources, e.g.,
collagen, hyaluronic acid, and chitosan. Synthetic polymers offer a great variety of prop-
erties, including differences in degradation rate and pore size, in addition to their easy
synthesis. A drawback of synthetic polymers is that they have a relatively low mechanical
properties and can lack cell adhesion sites (Reddy et al., 2021). An example of a syn-
thetic polymer used in biomedical applications is poly(methyl methacrylate) (PMMA). It
is commonly used as a bone cement in orthopedics for the primary fixation between the
bone and the implant. For example, DePuy CMW™ (DePuy Synthes, Johnson & John-
son, New Brunswick, New Jersey, United States) is a commercially available PMMA

bone substitute used as orthopedic bone cement (DePuy Synthes, 2016).

Natural polymers consist of long chains of nucleotides, monosaccharides, or amino ac-
ids. Their advantages include bioactivity, antigenicity, non-toxic byproducts and biodeg-
radability. The most common disadvantages of natural polymers include risk for microbial
contamination, immunogenic reaction and decreased tunability. Natural polymers are of-
ten combined with other materials in scaffolds, including calcium phosphate, hydroxyap-
atite and silk (Reddy et al., 2021). For example, silk is a class of protein fibers spun by
e.g., spiders and silkworms. Silk fibroins produced by Bombyx mori silkworms have been
used to develop porous scaffolds in tissue engineering for its biocompatibility, tunable
biodegradation and thermo-mechanical stability. They have shown to possess compres-
sion modulus comparable to the natural cancellous bone with interconnected pore archi-
tecture (Nisal et al., 2018). Additionally, a commercially available natural collagen mem-
brane (Creos™, Nobel Biocare, Kloten, Switzerland) has been developed for dental use
in guided bone regeneration and guided tissue regeneration. More examples of natural
polymers and their properties, including collagen, hyaluronic acid, and chitosan are dis-
cussed in more detail in chapter 3 since they were used in the experimental part of the

thesis.

Composite scaffolds have been developed to combine the best properties of different
materials and to create materials with osteoconductive and osteoinductive properties.
Commonly, composite scaffolds are constructed by using one type of matrix with dis-

persed phase, such as polymer/ceramics. For example, a polyester block copolymer with
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the combination of a calcium phosphate layer has been developed with favorable han-
dling properties and high rate of bone ingrowth (Polo-Corrales et al., 2014). Furthermore,
SmartBone® (Industrie Biomediche Insubri, Mezzovico-Vira, Switzerland) is a commer-
cially available hybrid bioactive BSM that combines a bovine bone matrix with bioactive
resorbable polymers and cell nutrients. SmartBone® provides integration and osteogen-
esis. It is used for bone regeneration in reconstructive surgery, such as sinus lift and
socket preservation (SmartBone® 2021). Another example of a commercially available
bone substitute composite is Infuse® (Medtronic, Minneapolis, Minnesota, United
States), which consists of two parts including a recombinant human Bone Morphogenetic
Protein-2 (rhBMP-2) and a collagen sponge. It has been developed to stimulate natural
bone formation and remodeling, where the collagen sponge is used as a carrier for the
engineered rhBMP-2 protein (Medtronic 2021).

The last group of synthetic bone substitute materials are ceramics, which are discussed

more comprehensively because they were used in the experimental part of the thesis.

2.4 Ceramic bone substitute materials

Ceramic materials, such as calcium phosphates (CaP) and bioglass are widely used for
bone regeneration applications. They are used for their similar chemical and crystallinity
properties to bone mineral content. On the downside, ceramic materials are often brittle,
lack osteoinductivity and have slow degradation rates (Polo-Corrales et al., 2014). For
several years, ceramic bone substitute materials have been extensively used in biomed-
ical applications, for example in orthopedics and dentistry. This group of materials in-
clude ceramic composites, amorphous glasses, and crystalline ceramics (Turnbull et al.,
2017). They can be retrieved from natural origin, such as coralline hydroxyapatite, or
synthetic origin, such as synthetic hydroxyapatite or B-tricalcium phosphate (B-TCP) and
synthesized into different forms. In BTE, the most common ceramics are calcium phos-
phate ceramics that possess excellent biocompatibility, osteoconductivity and biodegra-
dability because of their resemblance to natural. CaPs cannot form bone without addi-
tional trigger but can contribute to the new bone formation in the defect area. However,
CaP materials can possess osteoinductive properties when they present specific chem-
ical compositions or surface structures. For example, CaP can regulate the amount of

osteoinductive factors on the implant site (Garcia-Gareta et al., 2015).

HAp and B-TCP are the two most common CaPs. They can also be found as a composite
material, which has been the focus of this thesis. HAp contributes most of the inorganic

bone structure and builds connections with collagen fibers to create a harder and more
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resistant bone. In CaP ceramics, the favorable component ratio is the same as in natural
bone (Ca/P = 1.67). The ideal ratio causes HAp to release calcium and phosphate ions
into the organism (Kolk et al., 2012). The chemical formula and properties of synthetic
HAp are nearly identical to the natural HAp in bone and teeth. Therefore, HAp can be
used as bone substitute or replacement in filling bones, bone augmentation and as coat-
ings in dental and orthopedic implants (Szczés et al., 2017). Tricalcium phosphates
(TCPs) can be found in two different forms: a-TCP and B-TCP that have a similar chem-
ical composition but different crystallographic properties. B-TCP is more commonly used
in a form of blocks or granules and is less soluble compared to o-TCP (Barrére et al.,
2006). B-TCP has good biocompatibility and has a faster degradation process compared
to HAp. It has good microporosity which helps the material to be embedded into the

tissue by the invasion of blood vessels (Kolk et al., 2012).

CaPs can form biphasic, triphasic or polyphasic compositions by mixing the individual
phases together into a homogeneous mixture. The most studied combination is made
from HAp and B-TCP to create a biphasic calcium phosphate (BCP) (Eliaz et al., 2017).
BCP of HAp and B-TCP can be prepared through sintering which is a thermal process
creating solid material from loose fine particles (Legeros et al., 2003). They are available
in the form of blocks, granules and custom-designed shapes for bone graft or bone sub-
stitute materials in orthopedic, maxillofacial, and dental applications. The idea of BCPs
is to combine the osteoconductive properties of HAp with the solubility of B-TCP (Eliaz
et al., 2017). During the degradation of BCP, calcium and phosphate ions are released,
enhancing new bone formation. HAp has a slow degradation rate while f-TCP degrades
fast. As the two different components have different solubility, the degradation kinetics
of TCPs can be modified in vitro and in vivo (Turnbull et al., 2017). Table 1 shows ad-
vantages and disadvantages of HAp and B-TCP that also reflect on the characteristics

of their composite material.

Table 1. Advantages and disadvantages of hydroxyapatite and f-
tricalcium phosphate materials (Chocholata et al., 2019; Szczés et al.,

2017).

Material ‘ Advantage ‘ Disadvantage
Hydroxyapatite Biocompatibility, osteoconductivity, non- | Brittle structure, not osteoin-
inflammatory, non-toxicity, bioactivity ductive
B-Tricalcium Osteogenic properties Slow degradation, risk of in-

phosphate flammatory reaction




12

Bioceramics are an interesting group of bone substitute materials to repair or replace
bone tissue. Calcium phosphate ceramics are focused on in this thesis because of their
similar structure to the bone and natural properties that stimulate the bone regeneration.
Commercially available synthetic CaPs include for example MBCP® (Biomatlante,
Nantes, France) which is a biocompatible synthetic bone graft substitute material. Its
advantage is the unique micro and microporous structure that is close to the human bone
(MBCP® Synthetic Bone Substitute 2021). Another example is Vitoss® (Stryker, Mal-
vern, United States), which is a highly porous calcium-phosphate with interconnected
structure. It is available in foam, blocks or morsels and is commonly use as void filler in
cancellous bone applications (Sinha et al., 2009). Moreover, Biobase® (Biovision, Milpi-
tas, United States) is a synthetic, inorganic and bioresorbable a-TCP (BioBASE 2020).
The experimental part of this thesis has focused on synthetic bone substitute material,
maxresorb® (botiss biomaterials GmbH, Zossen, Germany). Its unique production pro-
cess creates homogeneously distributed material with the combination of HAp and [3-
TCP (maxresorb® 2021). Table 2 below compares the properties of these different CaP

bone substitutes.



13

Table 2. Comparison of three different calcium phosphate bone substi-
tute materials and their properties (maxresorb® 2021; Sinha et al., 2009,
MBCP® 2021, Biobase® 2021).

Composition

Porosity

Structure

Application

Product

maxresorb® | 60% HAp and | 80% Ultra-high inter- | Granula and | Implantology,
40% B-TCP connected poros- | block periodontology
ity and oral sur-
gery
Vitoss® TCP Up to | Open-intercon- Foam pack / | Spinal applica-
90% nected structure strip, mor- | tions
sel, and
block
MBCP® Mixture of ei- | 70% Macropores of in- | Block and | Bone graft fill
ther 60 or terconnected net- | granula or reconstruct
20% HAp with work and mi- osseous bone
40 or 80 % cropores as inter- defects
BTCP crystalline spaces
Biobase® o-TCP 65% Micropores (< | Block Temporarily fill

S5um) and
macropores

(1mm)

for pathologi-

cal, traumatic,
and postoper-
ative bone de-

fects
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3. FUNCTIONALIZATION OF SYNTHETIC BONE
SUBSTITUTE MATERIALS

Functionalization, the process of adding new functions or properties to the bone substi-
tute materials, aims to enhance the regenerative potential of BSMs. It can help to im-
prove the material and the biological performances of a scaffold. The material perfor-
mances are related to creating porous structures that mimic the environment of the native
tissue with the ideal chemical, physical and mechanical properties. On the biological per-
formance side, the scaffold should allow cell attachment and support the cell survival
while they undergo proliferation, migration and differentiation. Functionalization can be
used to modify various properties of the material from changing the roughness and to-
pology all the way to enhancing the biocompatibility and bioactivity of the material. It can
be done by adding new functional groups to the material or by functionalizing the surface
of the material. Especially in the field of bone tissue engineering, surface functionaliza-
tion by chemical or physical treatments or by applying functional coatings has been
shown to tune the chemical composition, resorption behavior and release kinetics of
BSMs (Rossi & van Griensven, 2014). Often, functionalization is achieved by combining
materials of synthetic and natural polymers (Tian et al., 2012). As an example, a poly
lactic-co-glycolic acid scaffold (synthetic polymer) has been combined with a natural pol-
ymer (collagen) to overcome the issues due to the low hydrophilicity and cell adhesion
of the polyester (Chen et al., 2012).

Different bone substitute material groups and their main characteristics have been pre-
sented in chapters 2.3 and 2.4. This chapter focuses on the different functionalization

methods with a specific focus on calcium phosphate ceramics.

3.1 Functionalization methods

3.1.1 Copolymerization

Functionalization can be achieved by introducing new functional groups to the monomers
of the polymers or by introducing new functional groups to the polymer chains. Copoly-
merization of monomers with functional groups or other monomers is widely used for the
functionalization of synthetic polymers. Synthetic polymers have been widely used in
bone tissue engineering for their excellent biocompatibility and mechanical properties.

However, many synthetic polymers cannot provide sufficient signals for cell adhesion or
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proliferation. To overcome the challenges and to improve the biocompatibility and cell
adhesion of synthetic polymers, triblock copolymers of poly(glutamic acid)-b-poly(-lac-
tide)-b-poly(glutamic acid) have been developed to exploit the hydrophobic and hydro-
philic parts of the chains (Deng et al., 2007).

Copolymerization has also been used for the chemical modifications of chitosan. Here,
synthetic polymers have been graft polymerized onto chitosan to introduce new proper-
ties. The graft copolymers are composed of a linear backbone of one polymer and
branches of another polymer. For example, aniline has been polymerized in the presence
of chitosan, resulting in a graft copolymer that forms self-supporting materials (Enescu
& Olteanu, 2008). Additionally, copolymerization can be used for the formation of ali-
phatic polyesters with reactive groups. The polyesters with aliphatic groups are interest-
ing for the biomedical applications because of their tunable properties in hydrophilicity,
biodegradation and bio adhesion (Tian et al., 2012). In addition, natural polymers, such
as alginates, can be modified into different copolymers for controlled drug delivery
(Szabo et al., 2020). For example, by creating graft copolymers of sodium alginates and
cross-linking them with glutaraldehyde in acidic conditions, it is possible to create beads
for the entrapment and release of the anti-inflammatory drug indomethacin (Nuran et al.,
2008).

3.1.2 Surface functionalization

Various methods have been developed for the incorporation of bioactive molecules onto
the scaffold. Surface functionalization includes tailoring of the surface chemistry and the
surface structure via chemical, physical and biological strategies. Multiple functionaliza-
tion methods can also be implemented at the same time to modify the same surface to
enhance bone healing. One way to tailor the surface chemistry of a material is by adding
coatings on scaffolds. These coatings can be based on the organic components of the
extracellular matrix, such as collagen, gelatin or glycosaminoglycans, on the hydroxyap-
atite (HA) derived inorganic coatings or on hybrid coatings (Wu et al., 2014). For exam-
ple, hybrid coatings have been developed from poly(L-lysine)/polydopamine to function-
alize porous hydroxyapatite scaffolds. These hybrid-coated scaffolds have showed bet-
ter osteoinductive properties and promoted bone marrow stromal cell adhesion and dif-
ferentiation (Han et al., 2019).

The surface structure can be functionalized through chemical and physical treatments.
Chemical modifications can be achieved between the biomaterial and the surrounding
media, e.g., via anodization, hydrolysis or oxidation techniques. Additionally, chemical

functionalization can be achieved by establishing coatings with controlled micro or nano-
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architectures (Wu et al., 2014). An example of the chemical functionalization is for the
natural polymers called alginates. Alginates consist of linear copolymers of (1->4) linked
B-D-mannuronic acid and a-L-guluronic acid units with a backbone of hydroxyl and car-
boxyl groups. The hydroxyl and carboxyl groups in the backbone of alginates allow their
chemical functionalization to modify the physical, chemical and biological properties. For
example, the oxidation of alginate results in the opening of the polysaccharide backbone
with highly reactive aldehyde moieties and derivates that are susceptible to hydrolytic
degradation. Oxidation has been shown to help with controlled degradation of alginates
and further allow the creation of cross-linked systems to tune the degradation for tissue
engineering applications (Szabé et al., 2020). Meanwhile, the surface functionalization
through physical treatments does not alter the chemical composition of scaffolds and can
be achieved from direct mechanical processes, for example with surface mechanical at-
trition treatment (SMAT). As an example, ultrasonic shot peening is a form of SMAT that

can be used to enhance cell adhesion on titanium-based alloys (Wu et al., 2014).

Surface functionalization can be achieved by anchoring organic molecules to the sur-
faces. This results in controlled cell-material interactions and enhanced material biocom-
patibility. For example, ceramic materials are often functionalized with silanes to intro-
duce surface functional groups. In silanization, the surface is covered with alkoxysilane
molecules to modify materials with hydroxyl-rich groups, e.g., hydroxyapatite. In addition
to anchoring molecules to the surfaces, biomolecules, such as proteins, peptides and
carbohydrates, can be introduced to the surfaces of materials. This attachment of bio-
molecules is called immobilization, which relies on physical, covalent and bioaffinity of
the biomolecules. Covalent immobilization enhances the attachment of biomolecules to
the material surface. This method is commonly based on glutaraldehydes and car-
bodiimide chemistry. Physical immobilization is one of the simplest methods since it re-
lays on dipping the material into a solution containing the target biomolecules. It can be
based on electrostatic interactions between oppositely charged solutions, hydrogen
bonds or van der Waals forces (Treccani et al., 2013). An example of physical immobili-
zation called polyelectrolyte multilayer deposition based on electrostatic interactions is

described in chapter 3.2.4 for the functionalization of calcium phosphate ceramics.

3.2 Functionalization of calcium phosphate ceramics

The focus of the thesis has been on the functionalization of calcium phosphate ceramics.
Composite calcium phosphates (CaP) have been developed from one or more CaP

phase with better chance of improving the bioactivity, biodegradability, and mechanical
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properties of CaPs (Eliaz et al., 2017). In this thesis, the composite calcium phosphate
was composed of synthetic hydroxyapatite (HAp) and beta-tricalcium phosphate (-
TCP). Synthetic HAp is the most used CaP for dental tissue engineering applications
because of its great biocompatibility and bioactivity properties. When combined with 3-
TCP, the CaP provides a nanostructured surface for the adhesion of osteoblasts with
slow resorption properties that enhance the formation of the new bone (Wei et al., 2020).
Calcium phosphates are typically functionalized by the incorporation of organic and pol-
ymeric compounds and biological macromolecules. Functionalization can be achieved
through various methods, such as by the creation of composites. For example, to im-
prove the performance of a single bone substitute material, they can be combined with
different materials to incorporate the desired properties of each material group. One way
to do this is to combine synthetic polymers with natural polymers to create a composite
material. Here, the synthetic polymer possesses tunable properties, such as degradation
rate and mechanical composition, while natural polymers have unique compositions and

are biocompatible (Rossi & van Griensven, 2014).

The next chapters will highlight the materials, including collagen and bioactive molecules,
and their incorporation methods, that have been used for the functionalization of CaP

ceramics in this thesis.

3.2.1 Collagen

CaP ceramics can be functionalized by the addition of a collagen network. (Fernandez-
Yague et al., 2015) Collagen is the most abundant protein in humans and the most wide-
spread component of the extracellular matrix (ECM) and in the organic matter of bones.
(Shoulders & Raines, 2009) It is composed of four levels composed of amino acid chains,

a-chains, collagen fibrils and collagen fibers (figure 3).

Amino Acids Chains |
a-chains

Collagen Molecules

Collagen Fibers
Collagen Fibrils

Figure 3. Representation of the collagen structure. (Lin et al., 2019)



18

The defining feature of collagen is that it consists of amino acids bound together to form
a right-handed triple helix structure which has a triple helical region and two nonhelical
regions in the ends of the helix. Collagen has a repeating sequence of [Gly-X-Y],, where
Gly is glycine and X, and Y are commonly either proline or its hydroxylated form called
hydroxyproline. This tripeptide sequence goes along the entire length of the collagen and
is called the primary structure of collagen (Sorushanova et al., 2019). The secondary
structure is composed of these tripeptides that are linked together forming a-chains. The
tertiary structure is a triple helix which has a coiled rope-like structure that is composed
of three parallel o polypeptide chains, more precisely of two identical a(1)- and a(l1)-
chains, wound around each other. The friple helix structure has approximately 1000
amino acids with length a of 300 nm and a diameter of 1.5 nm. The hydroxyl groups of
hydroxyproline stabilizes the triple helix with hydrogen bonds (figure 4). The quaternary
structure of collagen builds collagen fibrils from five triple-helical collagen molecules

packed together into a supramolecular form (Ferreira et al., 2012).

N1 N2 N3
Gly Proc=o_‘ Hyp
Pro.,. Hyp ™aGly
Hyp Gly _oPro
Gly " Pro Hyp
C1 c2 C3

Figure 4. A) Collagen triple helix structure and B) three strands of collagen
with ladder of hydrogen bonds between amino acids. Modified from Shoul-
ders et al, 2009.

Collagen can be extracted from different sources, such as porcine skin or pericardium or
from bovine tissue, respectively. Collagen can be processed by solely decellularizing the
collagen to mimic the composition of native tissue by preserving the original shape of
collagen tissue and ECM structure. Also, collagen can be extracted, purified, and pol-
ymerized to form a scaffold. It is widely used in biomedical applications for its biodegra-
dability, biocompatibility, availability, and versatility (Parenteau-Bareil et al., 2010). Col-

lagen is degraded enzymatically in the body by collagenases and metalloproteinases,
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and therefore possesses non-toxicity. In general, the drawback of collagen biomaterials
are their weak mechanical properties. Despite the challenges, collagen has a lot of po-
tential when combined with other biomaterials (Song et al., 2018). For example, collagen
sponges have been used to deliver bioactive proteins for bone reconstruction in alveolar
ridge defects to prolong the release of these bioactive proteins (Jovanovic et al., 2007).
Additionally, a graft material of nano-hydroxyapatite-collagen-polylactic acid combined
with autologous adipose-derived mesenchymal stem cells has been developed for pos-
terolateral spinal fusion in rabbit model. The collagen and nano-hydroxyapatite compo-
nents simulated the cancellous bone and osteoconductive capabilities (Tang et al.,
2011).

3.2.2 Hyaluronic acid

The functionalization of CaP ceramics can be enhanced with the addition of hyaluronic
acid (HA). HA is a polyanionic glycosaminoglycan, a major constituent of the ECM and
contributes to cell proliferation, differentiation, and migration. It has been shown to pos-
sess good biocompatibility, biodegradability and bioactivity properties. Structurally, hya-
luronic acid is composed of N-acetylglucosamine, and glucuronic acid and it has a back-
bone consisting of carboxyl and hydroxyl groups that can be beneficial in hyaluronic acid
cross-linking (figure 5). HA can be found with various molecular weights up to 12,000,000
Da in animal tissue. It can retain water molecules and maintain a hydrated environment
for cell infiltration, making it excellent for wound healing applications (Collins & Bircum-
shaw, 2013).

OH
HOOC

OH NH

o)

Figure 5. Chemical structure of the hyaluronic acid repeating unit. (Sionkow-
ska et al., 2020)

The importance of hyaluronic acid in bone healing is related to its high concentrations
found in early stages of bone fracture repair and in the cytoplasm of osteoprogenitor
cells. Especially when combined with other osteoconductive molecules, HA has shown

to support new bone growth. HA can be crosslinked into a hydrogel for the creation of
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stable scaffolds through carbodiimide-mediated or photo crosslinking strategies (Patter-
son et al., 2010). The modification can also be achieved by means of chemical modifi-
cations of glucuronic acid, carboxylic acid, the N-acetyl group and hydroxyl groups of
HA. With the versatile modification methods of hyaluronic acid, it is an important building
block in the functionalization of bone substitute materials (Burdick & Prestwich, 2011).
For the applications of hyaluronic acid, a poly(lactic-co-glycolic acid) grafted hyaluronic
acid has been developed for periodontal barrier applications for bone regeneration (J.K.
Park et al., 2009).

3.2.3 Chitosan

Addition of a natural polymer, chitosan, can further functionalize a SBSM. Chitosan is a
linear polysaccharide composed of 3-(1>4)-linked D-glucosamine and N-acetyl-D-glu-
cosamine (figure 6). It is obtained by the alkaline deacetylation process of chitin that is a
mucopolysaccharide present in the exoskeleton of some crustaceans and insects. Chi-
tosan is used in tissue engineering for its non-toxic, biodegradable, and antimicrobial
properties that allow cell adherences, proliferation, and differentiation. Additionally, it can
be molded in various forms to create porous scaffolds (Ahsan et al., 2018). The antibac-
terial activity of chitosan against pathogenic bacteria, such as Staphylococcus aureus
and Escherichia coli has been shown with immobilization of hyaluronic acid onto chitosan
graft membranes (Hu et al., 2003). Chitosan can be found with various molecular weights
ranging from 300 to over 1000 kDa with deacetylation from 30% to 95%. Its cationic
nature can be utilized for electrostatic interactions with anionic molecules, such as hya-
luronic acid (Di Martino et al., 2005).

OH OH OH

HO

HO HO HO
NH, NH, NH,

- - n
Figure 6. Chemical structure of chitosan. (El-banna et al., 2019)

Chitosan has been combined with CaPs, hyaluronic acid and synthetic polymers for bone
tissue engineering applications. It has shown to promote growth and deposition of min-

eral rich matrix by osteoblasts. When chitosan has been added to CaP scaffolds, it has
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provided stronger and biodegradable scaffolds (Khor & Lim, 2003). Additionally, chitosan
microspheres have been combined with absorbable collagen sponge for controlled re-
lease of recombinant human bone morphogenetic protein-2 (rhBMP-2) in rabbits, which
is known for its osteoconductive properties in bone regeneration. The results showed
that composite chitosan-collagen scaffolds remarkably enhanced new bone formation
and mechanical properties. Therefore, it could potentially be used as a carrier for BMP-
2 for bone defect treatment (Hou et al., 2012).

3.2.4 Methods for the incorporation of bioactive molecules

Hyaluronic acid and chitosan are incorporated into a BSM composite to enhance its prop-
erties, especially the antimicrobial ability. Both materials have shown self-healing prop-
erties that enable autonomous healing of the damage site. Furthermore, self-healing
properties help during the implantation to improve the safety and lifetime of a BSM, in
addition to helping the new bone to recover its original shape (Barroso et al., 2019). The
incorporation of bioactive molecules is desirable to induce new tissue formation and reg-
ulate cellular activities. One approach is to bind the bioactive molecules to the surface of
the BSMs, e.g., polyelectrolyte multilayer (PEM deposition). Another approach is to de-
liver the bioactive molecules during the preparation process of scaffolds directly to the
composite, e.g., by mixing materials together during fabrication process. Additionally,
bioactive molecules can be loaded in carriers, such as micro- and nanoparticles for the

sustained release of the molecules overtime (Singh et al., 2013).

The first incorporation method of both hyaluronic acid and chitosan into a BSM can be
executed by binding the molecules to the surface with a method called polyelectrolyte
multilayer (PEM) deposition. Hyaluronic acid is a weak polyanion while chitosan is a
weak polycation, and therefore have opposite electrical charges. This enables the utili-
zation of their electrostatic interactions to create PEMs through alternate adsorption of
polycation and polyanion on the surface of a BSM (Barroso et al., 2019). PEM are com-
monly deposited with a layer-by-layer (LbL) assembly which allows an easy and repro-
ducible way to modify the surfaces of BSMs. The layers are deposited by either dipping
the BSM material in the polyelectrolyte (PE) solutions of hyaluronic acid and chitosan or
pipetting the PE solutions in wells with the BSM. Because of the electrostatic interactions
between polycation and polyanion, the layers increase in each deposition creating mul-

tilayers with a thick structure (Borges & Mano, 2014).

The pH and charge of the polyelectrolyte solutions has shown to influence the thickness
of the formed PEMs. When the PEs are strongly charged, the thickness of the PEM is
lower compared to PEs with weakly charged PEs (Bieker & Schénhoff, 2010). Especially
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weak PEs are strongly pH-dependent and even small changes in pH and ionic strength
of the environment can affect the thickness of PEM formation (Boudou et al., 2010).
Examples of the applications of PEM coatings include the usage of the polyelectrolytes
as carriers to immobilize BMP-2, which has a key role in bone and cartilage development.
This has been shown to induce osteoblast differentiation in bone cells, which is enhanced
through the efficient attachment of cationic and anionic charges of PEs. Additionally,
PEM deposition offers a great tool for the surface modification of BSMs (Nath, et al.,
2015).

These bioactive molecules can be incorporated into CaP ceramics during the fabrication
process of CaP composites with collagen network. Some of the most common fabrication
methods for scaffolds include freeze-drying, solvent casting, or gas foaming (Turnbull et
al., 2017). The focus on this thesis has been on the freeze-drying method. For the freeze-
drying, a suspension of combined BSMs is first frozen and exposed to environment with
lower pressure. Then, the ice crystals are removed through sublimation, a process where
the substance goes directly from solid to gas state. In figure 7, the curve from A to B
represents the solid-vapor curve, where ice and water vapor are in equilibrium. This re-
sults in the formation of a highly porous scaffolds. Also, the pore structure is heteroge-
neously distributed with large variation in pore diameter, orientations, and locations
(O’Brien et al., 2004). One of the main advantages of freeze-drying is that the method
does not use high temperatures which could potentially decrease the activity of biological
factors in the scaffold. The limitation of freeze-drying comes from high energy consump-

tion and long processing time (Roseti et al., 2017).

A

D
Critical point
22089 +— == —=F — = — = - - - — - — — c

Water

e (liquid)

|
—_ |
g ; I
S (solid) i
@ I
= 101 +—-—-—--F—-——-—-—-——-— I
] |
g
o |
|
06 +———— I
I | Water vapor :
. | : (gas) |
[ | -
1 T T i
0 0.01 100 374

Temperature (°C)

Figure 7. Phase diagram of water. (OpenStax Chemistry, 2016)
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4. MATERIALS AND METHODS

4.1 Materials

In this thesis, a synthetic bone substitute material, maxresorb® (botiss biomaterials,
Zossen, Germany) was functionalized. Figure 8 represents maxresorb® made from hy-
droxyapatite (HAp) and beta-tricalcium phosphate (3-TCP) which was used in a form of
a block (1 cm x 1 cm x 0.5 cm) and granula (0.5 - 1.0 mm). It is composed of 60% slowly
resorbing hydroxyapatite and 40% fast resorbing beta-tricalcium phosphate with ultra-

high interconnected porosity and rough surface (maxresorb®, 2021).

b v - ————— e

Figure 8. SBSM, maxresorb®, in a form of A) granula and B) block (maxre-
sorb® 2021).

This SBSM was first functionalized with the incorporation of a collagen network (porcine
dermis, biotrics bioimplants AG, Berlin, Germany). Later, different bioactive molecules,
including hyaluronic acid, chitosan, kappa-carrageenan, and chondroitin sulphate, were
incorporated to the structure. Hyaluronic acid was purchased from Sigma-Aldrich (so-
dium hyaluronate 95%, MW: 1400kD) and dissolved in DM-water at 2 mg/mL. Low mo-
lecular-weight chitosan (50-190kD, Sigma-Aldrich) was dissolved in 0.15M NaCl solution
in DM-water at 2 mg/mL and filtered under vacuum through a porous membrane (What-
man® qualitative filter paper, 70 mm, 100/PK) into a Blchner flask. The pH value of the
solution was adjusted to 4.0 with 0.1M hydrochloric acid (HCI). Chondroitin sulfate (so-
dium salt from bovine trachea, Sigma-Aldrich) and kappa-carrageenan (highly pure, from
red algae (Rhodophyceae), Carl Roth GmbH) were dissolved in DM-water at 2 mg/mL,

respectively.
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4.2 Preparation of composite ceramics

The preparation of composite ceramics was done in two ways: my mixing the materials
together or through a polyelectrolyte multilayer deposition (PEM) (4.3). The mixing
method included the incorporation of the collagen network and bioactive molecules to
the SBSM block or granula. For the granula with collagen network - samples, collagen
suspension was mixed with granula to yield a 32:25 (w/w) mixture. The mixture was

placed into a mold of 5 x 5 x 1 cm?® as seen in figure 9.

Figure 9. Preparation of composite ceramics A) granula (top) and collagen
suspension (bottom) B) granula and collagen mixed C) patted into a
mould.

Additionally, samples with different combinations of granula, collagen suspension (with
different concentrations) and different bioactive molecules, including 2 mg/mL hyaluronic
acid, 2 mg/mL chitosan, 2 mg/mL kappa-carrageenan, and 2 mg/mL chondroitin sulfate
were prepared. The ratio of collagen and granula was always the same 32:25 (w/w) but
the ratio between collagen and bioactive molecule differed, as shown in table 3, where
collagen concentration is denoted as wt% (weight percent).
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Table 3. Combination SBSM granula, collagen and bioactive molecule.

Sample Ratio

3 wt% collagen + hyaluronic acid Col:HA 51:1 (w/w)

3 wt% collagen + chitosan Col:Chi 51:1 (w/w)

3 wt% collagen + hyaluronic acid + chitosan Col:HA:Chi 102:1:1 (w/w)
3 wt% collagen + chondroitin sulfate Col:CS 51:1 (w/w)

3 wt% collagen + kappa carrageenan Col:KC 51:1 (w/w)

3 wt% collagen frozen with dry ice -

5 wt% collagen (frozen with and without dry ice) -

5 wt% collagen + hyaluronic acid (frozen with and without dry ice) Col:HA 51:1 (w/w)

7 wt% collagen -

7 wt% collagen + hyaluronic acid + chitosan Col:HA:Chi 102:1:1 (w/w)

For the SBSMs in a form of a block with collagen network, samples were prepared by
filing a 5 x 5 x 1 cm® mold to the half with collagen suspension. To better observe the
penetration of collagen network later with the microscope, the collagen suspension was
stained with 0.01% (w/v) riboflavin (riboflavin 5’monophosphate sodium salt hydrate,
Cayman Chemicals) in DM-water. In each mold, 4 blocks were placed with collagen sus-
pension and covered evenly. Each mold was treated differently (table 4) before freezing
to potentially increase the penetration of the collagen network into the block. Additionally,
samples with only collagen suspension were prepared for the characterization of the

collagen network by pouring collagen suspension into a 5 x 5 x 1 cm?® mold.
Table 4. Pre-treatment of SBSM blocks before freezing.

Sample / Condi- Treatment

tion

1/ Room tem- After placing the blocks on a mold with collage suspension, samples were

perature left in room temperature for 1 h before putting in the freezer

2 / Hydration Samples were hydrated on a 12-well plate with 2 ml of DM water for 5 min
before placing in the mold with collagen suspension

3 / Ultrasonic Samples were placed in ultrasonic bath for 2 min

bath

Samples with granula and block were frozen in the freezer (GNH650BT, Gastro Hero,
Dortmund-Holzwickede, Germany) at — 20 °C for at least 17 h. Some samples were first

frozen on dry ice (- 78.5 °C) before storing them in at — 20 °C. After the samples were
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completely frozen, they were freeze-dried with a freeze-drier (ModulyoD, Thermo Elec-
tron Corporation, Massachusetts, United States) at — 47 °C and vacuum (< 1.0 mbar) for
at least 24 h for the samples frozen in the freezer, and at least 48h for the samples frozen
with dry ice until they were completely dry. After freeze-drying, the granula samples were
cutinto 1 x 1 x 1 cm?® cubes and block samples into 1 x 1 x 0.5 cm? following their original

shape with a scalpel.

4.3 Polyelectrolyte multilayer

Polyelectrolyte multilayer (PEM) deposition was used as an alternative preparation
method for the incorporation of bioactive molecules, including hyaluronic acid and chi-
tosan, to the SBSM. The technique was based on the layer-by-layer deposition of oppo-
sitely charged polyelectrolytes, where hyaluronic acid was used as the polyanion and
chitosan as the polycation. For the PEM deposition, 5mM sodium acetate buffer in DM-
water was prepared from 98 % sodium acetate (MW: 82.03 g/mol, VWR) and the pH
value was adjusted to 5.5 with 1 M acetic acid. Poly(ethyleneimine) (PEI) (50 wt% in
H20) was purchased from Sigma-Aldrich, a solution at 5 mg/mL in DM-water was pre-
pared and pH was adjusted to 5.5 with 1 M acetic acid. Polyelectrolyte solutions at 1
mg/mL in 5 mM sodium acetate buffer were prepared from hyaluronic acid (1.5 - 2.0
MDa, sodium hyaluronate, Kraeber & Co GmbH) and chitosan (50 - 190 kD, Sigma-
Aldrich).

The aim was to deposit the polyelectrolyte multilayer on the SBSM. Before this, as a
proof of principle, a protocol of PEM coating was established on glass coverslips (10 x
10 mm?, Menzel-Glaser, Thermo Scientific) and Si-Wafers (provided by the project part-
ner, Natural and Medical Sciences Institute, Tubingen, Germany). The deposition time

was in total 200 min, where the procedure from table 5 was repeated five times.

Table 5. Protocol for the deposition of polyelectrolyte multilayer.

Polyelectrolyte / Na-acetate Deposition time

PEI 10 min
Na-acetate (rinse) 3 X 2 min
Hyaluronic acid 10 min
Na-acetate (rinse) 3 X 2 min
Chitosan 10 - 20 min
Na-acetate (rinse) 3 X 2 min
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The deposition was executed in the wells of a 12-well-plate by pipetting 2 mL of solutions
next to the samples in the wells and let them immerse before pipetting the solution out
of the wells. PEIl was used as an anchoring network for the following layers being depos-
ited. During the deposition, the 12-well-plates were placed on a rocker (Stuart™ Gyratory
rocker SSL3, Staffordshire, UK) at 20 rpm. The same protocol was then later imple-
mented for the SBSM blocks (figure 10). During the deposition, the stability of SBSM
blocks in the polyelectrolyte solution was analyzed by measuring the pH of polyelectro-
Iyte solutions after 10, 20, 40, 60, and 80 min of deposition to ensure that the samples

would not degrade during the coating process.
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Figure 10. Schematic representation of the polyelectrolyte multilayer deposi-
tion on SBSM blocks.

4.3.1 Microscopic analysis of polyelectrolyte multilayers

For the microscopic analysis of PEM layers, hyaluronic acid solution was later labelled
with fluoresceinamine (FL-NH2, Acros 400770010) by dissolving it into a 2-(N-morpho-
lino)ethanesulfonic acid (MES) buffer. This was done by mixing HA in MES buffer to yield
solution of 1.2 mg/mL of HA and adding 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) in with a final concentration of 1.1 mg/mL and N-hydroxy succinimide (NHS) with
0.68 mg/mL. Then, FL-NH,was dissolved in dimethyl sulfoxide (DMSO) at 2 mg/mL and
1.4 mL of this solution were added into the HA solution to be stirred overnight covered
with aluminum foil. The FL-NH- solution was dialyzed in dialysis membranes (15 cm,
3500 MWCO, Carl Roth) for 5 days in DM-water by changing the dialysis solution twice
per day. After 5 days, the solution was transferred into a metal plate which was frozen
overnight (- 18 °C). The next day, the metal plate was covered with parafilm (with small
holes) and freeze-dried for at least 24 h. From this, a 1 mg/mL HA solution was prepared

in 5 mM Na-acetate buffer for the PEM coating.
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4.4 Functionalization of a synthetic bone substitute material

with collagen

4.4.1 Preparation of collagen suspension

A 7.4 wt% collagen paste was provided by biotrics bioimplants AG (Berlin, Germany).
This paste had been processed from split porcine dermis through a sequence of treat-
ments which included liming, splitting and deliming. In liming, hair of the porcine dermis
was removed, fat content was reduced, and the raw dermis was swollen. In splitting,
rawhide was horizontally cut in different skin depths, while in deliming, the fat content,
germ reduction and preservation of split skins was carried out. The split dermis was
treated chemically, resulting in swelling, to prepare it for the mechanical treatment where
the dermis was minced. The resulting collagen paste was further processed into 5 wt%
collagen suspension (equation 1) in DM-water by mixing with UltraTurrax dispersing in-
strument (T25 easy clean digital, IKA, Staufen, Germany) for 5 min. The pH was meas-
ured always using the same pH meter (SevenExcellenceTM S470 pH/conductivity
benchtop meter, Mettler Toledo, Giessen, Germany) and adjusted slowly with 0.4M TNP
buffer (pH 10.48, M = 380.12 g/mol, PanReacAppliChem) in DM-water to 7.0-7.4.

myp(Cp—Cs)

Myz0 = T e (1)

where mu2o denotes the mass of water, m, means the mass of collagen paste, ¢, means

the concentration of collagen paste, and cs means concentration of collagen suspension.

4.4.2 Optimization of collagen dry mass

The concentration of the prepared collagen suspension was verified through dry weight
analysis. Single glass dishes were placed in drying and heating chamber (Binder, Fisher
Scientific GmbH, Schwerte, Germany) for at least 3h at 102°C to remove inherent water
of the glass surface. The collagen samples were only used for the dry weight measure-
ments and were not further used for the applications due to degradation during the heat-
ing and drying process. The dish was taken out and placed into a vacuum desiccator
(Duran®, DWK Life Sciences GmbH, Mainz, Germany) to cool down with active silica
gel for 30 min. After cooling, argon (Ar) was added into the desiccator for another 10
min. The dishes were taken out from the desiccator and weighed with an analytical bal-
ance (EG 620-3 NM, KERN & Sohn GmbG, Balingen, Germany), 5 g of collagen sus-

pension was added into each single glass dish and they were placed back into the drying
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and heating chamber. The mass of samples was measured after 4 h, 5 h and 6 h of

drying and the experiment was performed with three parallel samples (figure 11).

Figure 11. A 5 wt% collagen suspension A) before and B) after drying in the
drying and heating chamber for 6 h.

The collagen concentration was used to be calculated with the following equation 2.

Collagen concentration (wt%) = mﬁZ—C:)_ms * 100 (2)

where ms denotes to mass of single glass dish, mc. was the mass of collagen after drying,

and me, was the mass of collagen before drying.

4.4.3 Collagenase assay

The collagenase assay was used as a characterization method for the collagen network
to evaluate the resistance of collagen against enzymatic degradation by collagenase in
vitro. As the collagen network was analyzed separately from the SBSM, it is called col-
lagen fleece because of its fluffy and fleece-like shape. Table 6 represents the samples
that were evaluated in the collagenase assay. These samples were chosen for the eval-
uation of the difference in degradation with samples with different collagen concentration

and freezing method.
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Table 6. Collagen fleece samples for the collagenase assay.

Sample ‘ Collagen concentration

1 3 wt% collagen fleece

2 5 wt% collagen fleece

3 5 wt% collagen fleece frozen with dry ice
4 7 wt% collagen fleece

The evaluation was based on the mass loss of the freeze-dried collagen fleece samples
due to the digestion by collagenase. The collagenase assay consisted of different steps,
which were sample preparation, digestion, washing process and weight analysis (figure
12).

Weighing ﬂegizan Digestion 1h “; ing 10T ot Drying 2 days Weighing

at 37'C 15000mm at 4*C

p— —

——»  TESCA buffer i — \
| l (=~ i

collagenase
1 CDU/mg

Figure 12. Summary of the collagenase assay steps.

For the preparation step, TESCA buffer (50 mM TES, 0.36 mM CaCl,, pH 7.4) was pre-
pared. For each measurement, three repeats per condition with collagenase (+) and
three repeats without collagenase (-) were used as a reference to evaluate the degrada-
tion solely by TESCA buffer. Only collagen samples with collagenase (+) were evaluated
for better characterization of the collagen network. The samples were cut into pieces
(<10mg) and weighed into Eppendorf tubes. Based on the mass of the collagen in each
Eppendorf tube, the amount of collagenase was added to yield 1 collagen digestion unit
(CDU)/mg. A stock solution at 1 mg/mL of collagenase was prepared in TESCA buffer.
For the digestion, TESCA buffer was added to the Eppendorf tubes and the collagenase
stock solution at 1 mg/mL was added into each (+) tube. Samples were put into the
thermo cycler (ThermoMixer C, Eppendorf AG, Wesseling-Berzdorf, Germany) and in-
cubated for digestion time of 1 h at 37 °C.

The digestion was stopped by placing the tubes into the centrifuge (Centrifuge 5424 R,
Eppendorf AG, Hamburg, Germany) for 10 min at 15000 rpm and 4°C. The reaction

buffer was pipetted out of the tubes without collecting the pellet in the bottom. Washing
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was started by adding 1 mL of DM-water into the tubes, mixed with Vortex (Vortex-Ge-
nie™ 2, Scientific Industries Inc., New York, United States) for 2 s and let wash in room
temperature for 5 min. The tubes were placed back to the centrifuge for 10 min at 15000
rom and 4°C. Washing solution was again pipetted out from the tubes without collecting
the pellet in the bottom. Tubes were dried with the lid open for 2 days, after which the

samples were weighed, and the mass loss was calculated based on the equation 3.

mass loss (%) = T ™ % 100% (3)
mo

where m, denotes the mass before immersion, and m4 after immersion.

4.4.4 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to evaluate the thermal stability of
collagen separately from the SBSM. The samples were prepared from collagen fleece
with a hole punch (KNIPEX-Werk C. Gustav Putsch KG, Wuppertal, Germany) by cutting
out samples from the freeze-dried collagen fleece. The samples were weighed and
sealed inside a pan and a lid (both from Concavus®, Netzsch GmbH, Selb, Germany)
with a galling press and weighed with an analytical balance (ACJ/ACS, KERN & Sohn
GmbH, Balingen, Germany). The sample mass was in the range of 1-6 mg. The samples
were heated at a constant rate of 10K/min from 25 °C to 150 °C with an empty sample
as the reference with the DSC device (DSC 214 Polyma, Netzsch GmbH, Selb, Ger-

many).

The tested samples for DSC included a 5 wt% collagen fleece, 5 wt% collagen fleece
frozen with dry ice (both in pH 7.0), 1 wt% collagen fleece (pH 2.5), 1 wt% collagen fleece
(pH 7.0), 7 wt% collagen fleece with hyaluronic acid and 7 wt% collagen fleece without
hyaluronic acid. These samples were chosen to analyze the effect of collagen concen-

tration, pH and freezing method in the thermal stability of collagen.

The reaction enthalpy for the samples is positive, representing an endothermic process,
which can be seen in the figure 13 with peak going upwards. The surface represents the
reaction enthalpy which is calculated by integrating the area of peak and the interpolate

baseline between the onset temperature and the end of the peak.
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Figure 13. Example of a DSC curve for 5 wt% collagen sample, where the
peak represents the denaturation temperature of the collagen fleece.

4.5 In vitro degradation studies

In vitro degradation studies were conducted in 5 mM sodium acetate buffer and in Hanks’
Balanced Salt Solution (HBSS) to compare the degradation of different combinations of

SBSM, collagen and bioactive molecules (table 7).

Table 7. Sample combinations used for the in vitro degradation studies.

Sample ‘ Combination

1 SBSM block

SBSM block with 7 wt% collagen network

SBSM granula with 7 wt% collagen network

SBSM granula with 7 wt% collagen network, hyaluronic acid and chitosan
SBSM granula with 3 wt% collagen network (frozen with dry ice)

SBSM granula with 3 wt% collagen network and hyaluronic acid

7 wt% collagen fleece

N|OoO|Oo B~ WIN

The degradation studies were first conducted in 5 mM sodium acetate buffer to simulate
the conditions during PEM coating process (4.3) and to analyze the stability of the SBSM
blocks in sodium acetate buffer during this process. The stability of the SBSM blocks
with and without collagen network was analyzed by filling Falcon tubes with 8 mL of Na-
acetate buffer and 4 SBSM blocks with and without collagen to keep the ratio of buffer
and SBSM block the same as during the PEM coating (ratio of buffer:block, 2:1). The

samples were immersed for 200 min on a rocker (PS-3D Sunflower Mini-Shaker, BioSan,
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Riga, Latvia) with 60 rpm. To analyze the stability of SBSM in Na-acetate, pH and con-
ductivity were measured at different time points: 0, 10, 20, 60, 120 and 200 min but the
focus was on the first 10 — 20 min of the deposition which was the most crucial for the
stability of SBSM blocks considering the deposition times of polyelectrolyte solutions
during PEM coating. Before and after immersion, light microscopy (SteREO Discov-
ery.V12, ZEISS, Oberkochen, Germany) was used to take pictures of the samples to
visualize the degradation of the samples. Additionally, the mass loss of samples was

measured based on equation 3 (chapter 4.4.3.).

In vitro degradation studies for different combinations of SBSM granula with collagen
network, a separate collagen fleece and bioactive molecules were also performed in
Hanks’ Balanced Salts Solution to evaluate the degradation of samples regarding
changes in pH-value, conductivity, and mass loss. The study was used to simulate deg-
radation processes in vitro with physiological ion concentration and 37 °C. HBSS was
prepared from a powdered salt mixture (without NaHCO; and phenol red) from Sigma-
Aldrich based on the instructions by Hanks, J (1976). The specific details about HBSS

preparation are presented in Appendix A.

Before the immersion, the mass of the samples was measured with an analytical balance
(ABT120-5DNM, Kern & Sohn, Balingen, Germany). Samples were placed in separate
15 mL Falcon tubes (Centrifuge tubes, Falcon®, VWR, Radnor, Pennsylvania, United
States), and the tubes were filled with 7 mL of HBSS. The samples were kept in an
incubator (BBD 6220, Thermo Electron Corporation, Langenselbold, Germany) at 37 °C
for 28 days. During incubation, pH-value and conductivity were measured at timepoints
0 min, 30 min, 1h,3h,6h,2d,7d, 14d, 21 d and 28 d. Additionally, the mass loss of
the samples was analyzed at timepoints 6 h, 2d, 7 d, 14 d, 21 d and 28 d after they had
been drying at room temperature for at least 48 h and calculated with the equation 3
(chapter 4.4.3).

4.6 Usability studies

The usability studies were performed to analyze the differences in performance in re-
gards of stability, handling, and usability of SBSM functionalized with a collagen network
and bioactive molecules (table 8). All samples were compared to a SBSM sample that
already existed on the market (maxresorb® flexbone, botiss biomaterials GmbH,
Zossen, Germany). This study aimed to simulate the performance of the materials during
the indicated application. The study had five participants: three participants had at least

2 years’ experience in Research and Development of bone substitutes, one had at least
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2 years’ experience in Product Management, and one was a student in Material Science
and Engineering. All participants were given instruction sheets and a questionnaire to
answer (appendix B). For the creation of the usability study, a proof-of-concept experi-
ment was first executed with SBSM composite samples that had been prepared through-

out the thesis project.

Table 8. Summary of the evaluated samples with evaluation criteria be-
low.

Sample Material combination

Reference | 5 wt% collagen with SBSM granula (maxresorb® flexbone)

Sample 1 | 5 wt% collagen with SBSM granula

Sample 2 | 5 wt% collagen with SBSM granula, hyaluronic acid frozen with dry ice

Sample 3 | 3 wt% collagen with SBSM granula and chitosan

Sample 4 | 5 wt% collagen with SBSM granula frozen with dry ice

Sample 5 | 3 wt% collagen with SBSM granula

Sample 6 | 7 wt% collagen with SBSM granula

In general, the participants were asked to place the samples in separate wells into a 12-
well-plate, to hydrate the samples with approximately 2 mL of DM-water for 2 min. Then,
the samples were to be lifted from the wells with tweezers and performance of the sam-
ples were to be analyzed. Additionally, the participants were asked to place the samples
back into DM-water for a “2" hydration” to analyze its performance by lifting the sample
immediately from the DM-water after placing the sample there. Each sample was rated
from 1 — 5, where 1 = poor, 2 = fair, 3 = average, 4 = good and 5 = excellent, based on

performance criteria in table 9.

Table 9. Evaluation criteria for the usability study.

Criteria Explanation

Appearance Appearance of the sample in dry state. Is it consistent and compact or al-
ready broken down?

Applied pres- | After hydration, how much pressure is applied to the sample regarding the
sure softness of the sample?

Moldability How well can the sample be molded into a ball?
Consistency Does the ball hold its shape when molding it with fingers?
Coherency Are the granules sticking together or separating?

2nd hydration After placing the sample back to DM-water, does it hold together or break
apart?




35

5. RESULTS

5.1 Functionalization of a synthetic bone substitute material

with collagen network

5.1.1 Optimization of collagen dry weight

Based on the collagen dry mass, the collagen concentration was used to be calculated
with the equation 2 (chapter 4.4.2). However, the equation 2 does not represent the ac-
tual collagen concentration because the dry weight includes the dry mass from the TNP
buffer which was used for the adjustment of the pH-value. To calculate the actual dry
weight and collagen concentration, the dry mass of the TNP buffer was measured, re-
sulting that approximately 10 wt% of the TNP buffer is the dry weight of salts. This infor-
mation was used to calculate the percentage of TNP salts in the mass of the collagen
suspension (equation 3).

mryp*0.1

Percentage of TNP salts (%) = * 100 (3)

MTNP+col+H20

where mmne denotes the mass of TNP buffer, and mrnp+co+H20 Was the mass of the colla-

gen suspension, including the mass of TNP buffer, collagen paste and DM-water.

From equation 3, the actual collagen concentration was then calculated by taking into
consideration the dry weight of the TNP salts. Equation 4 represents the final collagen

concentration.

_ (megtmryp)*crypa «100 (4)
Mcp

Actual collagen concentration (wt%)

where m¢. denotes the mass of collagen after drying, mmne was the percentage of TNP
salts, Ctnea Was the dry weight of collagen from equation 2, and mq, was the mass of

collagen before drying.

5.1.2 Analysis of the collagen network penetration

The functionalization of a synthetic bone substitute material with collagen network aims
for the penetration of the collagen network throughout the SBSM material. The following
pictures from the microscopic analysis were taken to evaluate and compare the penetra-
tion of the collagen network inside the SBSM block and granula to find out which form of

the SBSM should be further functionalized with bioactive molecules.
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Figure 14 represents two different freeze-dried SBSM block samples with riboflavin la-
beled and non-labeled collagen network. The riboflavin-labeled collagen network can be
more easily distinguished from the pictures with the yellow color, and therefore was fur-

ther used to analyze the penetration of the collagen network inside the SBSM blocks.

Figure 14. SBSM blocks with A) non-labeled collagen network and B) 0.01
%(w/v) riboflavin labeled collagen network with 12.5x magnification.

Microscopic analysis was also done for SBSM block samples with different pre-treat-
ments, including 2 min in ultrasonic bath, 2 min hydration in DM-water or left in room
temperature for 45 min before the freeze-drying. Figure 15 represents a freeze-dried
SBSM with riboflavin-stained collagen left in room temperature before freeze-drying.
When comparing the sample to the figure 14B, there is no detectable difference in the

penetration of the collagen network inside to the SBSM block.

Figure 15. Microscopic pictures of freeze-dried SBSM block with 0.01 % (w/v)
riboflavin-stained collagen network left in room temperature for 45 min be-
fore freeze-drying with A)12.5x magnification and B) 22x magnification.

Figure 16 represents a freeze-dried SBSM with riboflavin-stained collagen network that

was pre-treated by hydrating in DM-water for 2 min. When comparing to the reference
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sample in figure 14, there is a small change in the edge of the SBSM: it looks more dense
and less porous on the right side of the block. Additionally, the collagen network has
penetrated inside the SBSM block slightly towards the inner parts of the block which can

be seen as a yellow color.

Figure 16. Microscopic pictures of freeze-dried SBSM with 0.01 % (w/v) ribo-
flavin-stained collagen network pre-treated with hydration in DM-water with
A) 12.5x magnification and B) 22x magnification.

Figure 17 represents freeze-dried SBSM block with riboflavin-stained collagen network
that was pre-treated in ultrasonic bath for 2 min before freeze-drying. When comparing
the SBSM to the reference, there are bigger pores filled with collagen (yellow). However,
the collagen network has penetrated only to some parts of the SBSM block and not

throughout the whole structure.

Figure 17. Microscopic pictures of freeze-dried SBSM with 0.01 % (w/v) ribo-
flavin-stained collagen network pre-treated in ultrasonic bath with A) 12.5x
magnification and B) 22x magnification.
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When comparing the penetration of the collagen network into the SBSM block and gran-
ula, there is a clear difference. Figure 18 represents SBSM granula samples where col-
lagen network can be seen as shiny and gel-like structure inside the material. The colla-
gen network has penetrated inside the SBSM granula better compared to the SBSM

block, where the collagen network is mostly on the outer parts of the SBSM.

Figure 18. Microscopic pictures of SBSM granula with 3 wt% collagen network
penetrated inside, where A) 12x magnification and B) 22.5x magnification.

Figure 19 represents a close-up picture of the successfully developed SBSM granula
with collagen and bioactive molecule. The penetration of the collagen network has been
successful into the SBSM granula. This supports the findings from the microscopic pic-
tures where collagen network was shown to have a better penetration inside SBSM gran-
ula compared to the block. However, there are differences in the prepared SBSM sam-
ples. Sample with chitosan (left A) has bigger pore size compared to the reference sam-
ple without chitosan (right A). Additionally, the structure is less compact, and granules
are starting to disintegrate when moving the sample. Sample frozen with dry ice (left B)
has a more similar structure to the reference sample (right B).

Figure 19. A) SBSM granula with 3 wt% collagen and chitosan (left) in com-
parison to a reference sample with SBSM with 5 wt% collagen frozen with
dry ice. B) SBSM granula with 3 wt% collagen frozen with dry ice com-
pared to the same reference sample as in A).
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5.1.3 Collagenase assay for the evaluation of the resistance of

collagen against enzymatic degradation

Functionalization of the SBSM included the addition of a collagen network. The colla-
genase assay was used to as a characterization method for the collagen network to
evaluate the resistance of collagen against enzymatic degradation by collagenase in vitro
and to find out the most suitable collagen concentration for the application. The proper-
ties of the collagen network were analyzed separately from the SBSM composite, thus
referring to it as collagen fleece in the text. Differences in the enzymatic degradation with
different concentrations and freezing methods of collagen were compared and those pa-
rameters thereby optimized. This was done through the evaluation of the mass loss of
the samples due to the digestion of collagenase. Figure 20 represents the mean and
standard deviation of the mass loss of the collagen fleece samples due to collagenase
(n=3) and due to TESCA buffer (n=3).

5 wt% 5 wt% 7 wt% 3 wt%
collagen collagen collagen collagen
fleece fleece (dry ice) fleece fleece
O T T T
-10
-20
-30
—_ Collagenase mass loss
X -40
0 B Mass loss TESCA Puffer
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I
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Figure 20. Mass loss of collagen fleece samples during enzymatic degrada-
tion by collagenase in vitro.

The mass loss values for each mean with standard deviations are shown in table 10.
The highest mass loss due to collagenase was seen for the sample with 3 wt% collagen
concentration (mass loss 23.4% * 3.2) and the lowest mass loss for the sample with 5
wt% collagen frozen with dry ice (mass loss only 9.3% + 2.4). There was a clear differ-

ence in mass loss between samples with same concentration (5 wt%) but with different
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freezing methods: the sample frozen with dry ice had noticeably smaller mass loss.
There was only a small difference between mass loss of samples with collagen concen-

trations of 5 wt% (mass loss 16.0 %) and 7 wt% (mass loss 16.3 %) due to collagenase.

Table 10. Mean values of collagen fleece mass loss due to collagenase
and TESCA buffer with standard deviations.

5 wt% 5 wt% 7 wt% 3 wt%
collagen collagen dry ice collagen collagen
Total mass loss (%) -43.37 -42.59 -49.31 -72.18
Mass loss TESCA -27.09 -33.32 -37.22 -48.74
buffer (%)
Mass loss colla- -15.99 -9.27 -16.28 -23.45
genase (%)
Standard deviation 9.76 2.36 5.34 3.20
(collagenase)
Standard deviation 6.74 2.55 1.60 3.01
(TESCA buffer)

5.1.4 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to evaluate the denaturation temper-
ature of collagen and to characterize the collagen network further. This was done for the
collagen fleece samples without the SBSM. Denaturation temperatures were measured
for six different samples seen in figure 21. The difference in denaturation temperatures
between 5 wt% collagen suspension frozen with or without dry ice was small or not de-
tectable (0.5 °C). Meanwhile, the difference between 1 wt% collagen fleece samples with
pH-value of 1.0 and 7.0 is different. The sample with pH 2.5 has a lower denaturation
temperature (106.7 °C) compared to the sample in neutral pH (111.6 °C). When hyalu-
ronic acid was added to 7 wt% collagen sample, the denaturation was slightly higher

(122.8 °C) compared to 7 wt% collagen sample without hyaluronic acid (119.6 °C).
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Figure 21. Denaturation temperatures (°C) of different collagen fleece sam-
ples measured with the DSC.

5.2 Functionalization of a synthetic bone substitute material

with bioactive molecules

5.2.1 Polyelectrolyte multilayer deposition

Polyelectrolyte multilayer (PEM) deposition was used as a method to incorporate bioac-
tive molecules, including hyaluronic acid and chitosan to the synthetic bone substitute
material. The method utilized an alternative pipetting of the negatively charged (hyalu-
ronic acid) and positively charged (chitosan) polyelectrolyte solutions, resulting in the
adsorption of the solutions to the SBSM due to their electrostatic interactions because of
their opposite charges. As a proof-of-concept, the PEM deposition was first conducted
on Si-Wafers with and without activation layer of PEI before the deposition on the SBSM.
The samples were analyzed by the project partner (NMI) by ellipsometry with a spectral
range of 450 - 850 nm to detect the thickness of the PEM layers (table 12). The effect of
PEI activation layer was seen with the noticeably thicker PEM layer deposition (18.1 nm
t 7.4) with PEI compared to the thickness without PEI (10.9 nm £ 3.8). The standard
deviation was high, especially for the sample with PEI activation layer. The PEM depo-
sition on Si-Wafers as a proof-of-concept showed that activation layer with PEI increases

the thickness of the PEM film and the amount of polymer adsorbed in the film.
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Table 11. Thickness of the deposited PEM on Si-Wafer with and without
PEI activation layer.

Sample Thickness (average) Standard deviation
Si-Wafer without PEI 10.9 nm 3.8
Si-Wafer with PEI 18.1 nm 7.3

After the proof of concept and successful deposition of polyelectrolytes on the Si-Wafers,
the PEM deposition was conducted on the SBSM granula with fluorescein labeled hya-
luronic acid as one of the polyelectrolyte solutions. The aim was to confirm the success
of the PEM deposition on the SBSM. Figure 22 represents fluorescence microscope pic-
tures of SBSM granula with fluorescein labeled hyaluronic acid as one of the deposited
polyelectrolytes. The pictures were taken by the project partner at the NMI. Fluorescence
microscope utilizes the light emission by materials and molecules that have absorbed
light. The PEM deposition on the SBSM was successful which is seen as the light green
color on the pictures. The difference between SBSM samples with and without activation
layer of PEIl is small. The sample without PEI seems slightly darker, with less fluorescein

labeled hyaluronic acid, and therefore not as much fluorescence.

Figure 22. Fluorescence microscope pictures (5 x, 40 ms, 100 ms) of SBSM
after polyelectrolyte multilayer deposition with chitosan and fluorescein la-
beled hyaluronic acid polyelectrolyte solutions A) without activation layer of
PEI and B) with activation layer of PEI.
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5.2.2 Stability of a synthetic bone substitute material during

polyelectrolyte multilayer deposition

Stability studies were conducted in Na-acetate buffer to simulate the conditions during
PEM coating process. The aim was to analyze the possible changes in pH and conduc-
tivity by immersing samples in Na-acetate buffer. High rise in pH could potentially affect
the conformity of the polyelectrolyte layers. Further the stability of the materials during
the PEM coating process should be assessed. The pH-values of the buffer were meas-
ured (figure 23), where conditions are shown as mean values (n=3) with error bars as
standard deviation for SBSM blocks (experiment 1 and 2) and as mean values (n=3) with
error bars as standard deviation for other samples. The highest increase in pH was for
the samples with only SBSM blocks (experiments 1 and 2). Samples with collagen had
a sharp increase in pH already during the first 10 min but stayed rather stable until the

rest of the experiment. There was no difference between samples with SBSM block or

granula.
12
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Figure 23. Changes in pH of Na-acetate buffer during a 200 min immersion of
SBSM blocks from two parallel experiments, SBSM blocks with 7 wt% col-
lagen, SBSM granula with 7 wt% collagen and SBSM blocks with 3 wt%
collagen.

Beside the pH-value, also the conductivity of the Na-acetate buffer was measured, (fig-

ure 24), where conditions are shown as mean values (n=3) with error bars as standard
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deviation for SBSM blocks (experiment 1 and 2) and as mean values (n=3) with error
bars as standard deviation for other samples. There was a clear rise in the conductivity
of the buffer with SBSM block or granula with collagen network already during the first
10 min of immersion while the conductivity of the buffer stays more stable the whole time
for the tubes with only SBSM blocks. When comparing the conductivity changes, there
was a clear difference between the conductivity of SBSM blocks with 3 wt% collagen (<
3500 pS/cm) and SBSM blocks with 7 wt% collagen (< 6500 pS/cm). Also, the difference
between the conductivity in tube with SBSM block with collagen compared to the tubes
with only SBSM blocks was big in the end of the immersion (> 6000 pS/cm vs. < 1000
pS/cm). The SBSM granula with 7 wt% collagen had a slower increase in conductivity
compared to the SBSM block with 7 wt% collagen. There was also a noticeable differ-
ence in conductivity between the SBSM block with collagen and with the SBSM granula
with collagen (over 6000 uS/cm vs 4000 uS/cm). The small change in the conductivity

for the SBSM blocks (experiment 1 and 2) was within 10 min from the beginning of the

immersion.
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Figure 24. Changes in conductivity of the Na-acetate buffer during a 200 min

immersion of SBS blocks from two different experiments, SBS blocks with

7 wt% collagen, SBS granula with 7 wt% collagen and SBS blocks with 3
wt% collagen.

Mass loss of samples are summarized in appendix C. In general, the mass loss of SBSM
blocks during a 200 min of immersion was small or not detectable (less than 1%). On the

other hand, the mass loss for the SBSM blocks with 7 wt% collagen suspension was
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slightly higher (4 — 8 %) and for SBSM granula with 7 wt% collagen too (4 — 5 %). There
was no big difference between the mass loss of SBSM block with collagen compared to
the SBSM granula with collagen. The changes in the collagen network of the SBSM

block and granula were also analyzed with a microscope.

5.3 Invitro degradation in Hanks’ Balanced Salt Solution

In vitro degradation studies for different combinations of SBSM, collagen and bioactive
molecule was performed in Hanks’ Balanced Salts Solution (HBSS). The complete data
from the degradation study can be found in appendix D. Changes in the pH-values of
HBSS were measured (figure 25). Each condition was performed with three parallel sam-
ples (n=3), in the diagram the mean value and the error are stated as the standard devi-
ation of these parallel samples. The highest increase in pH was for SBSM blocks (up to
8.64 £ 0.04) while all the other samples included collagen network and experienced a
slow decrease of the pH-values. For the samples with SBSM granula + collagen (dry ice)
and SBSM granula + collagen + the change in pH was smaller for the first seven days
compared to the other samples. The lowest pH in the end was for the samples with

hyaluronic acid.
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Figure 25. Changes in pH for 28 days immersion of SBSM in HBSS.
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To get a better understanding of what happens directly after the samples are put in
HBSS, figure 26 represents the first seven hours of immersion. There was a big drop in
pH for collagen fleece already within the first 30 min (from 7.42 £ 0.0 to 7.07 £ 0.01). The
smallest change in pH during the first 7 hours was for the sample with SBSM + collagen
+ hyaluronic acid (from 7.42 to 7.46). Samples with 3 wt% collagen with hyaluronic acid

or dry ice have the steadiest pH throughout the first seven hours of immersion.
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6.7 collagen + HA
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0 2 4 6
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Figure 26. Changes in pH for 7 hours immersion of SBSM in HBSS.

Changes of the conductivity of HBSS were measured (figure 27). The highest increase
in conductivity was shown for the solution with only collagen fleece sample. The standard
deviation was also high for these samples. The conductivity was shown to be higher for
the samples with higher collagen concentrations compared to the lower concentrations.

The lowest conductivity was shown for the SBSM block sample with no collagen network.
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Figure 27. Changes in conductivity for 28 days immersion of SBSM in HBSS.

To better observe what happens when the samples are putin HBSS, figure 28 represents

the first seven hours of immersion. Collagen fleece samples had a fast increase of the
conductivity from 14 600 uS/cm £ 0.0 to 16 900 pS/cm = 111 (+2 420 yS/cm) compared
to sample with SBSM + collagen + HA from 14 600 uS/cm £ 0.0 to 15 300 pS/cm £ 379

(+738 uS/cm) during that time.
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Figure 28. Changes in conductivity for 7 hours immersion of SBSM in HBSS.
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The mass loss of samples with different combinations was analyzed and then the mean
values (n = 3) were displayed (figure 29). The standard deviation of the samples is very
high. The biggest mass loss was seen for collagen fleece samples, which had degraded
fully in the solution already after 7 days of immersion. The smallest mass loss was seen
for the SBSM block sample with collagen (-11.8 % + 0.72).
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Figure 29. Mass loss (%) of SBSM for 28 days immersion in HBSS.

5.3.1 Microscopic analysis of the in vitro degradation samples

Microscopic analysis was done for the HBSS samples to observe changes in the shape
before and after the immersion. Additionally, to observe the disintegration of the collagen
network from the SBSM. Figure 30 represents the collagen fleece stained with riboflavin
before and after of 6 h immersion in HBSS. The collagen fleece has lost its porosity and

has shrunk into a dense and stiff material.
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Figure 30. Microscopic pictures of collagen fleece labelled with riboflavin A)
before and B) after 6h of immersion in HBSS with 12x magnification.

Figure 31 represents a freeze-dried SBSM block with collagen network labelled with ri-
boflavin before and after 7 days immersion in HBSS. The collagen network around the
SBSM has disintegrated into the HBSS solution and there is only a small layer visible in
the corner of the SBSM block.

Figure 31. Microscopic pictures of SBSM block with collagen network A) be-
fore and B) after 7 d of immersion in HBSS with 12x magnification.

Figure 32 represents a freeze-dried SBSM granula sample with collagen network before
and after 7 days of immersion in HBSS. The SBSM sample is still sticking together and
the collagen has not completely disintegrated from the structure, because this would lead

to the breakage of the structure.
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Figure 32. Microscopic pictures of the SBSM granula with collagen network A)
before and B) after 7d of immersion in HBSS with 12x magnification.

5.4 Usability studies

A pretrial experiment was conducted for samples before conducting a usability study for
participants. The results from the pretrial (n = 1) are shown in table 13. From the results
of the proof-of concept, samples were picked for the usability study. The highest grades
were given to sample 1 with SBSM, 5 wt% collagen and sample 7 with SBSM, 5 wt%
collagen and hyaluronic acid frozen with dry ice. The lowest score was given to sample
3 with SBSM 3 wt% collagen and kappa carrageenan and sample 5 with SBSM and 3

wt% collagen. They were both particularly unstable during the 2™ hydration.

Table 12. Results from pretrial of usability study, where col. = collagen, CS
= chondroitin sulfate, KC = kappa carrageenan, HA = hyaluronic acid,
Chi = chitosan and DI = dry ice freezing.

‘Sample1 ‘Samplez Sample3 Sample4 Sample5 Sample6 Sample?7

Sample SBSM + 5| SBSM + 3 | SBSM + 3 | SBSM + 5 SBSM + 5 SBSM + 7 SBSM + 5
wt% col. wt% col. + | wt% col. + | wt% col. wt% col. wt% col. wt% col. +

CS KC (DI) HA (DI)
Appearance

Pressure

Moldability

sistency

Con- ‘
Coherency ‘

2nd hydra-
tion

Overall
experience

Average ‘
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Usability study for the performance of different combinations of SBSM granula, collagen
and bioactive molecules was conducted in dry and hydrated stage. The results are pre-

sented as a mean value with standard deviation as error from 5 participants in table 14.
Table 13. Results of usability study given as average from five partici-
pants, where reference sample is a commercial SBSM, col. = collagen,

HA = hyaluronic acid, Chi = chitosan and DI = dry ice freezing. The varia-
tion is shown as standard deviation (4).

ence

Sample SBSM + 5 SBSM + 5 SBSM + 5| SBSM + 3 | SBSM + 5 SBSM + 3 SBSM + 7
wt% col. wt% col. wt% col. + | wt% col. + | wt% col. wt% col. wt% col.
(commer- HA (DI)

cial)
Appearance

Refer- ‘ Sample1 Sample2 | Sample3 Sample4 Sample5 Sample 6

Pressure

Moldability

Con-
sistency

Coherency

2nd hydra-
tion

Overall
experience

Average

The highest grades were given to sample 2 with SBSM, 5 wt% collagen and hyaluronic
acid frozen with dry ice and sample 4 with SBSM, 5 wt% collagen frozen with dry ice.
Both samples had an average higher than 4. Especially in the sample 2, the standard
deviation was seen to be rather small. When comparing sample 2 and 4 to the reference
sample, they have a much higher grading regarding consistency and coherency. Also,
the moldability was better for samples 2 and 4 compared to the reference sample. In
general, the lowest grade was given to sample 3 with SBSM, 3 wt% collagen and chi-
tosan and sample 5 with SBSM and 3 wt% collagen. Both had an average lower than 3.
Especially moldability and coherency of these two samples was relatively lower than the
reference sample. The highest variation was shown to be with the reference sample
(3.43/5 £0.99).

Figure 33 represents the analyzed samples before and after hydration in DM-water for 2
min. Reference sample has kept its shape and became stickier and moldable after hy-
dration (B reference). Samples 1, 2 and 4 are comparable to the properties of reference

sample, and especially 2 and 4 had excellent handling properties after hydration. Both
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were sticky and held together nicely. Samples 3 and 6 had the least consistent shape
after hydration and did not hold their shape as well as other samples. In sample 6, there

were some visible collagen “granules” disintegrating from the SBSM structure.

N ’ \ B N s
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Figure 33. SBSM samples A) before B) after hydration in DM-water for 2 min,
where reference sample is made from SBSM granula and 5% collagen, 1)
5 wt% collagen and SBSM granula, 2) 5 wt% collagen, SBSM granula and
hyaluronic acid frozen with dry ice, 3) 3 wt% collagen, SBSM granula and
chitosan, 4) 5 wt% collagen and SBSM granula frozen with dry ice, 5) 5
wt% collagen with SBSM granula and 6) 7 wt% collagen with SBSM gran-
ula.
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6. DISCUSSION

6.1 Functionalization of a synthetic bone substitute material

with collagen network

6.1.1 Optimization of collagen dry weight

The challenge to aim a specific collagen concentration was due to the adjustment of the
pH of collagen suspension with TNP buffer. The initial calculations for collagen concen-
trations were based on collagen suspension which included only collagen paste and DM-
water, but no TNP buffer. TNP buffer is composed of Na*and PO4* salts that are left as
part of the dry weight of collagen after the drying and heating chamber. Therefore, before
modifying the calculations, the collagen concentration was lower than the equation gave
as a result. When optimizing the protocol to yield a 5 wt% collagen suspension, the actual

dry weight of collagen was calculated by removing the mass of TNP salts.

The matter of optimizing the collagen dry weight (concentration) is important to have
reliable results during the preparation process to know how much collagen is in the sus-
pension. For example, in the collagenase assay, the knowledge of exact amount of col-
lagen is important as the amount of added collagenase is based on the weight of collagen
fleece. If one sample were to contain a higher concentration of collagen, it would have
also more TNP salts, thus a higher weight. Therefore, more collagenase would be added
even though the amount of collagen has not changed. This might result in higher degra-
dation due to collagenase. Additionally, the collagen concentration affects the release of
TNP salts into HBSS and Na-acetate buffer, which has shown to influence the stability
of SBSMs (chapter 5.3). The importance of the actual collagen concentration is also re-
lated to having a reproducible method to prepare collagen solutions with specific
amounts of collagen. If the weight of TNP salts is not removed from the dry weight, the
actual collagen concentration is smaller. In the future, the possible mass production of
SBSM with collagen network could experience issues if the collagen concentration cal-
culations are not reproducible. Meeting specifications in the technical documentation of
eventual developed products could be a challenge. Also, it is crucial for the future cus-

tomers to be aware of the materials and their concentrations in the product.

The new optimized method to calculate the collagen concentration by considering the

mass of the TNP buffer enables the preparation of collagen suspensions with desired
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concentration without the need to confirm the dry weight of collagen after each prepara-
tion. Furthermore, with the optimized method, there is no risk of preparing collagen sus-
pensions of too high or low concentrations which might not be suitable for the desired
properties of scaffolds. For example, SBSM with low collagen concentrations (3 wt%)
have shown less stability in hydrated stage compared to SBSMs with higher concentra-
tions (4 wt%) (chapter 5.4). Collagen content and concentration could potentially be an-
alyzed through colorimetric-based hydroxyproline assay which uses a spectrophotomet-
ric technique to estimate the total amount of collagen based on the hydroxyproline con-

tent in tissues (Samuel, 2009).

6.1.2 Microscopic analysis

Microscopic analysis was conducted for the freeze-dried SBSM block and granula with
collagen network. When the collagen was stained with riboflavin, it was easier to observe
the collagen network on the SBSM blocks because of the yellow color of riboflavin. By
pre-treating the SBSM blocks in ultrasonic bath or hydration in DM-water, the collagen
network penetrated slightly inside the blocks compared to the non-treated blocks. Espe-
cially with the ultrasonic bath treatment, it was visible that there were pores filled with
riboflavin-stained collagen. During the ultrasonic bath treatment, the air in the pores is
removed and allows the collagen suspension to fill the pores. Later, during the freeze-

drying process, the collagen network is created.

Despite the pre-treatment of SBSM blocks, the penetration of collagen network was weak
and the collagen was seen mostly only on the surface of the SBSM block. In comparison,
the SBSM granula with collagen network showed more penetration of collagen inside the
SBSM composite. Therefore, samples with SBSM granula have greater potential to be
combined with collagen network because the collagen network penetrates better and is
thus released more steadily from the SBSM granula samples during degradation in the
defect site (chapter 5.3). The SBSM granula composites would also be better for the
indication of the product. For the application of SBSM with collagen network, samples
made from SBSM granula are softer and easily moldable because of the distribution of
collagen network inside the SBSM. In comparison, the SBSM block is hard, thus incon-

venient in the application to a defect site in mouth (chapter 5.4).

6.1.3 Collagenase assay

Collagenase assay was used to evaluate the resistance of collagen against enzymatic

degradation by collagenase in vitro. The specialty of collagenase is that it cleaves the
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triple helix of collagen and hydrolyzes the peptide bonds of collagen into small fragments.
Collagenase has an important role in tissue remodeling, where it can influence the en-
dothelial cell function positively (Cui et al., 2017). In the collagenase assay experiment,
the highest degradation, thus mass loss, was seen for the sample with the lowest colla-
gen concentration. This could potentially be due to the structural difference (less dense),

leaving collagen more accessible for the collagenase to digest.

The mass loss for sample frozen fast with dry ice down to -80°C was almost half com-
pared to the sample frozen slowly with freezer down to -18°C. This would indicate that
the freezing method affects the stability of collagen against enzymatic degradation. This
could be because the fast-freezing method affects the macrostructure of the collagen,
especially to the hydrogen bonds. When the macrostructure is altered, the pore size
changes and makes the collagen more accessible. Collagen is a heterogeneous mole-
cule where the different sequences control the local conformation around the twisting
axis of collagen. The conformations of collagen can vary and have different biological
functions. Therefore, the low temperature associated with freezing with dry ice can affect
the conformations of collagen by changing the ratios of different collagen conformations

and potentially making the stable conformations more abundant (Fields et al., 2017).

The collagenase assay was only done for four different samples and more experiments
would need to be executed to establish a protocol for the enzymatic degradation exper-
iments. The assay was done in TESCA buffer which meant that a big part of the mass
loss was due to the degradation in TESCA buffer. The challenge came also from the light
weight of samples (less than 10 mg), which required precise scale and working methods.
Overall, the collagenase assay showed great potential in evaluating the enzymatic deg-
radation of collagen in vitro. It gave indications to further use dry ice as the freezing
method and supported the results from usability study, where samples with dry ice

showed the best performance.

6.1.4 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used as a characterization method to eval-
uate the denaturation temperature of collagen and to compare the effect of different col-
lagen concentrations, added bioactive molecules, pH, and freezing methods for the sta-
bility of collagen. The denaturation temperature is associated with atomic and molecular
motions of collagen, in addition to the energy related to bonds keeping the bond in folded
conformation. Therefore, when the energy or heat is high enough, the transition from
triple helix to a randomly coiled formation happens, the protein unfolds and denaturates
(Davidenko et al., 2010).
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There was only a small difference in the denaturation temperature of collagen samples
with and without dry ice. This would indicate that the fast-freezing method with dry ice
does not affect the thermal stability of collagen neither positively nor negatively. This is
beneficial information because the dry iced samples have shown better stability related
to the enzymatic degradation by collagenase, in the degradation studies in HBSS and in
the usability study. When comparing the samples with different pH, the collagen samples
in acidic environment seem to have lower denaturation temperatures. This is because
the internal interactions between amino acids in collagen molecule are altered in acidic
environment, thus reshaping the overall structure and stability of collagen (Changdao et
al., 2007). Therefore, collagen samples with neutral pH are more stable and potential for
this application. This also confirms that the pH adjustments of collagen suspension are

necessary to create more stable samples.

Addition of bioactive molecule, hyaluronic acid, increases the denaturation temperature
compared to the unmodified collagen samples. The carboxyl group of HA reacts with
both amino groups and hydroxyl groups of collagens which results in formation of ester
linkages and making collagen more stable. To further increase the thermal stability of
collagen, a method to cross-link HA with EDC/NHS to collagen could be investigated. It
has been shown that EDC/NHS cross-linking makes collagen stiffer and increases the
thermal stability (Pietrucha, 2005).

Even if there were no major differences in the denaturation temperatures, the results
from DSC measurements indicate that the dry ice freezing-method does not break the
collagen structure nor does the addition of hyaluronic acid. Therefore, these methods of
functionalization can be safely used to enhance the regenerative properties of SBSMs.
For this thesis project, the DSC measurements were done with dry samples. Some sci-
entific papers suggest that the denaturation temperatures and enthalpy of dry samples
are much higher than samples in aqueous solution. This could be explained by the dry
collagen molecules having more closely packed structure, which means that higher
amount of crystallization is needed to unfold the collagen molecules (Friess & Lee, 1996).
This information could be used for future studies to compare the denaturation tempera-
tures of dry and hydrated collagen fleeces. The possible source of error during the meas-
urement can rise from the preparation of collagen fleece samples inside the pan and lid.
Especially with the higher concentration samples, it was difficult to press the samples
evenly inside the pan and lid. This could lead to uneven distribution of heat flow inside

the samples, thus the results of denaturation temperature.
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6.2 Functionalization of a synthetic bone substitute material

with bioactive molecules

6.2.1 Polyelectrolyte multilayer deposition

PEM coating is a simple and efficient way to modify the surfaces of SBSM. It is important
to simulate the conditions of PEM coating to ensure that the SBSM can withstand the
environment it is exposed to during the deposition process. The pH plays a key role in
the stability because even small changes in pH can affect the growth mechanism, thick-
ness, and surface wettability of PE layers (Borges & Mano, 2014). Therefore, the sodium
acetate buffer was adjusted to pH 5.5. The increase in pH was smaller for SBSM blocks
or granula samples with collagen compared to only SBSM samples. When the SBSM
block or granula starts to degrade, it releases Ca?*, POs* and OH- ions, of which espe-
cially OH- ions increase the pH. The smaller increase in pH with SBSM blocks and col-
lagen could be because the collagen network around the SBSM block inhibits the contact

of the block with Na-acetate and the degradation of the block.

However, during the PEM deposition, the SBSM is not exposed to the sodium acetate
environment continuously for 200min but instead also exposed to hyaluronic acid and
chitosan PE solutions. The pH of PE solutions did not change during the PEM coating,
indicating that the SBSM is stable during the deposition. During the PEM coating, elec-
trostatic interactions between the carboxylate group (-COOQO") of hyaluronic acid and the
amine group (-NHs") of chitosan are the strongest at pH 5 because the ionization is at
their maximum. Therefore, the steady pH of 5.5 was crucial for the best results in PEM

deposition.

When analyzing the conductivity changes of sodium acetate buffer, there is a difference
between SBSM blocks with collagen and SBSM granula with collagen. This could be
because more collagen network is in contact with the sodium acetate buffer in the blocks
(outside of the block) than in the granula (distributed everywhere in the sample). There
was a clear rise in the conductivity of the buffer with SBSM block or granula with collagen
network in the beginning of immersion compared to only SBSM blocks. This could be
because in the preparation of the collagen suspension, more TNP buffer (thus, more
salts) was used to adjust the pH to 7. Therefore, during the immersion, there are more
ions in the buffer increasing the conductivity. This would also explain why the conductivity

is higher for higher collagen concentration samples.
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In addition to changes in pH and conductivity, the adsorption time can affect the success
of deposition. However, this is dependent on the PE solutions. For example, the thick-
ness of the bilayers was shown to be significantly higher when the deposition time was
increased from 5s to 300s for polyethylenimine and laponite clay, while the deposition
time had little or no affect for polyethylenimine and montmorillonite PEs (Yang et al.,
2010). Moreover, the activation layer of PEI can have an effect on the layer thickness.
The PEM deposition on Si-Wafers as a proof-of-concept showed that activation layer
with PEI increases the thickness of the PEM film and the amount of polymer adsorbed
in the film. PEI acts as an anchoring network for the following layers being deposited.
(Trybala et al., 2009) This could give reasoning to add PEI activation layer for the depo-
sition on SBSM.

PEM deposition is time-consuming and detailed work. Additionally, the lack of stability of
the collagen network during the PEM deposition creates challenges for the method. The
collagen structure collapses and dissolves to the solutions during the stability study in
sodium acetate buffer to simulate the PEM deposition environment (chapter 5.2.2).
Therefore, alternative pathway to incorporate hyaluronic acid and chitosan to the SBSM
was created by mixing the bioactive molecules directly into the collagen suspension dur-
ing the production steps. This will also reduce the manufacturing steps in the later pro-
duction of the prototype compared to the PEM coating process. For the possible future
production of the SBSM, it is important to create an efficient and easy way to combine
materials to create the product. PEM deposition might be more difficult to incorporate in

a big production site compared to mixing materials.

6.3 In vitro degradation in Hanks’ Balanced Salt Solution

Degradation studies in HBSS were conducted to analyze the stability of SBSM combina-
tions and to simulate how they would behave in the defect site. HBSS is an isotonic
solution that is used to maintain the osmolality and pH, and it contains essential salts to

simulate the physiological conditions of body fluids with pH 7.4.

It is important to know the changes for pH to determine whether the SBSM provides an
ideal environment for cells in the defect site. Also, because the SBSM composite sam-
ples are further studied for their biocompatibility and osteoblast growth. Overall, the pH
changed in all the solutions with SBSMs. The samples with only SBSM began to degrade
fast in the solution and release Ca?*, POs* and OH- ions, of which especially OH- ions
increased the pH. Other samples had been added with a collagen network and had a

rather stable decrease in pH. This would indicate that the addition of collagen network
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can be used to stabilize the SBSM. The samples with hyaluronic acid had the lowest pH
in the end of the experiment. This is because hyaluronic acid is acidic and decreases the
pH of HBSS. Also, the addition of hyaluronic acid seemed to increase the stability of
SBSM. HA can bind and retain water molecules and creates interconnected porous
structures when freeze-dried. This property of HA seems to fight against the degradation
HBSS. Based on the changes in pH, freezing method with dry ice in addition to hyaluronic
acid can help to stabilize the SBSM and overcome the challenges of CaP ceramics of

their too fast degradation.

Conductivity changed in all SBSM samples. The samples with only collagen fleece in-
creased the conductivity of HBSS the most. This could be because during the prepara-
tion process of collagen suspension, the pH was adjusted with TNP buffer, which in-
cludes Na* and PO.* salts. When the collagen fleece is exposed to the liquid environ-
ment of HBSS, the degradation begins and the ions are released into the solution, thus
increasing the conductivity rapidly. The same reason would explain why the conductivity
was higher for the samples with higher collagen concentration: the higher the collagen
concentration, the more buffer was used to adjust the pH in the processing steps. Addi-
tionally, conductivity is higher for SBSM block with collagen than for SBSM granula with
collagen. This could be because the collagen network was only on the outer parts of the
SBSM block and is in direct contact with HBSS compared to the SBSM granula that had
collagen network inside its structure. Based on the changes in conductivity, SBSM in a
form of granula possesses more stable characteristics than the block because the colla-

gen network has not penetrated inside the block but is only on the outer parts.

Mass loss of the samples was analyzed throughout the 28-day immersion. After 7 days,
the collagen fleece was completely degraded into HBSS which would indicate that it is
not stable alone in the fluidic environment. The smallest mass loss was experienced for
SBSM block with collagen which could be because the collagen network gets disinte-
grated fast, but the block is rather stable until the end. Higher mass loss was shown for
samples with granula than block. However, the mass loss study was not completely reli-
able because when the samples started to degrade, it was hard to take out all the re-
maining sample and weigh it because the sample was distributed into the solution. High

standard deviation indicated that the samples were spread out.

The penetration of collagen network is an important aspect that can affect the stability of
the samples. The microscopic analysis (chapter 5.1.2) showed how the collagen network
penetrated better inside the SBSM granula samples compared to SBSM blocks. There-

fore, granula was shown to have a steadier disintegration of collagen compared to SBSM
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block. This could be because the collagen network was able to penetrate inside the pores

and deeper into the sample.

6.4 Usability studies

The usability study simulated a real-life situation where the dentist would hydrate the
SBSM composite in the patient’s own blood or 0.9% saline solution before applying to
the defect area in mouth. The SBSM composites with collagen network and kappa-car-
rageenan or chondroitin sulfate were ruled out from the usability studies during the pre-
trial. Kappa-carrageenan is a water-soluble polysaccharide that is often used in biomed-
ical industry as an additive and stabilizer for its gelling properties (Khan et al., 2020).
Chondroitin sulfate is a natural polysaccharide in ECM of cartilage. It is commonly used
in bone tissue engineering for its anti-inflammatory properties (Li et al., 2021). For the
functionalization of SBSM, neither kappa-carrageenan nor chondroitin sulfate, showed
enough potential to be further investigated during the thesis. The problem with chon-
droitin sulfate is that it possesses rapid degradation rates that were not ideal in terms of
performance. Since neither of the samples showed to improve the performance of the

samples, they were ruled out for further studies.

The combination of SBSM with 5 wt% collagen frozen with dry ice was on average rated
to have the best performance. This would indicate that the functionalization of a SBSM
with collagen network and bioactive molecule increases its performance in dry and hy-
drated stage. Being one of the most hydroscopic bioactive molecules, hyaluronic acid
can store liquid and create viscous and sticky structures when it is hydrated in DM-water.
SBSM with hyaluronic acid are more easily moldable which helps the insertion to the
defect site because the material can evenly fill the whole area. However, for the future
production and delivery of the product, it is important to investigate the effect of steriliza-
tion in the SBSM, especially in hyaluronic acid. Hyaluronic acid is sensitive to gamma-
irradiation and can experience decrease in surface hydrophilicity, structural weakening,
and lower swelling capacity. (Srinivas & Ramamurthi, 2007). Furthermore, the freezing
method with dry ice increased the properties of SBSM with or without hyaluronic acid.
This could be because of the effect of dry ice in decreasing the size of macropores in
SBSM that play a crucial role in the stability of the material. On average, the worst grade
was given to SBSM sample with 3 wt% collagen and no bioactive molecules. This would
indicate that higher collagen concentration is needed to create SBSM with better perfor-
mance. Even in the dry state it was visible that the sample was not coherent or dense

and the granules were not holding together as well as with higher collagen concentration.
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The study did not completely simulate the real-life situation because normally the dentist
would hydrate the sample in either the patient blood or saline solution. Also, the hydration
time of 2 min can easily be too short if the dentist is for example talking to the patient,
thus making the hydration time longer. What was noticed in the study is that the SBSM
samples were disintegrated into the DM-water after 10 min, which means that it would
be difficult for the dentist to use the sample afterwards. For future studies, it would be
beneficial to test the performance of SBSM in saline solution instead of DM-water to see
the effect of salts in the hydration of the product. Additionally, the dentist is most likely
not going to have enough blood from the patient to hydrate the whole sample which could
potentially make it harder to mold. Therefore, it would be crucial to further improve the
performance of the sample to make it moldable and sticky even with smaller amount of
liquid. A solution for this could be to create a packaging for the SBSM which could be
used to pour saline solution in for hydrating the sample sufficiently. The first impression
of product is crucial and if the appearance or handling of the SBSM is difficult, it might

result in lower interest to purchase the product again.

Possible sources of error during the stability studies start from the preparation of different
samples. As an example, throughout the thesis work, the preparation of SBSM with col-
lagen improved as the methods evolved. In the beginning, the pressure used to create
SBSM and collagen samples in molds was smaller until the realization to use more pres-
sure and additional tools to create more dense samples. Also, the participants had dif-
ferent backgrounds that can affect the way to analyze the samples. There is always a
risk to misunderstand instructions given in the questionnaire. One aspect that was differ-
ent to a real-life case was the molding. In the study it was done with fingers but in real
life, the dentist is more likely to use a spatula or a specific spoon for the molding. Maybe
that could influence the moldability of the product. Additionally, if the defect is very small,
the dentist would be likely to cut the SBSM product in half, which is why it is important to

create homogeneous samples that does not break apart when cutting with surgical knife.

The usability study showed that the performance of SBSM composites is affected by
multiple things. When looking at the scope of the thesis, the aim was to enhance the
performance of SBSMs by functionalization. Even this early in the research stage, there
were already differences in the performance of SBSM composite samples. To support
the findings from the usability study, it would be beneficial to examine the regenerative
properties by means of a co-culture of osteoblasts and endothelial cells on the developed

composites.
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7. CONCLUSIONS

Bone tissue remains as the second most common transplant type in the world. To ad-
dress the need for bone grafts, new methods have been established to develop safe
solutions to patients. The advantage of synthetic materials lies on their osteoconductive
properties and cost-effectiveness, which makes them attractive alternatives to auto-
grafts. The development of biomimetic structures could be improved through functional-
ization of SBSMs.

In this thesis, the functionalization of SBSM was shown to be an efficient way to improve
the performance of SBSM for BTE applications. Functionalization of calcium phosphate
ceramics with both, collagen, and hyaluronic acid, has shown to play a key role in the
formation of stable scaffolds to support bone tissue regeneration. Successful develop-
ment of two separate methods for the preparation of SBSM with collagen were estab-
lished. The mixing of collagen and bioactive molecules into the SBSM was shown to be
more efficient compared to the polyelectrolyte multilayer deposition. Additionally, the use
of SBSM granula over SBSM block was proven through microscopic studies that showed
greater penetration of the collagen network inside the SBSM granula compared to the
SBSM block. The SBSM granula created moldable products that fulfilled the require-
ments for the handling in dental applications, while the SBSM block did not.

The degradation studies in HBSS and the usability study showed that SBSM composites
with collagen and hyaluronic acid frozen with dry ice, seemed to have the steadiest deg-
radation rates and the best performance in dry and hydrated stage regarding handling,
usability and stability of the samples. Moreover, the characterization of the collagen net-
work supported that the best resistance against enzymatic degradation in vitro by colla-
genase was seen for the collagen samples frozen with the dry ice. All together, these
materials could create a biocompatible material with better osteoconductivity and en-
hanced regenerative properties that offer new opportunities in the field of bone tissue

engineering.

The most promising method for the functionalization of a SBSM included a 5 wt% colla-
gen network, hyaluronic acid and dry ice — freezing. Additionally, the usability studies
showed that the combination of a SBSM with 5 wt% collagen network frozen with dry ice
had similar performance to the sample with the additional hyaluronic acid. Through usa-
bility study, the most promising prototypes could be selected for further biocompatibility

studies.
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APPENDIX A: PROTOCOL FOR THE
PREPARATION OF HANKS’ BALANCED SALT
SOLUTION

Preparation of HBSS is based on preparation instructions by Sigma-Aldrich (Hanks,
1976). In total, 1 L of solution was prepared by first measuring 90% of the final required
volume of DM-water (temperature 15-20°C) into a beaker and adding one package of
powdered Hanks’ salt medium (table 15) while stirring on a magnetic stirrer. After, 0.35g
of sodium bicarbonate was added and the pH was measured to be 7.39 (desired range
7.0-7.4). Differing from the instructions, the solution was not filtered because it did not
have to be sterile for the experiment. Remaining DM-water was added to bring the solu-
tion to final volume. HBSS was stored in the fridge at 2-8 °C in blue cap bottle for 1 day

before using it.

Table 14. Components of Hanks’ Balanced Salt Solution.

Component CaCl; MgSO, KCI KH2POs NaCl Naz:HPO, D-Glu-

cose
Concentration | 0.1396 0.09767 | 0.4 0.06 g/L | 8.0g/L | 0.04788 1.0g/L
g/L g/L g/L g/L
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APPENDIX B: USABILITY STUDY
QUESTIONNAIRE

Performance of combination of maxresorb® granula, collagen and bi-
oactive molecule in hydrated stage

Noora Haapalainen

27.05.2021



Consent Form

Name of the participant

Experience

Signature

71

At least 2 years of experience in Clinical Application

At least 2 years of experience in R&D for bone substitute materi-
als

At least 2 years of experience in Product Management

Other:

| confirm with my signature that | have filled the form and per-
formed the test independently and without any influence by
third parties.

Date / Place / Signature



Instructions:

You are given 6 samples composed of different combinations of maxresorb® granula, collagen
and bioactive molecules. Additionally, you are given a flexbone sample, composed of maxre-
sorb® granula and 5 wt% collagen suspension, as reference. The samples are placed in separate
wells on 12-well-plate and hydrated with DM-water for 2min. This is to simulate the application
of the product when a dentist would hydrate the sample in saline solution or patient’s blood
before applying to the defect site.

Your task is to evaluate the samples based on criteria ranging from 1-5 in comparison to the
flexbone sample. Additional feedback can be left on the “comments” - section below the grading

system.

Excellent
Good
Average
Fair

= N W b U

Poor

Study begins here.

1. Appearance. Before hydrating the sample, how would you analyze the appearance of the
sample in dry state? Is the sample consistent and compact or is it already broken / are the gran-
ules separating from the sample? Rate from 1-5, where 5 = consistent, homogeneous, and com-
pact structure while 1 = completely broken and/or separating granules.

Comments

Sample Grade
Flexbone 1 2
Sample 1 1 2
Sample 2 1 2
Sample 3 1 2
Sample 4 1 2
Sample 5 1 2
Sample 6 1 2
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2. Applied pressure. After hydrating the sample, try lifting the samples from the wells with a
pair of tweezers. How much pressure is applied to the sample regarding the softness / toughness
of the sample? Rate from 1-5, where 5 = high pressure = the sample does not compress from
the force applied and 1 = no pressure = the sample is soft and compresses without additional
force applied with tweezers.

Sample Grade Comments
1 no pressure - 5 high pressure
Flexbone 1 2 3 4 5
Sample 1 1 2 3 4 5
Sample 2 1 2 3 4 5
Sample 3 1 2 3 4 5
Sample 4 1 2 3 4 5
Sample 5 1 2 3 4 5
Sample 6 1 2 3 4 5

3. Moldability. Shape the sample into “ball-shape” with your fingers. How is the moldability?

Sample Grade Comments
1 poor 5 excellent
Flexbone 1 2 3 4 5
Sample 1 1 2 3 4 5
Sample 2 1 2 3 4 5
Sample 3 1 2 3 4 5
Sample 4 1 2 3 4 5
Sample 5 1 2 3 4 5
Sample 6 1 2 3 4 5
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4. Consistency. When the sample has been molded into a ball-shape, how would you evaluate

the consistency, i.e., does the ball shape hold its shape well when moving the structure with

fingers?
Sample Grade Comments
1 poor 5 excellent
Flexbone 1 2 4 5
Sample 1 1 2 4 5
Sample 2 1 2 4 5
Sample 3 1 2 4 5
Sample 4 1 2 4 5
Sample 5 1 2 4 5
Sample 6 1 2 4 5

5. Coherency. When the sample has been molded into a ball-shape, how would you evaluate

the coherency, i.e., how well are the granules sticking together?

Sample Grade Comments
1 poor 5 excellent
Flexbone 1 2 4 5
Sample 1 1 2 4 5
Sample 2 1 2 4 5
Sample 3 1 2 4 5
Sample 4 1 2 4 5
Sample 5 1 2 4 5
Sample 6 1 2 4 5
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6. Second hydration. Place the samples one by one back to the wells with DM-water and try to

immediately lift the samples up with tweezers. How well is the sample holding together?

Sample Grade Comments
1 poor 5 excellent
Flexbone 1 2 3 4 5
Sample 1 1 2 3 4 5
Sample 2 1 2 3 4 5
Sample 3 1 2 3 4 5
Sample 4 1 2 3 4 5
Sample 5 1 2 3 4 5
Sample 6 1 2 3 4 5

7. Overall experience. How satisfied are you with handling of the sample in general? What
would you change to give one grade better for the samples? You can leave comments to the
comments section.

5 Very satisfied

4 Satisfied

3 Fair

2 Dissatisfied

1 Very dissatisfied
Sample Grade Comments
Flexbone 1 2 3 4 5
Sample 1 1 2 3 4 5
Sample 2 1 2 3 4 5
Sample 3 1 2 3 4 5
Sample 4 1 2 3 4 5
Sample 5 1 2 3 4 5
Sample 6 1 2 3 4 5
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7. Additional thoughts. Did anything particular stand out in any of the samples? Please share

your thoughts or ideas in the comment box below.

Sample

Comments

Flexbone

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

The study ends here.

Thank you for your participation!
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APPENDIX C: RESULTS FROM THE STABILITY
STUDIES IN SODIUM ACETATE BUFFER

Table 15. Summary of the mass loss of samples during immersion in Na-acetate buffer for
200 min.

Mass before im- Mass after immersion (mg) Mass loss (%)

mersion (mg)

SBSM block 1 (experiment 1) 238.9
SBSM block 2 (experiment 1) 240.5 238.5 0.83
SBSM block 3 (experiment 1) 283.3 282 0.46
SBSM block 4 (experiment 1) 259.6 257.8 0.69
SBSM block 5 (experiment 1) 272.8 2711.7 0.40
SBSM block 6 (experiment 1) 237.7 236.2 0.63
SBSM block 7 (experiment 2) 286.1 284.7 0.49
SBSM block 8 (experiment 2) 257.3 256.9 0.16
SBSM block 9 (experiment 2) 2311 230.2 0.39
SBSM block 10 (experiment 2) 250.6 249.9 0.28
SBSM block 11 (experiment 2) 198.6 197.4 0.60
SBSM block 12 (experiment 2) 266.1 265.2 0.34
SBSM block 13, 7 wt% col. 285.9 272.3 476
SBSM block 14, 7 wt% col. 292.7 280.5 4.16
SBSM block 15, 3 wt% col. 299.7 282.4 5.77
SBSM block 16, 3 wt% col. 309.9 285.7 7.81
SBSM granula, 7 wt% col. 525 500 4.76
SBSM granula, 7 wt% col. 472 452.2 4.19




78

Table 16. Summary of changes in conductivity of Na-acetate buffer during 200 min immer-
sion as mean (n=3) for SBSM blocks (experiments 1 and 2) and mean (n=2) for other samples
with standard deviation as error.

SBSM SBSM SBSM gran- SBSM SBSM
blocks, blocks, ula with 7 wt% blocks with 7 blocks with 3
experiment = experiment collagen wt% collagen wt% collagen

458.76 + 490.40 463.76 453.756 + 490.40+0

6.96 0 7.07 7.07
1 472.32 £ 480.27 737.16 1915.78 + 1099.70 +
10.55 6.04 10.72 14.14 257.22
10 559.75 + 564.20 + 1727.80 + 5278.17 3132.46
14.11 8.53 121.11 70.71 411.71
20 598.32 + 590.34 + 2320.57 + 5777.54 + 3403.60
22.15 9.55 89.72 72.54 243.89
60 663.51 + 607.67 3003.18 + 6217.09 + 3471.45
75.22 2.24 7211 64.82 178.63
12 675.89 + 607.67 + 4077.96 + 6666.98 + 3516.04 +
0 73.51 5.70 100.22 62.4 178.65
20 708.06 + 629.42 + 4623.27 + 6744.54 + 3508.31 +
0 72.61 11.69 4.23 32.35 191.72

Table 17. Summary of changes in pH of Na-acetate buffer during 200 min immersion
shown as mean (n=3) for SBSM blocks (experiments 1 and 2) and mean (n=2) for other
samples with standard deviation as error.

Ti SBSM SBSM SBSM gran- SBSM SBSM
me blocks, blocks, ula with 7 wt% blocks with 7 blocks with 3
experiment  experiment collagen wt% collagen wt% collagen
1 2
0 544+0 544+0 544 +0 5440 544 +0
1 552 ¢ 551+ 6.88+£0.13 7.07 £0.02 6.99 + 0.05
0.01 0.02
10 6.17 + 6.13 = 7.09 £ 0.00 7.09 + 0.05 7.19+0.02
0.04 0.03
20 6.48 + 6.39 + 7.1+£0.01 7.08 £ 0.02 7.2+0.04
0.05 0.08
60 6.77 + 6.80 + 7.12+0.09 7.1+ 0.01 7.23 £ 0.05
0.04 0.07
120 7.22 7.27 + 7.13+£0.08 7.09 £ 0.02 7.23+£0.01
0.03 0.09
200 10.14 9.54 + 7.1+£0.02 7.08 £ 0.08 7.26 + 0.03
0.11 0.42
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APPENDIX D: RESULTS FROM DEGRADATION
STUDIES IN HBSS

Table 18. Changes in conductivity during the degradation studies in HBSS
shown as average (n=3) and standard deviation.

Time (h) / SBSM SBSM SBSM SBSM 7 wt%
conduc- granula + 7 granula + 7 granula granula+ 3 col.
tivity wt% col. wt% col. + + 3 wt% wt% col. +

(uS/cm) HA + Chi col. (DI) HA

0 14575.3 14575.3 | 14575.3 14575.3 14575.3 | 14575.3 14575.3
0.5 14693.5 15037.8 | 15178.2 14984.0 15101.2 | 15154.1 16063.1
1 14974.4 15425.0 | 15346.1 15200.6 15073.3 | 15166.1 16421.6
3 15407.6 15755.6 | 15973.2 15750.0 15557.0 | 15366.3 16999.4
6 15438.1 15863.5 | 16112.5 15741.2 155924 | 15313.9 16999.4
48 15451.9 16365.0 | 16592.6 16316.5 16029.8 | 15661.6 17201.9
168 15378.9 16268.7 | 17103.1 16093.3 15770.3 | 15538.3 17248.9
336 15564.2 16690.5 | 17084.5 16245.7 15970.4 | 15783.9 17164.9
504 15677.6 16749.1 | 17070.9 16481.0 16099.9 | 15756.1 17376.5
672 15286.2 16248.0 | 17010.6 16266.6 15997.0 | 15600.2 17402.7

Standard
deviation
0.5 222.97 270.06 127.51 130.13 132.23 127.29 142.51
186.87 216.80 56.09 28.71 121.15 242.75 113.78
28.32 387.15 456.48 134.32 162.73 303.21 111.30
22.44 382.38 359.16 203.96 185.49 378.82 517.26
48 128.57 82.98 102.70 257.40 66.16 34.33 231.73
168 306.81 207.91 245.07 79.54 226.83 133.81 203.64
336 62.16 171.85 352.60 36.80 123.06 60.30 428.29
504 13.70 71.52 208.99 223.23 74.29 39.66 181.46
672 157.11 133.87 299.72 170.78 291.44 305.93 661.26
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Table 19. Changes in pH-value during the degradation studies in HBSS
shown as average (n=3) and standard deviation.

Time (h)/ | SBSM
pH o] [oTe1 ¢

SBSM SBSM SBSM SBS SBSM
block + 7 granula + granula + M gran- granula +

7 wt% col.

wt% col Twt%col. 7wt%col. ula + 3 3 wit%
+ HA + wt% col. col.+HA
Chi ((»])]
0 7.42 7.42 7.42 7.42 7.42 7.42 7.42
05 7.52 7.24 7.24 7.24 7.40 7.32 7.07
, 7.55 7.16 7.16 7.16 7.28 7.31 7.08
3 7.80 7.23 7.24 7.18 7.27 7.36 7.06
6 8.00 7.28 7.28 7.21 7.31 7.46 7.08
48 8.00 7.15 7.19 7.19 7.34 7.44 7.05
168 8.44 7.10 7.13 7.01 7.31 7.35 6.95
336 8.50 7.01 7.08 6.99 6.97 7.03 6.88
504 8.63 6.83 7.00 6.72 6.89 6.76 6.85
672 8.55 6.82 6.91 6.72 6.80 6.67 6.85
Time (h) /
Standard
deviation
0.5 0.01 0.06 0.06 0.06 0.04 0.01 0.01
1 0.01 0.05 0.05 0.09 0.09 0.02 0.02
3 0.03 0.03 0.01 0.10 0.10 0.05 0.015
6 0.01 0.03 0.01 0.04 0.05 0.04 0.02
48 0.02 0.02 0 0.03 0.06 0.01 0.01
168 0.06 0.01 0.01 0.01 0.01 0.13 0
336 0.05 0.01 0.03 0 0.01 0.02 0.08
504 0.01 0.04 0.01 0.01 0.03 0.18 0.02
672 0.04 0.05 0.03 0.04 0.11 0.19 0.01




Table 20. Mass loss (%) during the degradation studies in HBSS shown
as average (n=3) and standard deviation.

Time (h) / mass SBSM SBSM SBSM SBSM SBSM 7 wt%
loss (%) block + 7 | granula+ granula+ granula+ granula+ col.
wt% col 7 wt% 7 wt% 3 wt% 3 wit%
col. col. + HA col. (DI) col. + HA
+ Chi

6 4.37 6.38 2.75 1.43 1.60 45.68

48 5.62 7.26 4.61 2.37 2.22 65.24

168 10.29 15.85 9.55 16.68 13.71 100.00

336 10.44 12.27 28.35 47.31 56.12 100.00

504 10.78 16.87 29.42 79.48 46.25 100.00

672 11.83 35.49 49.07 55.36 65.36 100.00
Time (h)
/Standard
deviation

6 1.20 3.80 1.32 0.57 0.26 4.60

48 0.43 1.83 0.87 0.85 0.70 14.20

168 1.92 7.98 2.55 11.56 8.74 0.00

336 1.73 9.83 13.36 18.04 7.26 0.00

504 0.57 411 11.32 17.90 4.25 0.00

672 1.54 6.22 13.42 19.22 4.22 0.00




