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Abstract/Abstrakt

The doctoral thesis titled “Customized hybrid bioscaffolds for bone regeneration” is
divided into two parts. The first part tries to reveal the theoretical background of a bone-to-
implant interaction and the current state of the art in the research of calcium phosphate
materials and calcium phosphate-based implants for bone tissue engineering. The
customization concept and a careful selection of phase composition represents two main
points of the second, experimental, part of the doctoral thesis. The customization concept in
this work is not only just a simple shape and dimension optimization process of an implant,
but additionally attention is paid to the microstructural features, phase composition and
phase distribution allowing the rational design and a production of tailor-made materials for
dinstinct medical applications. Cellular and biological responses to the ceramic materials were
evaluated both by in-vitro and in-vivo tests and were discussed against the material
composition and the microstructural features. The doctoral thesis shows how a fundamental
understanding of physical and chemical properties of the material under question can help to
design implants material with an outstanding biological response. The in-vivo application of
the customized implant and its comparison with the current gold standard bone graft material
— bone autograft is a unique and valuable outcome of the doctoral thesis.

Doktorska prace s nazvem Individualizované hybridni podpuirné struktury pro
regeneraci kostni tkdné je rozdélena do dvou casti. Prvni ¢3ast si klade za cil ukdzat vzajemny
vztah mezi implantovanym materialem a kostni tkani a souéasny stav poznani v oblasti vyvoje
matrialll na bazi fosfore€nanl vdpenatych a z nich vyrabénych implantat( pro regeneraci
kostni tkané. Koncept individualizace a pecliveho vybéru fazového sloZeni implantatu
predstavuje stézejni body druhé casti prace. Individualizace v této prdci neni chdpdna jako
pouhé dosazeni tvarové a rozmérové presnosti implantatu. Velkd pozornost byla vénovana
mikrostrukturnim detaildm, fazovému sloZeni a distribuci jednotlivych fazi, coz umoznuje
pripravit specificky material na zakladé zamyslené aplikace. Biologicka odezva na pfipravené
materiadly byla vyhodnocena pomoci in-vitro a in-vivo test(i. Doktorska prace ukazuje jak
pochopeni zdkladnich chemickych a fyzikalnich vilastnosti materidlu mlze pomoc pti navrhu
implantatu s vynikajici biologickou odezvou. In-vivo aplikace navrzeného materidlu a jeho
srovnani s autograftnim kostnim Stépem, soucasnym zlatym standardem, je jedine¢nym a
cennym vystupem predloZzené prace.
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1 Introduction

Calcium phosphates (CaPs) have been researched by biologists, mineralogists, and chemists
for decades. The reason is, among others, that CaP is one of the main building blocks of a bone
matrix and the main inorganic compound of the bone matrix [1, 2]. CaPs are widely researched
and tested as biocompatible and bioactive materials for bone regeneration [1, 3]. For over
decades, the bioceramic materials based on calcium phosphates has become the first choice
ceramic materials for bioactive coatings [4-8] and temporary bone replacements — bioceramic
scaffolds [3, 9-18]. Although a lot of work has been done in this particular field, there is still a
huge space for an improvement of our knowledge. This space, located mainly at the border
between material and life sciences, needs to be filled.

The first mentions about studies related to CaPs can be found in the texts of Danish
merchant and scientist Antonie Philips van Leeuwenhoeken from the 17" century.
Leeuwenhoeken has been titled the father of microbiology and he was the scientist who had
found small crystals of calcium phosphate mineral in dentine. The first recorded utilization of
the CaP material as a bone replacement took place on the 20t of May in 1890 [19]. In that
day, German surgeon Themistockles Gluck used an ivory embedded in calcium phosphate
cement as a replacement for a knee joint. The surgery of a wrist joint followed in quick
sequence. It is worth mentioning that the first patient with an artificial knee joint could walk
pain-free 35 days after the surgery. The level of joint movement was preserved.
Unfortunately, in a longer horizon, all replacements failed because of chronic inflammations.
The first mention of an artificially synthethised CaP material used in medicin was recorded in
1920 [19]. Fred Houdlette Albee was the first surgeon who used artificial calcium material for
a bone defects treatment. From that time a rapid devolepment has started.

Calcium phosphates (CaPs) consists of three essential elemets:

e Calcium (Ca)
e Phosphor (P)
e Oxygen (O)

Many CaPs have hydrogen (H) as a part of anion complex (HPO4?) or hydroxy group
(OH), which is the case of hydroxyapatite, Caio(POa)s(OH).. The structures of some calcium
phosphates consist of water molecules (Ca(H2P0a)2.H,0) in a crystallographic structure.
Morever, CaPs can be substituted by ions as Sr?*, F, Mg?*, SiOs*, COs* etc. [20, 21]
Unsubstituted, stoichiometric CaPs can be derived from CaO — P,0s[22] or CaO — P,0s — H,0
[23] phase diagrams. Based on the anion CaPs are divided into three basic groups —
orthophosphates (PO4*), pyrophosphates (P,07*) and polyphosphates ((POs3),™) [20].
Orthophosphates (Table 1) are materials used for the production of bioceramic implants
preferentially, which is the case of this work as well.

The main goal of this doctoral thesis was to unveil the relationship between material
characteristics of sintered calcium phosphate scaffolds and describe biological response to
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these materials. This knowledge is then used for production of hybrid calcium phosphate
scaffolds with enhanced biological properties. The first part of doctoral thesis reviews the
current state of the art in the field of biocermics, focusing on their interaction with a host’s
body and on the challenges inevitably connected with their use as the biomaterial. The
research part of the doctoral thesis is focused on calcium orthophosphates. Porous calcium
phosphate scaffolds with different phase compositions were prepared and investigated both
from material and biological point of view. The multilevel implant customization was studied.
The influence of microstructural features and a phase composition on biological response is
discussed. Changes of mechanical properties under simulated in-vivo condition were
investigated and discussed against the microstructural changes of the scaffolds. The phase
evolution during sintering and the phase distribution on a grain level were investigated.
Thanks to the collaboration with colleagues from life sciences and medicine, in-vitro and in-
vivo trials were conducted. The in-vitro tests helped to find out the best composition of the
ceramic scaffolds further used for a preparation of the hybrid bone scaffolds. The hybrid bone
scaffolds were tested in an animal model. The results were compared with the results
obtained from a control group treated with a current gold standard among the bone grafts —
autologous bone grafts.



Table 1 Calcium orthophosphate family

Ca/P Molar Ratio

Compound and abbreviation

Chemical formula

Solubility at 25°C

(g/L),pH7
05 Monocalcium phosphate Ca(HaPO).H20 18
' monohydrate (MCPM) AR
Monocalcium phosphate
0.5 Ca(H2P04)2 17
anhydrous (MCPA)
Dicalci hosphate dihydrat
1.0 icalcium phospnate diydrate Ca(HPO4).2H;0 0.088
(DCPD)
Dicalcium phosphate
1.0 Ca(HPO 0.048
anhydrous (DCPA) al )
1.33 Octacalcium phosphate (OCP) Cag(HPO4) (PO4)s.5H20 0.0081
Tricalci hosphate (alph
15 ricalcium phosphate (alpha) Cas(P04)2 0.0025
(a-TCP)
Tricalci hosphate (bet. -
15 ricalcium phosphate (beta) (B Cas3(POa)2 0.0005
TCP)
) CaxHy(PO4)..nH,0
Amorphous calcium phosphate
1.2-2.2 -
(ACP)
n=3-4.5
) . Ca10x(HPOa)x (POa)sx(OH)2x
1.5-1.67 Calcium deficient 0.0094
- hydroxyapatite (CDHA) ’
O<x<1
1.67 Hydroxyapatite (HA) Ca10(PO4)s(OH)2 0.0003
1.67 Fluorapatite Ca10(POa)sF2 0.0002
1.67 Oxyapatite (OA) Ca10(P04)sO 0.087
2 Tetracalcium phosphate (TTCP) Caa(P0a)2 0.0007




2 State of the Art
2.1 Bone Biology

At least a basic knowledge of a bone biology is needed for a correct design of calcium
phosphate scaffolds. The interdisciplinary origin of this task brings together groups of
researchers with different scientific backgrounds. The connection of material sciences with
biology and medicine brings new challenges. The purpose of this chapter is to summarize the
basic knowledge about the bone biology. The summary should contribute to better
understanding of the crucial biological processes by material scientists, which could help to
define important parameters during development of bone scaffolds.

A bone is not just an internal scaffolding holding body in an upright position and an
armour protecting internal organs. Bone tissue is the main storage of calcium and phosphor
in every human body [24, 25]. Bone marrow produces new blood and contributes to a number
of metabolic processes [26]. If we talk about bones as a connective tissue, then the bones are
a perfect natural composite combining rigidity and strength with a certain degree of flexibility.
Here we can see a big difference between sintered ceramic scaffolds and the bone. The natural
bone is a composite material composed of an organic matrix (30 %) with embedded calcium
phosphates deposits (70 %) [27]. The organic matrix is created mainly by type | collagen giving
bone its elastic properties. Type | collagen is in an abundance (95 wt. % of the organic matrix),
remaining 5 % are created by proteoglycans and noncolagenous proteins [25]. Calcium
deposits, mainly hydroxyapatite and substituted hydroxyapatite in a form of platelets
approximately 30 nm in size with a thickness around 4 nm are embedded in collagen matrix
[3, 25, 27]. There are two types of bones from morphological point of view — cortical and
cancellous. The cortical bone is dense, composed of tightly packed collagen fibres in a form of
concentric lamellas. The structure of a cancellous bone is far less topographically organised.
Differences mentioned reflect the purpose of these two kinds of bone tissues. Whereas the
cortical bone supports a body and protects internal organs, the cancellous bone provides
metabolic functions.

There are two ways of a skeleton formation (ossification). Direct (intramembranous)
ossification takes place during fetal development by a direct transformation of mesenchymal
cells to osteoblasts [25]. This process forms flat bones of the skull, mandibles and clavicles.
Indirect (endochondral) ossification is the process of growth of long bones [25, 28]. All bones
in a body, except these mentioned above, are created by endochondral ossification.
Chondrocytes form a template of a long bone which is calcified (Figure 1 A — C [28]). The
primary ossification centre occurs, a bone cavity is set, and bone cells modified calcified
cartilage in the cavity to the spongy bone (Figure 1 D, E). Connective tissue forms periosteum
around the bone connecting the bone with surroundings. The bone continues to grow as
cartilage cells at the epiphyses divide. Then, at the last stage of prenatal development, the
secondary ossification of epiphyses takes place (Figure 1 F, G) converting the cartilage to the
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spongy bone and creates growth plates (Figure 1 H). The growth plates are responsible for
prolongation of the bone during growing (Figure 1 I). The growth of the bone is finished when
the growth plates ossificate. There are three main stages of bone development during a
lifetime [25]. The first stage is defined mainly by a bone modelling (age 0 — 20). The second
stage is a remodeling stage, when the bone mass is kept constant (age 20 — 50). The last stage
is a bone osteoporosis when the bone mass starts to decrease (age 50+).

Bone remodeling process keeps bones healthy. A normal remodeling process is a
never-ending story during which an old bone is replaced by a new one. The remodeling
process is of a high importance even during bone healing. Since CaPs ceramic materials are
used as temporary bone replacements, the bone remodeling process is a crucial step in the
case of wounds treated with CaPs grafts [29]. If the graft is supposed to be replaced by a new
bone body must inevitably resorb ceramic structures. The resorption process is secured by
anatomical structures called basic multicellular units (BMUs) (Figure 2 [30]) [2, 25]. The basic
multicellular unit is composed of different type of cells — osteoblasts — bone forming cells,
osteoclasts — bone resorbers, osteocytes — bone mechanosensors [2, 3, 24, 25, 28-31]

2.1.1 Bone Cells

This part will describe the role of individual bone cells during the remodelation process
and their importance with respect to resorption of the ceramic grafts and a healing of
damaged bones. After an implantation of artificial bone grafts a migration of the cells

(A) (B) (€) (D) € (F) :
5 e ] “" Epiphyseal A
y ( laphyseo- | ossification
( ( ( s:pn;)il)'se‘i\ \ | center
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Figure 1 Endochondral ossification of a long bone
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Figure 2 The basic multicellular unit during the bone healing

(including bone cells and their early stages) from surrounding tissues takes place followed by
the bone formation and, ideally, the resorption of a bone graft.

Osteoclasts

Osteoclasts are cells playing the key role during the bone resorption. Osteoclasts
originate from hematopoietic monocyte — macrophage lineage [2, 28]. The earliest recognized
stage of preosteoclast cells comes from bone marrow. The preosteoclastic cells are recruited
to the bone surface. They undergo a proliferation, differentiation, and fusion, forming
multinucleated cells — the mature osteoclasts. The mature osteoclasts are polarized cells [2,
28]. There are two main domains in mature osteoclasts — an apical membrane domain
(attaching to the bone) and a basolateral domain (away from the bone). This polarization plays
a crucial role during an attachment, migration, and resorption of the mineralized bone matrix
by osteoclasts. Once the resorption process is finished osteoclasts undergo a programmed cell
death (apoptosis)[2, 28].

Process of the highest superiority before the bone degradation can take place is
creation of a sealing zone (Figure 3 [28]) [28]. The sealing zone separates surrounding
environment from a resorption lacuna under the osteoclast. There is a membrane domain
located within the boundaries of sealing zone called ruffled border. The purpose of the ruffled
border is to release hydrolytic enzymes and degrades the mineralized bone matrix by an
acidification of the environment bordered with the sealing zone[25]. It is worth mentioning
that the sealing zone is created only in a direct contact with the mineralized extracellular
matrix. The osteoclasts binds via ayBs integrins to noncollagenous bone proteins — mainly
sialoprotein and osteopontin [2, 32].

-11 -



Basolateral
domain

Figure 3 The osteoclast sealed on a bone surface. SZ — sealing zone,
RB — ruffled border.

Osteoblasts

Osteoblasts are big cuboidal cells with pronounced Golgi apparatus and rough
endoplasmic reticulum. Osteoblasts are responsible for the formation of the bone matrix and
its mineralization [2, 25, 28]. Osteoblasts originate from mesenchymal stem cells [25]. A
maturation of osteoblasts is governed via a highly sophisticated signaling pathway. During the
bone formation osteoblasts express high levels of alkaline phosphatase (ALP) and osteocalcin
[28]. Collagen | type is secreted by osteoblasts in an abundance. A mineralization of the bone
matrix is a two-stage process [2]. The first stage is called vesicular phase. During vesicular
phase the matrix vesicles are released from apical membrane domain. The matrix vesicles bind
to proteoglycans and other organic compounds. A negative charge of proteoglycans
immobilizes calcium ions. Calcium ions cross the membrane of matrix vesicles and combine
with phosphates released by ALP activity. The outcome is precipitation of HA crystals. The
second stage of the mineralization is fibrillar stage when the vesicles rupture and HA is
deposited in the organic matrix. Upon completion of bone matrix formation some osteoblasts
are entrapped in the newly formed bone matrix becoming osteocytes [25, 28]. The rest of the
osteoclasts either change to bone lining cells or undergo apoptosis [25, 28].
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Bone Lining Cells

Bone lining cells are flat cells on the bone surface. They originate from osteoblasts and
they can be reactivated if they are needed [2, 25, 28]. Their exact function is not absolutely
clear. Bone lining cells are connected to osteocytes via gap junctions. Lining cells probably play
an important role during the first stage of the remodeling creating a canopy over the area
where BMU is needed. The canopy separates BMU from surrounding space, creating an

Bone marrow

Canopy
° @ -
(O .
Osteoclast precursors Osteoblast precursors
'@ Marrow capillary 6 O
- Bone remodeling compartment 'L —a
Lining cells l
& “,, BRC o : 153 °
RANKL - / S H\i Sclerostin
M-CSF Osteoclasts === Osteoblasts G Dkk1
OPG v i B
Y Osteocytes
\ .
2 S
cone .“ .

Figure 4 The bone remodeling compartment (BRC) created by the bone lining
cells

environment suitable for osteoclasts and osteoblasts maturation (Figure 4 [28]).
Osteocytes

Osteocytes are osteoblasts entombed in a bone matrix [2, 25, 28]. They are the most
abundant bone cells. They were supposed to be cells without a specific activity. The latest
researches have shown that osteocytes are very active instead. Enclosed in lacunas,
cytoplasmatic dendritic processes run through canaliculies connecting the adjacent
osteocytes creating neuron-like structures. Osteocytes serve as conductors of bone
remodeling [28]. They down or upregulate the activity of osteoclasts and osteoblasts.
Osteocytes sense a mechanical loading and detect microdamages of a bone matrix. The
microdamages are detected due to dense network of connection between the adjacent
osteocytes. A disruption of the connection or apoptosis of neightboring osteocytes is
recognized and osteocytes in surroundings can release chemical signals [33]. The response to
changes in a level of mechanical loading or level of circulating ions and hormones is up or
down regulation of factors secretion (osteoprotogerin, RANKL or sclerotosin [28]). These
factors directly affect the activity of osteoblasts and osteoclasts, keeping the bone tissue
healthy.
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Bone Healing

Bone fractures and other mechanical or surgical damages of bones lead to a bone
matrix discontinuity. The discontinuity sensed by a complex signaling mechanism provided by
osteocytes results in the bone reparation. This mechanism is valid even for surgeries involving
utilization of bone grafts. Bone grafting procedures result in a state when continuity of the
bone is disrupted by a graft inserted between bone endings. Subsequently, the bone healing
takes place restoring a normal anatomy and function of the bone. The bone healing (Figure 5
[28]) is a complex and unique process composed of several steps [28]:

Infalammatory response
Soft callus formation
Hard callus formation
Bone remodeling

P wnNe

/ o

1

An injured bone violates surrounding tissues and blood vessels. The wounded site is

Figure 5 Bone healing process

surrounded by a hematoma. During the first few hours after injury, several types of various
factors are released —platelets, macrophages, leukocytes. Inflammatory period [2, 25, 28, 34-
36] peaks within 24 hours after injury and lasts for 7 days. The following step is a formation of
soft callus [28, 36]. Cells at the injured site are stimulated to restore disrupted vessels and
intracellular matrix. The hematoma is gradually replaced by a fibrovascular tissue —soft callus.
Soft callus stabilizes dislocated bone endings. This period during which soft callus is formatted
peaks within 7 and 10 days after an injury. The stabilized site of an injury undergoes a change
from the soft to hard callus by endochondral ossification [2, 28, 35]. The calcified cartilage is
then replaced by a woven bone. The woven bone is remodeled by BMU [2, 25, 35, 36].
Osteoclasts decompose the woven bone and a new bone is formed by an osteoblast activity.
This period can take several years to be accomplished and cannot be fully successful, mainly
at a higher age [37].
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2.1.2 Bone Grafts

The bone grafts should be a nomenclature for natural materials used as bone space
fillers [38]. According to a type of material bone grafts transplantation (living cells) or
implantation (non-living cells) can occurs. Regarding to this rule, nonviable materials should
be called implants. However, precise use of this terminology is not common even in a
literature [39]. Therefore, as bone grafts either natural or artificial (synthetic) materials used
as space fillers are called. With more than two millions of transplantations and implantations
worldwide in 2013 [40] and as the second most common tissue transplantation in the
reconstructive and trauma surgeries in the USA (2019) [41] the bone grafts are considered to
be essential treatment tools.

The ideal bone graft materials must satisfy following demands [38, 39]:

1. Osseointegration
2. Osteoconduction
3. Osteoinduction
4. Osteogenesis

The osseointegration is defined as an ability of the graft to be chemically bonded to a
bone surface without any intervening fibrous tissue being formed [39].

The osteoconduction is defined as an ability to support a bone growth on the graft
surface [39].

The osteoinduction is defined as an ability to induce a differentiation of pluripotential
stem cells from surrounding tissue to the osteoblastic phenotype [39].

The osteogenesis is a formation of a new bone by osteoblastic cells attached on the
graft material [39].

Natural Bone Grafts

Natural bone grafts are sorted to groups according their origin and a type of the bone
they are harvested from [38, 39, 41, 42]. The natural grafts can be harvested from the same
living organism - autologous grafts (autogenous, autografts) [38, 39, 41-43], from different
organism but same species (allografts)[38, 39, 41-43] or from different species (xenografts)
[42].

Autografts

The autografts are the gold standard among grafting materials [38, 44, 45]. As the only
group autografts satisfy all demands required from the ideal bone grafts [39]. The autografts
are harvested from the same body as they are implanted afterward. The most commonly, the
autografts are harvested from iliac crests, femurs, proximal tibias and ribs [40, 41]. They can
be in a form of cancellous, cortical, cortical — cancellous or bone marrow aspirate (BMA) [41].
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Since they are from the same body, they introduce a low risk of immunological rejections [41,
46]. The autografts contain mature osteoblasts, osteoclasts and osteocytes, body
morphogenic proteins and growth factors [41]. Even though survival rate of mature
osteoblasts after transplantation is low, there are still great numbers of preosteoblastic cells
surviving grafting and transplantation. The revascularization and remodelling on an acceptor-
site is affected mainly by method of a graft harvesting and handling [42, 47]. Handled carefully,
the vascularization can progress in a rate of 0.2 — 0.4 mm/day [48]. The vascularization of
traumatised grafts is slowed down to 0.15 — 0.3 mm/day [48]. The vascularization and
remodelling are further dependent on the type of autograft. Faster vascularization and
remodelling are observed in the case of cancellous grafts [49]. On the other hand, cortical
grafts possess an excellent mechanical strength. Vascularized and non-vascularized form of
cortical grafts are utilized in trauma surgeries and post-trauma treatments [50]. The non-
vascularized bone grafts are preferred for wounds not larger than 6 cm [51]. Disadvantages of
the autologous bone grafts are following: infections, donor-site morbidities, the second
traumatised sites, limited availabilities and prolonged surgical times [41, 42, 44, 45, 51, 52].

Allografts

The allografts introduce an alternative to the autografts. They are harvested from the
same species but a different organism [42]. The allografts are normally harvested from tibias,
femurs, ribs or iliac crest of living or non-living donors [40, 42]. The allografts are harvested as
structural and non-structural (morselized) types, available as fresh-frozen, freeze-dried frozen
or demineralized and freeze-dried grafts [40]. The fresh allografts are rarely used due to big
risk of an immunological rejection [53]. To avoid virus transfers, donors must undergo
thorough screening [54]. The lowest possibility of viral infection and immunological rejections
are in the case of the demineralized bone matrix grafts where mineralised matrix is extracted
by a leaching in acids. The allografts are usually sterilized by gamma irradiation [55]. The
gamma sterilization deactivates proteins and kill dangerous agents, unfortunately affecting in-
vivo performance in a negative sense as well. The allografts, even thoroughly screened ones,
still pose risk of viral infection (hepatitis B, C, HIV). But it is worth mentioning that only two
cases of HIV transfer were noted from 1989 to 2013 [40]. More common complications are
related to inflammations, non-unions and fractures of treated sites [53]. Compared to
autografts, allografts are usually available even in large quantities and can be kept frozen in
stock.

Xenografts

Xenograft are bone grafts harvested from different species [42]. This group contains
bone like minerals derived from corals and algae as well. The most researched xenograft
material is deproteinized bovine bone [56-58], widely used in dentistry. Protein extraction
during deproteinization prevents immunological rejections of grafts on the acceptor site. The
xenografts provide mainly osteoconductive properties [42]. The most discussed feature of
xenografts is their resorption. Deproteinization extract all proteins, so arginine-glycine-
asparagine sequence is missing [42]. The Arg-Gly-Asp sequence is crucial for osteoclasts

-16 -



attachment and the bone graft resorption [32]. In case of natural bone, this sequence is
available mainly in bone sialoprotein, osteopontin, and in a lower amount in collagen | [59,
60]. Xenografts can be harvested in an abundance and stored for a long time. The most
common disadvantages are linked with their interspecies origin and a poor in-vivo
performance [61, 62].

2.2 Artificial Bone Grafts

As mentioned before, bones are the second most transplanted body material after
blood [41]. Development of synthetic bone graft materials with characteristics at least close
to the current gold standard in grafting — autologous bone grafts [38, 44, 45], would be highly
appreciated. If we consider a material owing all appreciated characteristics of autografts
related to bioactivity and in-vivo performance, we must ask: Which negatives of autografts
could be improved by a synthetic material? The main disadvantage related to autografts is
their harvesting [42, 47, 52]. The graft harvesting lead to secondary wounds at donor sites and
means prolonged surgical time [41, 42, 44, 45, 51, 52]. Volume of autograft material is also
limited. In-vivo performance of graft is dependent on harvesting techniques [63]. Grafting
procedure itself can result in traumatised graft material with deteriorated properties [42, 47].
In case of theoretical synthetic graft material, completely comparable with autografts, at least
logistic issues can be solved instantly. Theoretically, the grafting material in stock can be
utilized on an operational theatre within few minutes. Prepared artificially, there are no
restrictions related to material volume, shapes or harvesting procedures. It means, the
development of synthetic bone graft material with, at least, similar properties to the
autografts would instantly remove the problems associated with the logistic procedure hidden
behind the graft harvesting and delivery.

Over the last decades, many types of synthetic graft materials have been tested [6],
ranging from polymer materials [64-69] to metals [70-73] and ceramics [3, 12-15]. Ceramics
and cements based on calcium orthophosphates seems to be auspicious. There are no reports
on systemic toxicity or negative immune responses in-vivo. Calcium orthophosphates are
biocompatible allowing osteointegration and osteoconductivity. As all synthetic graft
materials, osteoinductive properties of pure calcium phosphates are arguable [39, 74] mainly
attributed to the structural features allowing an adsorption of different factors on the surface
of ceramics [75-78]. The osteoinductivity of calcium phosphates can be "incorporated" using
proteins and similar factors [16, 79-83]. Mechanical characteristics of sintered calcium
orthophosphates and calcium orthophosphates cements are not top ranked [10, 74, 84, 85].
Low mechanical properties are further deteriorated if the materials are utilized porous under
body conditions [17]. Porous calcium orthophosphate materials are often called scaffolds.
Porous structures are not designed as long-term implants. The main idea behind the
bioceramic scaffolds is their short time utilization as a scaffolding assisting during a new bone
formation. The scaffolding does not act only as a mechanical support, but as a stockpile of
essential minerals for bone development as well. Considering the mechanical support,
structure of the scaffolds must be able to withstand loadings associated with handling and
implantation techniques.
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2.2.1 Ceramic Materials for Porous Bone Scaffolds

There are several biocompatible ceramic materials currently used as ceramic scaffolds
[3, 14, 86-90]. Only the most promising bioactive ceramic materials based on calcium
orthophosphates are going to be discussed in this part focusing on their physical, chemical,
and biological properties.

Hydroxyapatite

Hydroxyapatite (HA) has been extensively studied and used for more than 40 years [1,
91-93]. The exact chemical formula of crystalline hydroxyapatite is Cai0(PO4)s(OH),. Calcium
to phosphorous ratio is Ca/P = 1.67. The crystal structure of HA belongs to hexagonal
crystallographic system, space group P63/m. Nanocrystalline HA is the main inorganic part of
bone tissue [3, 25, 28]. HA can be extracted from natural sources - eggshells, bones, sea corals
and seeds [91, 94-96]. Being extracted from natural sources hydroxyapatite composition is
enriched with variety of elements [96]. Nonstoichiometricity and/or doping of HA can
significantly affect in-vivo performance of the materials. Hydroxyapatite is prepared mostly by
solid state synthesis [97], hydrothermal synthesis [98, 99] or precipitation from solutions [100,
101]. To mimic naturally occurring apatites crystal lattice of the HA can be substituted by
variety of elements [20, 21].

The solid state synthesis of hydroxyapatite are high temperature synthesis when
suitable reagents (CaHPQ4, Ca(OH),, Cas(POa)2) reacts creating HA and gas products. Higher
partial pressure of H,0 in a reactor is recommended, otherwise thermal decomposition of HA
to Casz(P0Oa4); can occur [102, 103].

HA prepared by the hydrothermal methods have high crystallinity and phase purity.
Different crystal morphologies can be prepared (whiskers [104], plate like crystals [98]...).
Reactants used are the same as in the case of solid state synthesis [105].

The precipitations methods are very common for HA preparation. The reaction
environment is kept basic and temperature can range from 20 to 100 °C under normal
atmospheric pressure [100, 101, 105].

Since some heat treatment is the essential step during ceramic processing
temperature stability of HA is crucial. The beginning of sintering process, a neck formation, is
observed around 900°C under atmospheric pressure in the air atmosphere. Standard sintering
temperatures for HA range from 1100°C to 1400°C. The conventional sintering of HA is usually
applied, but the spark plasma sintering, or the microwave sintering is possible as well. Being
sintered above 1350°C the conventional sintering of pure HA can lead to a thermal
decomposition [102, 103, 106]. HA decomposes to oxyhydroxyapatite and further to calcium
phosphates [102, 103]. The end products of thermal decomposition are calcium oxide and
phosphorous oxide [102, 106]. Temperature stability of HA is affected mainly by a partial
pressure of water vapors in the sintering atmosphere [102] and a purity of initial powders
[107]. A possible thermal decomposition of HA must be taken in account during heat
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treatment. The parameter of high importance is the chemical composition because some
dopants can affect thermal stability of HA significantly. Addition of silicon [108] or calcium
pyrophosphate [108, 109] can result in decomposition of HA phase during sintering and final
phase structure is usually multiphasic.

Tricalcium Phosphate

Tricalcium phosphate Cas(P0Oa4)2 abb. TCP, Ca/P=1.5, is a stable polymorphic phase in
binary diagram of CaO — P,0s (Figure 6 [110]).
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Figure 6 CaO — P,0s phase diagram

There are three polymorphs of TCP called alpha (a), high temperature alpha (a’) and
beta (B) [3, 105]. Sometimes, noncrystalline amorphous TCP is listed [105, 111]. Both aa and o’
are high temperature polymorphs [112]. Since polymorph a” cannot be stabilized at room
temperature, this phase has no importance for the bone tissue engineering [112]. Polymorph
B is stable at room temperature and it is a material which is often used for biomedical
applications [18, 110, 113-115]. Polymorph a has monoclinic crystal lattice and is stable over
1125 °C to 1450 °C where undergoes transformation to a’ [112, 113]. Polymorph B is stable
from room temperature to 1125°C where the transformation to a occurs [112, 113]. Phase a
can be stabilized to room temperature by rapid cooling [112] or by thermal decomposition of
HA phase [102, 108, 109]. Phase a has a lower stability under acidic conditions than
modification [15]. Phase a can be hydrolysed and reprecipitated in the form of
nonstoichiometric calcium deficient HA (CDHA) [15]. This process creates needle-like
structures characteristic with their self-interlocking mechanism [15, 17]. The self-interlocking
mechanism can be used as a hardening mechanism and therefore a phase is essential part of
apatite bone cements being responsible for self-hardening (setting) [15]. Ceramic scaffolds
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consisting of B-TCP are usually sintered at high temperatures to obtain solid ceramic body
[110, 112]. There are some drawbacks related to alpha to beta transformation during
sintering, mainly related to a volume expansion. The volume expansion during sintering may
produce cracks decreasing the mechanical strength of porous TCP scaffolds [17, 110, 116]. TCP
cannot be precipitated from water solution [105]. The most common preparation method is
a high temperature synthesis of TCP by reaction of salts with Ca/P = 1.5 [117, 118]. If
stoichiometry is not fulfilled, there is certain amount of calcium pyrophosphate (Ca2P.07) in
final powder product [110]. Crystal lattice of TCP can be substituted at Ca ?* sites by variety of
elements [119-121]. The substitution of the crystal lattice affects mainly temperature stability
of B-TCP [121] and biological response of the material [113, 119, 120]. The substitution usually
deteriorate mechanical characteristics of sintered TCP samples [119, 120].

Multiphasic Calcium Phosphates

Multiphasic calcium phosphates are typically composed of a mixture of a, B-TCP and
HA phase [14]. Biphasic mixtures consisting of B-TCP + HA [109, 122], B-TCP + a-TCP [9, 117,
123], a-TCP + HA [124], B-TCP + Ca;P.07[123, 125] or triphasic mixtures consisting of B-TCP +
o-TCP + HA [126, 127] are commonly known. Theoretically, other mixtures of calcium
phosphate salts can be prepared but they usually form HA and a, B - TCP during sintering [128].
Phase structure of the sintered multiphasic calcium phosphates is mixed on a grain level [14].
Overall phase composition can be estimated by XRD analysis [9, 109, 117, 122-125, 127, 129,
130]. Studies focusing on a distribution of the phases at a grain level are quite rare and little
attention has been paid to this topic so far [109, 129]. The main problem is a very similar
chemical composition of calcium phosphate phases [14]. Therefore, they are
undistinguishable by standard spectroscopic methods (EDX, WDS methods). Phases can be
distinguished by diffraction pattern [109, 131]. Methods based on diffraction phenomena
must be utilized to describe distribution of the phases in a sintered body. Some work has been
done utilizing a diffraction in a transmission electron microscope (TEM)[131]. Larger areas can
be described by electron backscatter diffraction (EBSD)[109, 132]. At least basic knowledge of
the phase distribution in calcium phosphates can bring better insight and understanding to
the behavior of calcium phosphate scaffolds in-vivo. Due to different stability of different
phases under in-vivo conditions, multiphasic compositions are believed to posses the key for
controlled degradation of scaffolds [17]. Multiphasic calcium phosphates can be prepared by
sintering of non-stoichiometric hydroxyapatite [122] or by thermal decomposition of
amorphous calcium phosphates [133]. Sintering of Si doped HA results in a mixture of HA and
ao-TCP [124], the amount of a-TCP is dependent on the amount of Si doping. Multiphasic
calcium phosphates can be prepared by the reaction of HA with Ca,P,07[109, 124]. Reaction
takes place approximately at 900°C resulting in @ mixture of HA + TCP or pure TCP in a sintered
body [124]. The reaction and associated phase changes can explain some discrepancy in a
literature related to a shift of the phase composition after sintering [134, 135]. Multiphasic
compositions can be prepared even by a direct mechanical mixing of different phases [17,
123].
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2.2.2 Solubility and Degradation of Calcium Phosphates

What makes calcium phosphates attractive material for bone scaffolds is ability to be
degraded and resorbed under physiological conditions [3, 12, 29]. Calcium phosphate
scaffolds are almost exclusively used in a sintered form. The high temperature treatment does
not leave any other possibility of a degradation but acidic dissolution of a structure mediated
by osteoclasts [29]. Therefore, the stability of calcium phosphates in the acidic environment
is of the high importance. Several models of dissolution for calcium phosphates has been
proposed [136]. At pH 7 solubility of calcium phosphates is very low (Table 1). The lower the

DCPA DCPD OCP o-TCP B-TCP HA TTCP

DCPA DCPD OCP a-TCP B-TCP HA TTCP

Most Soluble
A .\.

Log [Ca]

Log [Ca]

4 6 8 10 12 14
pH

Figure 7 Solubility of different calcium phosphates as a function of pH

pH is the faster dissolution runs. Standard pH in the sealing zone of an osteoclast was found
out to be between 3-5 [25]. If we compare solubilities of the most extensively used calcium
phosphates the lowest solubility has HA, followed by B-TCP and a-TCP (Figure 7) [137]. These
differences enable to design a rate of degradation of multiphasic scaffolds by their phase
composition and their phase distribution [109]. The more HA in a structure, the lower rate of
degradation. Exceeding 75% HA osteoclasts are not able to resorb the sintered structure [78].

When calcium phosphate is implanted the material gets in contact with a harsh
environment of a body. Many chemical and physical processes take place resulting in
degradation and resorption of calcium phosphate materials [138]. Immediately after
implantation dynamic equilibrium between material and implant is established by dissolution
[136] and precipitation [17]. lon exchange and structural rearrengement on the ceramic
surface is done[138, 139]. Chemotaxis, attachment of the cells and their spread come
afterward [78, 138]. The attached cells start to proliferate, and a healing process is launched.
Basically, there are two different approaches how living organisms can resorb implanted
material [29]. Being broken mechanically to the fragments smaller than 100 pm, these can be

engulfed by macrophages. If the parts undergoing resorption are bigger than 100 pm,
extracellular degradation must take place. Hence, extracellular degradation is mechanism for
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the resorption of sintered scaffolds. Osteoclasts attached to the surface create sealing zone
[2, 25, 28]. The creation of sealing zone is dependent on an availability of the integrin binding
sites [25, 32, 41, 59, 60]. Chemotaxis of the proteins with available binding sites from
surrounding tissue or an artificial incorporation of these proteins into scaffolds before
implantation is crucial. When osteoclasts are attached on the surface of the scaffold, they can
dissolve calcium phosphate material by acidic leaching.

2.2.3 Mechanical Properties of Calcium Phosphates

Mechanical characteristics of calcium phosphates are generally poor. Bending or
compressive strength of dense sintered HA ceramics is around 40-250 MPa and 120- 900 MPa,
respectively [140]. In case of porous samples, the compressive strength is generally reduced
to 1-5 MPa [10, 85, 140]. Fracture toughness usually does not exceed 1 MPa.m¥/2 [140].
Bending strength of compact (cortical) human bone is 160 MPa along the long axis of a bone
[140]. Fracture toughness of a compact human bone is between 2-12 MPa.m¥2[140]. Since
sintered calcium phosphates are ceramic materials, they behave as a brittle material under
normal conditions. Mechanical characteristics of calcium phosphates scaffolds are further
deteriorated by their porous structure, which is necessary for osteoconduction and related
healing processes [11, 74]. Moreover, cracking during sintering caused by phase
transformation of TCP affects mechanical properties [116]. Scientific reports have shown
direct correlation between mechanical strength of TCP material and sintering temperature.
The deterioration of mechanical properties of TCP materials sintered at a temperature higher
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Figure 8 Mechanical properties of sintered TCP samples as a
function of sintering temperature

than alpha to beta transformation temperature have been reported (Figure 8)[116].

Several attempts trying to improve mechanical properties of calcium phosphates has
been made. They were focused on incorporation of secondary phases as zirconia [89] or
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alumina [141, 142]. These composites can improve mechanical properties. Unfortunately,
both zirconia and alumina are not resorbable and stay inbuilt in a bone structure forever.
Zirconia even reacts with HA and strengthening effect is often lost during sintering [143].
Moreover, incorporation of nonresorbable material within a new bone matrix is not desired.
Therefore, calcium phosphates are supposed to be just short term replacements utilized for
no or light load-bearing applications [3]. Being designed as bioresorbable, the porous calcium
phosphates change their behavior during healing [17]. The ideal speed of a bone healing
should match implant degradation compensating the loss of the mechanical strength of the
scaffold by the development of a new bone tissue[17, 144-146]. To sum it up there are two
antagonistic demands (mechanical strength and resorbability). Because of these antagonistic
demands, bioresorbable implant must be designed as compromise between the mechanical
performance and the biodegradation performance. Mechanical strength of the scaffolds must
be high enough to withstand handling and implantation procedures. Once the implant is fixed
in a position, loading of the implant is kept at the lowest level. But even normal loading of
bones does not often exceed 4 MPa [140] which is not a value beyond the realms of possibility
for CaP materials. The biodegradation rate is often balanced using multiphasic compositions
of porous implants [14]. The ratio between the most stable calcium phosphate phase (HA) and
less stable calcium phosphate phases (TCPs) governs the biodegradation process [14]. The
distribution of phases in the volume of sintered materials is of high importance, governing an
evolution of the implant interior and evolution of mechanical strength [109].

2.2.4 Internal Structure of Scaffolds

The internal structure of scaffolds is an important parameter for an ingrowth and
proliferation of the cells. According to the manufacture process there are two general routes
— precisely defined internal microstructure achieved by methods of an additive manufacturing
and more or less stochastic approach using pore forming agents and template methods.
Influence of the different pore shapes on biological responses has been tested (Figure 9) [147].
It was shown, no matter what the initial pore shape was, growing cells always reduced a shape
of the pore to the circular. Starting from the corners and continuing along the surface, the
cellular web was always denser in the starting point. No significant differences were found in
the total amount of tissue produced as a function of pore shape. This means that the mean
layer thickness was similar in a different geometries despite the local variation in tissue
distribution within the pores [147]. It seems that curvature is variable driving tissue growth
[147, 148]. If put on flat surface, cells do not have a tendency to form new layers unless
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Figure 9 Tissue growth in differently shaped pores
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surrounding become curved by the tissue growing from the corners [148]. Curved shape of
inner structure of trabecular bone is the key to the mechanical performance [149]. It is known,
that mechanical stress can trigger the assembly of filamentous stress fibres [150, 151]. It
means that in the physical systems containing interfaces for which surface tension is
important tissue evolves in such way that the local motion of the interface is controlled by the
local curvature [147]. Moreover, keeping the curvature constant, the rate of the growth inside
this structure would be the more or less the same at every time point [147, 150]. It can be
derived from these results that the three-dimensional structure enabling constant ingrowth
rate of the tissue is structure composed of spherical pores.

Not only the shape of pores, but even their size matters. It has been reported that
there is a strong correlation between a pore diameter and in-vivo performance [152-157].
Pores on the boundary between implant and bone tissue provide mechanical stability and
anchor the implant by bone ingrowth [138, 158]. Porosity of the implant determines whether
new bone will have evolve through its structure [155, 156, 159, 160]. Speaking about pore size
in case of scaffolds for bone tissue engineering, they are divided into micropores (smaller than
5 um) and macroporous (bigger than 100 um) [74, 161]. Pores between 5 um and 100 um are
sometimes called mesopores. Microporosity can significantly enlarged surface area of
scaffolds, enabling better adsorption of specific proteins and allows easier cell attachment
[74, 162]. Although, some research has shown that there is no correlation between
microporosity and osseointegration and osteoconductivity [163]. Microporosity of the
sintered scaffolds is influenced mainly by sintering regime [110, 164]. The higher the sintering
temperature is, the lower the microporosity is. Unfortunately, high microporosity usually
means worse mechanical performance [10, 116]. The minimum recommended pore
(macropore) size is 100 pm [74, 161]. Optimal size is believed to be bigger than 300 um [74,
161]. Pores smaller than 100 pm do not allow early vascularization of tissue formed in the
pores. As a result, the unmineralized fibrous tissue develops [157, 165]. Pores larger than 300
pMm favour direct osteogenesis since blood vessels can freely penetrate porous structure and

the level of the oxygen is stable [166]. Smaller macropores (100 um) favour osteochondral
ossification [74]. The pore size itself is not enough. Open porosity is the second crucial
parameter of an internal structure of the scaffolds. The higher the porosity is the better
permeability of the structure is observed. Moreover, there is less material which needs to be
resorbed during healing process. High porosity (more than 80 %) and an interconnectivity
allow penetration of the scaffold by essential factors and bone cells, allowing cell proliferation,
formulation of vascular system and development of new bone [115, 153, 161, 167, 168].
Simultaneously higher porosity and micropores enlarge specific surface area and scaffold can
be then considered as a catalysator for biological processes. Interconnections between pores
must be large enough to allow deep penetration of blood vessles and bone cells to the volume

of the scaffolds [165]. The size of interconnection should be at least 50 — 100 um [74, 161].
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2.2.5 Improvement of Biological Properties

Concept of pure calcium phosphate scaffold is overcome, and research is now focused
on osteoinductive scaffolds where the osteinduction is reached by incorporating different
polymeric substances, grown factors, proteins and even living cells. In this chapter the most
promising materials which can be combined with calcium phosphates will be revised.

Collagen

Collagen is a structural protein found in the majority of soft and hard tissues. Collagen
creates approximately 30 % of a protein mass in a human body [169]. Collagen do not possess
great danger of antigenicity and immunogenicity [170]. Poor immunogenic properties of
collagen has been researched and it has been shown, that major antigenic determinants in
the collagen were located in a non-helical region [171]. Having been removed, collagen
material was free of immunogenic properties. The same result can be obtained by cross-
linking which even improve mechanical properties of pure collagen scaffolds [170]. There are
28 different types of collagen recognized so far [169]. The most abundant is collagen I, Il and
lll. These collagens are created by three polypeptide chains knitted together in the form of
triple helix [169, 170]. Collagen is bioresorbable material, which can be break down by enzyme
collagenase [172]. The resorption rate is attenuated by cross-linking. Pure collagen has very
limited mechanical properties. Collagen structures are often loaded with factors and cells
serving as a carrier material [173, 174]. In the case of bone repairs, collagen is beneficially
delivered mixed with calcium phosphate powders [175, 176] or as a filling of porous calcium
phosphate scaffolds [177, 178].

Oxidized Cellulose

Oxidized cellulose (6-carboxycellulose) is an antibacterial, antivirotic, biodegradable
and non-toxic material used for a wound healing [179] and as a hemostatic material [180-182].
Oxidized cellulose is usually prepared by leaching of the cellulose in a mixture of acids (N20s3,
HNQO3s, H3POa, H2S04) [183, 184]. Oxidation of cellulose induces conversion of glucose residues
to glucuronic acid residues containing —COOH groups which makes this material quite acidic
in a water environment [185]. Therefore, oxidized cellulose is often functionalized with
arginine with basic side chain [186] or chitosan [187]. Oxidize cellulose is a great carrier for
drugs and factors delivery [188].

Calcium Polyphosphate

Inorganic polymeric phosphate is a physiological polymer accumulated in bone cells
[189]. Osteoblastic like cells can cleave the chain and use energy and material for bone
mineralization process. It has been shown that a presence of calcium polyphosphate can
increase the level of alkaline phosphatase enzyme and upregulate the levels of bone
morphogenic protein 2 and osteoprotegerin indicating upregulation of an osteoblastic activity
[189, 190]. It has been reported on osteosarcoma cells in-vitro that combination of HA and
calcium polyphosphate can induce upregulation of gene coding formation of collagen | and
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alkaline phosphatase (ALP). These results suggest improving the osteoinductivity of the
surface treated by calcium polyphosphate. The treatment of dental hypersensitivity can be
mentioned as an example of practical use of polyphosphate [191].

Polydopamine

Polydopamine is a material well known for its versatile coating properties on majority
of surfaces including non-wetting surfaces as polytetrafluoroethylen [192]. Polydopamine is
final oxidation product of dopamine[193], which is both hormone and neurotransmitter[194].
Surface can be functionalized by polydopamine by a simple dip-coating method [195, 196].
Dip-coated polydopamine samples induce faster cell spreading on non-wetting surfaces [192].
Polydopamine-treated surfaces can immobilize different factors including bone
morphogenetic proteins [197, 198]. Polydopamine has a great affinity to both calcium
phosphate [199, 200] and collagen [196, 199, 201] therefore calcium phosphate surface
treated with polydopamine can serve as a bond coat for collagen coatings and for drug delivery
applications [199]. Moreover, polydopamine has been proven to have an anti-inflammatory
effect, which can help in the first days after scaffold implantations [202].

Fibroblast Growth Factors

There are 22 members in the fibroblast growth factor (FGF) family. FGF factors are
associated with various biological functions including skeletal formation. FGF2, FGF9, and
FGF18 are regarded as possible candidates useful for bone regeneration [203, 204]. FGF alone
do not induce osteoblast differentiation but it modulates osteoblast differentiation. The most
common ligand in regenerative medicine is FGF2. The essentiality of FGF2 has been shown on
FGF2-deleted mice [205]. Missing FGF2 resulted in the decrease of the bone mass and bone
marrow stromal cells demonstrated lower will for osteoblast differentiation. FGF2 is
frequently utilized as the bone promoting factor in a bone tissue engineering speeding bone
growth. Beneficial effect of FGF2 has been proven for both critical and non-critical bone
defects in a wide dosage range starting from 10 ng/ml [206] to 5 ug/ml [207] using collagen

as a carrier in the rat in-vivo model and from 200 pg/ml to 800 ug/ml using gelatine hydrogen
as a carrier in the human model [208]. Nevertheless, it has been shown, that high dosage of
FGF-2 in the mice model has rather negative affect on bone formation and excessive dosage
of FGF-2 can cause inhibition of the osteogenesis [206].

Bone Morphogenic Proteins

Bone morphogenetic proteins (BMPs) belong to a group of growth and differentiation
factors called transformation growth factors (TGFs) [209]. There are more than 20 different
types of BMPs. The most commonly known factor BMP-2 is osteoinductive [209]. Being used
properly BMP-2 has a potential to improve a bone healing and shorten recovery times. Open
tibial fractures treated with the help of BMP-2 (1.5 mg/ml, total dose 12 mg) decreased the
risk of failure of the treated site and the necessity for invasive interventions compared with a
control sample [210]. In the case of a spinal fusion 100 % fusion rate has been reported
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without any worsening of related neurological symptoms and 75 % of patients reported
improvement in the terms of pain from affected site [211]. It has been assumed that high
dosage (more than 40 mg/ml) of BMP-2 could potentially increase the risk of cancer mainly if
BMP-2 is used off-labeled. Extensive researches have not confirmed the correlation of cancer
incidence and use of BMP-2 [212, 213] and further research in this area is needed.

2.2.6 Biomedical Applications of Calcium Orthophosphate - Based Bone Grafts

Calcium orthophosphate ceramic materials are nowadays widespread in the many
medical applications. Hydroxyapatite and beta tricalcium phosphate bone artificial grafts are
utilized in an abundance in alveolar ridge augmentations, tooth replacements, maxillofacial
reconstructions, spine fusions and repairs of bone defects [3, 14]. Artificial replacements can
be delivered to the wound site in the form of pastes, granules and blocks, often combined
with biodegradable polymers or factors. A variety of different products are approved for a
surgical use. The overview of commercially available products can give us a hint of current
trends in the bone healing and even show us the direction for an improvement.

Hydroxyapatites products are supplied, among the others, by Baxter company (US),
Lasak (CZ), Olympus Terumo Biomaterials (JPN), and Corebone (ISR). Baxter product
Altopore™ cosists of granules 1-2 mm large with open porosity 80 — 85 %. Material of the
granules is silicon substituted HA with 0.8 % silicon by weight. HA granules are dispersed in
resorbable aqueous gel carrier. Putty can be mixed with bone marrow aspirate to improve
biological performance and is approved to be used as a standalone graft or autografat
extender. Altapore is non-loadbearing and resorbable material. Altopore™ material has been
clinically-tested and Si-doped HA has appeared to provide stable osteoconductive scaffolds,
which supported faster angiogenesis and bone apposition [214]. The same material (Si-HA)
are supplied in the form of granules or blocks under the trademark Actifuse. It has been shown
that the Si doped-HA in the form of Actifuse has similar behavior as grafts treated with BMP-
2 [215]. Lasak provides material called OssaBase-HA™ which is synthetic carbonated HA in the
form of granules used for a bone regeneration independently or in a combination with the
autologous bone grafts, blood, or platelet rich plasma. Granules are 0.3-2 mm in size with
macropores bigger than 100 um. This material has low substitution rate and is recommended
for periodontology, orthopedics, and neurosurgery. Material has been tested and it was
reported that the performance of OssaBase is comparable with deproteinized bovine bone
xenograft [216]. Olympus Terumo Biomaterials produce HA material under the brand name
Boneceram P™. This material is a pure stoichiometric hydroxyapatite with a porous structure.
The porosity differs between 35 —48 % with a pore size 50 — 300 um. The material is available
in the form of blocks, cylinders, granules, and spacers. Company also provide material under
the brand name Boneceram K™ which is the same in the terms of chemical composition but
has a dense and a porous layer. Boneceram (P, K) is claimed to be unresorbable material [217],
which is common problem of pure HA materials especially with low porosity. Corebone is a
company focusing on coralline HA. Corebone produce Corebone™ material by conversion of
marine corals to the HA-like material. Being grown in a closed aquatic system changes in
chemical composition of the material caused by water pollution is avoided. The final material
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is produced in the form of granules or porous block. Porosity and pore size are not stated. No
references using Corebone has been found.

Tricalcium phosphate products are supplied by Ceraver (F), Ceramed (PT) and
Synthograft (USA). Ceraver supplies product called Calciresorb™ which is B-TCP material in
the form of blocks and granules. Calciresorb™ is claimed to be fully resorbable. The structure
of the material is interconnected macroporous structure. The resorbability is claimed to be
finished from 6 to 24 months. Nevertheless, there are reports suggesting that calciresorb is
not pure TCP material but biphasic mixture of HA and TCP (25/75) [218]. In vivo tests have
suggested that this material promotes osteoblastic differentiation and in vivo bone formation
[218]. Ceramed supplies material called Trioss™. This material is manufactured in the form of
blocks, wedges, cylinders and granules. Total porosity of the material is 60 — 80 % with the
pore size between 200 — 500 um. Material has very low compressive strength of 0.2 MPa.
Manufacurer claims that the material is resorbed up to 6 months after implantation.
Synthograft company produce B-TCP granules under Synthograft trademark. Being claimed as
resorbable the material should disappear after 3 months. Even in the case of Synthograft™
has been shown that the phase composition is not pure B-TCP but rather mixture of B-TCP and
9 % of B-CazP,07[219]. Nevertheless, human histology showed that this grafting material is
suitable for bone regeneration in maxillofacial complex and new bone formed was detected
within 3 months after implantation [219, 220].

Since a positive synergic effect of multiphasic calcium phosphate is known the private
companies offer multiphasic calcium phosphate materials for bone regenerations as well.
Among these companies are Straumann (CH), Exactech (USA), Teknimed (F), Biotechone (TW)
and Ceramisys (UK). Straumann supply a bone grafting material called BoneCeramic™ and
Maxresorb. Composition of granules or blocks is 60 % HA and 40 % B-TCP with 80 % of the
porosity and a pore size between 200 — 800 um. Manufacturer claims a full resorbability of
the material and the material is recommended for implantology, periodontology and oral
surgery. It has been tested in-vivo on a rat model for treatment of 5 mm calvarial defect [221].
The BoneCeramic™ had an osteoconductive potential but lower than autologous bone graft.
It was concluded that slower resorption rate had been caused by 60 % HA in the composition
of BoneCeramic™. This conclusion is in good agreement with work where 100 % B-TCP was
used for the same type of the calvarial defect [222]. In this work pure B-TCP performed even
better than autologous bone graft or B-TCP loaded with BMP-2 (Figure 10). Exatech company
produce material called OpteMx™ which is a porous mixture of HA and B-TCP (60/40) with
open porosity reaching 60 -80 %. The composition is the same as in the case of BoneCeramic™
and Maxresorb™. Pore size is between 300 — 600 um. Material is produced in the form of
granules and shaped blocks. In the case of porous blocks larger than 5 mm, it has been shown
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Figure 10 Rat calvarial defect treated with different types of grafts, CT scan after 45 days
postoperative. CPC — calcium phosphate cement, PLA/PGA - polylactic and polyglycolic acid gel

that the maximal penetration depth of newly formed bone was 2.5 mm per year [223].
Resorption after on year reached 44 % of the weight of initial material. Teknimed company
produce a material called Ceraform® which is a mixture of HA and B-TCP (65/35). Material is
claimed to be osteoconductive and resorbable. The material is supplied in the form of granules
and porous blocks. The material has been used for spinal fusions, as a filler for bone tumours
cavities, non-unions and fractures [224]. The results have suggested that for limited bone loss
the Ceraform® is good alternative to allografts. BiotechOne company produce material called
BonaGraft™ in the form of porous HA/ B-TCP granules (60/40), claiming that material is
suitable for void filling applications in the bone. Ceramisys produce material called
ReproBone® in the form of granules and blocks. The material has 80 % porosity and an
interconnected pore structure. The phase composition is claimed to be HA and B-TCP mixture
(60/40). Material has been used in the in-vivo study on a mice model where good
biocompatibility and osteoconductivity has been confirmed mainly if the material was
combined with BMP factors [225].

Researches conducted on commercial materials suggest the same trend as researches
conducted on the laboratory materials [226]. A high HA content makes implant unresorbable
with worse osteoconductive properties. Biphasic calcium phosphates seem to be the most
promising materials for further development in the field of porous ceramic bone substitutes.
It is worth to mention, that HA/TCP ratio in commercially available products is HA/TCP = 60/40
or at least very close to this ratio. More biomedical applications of calcium phosphates can be
found elsewhere [14, 78].

2.2.7 Manufacturing Methods and Customization

Customized scaffolds can be produced by two basic approaches. The older approach is

a gradual removal of material by the milling, drilling, or cutting. New approach is free-form
fabrication, where the final part is printed layer by layer.

Considering the first approach, we need a block of porous material which can be

machined to a desired shape. In the case of the calcium phosphate materials it means to
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machine a ceramic material. Ceramic materials are known for a high hardness and brittleness.
It is almost impossible or hardly possible to machine sintered ceramic materials by
conventional methods. Therefore, machining of ceramic materials is almost exclusively done
in green or presintered states, when ceramic material does not posses its full brittleness and
hardness [227, 228]. Porous green ceramic blocks with sufficient strength to withstand
handling and machining can be produced by templates methods or direct foaming methods
[10, 85].Templates and direct foaming methods utilize ceramic suspension as a raw material
[229]. Ceramic suspensions must have quite high solid loadings and be stable in a sense of a
sedimentation and a clustering. Stability of the suspensions is achieved by dispersants bringing
repulsive forces to the system overcoming attractive forces between dispersed particles [230].
If the particles are in the range of hundredths of nanometres the sedimentation does take
place but very slowly or does not take place at all, mostly if the system is stirred. The basic
idea of templates methods is to incorporate suitable template in the form of polymeric foams,
natural templates, or particles in the volume of the suspensions. After consolidation of
ceramic suspensions these templates are burn out resulting in porous structure [229].
Problems of these systems are associated with cracks development during polymer burn-out,
when the gas created by thermal decomposition of a template must diffuse through the
ceramic walls [231]. Direct foaming methods are based on incorporation of gas bubbles into
the suspensions and their subsequent consolidation [229]. The main difference between these
two approaches is the final structure which is in the case of template methods more or less
an exact replica of the template. In the case of direct foaming methods the final structure is a
randomly distributed porous structure with circular pores [10, 85]. The direct foaming
methods are highly efficient and the final structure is defined by circular pores, which are
crucial for even formation of a new tissue [147]. The consolidation of suspensions is normally
provided by curing of dispersed monomers after foaming and the kinetics of curing determines
the final structure [10]. If the curing is too slow than Oswald ripening takes place and the
foamy structure degrades [229]. Therefore, balance between the curing and the foam ripening
is crucial. Ceramic blocks can be used for machining [232, 233]. The CAD/CAM custom made
implants can be produced and used even for an extensive cranioplasty. Results has shown low
adverse reaction and low morbidity rate with high aesthetic and functional results [234]. It is
worth to stress that the dimensions of part machined in a green or a presintered state must
be enlarged because of the shrinkage occurring during final sintering of the product [10, 228].

As a counter pole for a machining approach stays the free-form fabrication techniques.
These techniques involve stereolihtography, extrusion, selective laser melting and many
others [235]. The main advantage is that the final structure and the shape of the part is
restricted, theoretically, only by our imagination. The main disadvantages are the technical
demands on equipment and usually a lower production efficiency. Even though free-form
fabrication methods are challenging they evolve rapidly becoming a good method for
production of customized parts [236]. Unfortunately, printing of structures similar to the
structures prepared by template or direct foaming methods is highly demanding and therefore
additive manufacturing cannot compete with these methods so far.
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The challenging part of the implantation of ceramic scaffolds is their emplacement at
a wounded site during surgery. The stability of implants is crucial for healing and a new bone
development. Micromovements of implants can cause fatal failure of implants or healing
process itself. The bright idea, improving a progress during the surgery, is 3D printing of the
model of a wounded site. In this case surgeons can test a strategy of implantation and a
method of implant stabilization beforehand. There are several possibilities how to fix a
position of an implant. The most common is its fixation by titanium screws and plates [232,
233]. The main disadvantage of this approach lies on unresorbability of the hardware. After
healing hardware must be either extracted or let be inside for the rest of a patient life. The
other methods rely on fixation using resorbable sutures [234] or a fixation of the implants by
bone cements [237].
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3 Research Part

The research part describes preparation and multiscale evaluation of porous ceramic
scaffolds. The main stress is put on ceramic technology, processing of the porous samples and
their evaluation from the viewpoint of material sciences. To describe the materials
completely, there are parts focusing on biological response of cell cultures to the materials as
well. The multiscale evaluation enabled to choose the best material for scaffold preparation
being subsequently used for in-vivo tests on animal model.

The research part is divided into five subchapters. Each subchapter deals with certain
part of scaffolds manufacturing process, their characterisation and in-vitro and in-vivo testing.
The subchapters were arranged in the logical order starting from development and processing
of the materials, followed by in-vitro and finally in-vivo tests. There is a brief summary after
each chapter helping to sum up the results and outcomes of every part and highlighting the
main ideas important for following sections. The research part gives an entire picture about
the doctoral research focused on calcium phosphate biomaterials.

3.1 Aims of Doctoral Research

The main goal of the doctoral research was an investigation of processing and
properties of multiphasic, hybrid and customized calcium phosphate scaffolds for bone
defects treatment. The main goal was achieved by fulfilling several tasks:

Preparation of porous bioceramic materials based on calcium phosphates
Description of porous structures of the sintered calcium phosphate foams
Implant customization by conventional milling

PN e

Mechanical characterization of the porous calcium phosphate materials in

simulated in-vivo conditions

5. Description of calcium phosphates phase distribution in the multiphasic samples
on a grain level and correlation of the phase distribution with their mechanical and
biological properties

6. In-vitro evaluation of different types of porous calcium phosphate materials

7. In-vivo study of a spinal fusion on the animal model
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3.2 Production of Machinable Calcium Phosphate Foams for Medical Applications

As it has already been discussed in the part 2.2.7 Manufacturing Methods and
Customization conventional CAD/CAM milling is one of the possible approaches for implant
customization. Since a milling is well-known and widespread industrial technology, we
exploited CAD/CAM as a manufacturing method suitable for customization of porous calcium
phosphate implants with a high potential to become the first-choice processing method for
suchlike applications. The main goal of this part of the research was to explore easily utilizable
method for a production of a large quantity of porous ceramic materials being further used as
a feedstock material for the milling. Since the brittleness of sintered ceramic materials is well
known issue, being even more pronounced in cellular structures, different types of heat
treatment of ceramic blanks were tested, and their milling performance was described and
evaluated. Eventually, the performance of 3D milling was demonstrated on a complex ceramic
part as a proof 3D milling customization concept. The material was prepared by a novel epoxy-
based gelcasting method derived from common gelcasting process which has been known
since the first mention in 1985 [238]. The main objective of this part was to prepare porous
calcium phosphate (hydroxyapatite) blocks with open porosity. Targeted median pore size was
between 300 and 500 um. Diameter of interconnections between individual pores wanted
was around 150 pum with an overall open porosity reaching at least 75 % better 80 %. All
parameters mentioned were designed to meet geometrical requirements being agreed in the
literature as basic requirements for successful vascularization, osteogenesis, and new bone
formation. Since the literature reports shows, that the spherical pore shape is very promising
[147], simple direct foaming method, ensuring spherical shape of the pores, was used. Main
advantage of the novel epoxy-based gelcasting process is an elimination of exfoliation
phenomena occurring during the traditional gelcasting [239]. The traditional gelcasting relies
on a radical curing reaction. This process can be prematurely terminated by oxygen presented
in the atmosphere. Therefore, in the case of traditional gel-casting foaming and curing of the
foam must be carried out under nitrogen atmosphere. This fact complicates the whole
preparation of the ceramic foams. Hence, we tested system where curing was provided by the
chemical reaction between epoxy groups and amine hardener. This ring-opening
polymerization reaction is not influenced by the oxygen in the ambient atmosphere and,
therefore, preparation process can be carried out under normal laboratory conditions. Due to
environmental hazards the systems containing organic solvents were not considered and
water-based system was investigated.

3.2.1 Scaffolds Preparation

Several epoxy compounds can be found in a literature as possible candidates for water-
based epoxy gel-casting systems [239]. By trials we had found that at least 15 wt. % of
monomers containing epoxy group had to be dispersed in water to ensure decent handling
propertiesin the green state keeping internal cellular structure of the foam stable. Considering
this fact, the epoxy resin ethylene glycol diglycydyl ether (EGDGE), which has been successfully
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used before for similar systems [239] was utilized. Moreover, relatively low viscosity of EGDGE
in comparison with other substances described in [239] did not substantially increase viscosity
of the system and allowed to use powders with a particle size in the range of hundreds of
nanometres. Dipropylentriamine (DPTA) was used as a hardener stimulating the curing of
EDGDE monomers in suspension. The reaction of the hardener and epoxy monomer is
schematically represented in the Figure 11. The gel (polymer network) formed by this reaction
consolidates green body and prevents the green body of any further shape degradation,
bestowing handling strength to the green body and decent mechanical properties.

For the proof of 3D milling customization concept, we decided to prepare porous
ceramic samples consisting of pure hydroxyapatite (HA) phase to avoid any difficulties
connected with the other CaPs phases. Namely phase transformation and high temperature
reaction which can lead to crack development and structure degradation in the case of TCP
[110]. The flowchart of the scaffold manufacturing process is depicted in the scheme (Figure
12).

R1_CH_CH2 + NHZ_RZ —_— R1_?H_CH2_NH_R2
o) OH

R1_?H_CH2_NH_R2 + HzC_CH_R1 — R1_?H_CH2_N_R2
OH o) OH

Figure 11 Scheme of curing reaction of an epoxy group with an amine hardener
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Figure 12 Flowchart of the scaffold preparation

Hydroxyapatite nanopowder (tri-calcium phosphate, extra pure, Riedel-de Haen,
Seelze, Germany) was used. The HA powder was calcined at 1000°C for 3 hours before use.
The calcination of HA powder decreased specific surface area from 66 m2.g1to04.7-4.2 m?.g
1. The reduction of specific surface area was crucial for preparation of ceramic suspensions
with relatively high solid loading (31.8 vol.%). The calcined hydroxyapatite powder was
dispersed in the premix solution of deionized water (DI water) and epoxy resin ethylene glycol
diglycidyl ether — EGDGE (Quetol 651, Electron Microscopy sciences, Hatfield, PA, USA). The
overall epoxide-hardener content was 20 wt.% with respect to the liquid phase of the system.
Overall volume solid loading used, based on previous experiments, was set on 31.8 vol. % or
58.5 wt.%, respectively. The exact composition of the hydroxyapatite suspensions is in Table
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2. The ceramic particles in the suspensions were homogeneously dispersed and stabilized
using commercial dispersant based on ammonium polyacrylate salt (Darvan 821A, R.T.
Vanderbilt Co., Norwalk, CT, USA). Darvan 821A is 45 wt.% water solution of ammonium
polyacrylate salt with average molecular weight of 3500 g/mol. Darvan 821A was chosen due
to the fact that the chemical formula did not contain any elements which could serve as
dopants of hydroxyapatite (Mg, Na, Si), leading to unwanted phase changes during sintering
[240]. The optimum amount of the dispersant was found by steady shear rheological
measurements at 1.2 wt.% of Darvan 821 A (calculated with respect to the powder).

Table 2 Composition of the hydroxyapatite suspensions

HA Darvan Triton X
DI water EGDGE DPTA
powder 821 A 100
Wt. % 58.5 31.0 6.0 1.8 0.3 2.4
Vol. % 31.8 53.3 8.9 3.3 0.5 2.2

The mixture of hydroxyapatite powder, dispersant and deionized water was milled in
attritor (HD-01, Union Process, Akron, OH, USA) for 3 hours. Zirconia balls with a diameter of
1 mm were used as a milling medium. Milling speed was set to 500 rpm. The double-wall
milling cylinder was used for milling, being cooled down during milling process by steady flow
of the water, keeping the temperature of the suspension during milling under 20 °C. Milling
cylinder was kept close during milling to minimize evaporation and a possible contamination
of the suspensions. The median particle size in the suspensions after milling was measured by
light scattering method and characterised with dsg=130 nm. After milling, zirconia balls were
extracted. To ensure a foaming capacity, surfactant was added in that point (Triton X-100,
Sigma-Aldrich, Saint Luis, MO, USA). The optimal amount of surfactant was 22.77 pl/g of
suspension [85]. With surfactant added, suspensions were thoroughly mixed for 10 minutes
to homogenize surfactant in the volume. Hardener (bis(3-aminodipropyl) amine, Sigma-
Aldrich, Steinheim, Germany), also referred as DPTA, were dosed to the hydroxyapatite
suspensions. Prior foaming, the hardener was added to the vigorously stirred suspension to
ensure even distribution of the hardener in the volume. In order to exclude any effects and
differences caused by different volume of the suspensions being foamed, the volume of the
suspensions was 60 ml in all cases. The main reason is exothermal character of curing reaction,
where a high volume could lead to an overheating and significantly change curing kinetics
affecting the final microstructure. The foaming of the suspensions was carried out by a blender
(Bamix Swiss Line, ESGE, Switzerland). Foaming time was set as a 3 minutes since previous test
indicated that after 3 minutes no further increase in the foam volume had taken place [85].
Prior curing, the foamed suspensions were casted into cylindrical polypropylene moulds
treated with paraffin oil. As soon as the foams were casted, polypropylene moulds were
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sealed to minimize drying during curing. Diameters of polypropylene moulds were 20 mm, 40
mm and 100 mm with height 30 mm, and 15 mm, respectively. The curing of casted foams
took place at different temperatures ranging from 20 °C to 50 °C in order to optimize foam
consolidation and corresponding internal microstructure of the samples. The cured samples
were extracted from polypropylene moulds. Attention was paid to a stress-free extraction
from the moulds where no compression or bending of cured samples occurred, because that
could lead to damage of fine internal structure of the samples. The cured wet samples were
dried under controlled temperature of 20 °C and relative humidity 98 % and 80 % in climatic
chamber (Weiss, WK3-180/40, Germany) until water loss achieved at least 60 %. Reaching the
water loss of 60 %, samples were taken out of climatic chamber and let dried under ambient
laboratory conditions for at least 48 hrs before any further treatment. Samples with diameter
of 40 mm were produced for milling tests. To describe the impact of a heat treatment on the
precision of 3D milling, samples were divided into three groups according to their heat
treatment regime — green state, presintered at 1150 °C/2 h, sintered at 1250 °C/2 h. All groups
were prepared in a version impregnated with paraffin wax. The purpose of the impregnation
was to fill the pores with material which would have shored up a thin and delicate internal
structure of the ceramic foams and which would have secured an accurate machining without
any damage. Moreover, the paraffin impregnation could help to attenuate vibrations during
machining and, therefore, eliminate damages caused by the vibrations. The impregnation was
carried out by a submerging the samples into molten paraffin wax (90°C for 15 minutes). The
soaked samples were cooled down to a room temperature being constantly rotated. The
rotation of the samples during cooling ensure an even distribution of the wax. The presintered
and sintered samples for milling were prepared by heating to the 500°C at a rate of 50°C/h,
followed by a heating to the presintering or sintering temperature at a rate of 120 °C/h with
a dwell of two hours at the final temperature. The milling tests of porous samples were
performed on a high-speed computer numerical controlled (CNC) milling machine with
maximal rotation speed of 28 000 rpm (Ultrasonic, Sauer, Stipshausen, Germany) equipped
with a diamond coated milling tool with a diameter of 1 mm. The finishing cutting speed was
set to 2000 mm/min. The depth of cut and the width of cut were 0.13 mm and 0.08 mm,
respectively. After the milling all samples, no matter what their previous heat treatment had
been, were heat treated with the regime described above. The final sintering temperature
was 1250 °C/2 h. Sintering at 1250°C for two hours preserved the single-phase hydroxyapatite
structure of the samples.

3.2.2 Characterization of Structure and Mechanical Characterisation

Since the curing was crucial for final foam microstructure the curing process in the
suspensions was monitored by small-strain oscillatory shear measurements performed on a
rotational rheometer (HAKE MARS Il, Thermo Scientific, Karlsruhe, Germany) equipped with
sensors with parallel plate geometry. A diameter of the detector plates was 35 mm. The
measurement set-up was covered with a solvent trap module to diminish drying effects during
curing. To keep the environment in the measurement cell saturated with water vapours
constant flow of moist nitrogen was secured and the closest vicinity of the measuring module
was covered with a wet cloth. The size distribution of pores and pore windows was evaluated
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using microphotography taken by scanning electron microscope (SEM) (Verios 460L,
Thermofisher Scientific, Czech Republic). The images were taken from randomly chosen
fracture surfaces. In the SEM micrographs the largest dimension of the pores, which were
expected to be spherical, and a pore windows, which were expected to be circular, were
measured. No correction factor taking into the account the skewness of the projection was
applied. The results were plotted as histograms of pore size and window size (diameter) on a
frequency by volume or by an area, respectively. The number of bins was calculated according
Sturge’s formula. Frequency by volume was calculated as the total mean volume of the
measured pores in a bin divided by the total mean volume of all pores in all bins. The same
calculation was applied for the evaluation of pore windows. Instead of mean volume, mean
surface of the windows was calculated. These plots gave a better idea about internal structure
of the scaffolds then mere plotting the size of the pores (windows) against number of
incidences. The results obtained from SEM microphotographs were compared with results
obtained from a computed tomography (CT) (phoenix v|tome|x L240, GE Sensing & Inspection
Technologies, Huerth, Germany). The three dimensional CT scan was carried out with a voxel
resolution of 20 um. It means that the smallest distinguishable volume element scanned was
20 um x 20 um x 20 um. The structural data scanned by CT were processed by an analysing
software (VGStudio MAX 3.0, Volume Graphics, Heidelberg, Germany). The pores and pore
windows were localized on a gradient parametric map on which the local extremes were
searched and measured by watershed algorithm. The local extrema corresponds to the places
being the air pores in original structure. The open porozity of sintered scaffolds was measured
by the Archimedes method. The theoretical density of hydroxyapatite used for calculation had
avalue of 3.16 g.cm™. The compressive strength of green and sintered samples was measured
using an universal testing machine (Instron 8862, Norwood, MA, USA). The compressive
strength of the samples was measured on cylindrical samples with the height to diameter ratio
equal to 1.5, corresponding to the sintered samples with a diameter of 14.5 mm and height of
22 mm [85]. Bases of the cylindrical samples were carefully grinded to be plan paralell. There
was a thin leather pad inserted between sample and a cross-head during measurements to
minimize an effect of uneven mechanical loading during test caused by local inhomogeneities
of topography of bases. The crosshead speed of 0.5 mm.min was applied and force deflection
traces were recorded. The compressive strength of the sample was calculated as the first
maximum on the loading curve before a rupture. Work of fracture was calculated as an
integral area under a loading curve up to the fracture divided by a sample’s cross-section. The
Weibull strength and the parameters of a Weibull strength distribution were calculated
numerically according the EN 843-5 Standard.

3.2.3 Results and Discussion

The scheme of the epoxy — amine cross-linking curing reaction is shown in the Figure
11. This reaction occurs in the ceramic suspension by cleavage of epoxy rings located in the
EGDGE molecule by the action of hardener molecule (DPTA). The active hydrogen in primary
amine reacts with an epoxy group to form secondary amine. The secondary amine reacts with
epoxy group. The resultant tertiary amine polymerizes epoxy groups. Aliphatic amine
hardener (DPTA) allowed curing of the suspensions both at a room temperature and at
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elevated temperatures. The polymeric network created during this reaction consolidates
ceramic foams and prevents their degradation during drying. As it has already been explained
above, epoxy based gelcasting system allowed curing in the ambient atmosphere and no
exfoliation phenomena related to the free-radical curing reaction of the traditional systems
took place. However, in the water environment the epoxy ring can be cleaved under basic
conditions. Unfortunately, the pH of the hydroxyapatite suspensions had to be kept at pH of
9 — 10 to ensure maximum stability of the colloidal system. According to the theory [241],
hydrolysis of epoxy groups can cause the formation of alcohols, which are inactive and cannot
contribute to the polymerization (Figure 13).

OH-
R-CH-CH:+H.0 —8— R -ClH -Cle
o OH OH
Figure 13 The hydrolysis of epoxy group in water

Because of partial hydrolysis of epoxy groups density of crosslinked polymer network
after curing is lower. This lower density was indirectly observed by the small strain oscillatory
measurements. The time dependence of the absolute value of complex viscosity, |n*|, of the
suspensions aged for different time is shown in the Figure 14. The experimental values
measured were fitted with Hill equation, standardly used in the modeling of polymerization
kinetics [242]. Hill equation is usually written as:

tn

7" = 11 (@) s (1)

Where |n* ()| is the final absolute value of an equilibrium complex viscosity of the system, 6
is the half — curing time and n is a coefficient relative to the asymptotic slope at the half-curing
time 6. This model consists of the parameters which can be further used to determine the
equilibrium viscosity of the cured polymeric system. Moreover, the total curing time defined
as the time necessary to achieve 95 % of final viscosity can be derived from this equation as
well. The parameters derived from this equation for the suspensions aged for different time
are in the Table 3. The effect of an aging on a final curing behavior of the hydroxyapatite
suspensions is obvious both from Figure 14 and Table 3. A viscosity drop related to the
hydrolysis of epoxy groups was the most pronounced within the first 24 hours. During the first
24 hours steep drop of the equilibrium viscosity occurred. The equilibrium viscosity derived
from eq. (1) reached 104.4 kPa.s for suspensions 2 hours old. The same suspensions aged for
24 hours reached equilibrium viscosity of 51. 3 kPa.s, which means 50.9 % decrease for the
system. After initial 24 hours the rate of the final viscosity drop-off considerably ceased. The
difference between 24 hours and 72 hours was just 5 kPa.s. It seemed, that equilibrium
conditions were reached after 72 hrs of aging. In order to avoid the differences in the curing
of the samples which could possibly lead to different mechanical and microstructural
characteristics of final samples, these were prepared from the suspensions aged for 24 hrs.
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Despite the degradation of epoxy groups in the suspensions it was still possible to reach final
viscosities higher than in the case of the traditional polyacrylamide-based systems (51 kPa.s
vs 44 kPa.s, respectively) [85].

Table 3 Curing parametres of the hydroxyapatite suspensions

Suspension Idle Time Total Gelation  Final Viscosity
Time (Pa.s)
HA X/Y * (s)
(s)

HA 25/2 3150 18330 104440
HA 25/21 3050 12340 56570
HA 25/24 3200 11400 51330
HA 25/48 3490 12120 44690
HA 25/72 3490 17270 46270
HA 35/24 910 2180 56240
HA 50/24 230 - -

*X Curing temperature (°C), Y aging time (h)
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Figure 14 Time dependences of complex viscosity during
gelation at a temperature of 25°C for hydroxyapatite
suspensions aged for different times.
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Figure 15 Time dependences of the complex viscosity for
hydroxyapatite  suspensions  cured at different
temperatures. The suspensions were aged for 24 hrs before

measurements.

The kinetic of curing reactions of epoxy-based system is temperature dependent and a curing
rate increases with an increasing temperature. The faster the curing is the lower degradation
of initially prepared foam structure occurs. On the other hand, speeding up the reaction, the
idle time (defined as time before any pronounced cross-linking in the suspensions occurs and
the viscosity of the system starts to rise rapidly) is shorten. The idle time long enough is
necessary for the successful foaming and foam-casting into the moulds. In the case of our
epoxy-based system, the idle time was determined as a time point where tangent of the
viscosity curve in logarithmic coordinates changed at the highest rate. The onset of the curing
can be seen in the Figure 15. Heating the reaction environment for 25 °C (from 25 °C to 50 °C)
caused shortening of the idle time for more than 14 times (from appr. 3300 s at 25 °C to 230
s at 50 °C). The idle time of 3300 s for suspension cured at 25°C was too long to preserve
foamed structure in undegraded state. If suspension was cured at 50 °C the idle time (230 s)
was to short for both foaming and casting. The optimal temperature from technological point
of view seemed to be 30 °C. Unfortunately, there could be deviations in the results due to
slight time and temperature differences during processing. Therefore, we proposed and
investigated methods utilizing foaming and casting of the suspension at 25 °C with subsequent
curing of the samples at elevated temperature of 35 °C or 50 °C. It turned up to be crucial for
having both processing time long enough for foaming and casting step and quick curing of the
foam after casting diminishing the degradation of the foam and preserving its fine and
homogeneous internal structure. This approach was possible to apply since there were no
profound effects of the elevated curing temperature on the equilibrium viscosity of epoxy

gels.
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The internal structure of the foams prepared was strongly dependent on the
temperature of the suspension during foaming and curing. The different variants of foaming
temperature, Troam, and curing temperature, Tge, used in our investigation are in the Table 4.

Table 4 The processing details, porosity and average pore and window size of the sintered
samples

Foam Tfoam Tgel tprocess ~ Open Porosity*  Pore Size  Window Size
Structure
(°C) (°C) (s) (%) (um) (um)
A 35 50 540 76.1+1.2 214 46
B 35 35 540 74.2+4.0 172 48
C 25 50 240 82.1+4.2 644 135
D 25 35 360 78.1+0.9 (65.8)* 317 (260)* 78 (79)¥
E 25 35 660 82.4+1.0 464 117
F 25 35 960 73.2+0.9 287 73

*Mean of the open porosity given with 95 % confidence interval

¥ Values determined by CT analysis

The hardener was dosed to the suspensions at a foaming temperature (Tfoam). FOaming
and casting were performed at this temperature, as well. Once the suspensions were foamed,
casted and sealed in the moulds temperature was changed to the curing temperature (Tgel).
The processing time, f0am, between the hardener addition and a final placement of the sample
to the environment with temperature set on the curing temperature varied from 240 s to the
960 s. The SEM microphotographs of the samples from the Table 4 after final sintering at 1250
°C are in the Figure 16. The microstructure of the sintered foams consisted of spherical pores
with numerous circular interconnections between adjacent pores (referred as pore windows).
The open porosity of the samples determined by the Archimedes method varied from 73 % to
82 %. The lowest values were measured for samples prepared from pre-heated suspensions
and for the samples prepared with the longest processing times. The foams prepared from
the suspensions preheated to the 35 °C were cured rapidly and the final microstructure of the
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samples (Figure 16 A and B) consisted of small pores (around 200 um) and the open porosity
of the samples reached 76 % and 74 %, respectively. On the other hand, the structure prepared
at 25 °Cand cured at 50 °C was defined by pores with the median size over 640 um with open
porosity reaching 82 % (Figure 16 C). We assume that main reasons for the biggest pore size
of all prepared samples was caused by the synergic effect of Ostwald ripening and air
expansion in the bubbles during curing. Structures with the pore size and porosity the closest
to the ideal cellular structure described in the literature (see part 2.2.4 Internal Structure of
Scaffold) were obtained by foaming of the suspensions at 25 °C with subsequentially curing at

35 °C with processing time of 6 minutes (Figure 16 D).

Figure 16 SEM microphotographs of sintered foam structures prepared with different
processing parameters. (A) foam temperature: Tram = 35°C, gelation temperature: Tgei= 50°C,
and processing time: tprocess = 540 S; (B) Tfoam= 35°C, Tge1 =35°C, tprocess = 540 s; (C) Tfoam = 25°C,
Tge1= 50°C, tprocess= 240 s; (D) Tgoam = 25°C, Tge1= 35°C, tprocess = 360 S; (E) Troam = 25°C, Tge1= 35°C,
torocess = 660 S; (F) Toam = 25°C, Tge1= 35°C, tprocess = 960 s.
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Pore size, pore window size and open porosity of the all samples in the Figure 16 are
in the Table 4. The structural characteristics of the sample D, which were found to be optimal
for the purpose of the scaffolds preparation, were studied by CT analysis as well. The internal
structure of the sample captured by CT is shown in the Figure 17. The most frequent pore size
(volume-based) was in the case of both SEM and CT analysis the same with the most frequent
diameter around 430 um (Figure 18 A). The distribution of the pore windows differed and in
the case of the SEM analysis the most frequent pore window diameter (by area) was 130 um
whereas the distribution acquired by CT was more broad with the most frequent pore
windows diameter shifted to 150 um (Figure 18 B). To explain this difference the size of
dataset acquired must be taken in account. In the case of SEM analysis hundreds of pores
were evaluated, CT scan evaluated hundreds of thousands microstructural features defined
as pores and pore windows, respectively. Moreover, this shift can be cause by the projection
skewness of the sample’s 3D surface captured in 2D microphotography. The histograms based
on CT datasets were slightly skewed to the right (Figure 18). This skewing was caused probably
by Ostwald ripening phenomena leading to foam degradation characterised with gradual
coarsening of the foam microstructure.

Figure 17 CT images and pore structure analysis of sintered foam (D). (a) cross
section of the foam, (b) detail of the foam structure, (c) pore windows analysis, (d)
pore size analysis.
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This skewness is not obvious in case of datasets measured on SEM photos probably
due to low number of individual measurements. Nevertheless, this quite well-matching
comparison of internal microstructure justifies the utilization of the relatively simple SEM
method as method valid for the basic evaluation of cellular-like structures and foams.

To characterize mechanical performance of porous structures, the compressive
strength was evaluated. The average values and the Weibull parameters of compressive
strength of hydroxyapatite foams are in the Table 5. The compressive strength of the foams
in different processing stages was evaluated including the foams impregnated with paraffin
wax which was supposed to improve milling accuracy. The paraffin impregnation significantly
increased the compressive strength of dried foam. Moreover, paraffin impregnation improved
the toughness of the dried structure as well. The work of fracture was increased from 0.33
mJ.mm2 to 0.74 mJ.mm 2. The internal structure of dried samples was flawless. Flawless
internal structure was indicated by relatively high Weibull modulus reaching a value of 25.2.
Paraffin wax impregnation increased the spread of compressive strength values and therefore
decreased the Weibull modulus. The decrease of Weibull modulus was an indication of uneven
distribution of paraffin wax rather than any indication of a damage on the foam
microstructure. This explanation was supported by following findings. Pronounced benefit
related to the paraffin impregnation was observed on the strength of the sintered samples.
The impregnation of the green body followed by sintering of the samples impregnated with
paraffin significantly improve strength of the sintered foam. If we compared compressive
strength of samples sintered with and without previous impregnation, the strength of sintered
samples increased by 108 % from 1.59 MPa to 3.32 MPa for samples impregnated with
paraffin wax in a dried state. The reason could be explained by strength analysis of the samples
sintered without paraffin impregnation. This group, consisting of 45 samples, could be divided
into two groups — high and low-strength population (Figure 19). The low-strength population
(32 samples out of 45) had Weibull strength of 1.07 MPa and Weibull modulus of 2.61,
whereas the high-strength population (13 samples out of 45) had Weibull strength of 3.37
MPa and Weibull modulus reaching 6.59.
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Figure 18 A) Pore size distribution of the structure D B) Pore window size distribution of the

structure D. Comparison of SEM and CT analysis. Sintered foam
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The results suggested different failure mechanism and presence of flaws of some kind.
Mechanical strength of high-strength population could be correlated with mechanical
strength of the samples sintered after paraffin impregnation. Such samples were
characterised with Weibull strength of 3.58 MPa and Weibull modulus of 5.85. These results
suggested, that the low strength population was eliminated in the case of the samples
impregnated with paraffin. To explain this phenomena, debinded cylindrical samples with and
without previous paraffin impregnation were inspected. Defects in the form of central cracks
which did not always reach surface of samples, were found after cutting the sample
perpendicular to its long axis (Figure 20). No suchlike defects were found in the case of
samples impregnated with paraffin before sintering. The central crack is common drying
defect of green bodies [243]. Uneven drying of a gel results in internal stress field in a dried
body. The stress field do not have to result in a crack formation in a green body, where the
polymeric part is strong enough to withstand forces originated from the internal stress field.
During debinding, polymeric network is removed, and stress is released. The stress release
could lead to crack formation and consequently to lower strength of sintered ceramic. To
explain the effect of paraffin, thermal analysis was conducted. It was shown that infiltrated

Table 5 Compressive strength of the hydroxyapatite foams tested at different processing
stages

Average Number of Weibull Weibull
Sample Strength Samples Strength Modulus
(MPa) (-) (MPa) (-)
Dried 0.38 10 0387001 25.2%1%2
Dried and 1.64 10 1.77i8133 5'473:23
impregnated
Sintered 1.07418% * 2-61J—r8:;g *
1.59 45
(dried only) 3.371051¥ 6.597355¥
Sintered
+0,23 +1,59
(dried and 3.32 36 3.5824% 5.8577%¢,
impregnated)

*Low-strength population of the samples

¥ High-strength population of the samples
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Figure 19 Weibull plots of compressive strength of the
hydroxyapatite foam at a different processing stage

paraffin got melted during debinding and affected the degradation and the removal of epoxy-
based polymeric network. The temperature range of paraffin decomposition (boiling point
300 °C) coincided with epoxy-based gel decomposition (200 — 350 °C). In this temperature
range about 80 wt. % of epoxy gel was removed. Therefore, we hypothesized that capillary
forces of molten paraffin could rearrange ceramic particles during the gel removal. The
particle reorganization eliminated inhomogeneity in the ceramic body caused by drying
process. The elimination of inhomogeneities resulted in a low intensity or no internal stresses
at all. Low or no internal stresses prevented crack formation in debinded bodies and resulted
in improved compressive strength of sintered ceramic foams.

Figure 20 Image of cross-section of debinded body with an
internal crack
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The milling tests were performed using the milling pattern shown in the Figure 21(a).
Milling pattern with distinctive features allowed us to evaluate the precision of milling.
Namely: smoothness, sharpness and continuity of edges, quality of tiny details and fragile
features. The diameters of the pins were 3 mm, 6 mm and 9 mm. Angle of the wedge was 30°
and step-like feature was designed with 1 mm steps and thickness of individual steps equal to
2 mm, 4 mm and 6 mm, respectively. Based on the previous results described in this work,
only the structures referred a D, providing structural properties needed for bone
regeneration, were used for milling tests. The foam blanks (cylindrical samples, d =40 mm, h
=30 mm) were milled in different stages of heat treatment (dried, presintered, sintered). All
samples were tested with and without the paraffin impregnation to compare influence of
paraffin on milling performance. The milled parts after final sintering are shown in the Figure
21 b - f. The best results were obtained by milling blanks in a dried-only stage and dried-and-
impregnated stage (Figure 21 b, c). Paraffin impregnation significantly improved the precision
of cut and sharpness of edges. Moreover, the paraffin layer on a dried ceramic body improved
stiffness during milling and acted as scaffolding of the fragile ceramic structure. The only
drawback related to the paraffin impregnation was creation of a paraffin-dust mixture which
had a tendency to be stuck-in some pores. It was not possible to clean this mixture before final
sintering. Therefore, after final sintering the blockage of some surface pores by ceramic dust
was observed. Blanks milled in the pre-sintered state did not posses enough ductility and
strength to withstand the milling without any damage (Figure 21 d).

Figure 21 Results of milling test. All samples a — f after final sintering (a) milling pattern, (b)
dried foam. (c) dried foam impregnated with paraffin wax, (d) presintered foam at 1150°C/2
h, (e) sintered foam at 1250°C/2 h, (f) sintered foam at 1250°C/2 h and impregnated with a
paraffin wax.
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The presintered samples impregnated with paraffin wax were destroyed during final
sintering due to insufficient strength of the ceramic structure. The most plausible explanation
was that presintered structures were destroyed by paraffin expansion in micropores in the
porous walls during heating of the sample to the sintering temperature. The blanks milled in
sintered state were too brittle to be machined with a high precision (Figure 21 e). The milling
of sintered samples resulted in damaged parts with poor overall quality. As in the case of dried
sample, paraffin impregnation of sintered blanks resulted in substantial improvement in the
quality of milled parts (Figure 21 f). Unfortunately, brittleness of the sintered blanks did not
allow to machine the tiniest details. The overview of the milling tests is summarized in the
Table 6. The evaluation was performed by using qualitatively based scale. The milling
performance and customization capacity of 3D ceramic scaffolds by milling were
demonstrated by preparation of a large ceramic scaffold for mandible treatment. The CT-
scanned data were used for both 3D printing of polymer model of the mandible and for milling
of the ceramic scaffold (Figure 22). Thanks to high resolution 3D scan, part with outstanding
dimension and shape accuracy could be obtained. The perfect fit of the scaffold in the defect

Table 6 Evaluation of milling tests

Thermal ) -
Impregnation Milling Results Notes
Treatment
Rough edges and surfaces,
Dried - Good & i 8
tiny parts ok
Sh dges, th
Dried Paraffin Excellent arpe g.es smoo
surfaces, tiny parts ok
1150°C/ 2 h ) Bad Jagged ed.ges, very rough
surfaces, tiny parts broken
1150°C/ 2 h Paraffin N/A Destroyed during dewaxing
Jagged edges, very rough
1250°C/ 2 h i Bad gged ecges, Very roug
surfaces, tiny parts broken
Sharp edges, smooth
1250°C/ 2 h Paraffin Good surfaces, some tiny parts

broken
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site is shown in Figure 22 a and non-trivial internal structure of the scaffold is shown in Figure
22 b.

3.2.4 Summary

This chapter described the preparation of the HA foams. Several types of the foam
preparation were tested and evaluated. The structure with median pore size of 317 um and
open porosity of 78 % was evaluated as the best one with respect to intended applications.
The compressive strength was evaluated on the samples D. The compressive strength of
3.3MPa was obtained. Positive effect of paraffin impregnation both on mechanical properties
and machining was described. The foaming method and paraffin impregnation will be used in
following chapters for preparation of porous calcium phosphate scaffolds.

Figure 22 (a)Model of human mandibula with a defect filled
with the customized hydroxyapatite scaffold, (b) detail of
the defect in madibula and the internal shape of the
scaffold.
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3.3 Strength and Structure Degradation of Calcium Phosphates under Simulated In-Vivo
Conditions

The method of the calcium phosphate foam preparation by novel direct foaming
method based on water-based epoxy system, successfully tested, and described in previous
chapter, was exploited for preparation of calcium phosphate foams with different phase
compositions. The multiphasic composition was tested as a possible solution for
biodegradable scaffolds. Moreover, the multiphasic calcium phosphates are believed to be
the key for governing of the dissolution/degradation rate of the ceramic scaffolds in-vivo. The
main target of this part was to test CaP foams with different phase compositions in simulated
in-vivo conditions. The effect of the phase composition both on the structural and mechanical
properties is discussed in this chapter.

3.3.1 Scaffolds Preparation

Three types of ceramic foams (scaffolds) were prepared differing in the phase
composition. Namely, pure hydroxyapatite (HA), B — tricalcium phosphate (TCP) and biphasic
calcium phosphate (BCP) foams were prepared. The basic steps of the scaffolds preparation
coincided with the steps having already been described in the chapter 3.2 (schematically
depicted in Figure 12). Here only slight differences in a preparation of TCP and BCP
suspensions are described. Hydroxyapatite suspensions were prepared in the same way as
described previously using hydroxyapatite powder (tri-calcium phosphate extra pure, Riedel-
de Haen, Germany). Tricalcium phosphates (TCP) suspensions were prepared using tricalcium
phosphate powder (Calcium phosphate, purum p.a. > 96 %, Honeywell, Germany). The
preparation of TCP suspensions were the same as HA suspensions with one exception.
Because of the coarser powder, the total time of attritor milling was extended to 8 hrs.
Prolonged milling time resulted in suspensions with median particle size of 1 um. If milling
time of 3 hours was applied, median particle size was close to 6 um. This lead to significant
instability of TCP suspensions characterised by quick sedimentation. Biphasic calcium
phosphate (BCP) suspensions were prepared by direct mixing of HA and TCP suspensions. The
HA and TCP for the preparation of BCP suspensions were prepared according to the standard
protocol. Milled HA and TCP were mixed in desire ratio (calculated as a HA/TCP powder ratio),
in the case of this study HA/TCP ratio was kept 1:1 (in wt. % of powders dispersed). The
mixture was stirred for 15 minutes to homogenize it before foaming and casting. Prior foaming
the foaming agent Triton X-100 (Triton X-100, Sigma-Aldrich, Saint Luis, MO, USA) and amine
hardener (DPTA) (bis(3-aminodipropyl) amine, Sigma-Aldrich, Steinheim, Germany) were
added. The foaming and casting parameters were adopted from previous chapter and
coincided with the parameters described in Table 4 for the structure referred as ,D“. The
samples were casted as cylinders with a diameter 20 mm and the height of 30 mm. Before
heat treatment the samples were impregnated with paraffin wax to improve mechanical
strength after sintering. The heat treatment was the same for all types of the samples. The
paraffin wax and epoxy gel were removed by heating at a rate of 50 °C/ h to 500 °C and then
the sintering step followed by heating at a rate of 120 °C/ h to sintering temperature of
1250 °C. There was 2 h dwell at sintering temperature followed by cooling with a rate of 60
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°C/ h to the room temperature, if not mentioned otherwise. The composition of suspensions
prepared are in the Table 7.

Table 7 Composition of the ceramic suspensions

Darvan Triton

DI
HA powder TCP powder EGDGE DPTA
Water 821A  X-100

Wt.% Vol% Wt% Vol% Wt% Wt% Wt% Wt% Wt%

HA 58.5 31.4 - - 30.8 5.9 1.8 0.7 2.3
TCP - - 61.1 344 28.0 5.4 1.6 0.6 3.3
BCP 29.7 16.1 29.7 16.6 29.0 5.7 1.7 0.7 3.5

3.3.2 Tests of Simulated Biodegradation

The osteoclastic activity was simulated on the sintered ceramic foams in a form of
cylindrical samples with a diameter of approximately 15 mm and height of 24 mm by
submerging the sintered samples into acidic solution of Mcllvaine buffer (pH 5.5). The buffer
enabled to perform the degradation tests 14 days long. These tests revealed the
microstructural changes and allowed correlations of the microstructural changes with changes
in mechanical strength of the scaffolds. Long-term degradation tests served as an
approximation of the actual regeneration and resorption process of sintered ceramics in a
living organism (see chapter 2.2.2 Solubility and Degradation of Calcium Phosphates). The
samples for mechanical testing were degraded for 2, 7 and 14 days in Mcllvaine buffer. The
buffer solution was prepared as a mixture of 0,1 M solution of citric acid (citric acid
monohydrate, p.a. 99.5 %, Penta, Czech Republic) and 0.2 M solution of disodium phosphate
(disodium phosphate dodecahydrate, Lachema, Czech Republic). The set of samples of each
type (HA, TCP, BCP) was placed into separate beakers and submerged into buffer solution
keeping the ratio of 10 g of buffer per 1 g of sample. The beakers were sealed to avoid a drying
and placed into a chamber with constant temperature of 37 °C. Buffer solution was changed
every two days. The change of buffer’s pH was measured prior to the regular exchange of the
buffer. After the time reserved for degradation test passed, the samples were gently washed
in deionized water. The mechanical strength of degraded samples was tested in a wet state to
minimize all effect which could be possibly introduced by drying (cracking etc.). The weight
changes were evaluated on washed and dried samples.
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3.3.3 Characterization of Microtructure and Mechanical Characterisation

SEM micrographs (Veriosl 460L, FEI, Czech Republic and Lyra3, Tescan, Czech Republic)
of all types of sintered samples before and after degradation (2, 7 and 14 days) were taken to
show the effect of acidic environment on microstructural features. The porous macrostructure
of the sintered samples was characterised by the pore size and the size of pore
interconnections (windows). Gwyddion software (Gwyddion 2.49, Czech Republic) was used
to measure the pore and window sizes on SEM micrographs. The sizes of pores and windows
were measured on fracture surface. At least 150 measurements were performed on each type
of sample. The pores and windows were considered to be spherical and circular, respectively,
and no correction factor was applied to take in account the skewness of a projection and
location of a fracture with respect to the pore diameter. The most frequent pore and windows
sizes were determined as the median value of the most frequent bin in histogram. The
frequencies by volume and area were used, respectively. This method had been proven as a
reliable method how to provide basic characteristics of the scaffold structures (see chapter
3.2 ). The grain size of sintered ceramics was evaluated from the micrographs of the pore
walls. At least 150 grains for each type of ceramic material (HA, TCP, BCP) were measured. The
average grain size was calculated by the linear intercept method. Open and closed porosities
of the samples were measured by Archimedes method. Theoretical densities of 3.16 g.cm3 for
HA, 3.07 g.cm™ for B-TCP and Ca;P,07 and 2.87 g.cm™ for a-TCP were used. The median
density was calculated based on a phase composition of the samples after sintering. The XRD
measurements of the phase composition were performed on Rigaku SmartLab diffractometer
(Rigaku SmartLab 3 kW, Rigaku, Japan). Diffraction analysis was performed in Bragg-Brentano
configuration from 10° to 100° (26) with Cu Ka radiation. Samples for XRD analysis were
prepared from dried samples, having been powdered in mortar. The phase content was
guantified by the Rietveld analysis. To evaluate mechanical performance of the samples
before and after degradation compressive strength was measured. ISO 13314 referring to the
mechanical testing of porous and cellular metals was cautiously adapted. Samples were
cylindrical with a diameter of 15 mm and a height of 24 mm. The hight to diameter ratio was
kept 1.6. Fifteen samples of each group (HA, TCP, BCP) for each time point (0, 2, 7, 14 days)
were tested. As it has been mentioned in previous text, degraded samples were tested in wet
state. Compressive strength and energy absorption were measured using MTS Mini Bionix
858.02 system (MTS, USA) equipped with 1000 N and 250 N cells. The measurements were
carried out at a constant crosshead speed of 4.0 mm per minute. The stress—strain curves
were recorded and used for the evaluation of ultimate compressive strength and an energy
absorbed during fracture. The ultimate compressive strength was calculated as the maximum
on stress-strain curve divided by the cross-sectional area of sample tested. Absorbed energy
was calculated as the area under the stress-strain curve up to 20 % strain divided by the
sample volume. The parameters of the Weibull distribution were calculated numerically
according to the EN 843-5 standard. The distribution of CaP phases in sintered BCP ceramics
was determined by the electron backscatter diffraction (EBSD) performed on a SEM (Verios
460L, FEI, Czech Republic) equipped with EBSD detector (EDAX DigiView IV, EDAX, Germany).
Raw data were analysed in a data analysis software (OIM analysis v8, EDAX, Germany). The
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EBSD analysis was performed on dense sintered samples prepared the same way as porous
samples, omitting just foaming step.

3.3.4 Results and Discussion

Sintered ceramic samples exhibited cellular-like structure with interconnected
porosity and circular pores. The porosity of samples reached the values 82 — 85 %, depending
on the type of the sample. From microstructural point of view the samples were very similar
to each other and no profound differences between HA, TCP and BCP scaffolds were found
(Figure 23 a-c). The pore size ranged from 200 um to 1.2 mm. Pores were interconnected by
windows with a diameter in a range of 50 um to 450 um. The basic characteristics of the foams
are in Table 8. Taking in account confidence interval, open porosity could be considered the
same for all three types of the samples. The most frequent pore size and windows size could
be considered same as well. Therefore, it was possible to consider HA, TCP and BCP the same
from microstructural point of view and differences in their compressive strength before and
after degradation were contributed only to their phase structure. The only profound
difference was found in a grain size of sintered samples. In the case of HA, the ceramic walls
were fine-grained with an average grain size of 1.7 um. The microstructure of TCP bodies was
created by the grains with average grain size reaching 5.9 um. Multiphasic samples were
characterized with a grain size around 2.2 um. The microstructure can be described as a
bimodal in the case of BCP. The phase composition of sintered scaffolds is summarized in Table
9. The HA samples were confirmed to be single-phase HA after sintering at 1250 °C for 2 hrs.
The samples labelled as TCP were, in fact, biphasic. The major phase was B-TCP as expected
with minor Ca;P,07 (calcium pyrophosphate) phase.

& \ - g S
Figure 23 SEM micrographs of the macrostructure of the HA scaffold (a) and (d), TCP

scaffold (b) and (e), and BCP scaffold (c) and (f) before and after degradation (14 days),
resp.
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Table 8 Basic characteristics of the HA, TCP and BCP scaffolds

Sample Open Porosity* Pore Size* Window Size* Grain Size
(%) (um) (um) (um)
HA 83.1+0.7 702 188 1.7
TCP 82.3+0.7 623 244 59
BCP 84.9+1.1 698 184 3.4

*Sample mean is given with 95% confidence interval of normal distribution

+The most frequent size

Calcium pyrophosphate was found in the B-TCP powder in as-received state. Calcium
pyrophosphate is a common impurity in B-TCP powders. The amount of calcium
pyrophosphate before and after sintering did not change and was determined as 11 wt.% by
Rietveld refinement of XRD spectra. The phase structure of BCP samples changed dramatically
after sintering resulting in the mixture of HA, B-TCP and a-TCP. This can be attributed to the
high temperature reaction of HA with Ca,P,0y7. It has been described that around 900 °C HA
and calcium pyrophosphate can react and create TCP [240]. This phase shift and its impact on
mechanical and biological properties of BCP scaffolds will be discussed in following text.
Triphasic structure was also confirmed by EBSD phase analysis where the distribution of
individual phases was identified as well. The EBSD phase mapping performed on dense BCP
sample confirmed the a-TCP phase with rather interesting distribution. The main occurrence
of a-TCP was along the grain boundaries of HA and TCP grains whereas both HA and B-TCP
were distributed evenly in the form of uniaxial grains (Figure 24). Regarding the uniformity of
the phase distribution, no profound clustering of individual phases in BCP was found. The
homogeneity of the phase distribution suggested that grain size of BCP somewhere between
grain size of pure TCP and HA could be attributed to the multiphase composition. This is a well-
known fact, that in the case of multiphasic structures grain growth of one phase can be
restricted and hindered by second phase in its vicinity [244]. Moreover, bigger grains in the
BCP structure were indexed as B-TCP whereas smaller grains were indexed as HA. This result
is in good agreement with initial particle size of the suspensions used. The changes in a phase
structure of the samples over degradation period are in Table 9. The phase composition of HA
samples did not change during 14 days of degradation test and the composition remained
single phase HA. This behaviour was in accordance with our expectations. The similar
behaviour was observed even in the case of TCP scaffolds. The two phases identified by XRD
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Figure 24 SEM image of the BCP ceramics (a) and EBDS
phase mapping of all phases (b), HA phase (c), B-TCP phase (d),
and oTCP phase (e). SEM image does not correspond to the
place of EBSD analysis

in sintered TCP samples (B-TCP and CaP.07) remained in the structure with slight ratio shift
towards CazP.07 during the degradation process. The ratio of B-TCP/Ca;P.07 changed from
8.09 to 6.14. This shift can suggest preferential dissolution of B-TCP. The phase composition
of BCP scaffolds was characterized by XRD with approximately 12 % a-TCP in the structure.
The a-TCP disappeared during the first two days of degradation test leaving just B-TCP and HA
in the structure (Table 9). Just negligible amount of a-TCP was detected in a structure of the
sample after 2 days of the degradation. The ratio of B-TCP and HA remained almost the same
during the degradation, reaching 2.38 before degradation and 2.57 after degradation,
respectively. The B-TCP/HA remained stable from the day 7. The stability of B-TCP/HA ratio in
BCP samples is proof of rapid dissolution of a-TCP. The corresponding morphological changes
of sintered ceramics during the degradation are shown in the Figure 23. The macrostructure
of the HA was almost intact after 14 days. Just negligible leaching of a surface and leaching
along grain boundaries took place. The changes on HA microstructure can be defined as very
low. On the other hand, the microstructure of TCP and BCP samples exhibited substantial
changes. Changes were pronounced especially in the case of BCP scaffolds, where degradation
of the thin pore walls resulted in creation of new interconnections. Due to the similar pattern
on all samples we assume that the degradation started along grain boundaries as the weakest
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Table 9 Phase composition of the samples before (0 day) and after exposition to the acidic

environment (2, 7 and 14 days)

Sample Degradation Time (d)
0 2 7 14
HA 100% HA 100% HA 100% HA 100% HA
89% B-TCP 88% B-TCP 86% B-TCP 849% B-TCP
TCP
11% CaP,07 12% Ca;zP207 14% Ca,P,07 14% Ca,P,07
62% B-TCP 71% B-TCP
72% B-TCP 72% B-TCP
BCP 12% a-TCP 1% a-TCP
28% HA 28% HA
26% HA 28% HA

point of the microstructure. This mechanism was obvious in the case of TCP samples.
Significant etching along the grain boundaries could be observed after 14 days of degradation
test (Figure 25 e). In the TCP and BCP samples weakening of grain boundaries was
characterized by the loss of individual grains (TCP) or whole grain clusters (BCP) (Figure
26).The etching of the grain boundaries itself was less pronounced in the case of BCP samples,
where the most characteristic features were deep pit holes (Figure 25 f). The mass loss of the
scaffolds during degradation corresponded to the microscopic observations. The highest mass
loss was recorded in the case of TCP scaffolds reaching 19 % followed by BCP with 15 % (Figure
27). The mass loss in the case of HA scaffolds was rather moderate reaching 3 % after 14 days
of degradation (Figure 27). The dissolved material (calcium and phosphate ions) increased the
pH of the acidic environment. The dependence of the pH change of acidic environment on the
time (prior to its periodical exchange, every two days) is in the Figure 28. The buffer solution
with the BCP scaffolds exhibited the highest pH shift from initial value. The highest shift was
measured during the first periodical buffer change after 2 days when the pH value reached
5.95. This corresponds to XRD observations, where a-TCP disappeared during first two days of
degradation (Table 9). The increased ionic concentration was beyond of a buffering capacity
of Mcllvain buffer which caused an increase in pH value. The exponential like decrease in pH
change was observed during the whole testing period for BCP. The only exception occurred at
the day eight, where steep increase of pH occurs. We were not able to explain this change.
Since negligible increase in pH within the error of measurement was observed even for HA
and TCP, we assume that this behaviour was a random mistake of some kind introduce during
periodical buffer change. The pH change of the solutions with submerged TCP and HA scaffolds
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Figure 25 SEM micrographs of the microstructure before and after degradation of the HA
scaffold (a) and (d), TCP scaffold (b) and (e), and BCP scaffold (c) and (f), resp.

was lower compared to the BCP scaffolds. The trend of pH increase was decreasing over the
time, coming close to the original pH value of buffer solution after 14 days. The lowest changes
in pH of buffer solution were observed in case of HA, which was in good agreement with
microstructural changes and overall stability of HA samples. The mechanical characteristics
defined by average and Weibull strength of the scaffolds before and after degradation are
given in the Table 10. Lower strength of HA scaffolds (compared to the values from Table 5)
can be explained due to higher porosity of this particular samples set [85] and slightly different
measurement method. The Weibull plots corresponding to the Table 10 are shown in Figure
29. The statistical analysis of the results revealed that the average strength of the scaffolds
before degradation was similar for HA and TCP samples. The BCP samples exhibited higher
strength which can be attributed to the microstructural features (bimodal grain size) and
multiphasic (composite) structure. The synergic effect of grain size and different phase
composition is the most probable explanation, since other microstructural parameters (pore
size, porosity etc.) were similar for all types of samples. The Weibull modulus, describing data
scatter, was the same for all groups before degradation test. The energy absorbed during the
strength test was statistically higher in case of the BCPs. The absorbed energies before
degradation were 0.151, 0,063 and 0.097 MJ.m3 for BCP, TCP and HA, respectively. After 14
days of degradation test the average strength of HA scaffolds was not affected. The ultimate
strength of both TCP and BCP scaffolds were significantly affected (reduced) by degradation
and both TCP and BCP exhibited exponential like decrease of ultimate strength value (Figure
30). The ultimate strength of BCP decrease from 1.67 MPa to 0.5 MPa after 14 days of
degradation (70 % decrease). The decrease of the ultimate strength in case of TCP scaffolds
were steep during first two days and then the trend was like the strength decrease of BCP
scaffolds. The ultimate compressive strength of TCP scaffolds dropped from 1.22 MPa to 0.09
MPa after 14 days of degradation (93 % decrease) (Table 10). The same trend and similar
values were observed in the Weibull strengths. Weibull modulus of individual groups did not
change significantly. Based on Weibull plots, we can assume that fracture mechanism was
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Figure 26 SEM micrographs of ceramic grains or grain clusters fallen out from the structure of
the BCP scaffold (a) and TCP scaffold (b) during degradation in the acidic environment.

same for all samples within the individual groups. Comparing all groups together, TCP samples
after 14 days of degradation exhibited the highest data scatter. This can be correlated with
low strength of TCP scaffolds and substantial changes of a microstructure at a grain level,
where deep etching along individual grain boundaries occurred. Therefore, majority of TCP
material volume was affected by a degradation. Interestingly, even though the microstructure
of BCP samples significantly changed data scatter was low. This can be attributed to significant
but localised changes in a form of numerous pit holes. These pit holes served as the most
significant defect of internal structure, decreasing the strength but keeping fracture
mechanism same for all samples. Just slight shift of the Weibull plots for HA samples supports
the idea of negligible surface etching of the samples which did not significantly affect the
strength values. Considering all results, we can claim that the phase structure of the sample
seems to be the most significant parameter influencing the response to the degradation of
sintered CaP ceramics. The analysis of BCP scaffolds did not correspond to expected
composition according to their initial mixing ratio. This discrepancy can be attributed to the
phase composition of raw powders used as already mentioned. Whereas HA powder was
single phase consisting only of HA the TCP powder was mixture of B-TCP (89 %) and
CazxP,07(11 %) as impurity. After sintering, TCP powder kept the phase composition of raw
powder. However, phase composition of BCP samples was rather shifted towards higher
content of TCP. According to the literature findings [240], the calcium pyrophosphate
(Caz2P207) can react with hydroxyapatite during sintering according to the equation:

Ca2P207 + 2Cas(PO4)3sOH — 4Ca3(POa)2 + H20 (2)

Theoretical phase composition calculated according to this equation (neglecting type of
TCP) contains 28 % of HA and 72 % of TCP. This theoretical composition is very close to the
experimentally measured composition of 26 % of HA and 74 % of TCP (Table 9). The part of TCP
content was retained in the high temperature form since the sintering was performed above
alpha to beta transformation temperature of TCP (1125 °C). We hypothesized that at low
temperature the yield of reaction was created by B-TCP but overcoming phase transformation
temperature from B to a and due to high content of calcium pyrophosphate in BCP mixture, the
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Figure 27 The mass loss of the scaffolds during degradation. The error
bars show the standard deviation.

reaction was finished above transformation and product of the reaction was stabilized as a-TCP.
According to the EBSD scan (Figure 24), it seems that the majority of a-TCP was located along
grain boundaries. It worth mentioning that the lack of detailed analysis can be reason for
controversial reports on sintering behaviour of BCP found in literature [134, 245]. The detailed
description of phase distribution substantially contributed to the understatement of degradation
of CaP scaffolds and mainly BCP scaffolds. The most soluble phase in BCP samples was a-TCP.

buffer solution
| L | L | L | L 1 L | L |

0 2 4 6 8 10 12 14
Degradation time (day)

Figure 28 The pH change of medium with submerged HA, TCP and BCP
scaffolds before regular solution exchange as a function of degradation
time. Error bars show standard deviations. The dotted lines show the
date trend.
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Table 10 Average values and Weibull parameters of ultimate compressive strength of the
scaffolds before and after degradation

Compressive Strength

Sample/Degradation Average Number of Weibull Weibull
Time Strength* samples Strength* Modulus*
(MPa) (-) (MPa) (-)

HA/ O h 1.20+0.28 14 1317018 4.85%273
TCP/0h 1.2240.32 15 1.341522 3.82%3%

BCP/ 0 h 1.67+0.33 15 18140738 5.60%5 04

HA/ 336 h 1.01#0.13 12 1074008 8.9613¢,
TCP/ 336 h 0.09+0.04 14 0.10%3:03 2.24% 555
BCP/ 336 h 0.50+0.13 15 05510 4.04%%37

*Sample mean is given with 95 % confidence interval of normal distribution

+ Weibull parameters are given with the 95 % confidence interval of Weibull distribution

This phase dissolved completely during first two day of degradation as discussed above. This
rapid dissolution was confirmed by XRD measurements (Table 9) and indirectly by the change of
the pH of buffer solution (Figure 28). Moreover, characteristic reprecipitation structures, the
most probably CDHA, with leaf-like microstructure caused by oversaturation of environment due
to a-TCP dissolution was observed on the samples after 2 days of degradation (Figure 31). This
reprecipitation is well-known and often observed [111, 246], if a-TCP is presented. The
dissolution of a-TCP was finished within first two days of degradation. After this time point no a-
TCP phase was detected in the BCP samples. The preferential dissolution of a-TCP phase resulted
in rather interesting degradation pattern where whole grain clusters of material fell off ceramic
scaffolds resulting in microstructure with significant pit holes pattern all over the surface (Figure
25). We hypothesized that a-TCP was dissolved along grain boundaries. This resulted in loosening
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Figure 29 Weibull plots of compressive strength of scaffolds before
degradation and after 14 days of degradation.

of HA + B-TCP grain clusters from BCP material at places with higher occurrence of a-TCP. The
degradation of a-TCP-free structure of BCP scaffolds was further governed by degradation
kinetics of B-TCP as the least stable phase in the microstructure. Due to specific microstructural
layout of BCP material, scaffolds exhibited both reasonable strength and structural integrity after
14 days of simulated degradation. Furthermore, the combination of three CaPs phases
demonstrated possibility how to control degradation of CaPs structures by the control of
microstructural parameters. Combination of a-TCP, HA and B-TCP resulted in ceramic scaffold
with hight initial strength and desirable degradation properties with reasonable strength after
long term degradation. The degradation properties were governed by o-TCP and B-TCP
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Figure 30 Compressive strength of scaffolds as a function of

degradation time. Sample means are given with 95% confidence
interval.
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Figure 31 SEM micrographs of a precipitate on the surface of the BCP
scaffold after 2 days of degradation in the acidic environment

dissolution and structural integrity of the BCP material was maintained by intrinsic HA
scaffolding.

3.3.5 Summary

The effect of the phase composition was studied in simulated in-vivo conditions. The
beneficial effect of multiphasic composition was described. The samples with the multiphasic
composition exhibited a structural evolution resulting in the degradation of the mechanical
properties with reasonable mechanical strength even after 14 days. This was the main reason
why the multiphasic samples were used as a carrier ceramic material for further development
of a hybrid bone scaffold material.
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3.4 Phase Composition and Distribution of Individual Phases in Multiphasic Calcium
Phosphate Scaffolds

As it was described in previous chapter, not only phase composition but even phase
distribution is very important feature governing the degradation of multiphasic calcium
phosphate scaffolds. Therefore, it was necessary to describe phase evolution taking place in
our system during high temperature treatment and describe differences in phase composition
and distribution when initial phase ratio changed. These results provided deep insight in our
powder system and enabled us to prepare any phase composition required. Moreover, the
knowledge of phase distribution enabled to predict the mechanism of degradation and
mechanical response of an implant during wound healing.

3.4.1 Materials and Methods

To describe the evolution of the phase distribution in the scaffolds three types of
multiphasic calcium phosphates were produced. The initial HA to TCP powders ratio was 1:4,
1:1 and 4:1. The materials were characterised at a grain level and individual grains were
correlated with their phase structure using electron backscatter diffraction method (EBSD).
The ceramic suspensions were prepared from HA powder (tri-calcium phosphate extra pure,
Riedel de Haen, Germany) and tricalcium phosphate powder (Calcium phosphate, purum p.a.
> 96 %, Honeywell, Germany). Suspensions were prepared in the same manner as it has been
described in the chapters 3.2.1 and 3.3.1. HA and TCP suspensions were mixed to obtain
required powder ratio (HA/TCP=4:1, 1:1, 1:4). The foaming step was omitted and samples
were casted into plastic moulds to obtain dense samples. Dried samples were cut to
rectangular plates (4 mm x 4 mm x 1 mm). The samples were sintered at 1250 °C for 2 h, the
heating rate of 120 °C/min was used. The cooling rate of sintered samples was 10 °C/min,
unless mentioned otherwise. The samples were in the state of the closed porosity after
sintering. The sintered samples were mechanically ground and polished down to 1 pm
diamond paste. Mechanically polished samples were ion polished (LeicaEM TIC3X, Leica,
Germany) in order to minimize surface roughness, which was crucial for EBSD analysis. The
polished samples had to be conductively coated prior the EBSD analysis. Since the diffraction
patterns are created from the very top layer of the sample, even a thin coating of a metal with
high atomic number such as Au with a thickness of below 10 nm made the analysis impossible.
Therefore, coating was prepared in two-step process. Samples were gold-coated except a
small masked area (1 mm x 1 mm). The thickness of a gold coating was 15 nm. The mask was
removed after the first step and 5 nm of a fine carbon layer was deposited over the whole
surface of the sample in the second step. The thin layer of C in the area of interest (masked
area) allowed EBSD mapping analysis of the material. The EBSD analysis was conducted on a
scanning electron microscope (SEM) (Verios 460I, FEI, Czech Republic). The SEM was equipped
with an EBSD detector (EDAX DigiView IV, EDAX, Germany). The acceleration voltage of the
electron beam was set to 25 kV. Beam current was 3.2 nA. The background corrections were
calculated from 200 snapshots. Four types of phases were evaluated, previously confirmed by
XRD analysis to be presented, namely: HA (ICSD code 87671), a-TCP (ICSD code 923), B-TCP
(ICSD code 97500) and Ca;P,07 (ICSD code 14313). Raw datasets were analysed using data
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analysis software (OIM Analysis™ v8, Edax, Germany). The XRD analysis (Rigaku SmartLab
3kW, Rigaku, Japan) was performed on sintered samples powdered in mortar. Powdered
samples were scanned in Bragg-Brentano configuration. Diffraction patterns were collected
from 10° to 100° (26). Cu Ka radiation was used for XRD analysis. The phase content was
quantified using the Rietveld refinement. The sample used for EBSD analysis with (HA/TCP) =
1:4 was thermally etched at 1200°C for 10 min after EBSD scan. The SEM image was acquired
from the place corresponding to the site of EBSD analysis to prove that the EBSD grain analysis
matched with original grain distribution. A diffraction analysis in transmission electron
microscope (TEM) was performed (Titan Themis 60 — 300 cubed, FEI, Czech Republic). A
lamella for TEM was prepared from a randomly chosen site on a sintered sample (HA/TCP =
1:1) using SEM microscope equipped with a focused ion beam tubus (Helios 660 NanoLab 660,
FEI, Czech Republic).

3.4.2 Results and Discussion

The XRD results are summarized in Table 11. The initial HA/TCP ratios (1:4, 1:1, 4:1)
clearly did not correspond with results obtained and tabled in the Table 11. The difference
between initial phase ratio and final phase ratio differed due to Ca,P.07 phase which was
presented as an impurity in raw TCP powder. The TCP powder consisted of about 11 wt. % of
CazP,07. Due to CazP,07 impurity initial system was not biphasic but triphasic which had
resulted from high temperature reaction of HA and Ca;P;07. The reaction of HA and TCP is
governed by equation (2) written as:

CazP;07 + 2Cas(P04)30OH — 4Cas(P0O4)2 + H20 (2)

Knowledge of eq. (2) allowed to calculate final phase composition of the material and,
therefore, actively designed the phase composition of sintered scaffolds. The theoretically
calculated phase composition according eq. (2) is in Table 11 (values in brackets). The predicted
phase composition corresponds very well with experimentally measured phase composition.
According to the XRD analysis, the a-TCP phase was presented only in the sample with
composition HA/TCP= 1:1. The amount of a-TCP sample was low, estimated as 12 %. Due to low
intensity of a-TCP the real value in sample can fluctuate. The occurrence of a-TCP was attributed
to the diffusion driven transformation of the a-TCP to the low-temperature B-TCP during cooling
from sintering temperature. This hypothesis is supported by the fact that annealing of the sample
at a temperature around alpha to beta transition (i.e. at 1150 °C for 2 hrs) resulted to the sample
with phase composition of 30 wt. % HA and 70 wt. % of B-TCP without any detectable (by XRD)
amount of a-TCP in the ceramic structure. The reason why the a-TCP phase appeared in this
sample is not fully understood. The reaction of HA with Ca;P,07 could had started already during
heating, starting around 900 °C [240]. We assume that the reaction product at a temperature of
900°C is B-TCP. Although, in the sample with HA/TCP = 1:1 the highest yield of reaction could be
expected, mutual contact of reacting phases was lower than in the case of other compositions.
Therefore, the reaction described by eq. (2) was probably finished above alpha to beta transition
temperature and part of reaction yield was formed as a-TCP and part of this phase was retained
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Table 11 Phase composition of sintered multiphase CaP samples determined experimentally by
XRD and by theoretical calculations (in brackets).

HA/TCP HA B-TCP a-TCP CazP207
Initial  powder (wt.%) (Wt.%) (Wt.%) (Wt.%)
ratio

1:4 0(0) 97(96) 0(0) 3(4)

1:1 24(28) 64(72) 12(0) 0(0)
1:1* 30(28) 70(72) 0(0) 0(0)

4:1 73(71) 27(29) 0(0) 0(0)

*Annealed at 1150°C for 2 h after sintering at 1250°C for 2 h

Values in bracket are calculated according to eq.2

during a cooling as explained in the previous text. Unfortunately, the theory mentioned was not
fully validated, but according to our best knowledge it was most probable scenario. To confirm
XRD results, the phase composition of the sample with HA/TCP = 1:1 was analysed by TEM (Figure
32). The TEM analysis confirmed presence of HA and B-TCP in the lamella. HA grains were
considerably smaller than B-TCP. The smaller size of HA grains can be explained by granulometry
of HA powder used (130 nm in suspension) which is considerably smaller than TCP powder (1 um
in the suspension). The a-TCP detected by XRD was not found in the form of a regular uniaxial
grains. As highlighted in the Figure 32, areas with different contrast were detected by TEM,
occurring as a thin envelope of mainly B-TCP phase. We tried to acquire diffraction pattern from
those areas unsuccesfully. Their exact origin was not found out, but we assume, that these areas
are in fact low symmetry crystalic structure very close with properties and crystal parameters to
the a-TCP phase. These results were in a good agreement with degradation experiments, where
the typical patterns of a-TCP dissolution and reprecipitation were found. Moreover, the
mechanism of degradation correlated with o-TCP phase distributed mainly along grain
boundaries, which was confirmed by subsequential EBSD analysis. To validate the accuracy of
CaP grain detection by EBSD method the crystal structure of the sample of HA/TCP = 4:1 was
scanned. The sample was subsequentially thermally etched and grain structure of the area
corresponding to the area of interest during EBSD scanning were compared (Figure 33). The SEM
image of the area of interest clearly confirmed the same grain distribution as detected by EBSD
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Figure 32 TEM analysis of HA/TCP = 1:1 with phase identification
of individual grains. White circle marks the area with different
contrast which was attributed to the occurrence of a-TCP

analysis. Specific shapes and orientation of grains and pores could be directly correlated with
SEM image. The Figure 33 b shows as-scanned inverse pole figure map (IPF). Individual colours
represent individual grain orientations, defining the grain itself. Majority of orientation detected
were poorly indexed, which can be visible from the scan quality resulting in rather speckled
image. The standard crystallographic triangles were omitted for the sake of clarity since the
information of the exact crystal orientation was not crucial. In our case, the IPF were used just to
highlight the shape of individual grains. The quality of raw scan was artificially enhanced by OIM
Data analysis software. The grain dilatation procedure was applied, grain boundaries were
defined as areas with a misoriented angle greater than 5°and each grain had to consist at least
of 20 pixels in multiple rows. The image noise was significantly reduced (Figure 33 c) by this post
processing but original distribution of detected grains was retained. The same procedure of data
processing was applied in the study of phase distribution in the following text. Since the
correlation of thermally etched microstructure matched the EBSD phase mapping, the thermal
etching in the case of other samples was omitted. The phase distribution of the samples was
successfully described by the EBSD. The results revealed phase distribution on a grain level.
Summary of the phase analysis is in the Figure 34. The first column represents IPFs of the area of
interest, representing a grain structure of the samples. The second column represents phase
distribution of individual phases. Phases are colour coded and red colour represents a-TCP,
yellow represents B-TCP, HA is represented by green colour and finally Ca,P,07 is coloured in
blue. The phase composition derived from the EBSD scan agreed with phase composition
detected by the XRD. The correlation of the grain structure with the phase identification
improved our knowledge of the microstructure from application-based point of view. In the case
of HA/TCP = 1:4 no HA was detected in the microstructure which is in full agreement with theory
and XRD analysis. Just a negligible amount of Ca,P,07 was detected in a form of small grains.
Calculated amount of Ca;P,07 phase should reach 4 wt.% (3 wt.% measured by XRD). It is unclear
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Figure 33 (a) thermally etched SEM microstructure with marked
microstructural orientation points, (b) raw EBSD scan of inverse pole
figures (representing individual grains) with microstructural orientation
points marked, (c) processed EBSD inverse pole figures

whether CayP.07 phase creates even bigger grains in microstructure. If so, these were not
detected by EBSD scan, the most probably due to their low occurrence. An analysis of the sample
with HA/TCP = 1:1 revealed rather intriguing microstructure composed of three phases (HA, B-
TCP and a-TCP). The monoclinic a-TCP phase was located along grain boundaries. There is some
level of uncertainty, because part of pixels indexed as a-TCP could be misindexed points due to
low symmetry of grain boundaries. But broad analysis of the sample agreed on some a-TCP phase
being presented in microstructure. Since no other morphology of a-TCP phase except this along
grain boundaries was detected both by TEM and EBSD method, we can conclude, that a-TCP was
located along grain boundaries rather than in the form of individual grains. The phase
composition of the sample with the highest HA/TCP ratio 4:1 revealed the composition of HA and
B-TCP grains with B-TCP in the form of the uniaxial grains and some thin layers enveloping HA
grains. The B-TCP network is believed to be caused by solid state reaction of HA and Ca;P,07. The
distribution of different phases also affected the grain size in the sintered ceramics. The well-
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Figure 34 Grain and phase anaIySIs of smtered samples with d/fferent HA/TCP
ratio. The first column represents individual grains (marked in different
colours). The second column represent phase distribution in the samples, colour
coding of the phases: yellow colour — 8-TCP, blue colour - Ca2P207, green
colour — HA, red colour — a-TCP

known fact is, that homogenous dispersion of a second phase can prevent grain growth during
sintering. This was the case of the sample with HA/TCP = 4:1 and 1:1. In these samples the small
HA particles were homogeneously mixed with large TCP particles and mixture of these phases
effectively prevented the grain growth of both phases. If we look at the sample with HA/TCP =
1:4 that the HA phase was fully consumed by the proposed high temperature reaction. There was
only a limited barrier to the grain growth of remaining TCP grains since all HA was consumed
during high temperature reaction resulting in a much coarser microstructure.

3.4.3 Summary

The in-depth study on a phase structure in multiphasic calcium phosphate systems was
performed. The results suggested the importance of a heat treatment and initial phase
composition on a final phase composition of samples. The phase composition and distribution
are directly related to the biological response. Knowledge of the behaviour of the multiphasic
systems can, therefore, help to design an appropriate phase structure of the scaffolds and
introduces other level of customization.
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3.5 In-Vitro Performance of Ceramic Scaffolds

In order to choose the best ceramic carrier possible HA, TCP and BCP (HA/TCP = 1:1)
ceramic foams were tested in-vitro and their performance was mutually compared. The
composition with the best biological response was then utilized in the in-vivo study.

3.5.1 Scaffolds Preparation

The HA, TCP and BCP samples prepared in the chapter 3.3 were used. The porous
structure and porosity of the samples are described in the Table 8. Samples were produced in
the form of round ceramic scaffolds with a diameter of 9 mm and a height of 4 mm after
sintering. Sintering temperature was 1250°C for 2 hrs in order to correlate in-vitro test with
the results obtained during the simulated degradation. The sintered samples were placed in
48-well plates and seeded with 30x10° human bone marrow-derived mesenchymal stem cells
(hMSCs) (ScienCell, USA) per well. Scaffolds with seeded cells were cultured in 700 pl of a
growth medium (a-MEM supplemented with 10 % fetal bovine serum and 1 %
Penicillin/Streptomycin, Gibco, UK) in an incubator with 5 % CO at 37°C. One half of the
culture medium was changed on a day 7. To determine the metabolic activity of hMSCs seeded
on the scaffolds, the MTS assay (CellTiter96® AQueous One Solution Cell Proliferation Assay,
Promega, USA) was used. The scaffolds were transferred into new wells to prevent the cells
tissue culture to adhered to the plastic to misrepresent the measured data. Subsequently, 400
uL of fresh media and 80 pL of the MTS substrate were added to each well. After 2-hour
incubation at 37°C, 100 pL of the culture solution was transferred to a new clean well. The
absorbance of the media was detected at 490 nm using a microplate reader (Infinite® M200
PRO; Tecan, Switzerland). The adhesion and proliferation of the cells on the scaffolds was
determined using a Quant-iT dsDNA Assay Kit (Thermo Fisher Scientific, USA) from the amount
of DNA. The scaffolds were put into a vial with 500 pL of cell lysis solution (0.2% v/v Triton X-
100, 10 mM Tris (pH 7.0), and 1 mM EDTA) and processed through 3 freeze/thaw cycles.
Between each freeze/thaw cycle, the scaffolds were roughly vortexed. A sample (10 pL) was
mixed with 200 pL of reagent solution and fluorescence intensity was detected using a
multiplate fluorescence reader (Infinite M200 PRO, Tecan, Switzerland; Aex= 485 nm, Aem=
525 nm). The DNA content was determined according to the calibration curve using the
standards in the kit. The tests for the cell metabolic activity and the proliferation were always
performed on the same scaffold. Quantitative data of the cell metabolic activity and
proliferation are presented as mean values, which were determined from at least 5
independently prepared samples. DiOC6(3) (3,3’-diethyloxacarbocyanine iodide; Invitrogen,
Molecular Probes) staining was used to detect cell adhesion on the scaffolds. The samples
were fixed with frozen methyl alcohol (-20°C) for 10 min and rinsed with phosphate buffered
saline (PBS; pH 7.4). A fluorescent probe DiOC6(3) at a concentration of 1 pg mL*in PBS was
added and incubated with the samples for 30 min at room temperature. Subsequently, the
samples were rinsed with PBS, and propidium iodide (Sigma Aldrich, USA) at concentration of
5 ug mLtin PBS was added for 5 min., followed by rinsing with PBS. The samples were
visualized using a confocal microscope (LSM 5 DUO, Carl-Zeiss Microlmigining, Germany). Aex
= 488 and 560 nm and Aem = 520 and 580 nm was used for DiOC6(3) and propidium iodide
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detection, respectively. The hMSC’s morphology was evaluated by SEM (Tescan Vega 3, Brno,
Czech Republic) on days 1 and 7. Scaffolds with hMSCs were washed in PBS and fixed in 2.5%
glutaraldehyde for 2 hours at 4°C. Then the samples were dehydrated in ethanol. To dry the
scaffolds hexamethyldisilazane (Sigma-Aldrich) was added.

3.5.2 Results and Discussion

To test the biocompatibility of the ceramic scaffolds the adhesion and the proliferation
analysis as well as the metabolic activity of seeded mesenchymal stem cells were tested and
evaluated on days 1, 3, 7 and 14. The DNA content referred to the amount of hMSCs adhered
on the scaffolds. The data showed (Figure 35) that the number of cells was comparable for all
scaffolds during the first week of the experiment. Subsequently, there was the most significant
increase in the number of cells on the BCP sample. Data from the first day showed that on the
day 1, statistically less cells were seeded on the BCP sample. But after 14 days the amount of
DNA detected was the highest just on BCP sample. That suggested rapid proliferation of the
cells on the surface of BCP material. Metabolic activity on TCP and BCP samples increased
gradually over the 14-day of testing period (Figure 36). The BCP sample showed statistically
the highest metabolic activity since the day 3 and the last day of the test metabolic activity on
BCP sample was approximately two times higher than on HA and TCP samples. This suggest
the effect of a-TCP on metabolic activity, since the a-TCP was proven to dissolute within the
first few days releasing calcium and phosphate ions to the environment, even though this is
little contradictory to the results obtained in the work of Tamai and et. al. [247]. In this work
a-TCP was found cytotoxic. According to the authors explanation phosphoric acid generated
during a-TCP hydrolysis was responsible for the cytotoxicity.
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Figure 35 Number of adhered cells on scaffolds quantified as an amount of DNA
in dependence on culture time. The errors bars give standard deviation and
statistical significance is shown above the columns (*p < 0.05)
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Figure 36 Metabolic activity of cells adhered on scaffolds derived
from MTS assay in dependence on culture time. The errors bars
give standard deviation and statistical significance is shown
above the columns (*p < 0.05; **p < 0.01).

The main difference is just limited amount of a-TCP in our sample. So, we assume, that
low concentration of a-TCP is beneficial as proven by other authors [248]. For the HA sample,
the metabolic activity was at the same level for the first week. Subsequently, on day 14 an
increase in metabolic activity was observed and metabolic activity of HA was comparable to
TCP sample. Unfortunately, we cannot plausibly explain that increase in the metabolic activity.
Confocal microscopy and scanning electron microscopy were used to analyze the cell
spreading and their morphology. The cells adhered to all scaffolds and over the period of 14
days covered the surface of the scaffolds (Figure 37). The highest increase in the number of
the cells was observed on BCP scaffold, which is in a good agreement with the measurements
of DNA content. SEM revealed that the cells on the HA scaffold remained spindle-shaped
morphology after 7 days while on the BCP and TCP scaffolds were cells flat like and widely
spread in a form of confluent layers (Figure 38). This result agrees with low DNA amount
detected on the HA sample, signalizing that HA structure was not convenient for early-stage
cell proliferation. This behavior changed rapidly after the day 7 (Figure 35, Figure 38). All the
in-vitro tests of adhesion, proliferation and viability showed the best cell response to the BCP
scaffold. It is difficult to identify the most important parameter responsible for the different
cell response to the tested scaffolds. The main differences were found in the phase
composition and ionic concentration in the cell environment. This is directly connected with
phase composition of ceramic scaffolds and their dissolution properties.
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Figure 37 Visualization of cell adhesion and distribution on scaffolds using a confocal
microscope. Cell nuclei were stained in red and cell internal membranes in green.

Another parameter affecting the cell response could be surface morphology that
changed with different grain size of the scaffold ceramics and could evolve in time due to
preferable dissolution of TCP phases. Rapid change in surface properties were reported in the
case of BCP, where dissolution of a-TCP left surface rough with many pit holes which could
serve as anchoring points for spreading cells. It seems that highly soluble a-TCP embedded in
a less soluble matrix (3-TCP/HA) brings biological advantages and at the same time prevents
undesirable instability and dissolution-precipitation issues reported with pure o-TCP scaffolds
[14, 246, 247].
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Figure 38 Morphologies of attached cells on the scaffolds visualized using scanning electron
microscopy on day 7, sample HA (a), TCP (b), and BCP (c)

3.5.3 Summary

The in-vitro tests revealed outstanding in-vitro performance of the BCP scaffolds.
Therefore, BCP scaffolds with HA/TCP = 1/1 were chosen as the ceramic material for hybrid
bone scaffolds used for in-vivo tests.
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3.6 In-Vivo Evaluation of Hybrid Bioceramic Scaffolds for Spinal Fusion

The BCP porous ceramic material sintered at 1250 °C with phase composition
described in Table 9 was used for production of the hybrid bone scaffolds.

Let’s summarize the main reasons for this decision:

1. Gradual dissolution of BCP ceramic under the environment simulating the
osteoclastic activity with a sufficient structural integrity and strength even after 14
days of degradation test (chapter 3.3). This is in very good agreement with
demands put on resorbable structures [14].

2. The phase composition of BCP contains of both the most stable CaPs phase, HA,
providing structural integrity and the strength of scaffold and TCP phases ensuring
biodegradability. The B-TCP phase guarantees the long term degradation
properties of scaffolds and a-TCP phase is believed to improve a bone proliferation
during early stages of a healing (chapters 3.3, 3.4 and 3.5).

3. The cellular response to the material was clearly the best of all ceramic carriers
tested (chapter 3.5)

The main task of following text is to show a comparison of the gold standard -
autografts with the newly developed artificial material on in-vivo model. Moreover, in-vivo
tests are final stage of the doctoral research on a development, production and incorporation
of new material for a bone healing. This last chapter shows the force of multidisciplinary
approach where a close collaboration of living and non-sciences come together and create the
brand new carefully designed material which could help to improve life standards.

3.6.1 Scaffolds Preparation

The hybrid biodegradable ceramic/biopolymer implant was prepared in two steps. The
first step was preparation of the porous ceramic material which served as a carrier for
biopolymeric filling. The ceramic material was produced as a mixture of HA/TCP = 1/1.
Preparation route has been already described in previous chapter 3.3.1. The phase
composition of the sintered ceramic material is given in Table 9. The microstructural
description is in Table 8. Dried foam was machined, and final sintered ceramic implants had
dimensions of 25 mm x 15 mm x 3.3 mm. The sintered ceramic scaffolds were subsequently
impregnated with biopolymer fibres based on bovine collagen and calcium salt of oxidized
cellulose (oxycellulose) [69]. Collagen slurry mixed with oxycellulose in a ratio of 1:1 (giving
total concentration of 0.5 wt. %) was administered into the ceramic foam, crosslinked and
modified with FGF-2stab (Enantis, Ltd. Brno, Czech Republic) in the amount of 0.1 ug of protein
per 1 cm?. The final hybrid structure consisted of ceramic carrier filled with freeze-dried fine
polymeric sponge with embedded factors accelerating a bone growth. The samples were
sterilized using ethylene oxide and the sterile samples were used for surgeries. The lumbar
fusion was performed on male piglets (Sus scrofa domesticus), 4-month-old with a weight
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around 40 kg. The piglets were used since biological evaluation of pig spine shows comparable
features with human spine. Twenty-four piglets were used for in-vivo tests in total. Group of
24 piglets was divided into two subgroups. Both subgroups consisted of 12 piglets. The groups
were lablled A and B. Group A underwent lumbar interbody fusion (L2/L3) with the autograft
implant harvested from iliac crest. Group B underwent lumbar interbody fusion (L2/L3) with
the newly developed hybrid bone graft material. Both group A and B were divided into two
subgroups referred as A1, A2 and B1, B2, respectively. The animals from group Al and B1 were
sacrificed 8 weeks after the surgery and their spines were extracted whereas animals from
group A2 and B2 were sacrificed after 16 weeks. The Extracted spines were CT scanned,
biomechanically and histologically tested. The interbody fusion of individual spines between
L2/L3 segments was evaluated. The implantation site was stabilized by titanium plates and
screws to minimize any movements of site during healing. The spines after 8 and 16 weeks
were extracted en-block (T15 — L6). The spines were used for biomechanical testing. The MTS
mini Bionics (MTS, USA) was used to carry out biomechanical evaluation of a spinal behaviour
and stability after intervertebral fusion. As a reference material the physiologically native
spines were used. Tests were performed on 4 specimens of Al and A2 subgroups and on 4
specimens of B1 and B2 subgroups and on 7 specimens of native spines (N). Non-destructive
flexibility testing of specimens was performed during which pure moments with a load limit 5
Nm at a displacement rate 20 °per min was applied. Besides non-destructive testing, ultimate
flexural strength of the same specimens was evaluated. The non-destructive CT measurement
were made in order to describe 3D profile of unification on implant site. The micro CT system
GE phoenix v|tome|x L 240 (GE Sensing & Inspection Technologies GmbH, Germany)
equipped with Nanofocus180 kV/15 W X-ray tube and flat panel detector DXR 250 was used
for the tomographic measurement. The fusion quality was evaluated.

3.6.2 Results and Discussion

The comparison of the autograft implant and artificial hybrid bone scaffold is in the
Figure 39 (a). If we compare the surgeries utilizing the autologous bone graft harvested from
iliac crest and artificial bone implant, we can conclude that surgical time in the case of artificial
implant was significantly reduced. Moreover, the second operation site related to the bone
graft harvesting was reduced diminishing the danger of a donor site morbidity and related
problems. There was no problem related to the shape and dimensions of pre-prepared, sterile,
artificial bone graft material. Handling strength of the artificial bone graft material was
sufficient. Needless to say, that due to low thickness and porous structure it was necessary to
handle material cautiously in order to avoid any damage prior implantation. Special
implantation device had been invented prior surgeries to implant material safely (Figure 39
(b)). Due to a robust construction of the implantation device it was possible to apply high
mechanical loading on the material during implantation without any damage made on implant
itself. Postoperatively, just one animal was reported paraplegic, sacrificed, and excluded from
study. No other general problems related to the postoperative complications were observed.
It was reported that 3 animals from A1 subgroup had discrete screw loosening and 4 animals
from A2 subgroup had completely loosened titanium stabilization structures. In these cases,
implant migration from implantation site occurred. Subgroups Bs were reported with 2 cases
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of discrete screw loosening. The A group was characterised with huge fibrous reaction at spine
fusion site and in two cases purulent collection took place, whereas group B was reported with
osseous overgrowth of intervertebral space (Figure 40).

Figure 39 (a) comparison of autograft (left) and artificial
hybrid scaffold (right), (b) implant in the implantation
device, implant dimensions 25 mm x 15 mm x 3.3 mm

Figure 40 CT scan of treated site after 16 weeks after implantation, (a) novel hybrid material,
(b) bone autograft, huge fibrous reaction is obvious
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Biomechanical properties were tested on the extracted spine blocks. After 8 weeks
there was no statistical difference in stiffness of spines harvested from Al and B1 subgroups
(Figure 41). Significant change occurred after 16 weeks where specimens extracted from B2
subgroup were reported with statistically significantly higher stiffness than specimens
extracted from A2 subgroup. The higher stiffness suggests better fusion of L2/L3 block treated
with artificial hybrid bone graft material than in the case of autologous bone grafts. This was
supported by histological analysis of spines where osseous overgrowth was described. No
unwanted reaction was observed in the case of artificial hybrid bone graft material and certain
level of fusion, significantly higher than in the case of autograft material, was reached after 16
weeks after surgery (Figure 40 (a)). These preliminary results suggest an outstanding potential
of newly developed artificial porous hybrid bone material based on porous multiphasic
calcium phosphate carrier material combined with biopolymeric material with embedded
factors accelerating bone growth.
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Figure 41 Flexural stiffness of native lumbar spine cadavers (N), Specimens
Al and B1 measured after 8 weeks after surgery, specimens A2 and B2
measured after 16 weeks after surgery. * denotes statistically significant
differences

3.6.3 Summary

The biodegradable hybrid bone scaffold was tested in-vivo and compared with the gold
standard grafting material —the autologous bone graft. Results suggested that the hybrid bone
scaffold overcame autologous bone graft in the healing process and final quality of the bone
fusion.
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4 Conclusions

The doctoral thesis combines the latest theoretical knowledge about calcium
phosphate ceramics used for bone regeneration with the experimental part in which the new
material for a bone regeneration was investigated. The theoretical part of this work focused
on calcium phosphate ceramic materials, their interaction with a living organism and
challenges connected with their usage. The ideal scaffold has been defined in this part and its
approximation to real materials has been made. The current state of the art in the field of
commercially available materials has been introduced, giving an idea about calcium phosphate
ceramics currently supplied and used. The knowledge having been acquired in this section
helped to define the main goals of doctoral thesis. The main goal was to prepare calcium
phosphate-based material for bone regeneration with properties at least the same or even
better as the current gold-standard material, the autograft. The research part focused on
ceramic processing feasible for preparation of a large volume of ceramic foams serving as
stock-pile material for further implant customization. Moreover, internal structure of the
ceramic foams had to meet quite strict criteria making them suitable for a bone regeneration.
The concept of implant customization was tested on hydroxyapatite foams. The novel process
of epoxy-based gelcasting has been introduced. This method overcame restriction of standard
gelcasting methods. The novel system based on polymerization of epoxy monomers is not
affected by oxygen and the whole process of ceramic foam preparation can be carry out under
normal laboratory conditions. The process of foam production was optimised. As the result,
reliable and simple method of ceramic foam processing has been developed. Subsequently,
novel gelcasting method was utilized for processing of different types of calcium phosphate
foams. The foams differed in phase composition. To evaluate the biodegradation properties
of the materials the test simulating in-vivo degradation was conducted. The results allowed to
directly compare three types of scaffolds — pure HA, pure TCP and multiphasic scaffold
consisting of a and B TCP phases and HA. Only multiphasic composition combined both
biodegradable properties and reasonable strength after a long-time exposure. The mechanical
response was correlated with phase distribution on grain level. According to our best
knowledge we reported on a distribution of calcium phosphate phases for the first time
utilizing very powerful method of electron backscatter diffraction (EBSD). Data acquired
allowed us to explain rather interesting degradation behavior of multiphasic calcium
phosphate ceramics. The high temperature reaction leading to discrepancy between the initial
phase ratio and the final phase ratio after sintering was described and the influence of calcium
pyrophosphate impurities on final phase composition was explained. Furthermore, in-vitro
tests targeting on biological properties indicated, that the multiphasic composition positively
contributed not only to degradation of the scaffold in in-vivo like conditions but even
enhanced bone marrow stem cell maturation and proliferation. Carefully chosen and tested
porous sintered multiphasic calcium phosphate material was used as ceramic carrier for
preparation of the hybrid bone scaffolds for in-vivo study of a lumbar interbody fusion and
compared with an autologous bone graft harvested from iliac crest. The preliminary results
suggested that the artificial material overcame standard autologous graft in all aspects. This
result is the highlight of the whole work and is an astounding example how multidisciplinary
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approach, careful material selection and pre-clinical testing can result in the brand-new
material with outstanding biological properties.
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