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Chapter 1 Introduction

1.1 Classical elements

“What is everything in our world made of?” might be one of the deepest questions
frequently asked when our ancestors started to look at the world they live in. Finding
and understanding the world’s basic building blocks turned out to be a long and
difficult story until people could crack this intriguing code of the universe. Ancient
Greeks believed that the world, including all lives, is composed of four fundamental
elements: Fire, Air, Water and Earth. According to this theory, each of these
elements is related to two of the four sensible qualities: cold, hot, dry and wet. For
example, fire is hot and dry; air is wet and hot; water is cold and wet; earth is dry and
cold. When these elements are mixed in different proportions, the product represents
mixed qualities thus matters with various properties are formed. Likewise, various
forms of life are caused by mixing appropriate amount of these saintly elements.
Similar to the western people, in the east, the Chinese recognized the world as a
system made of five primary “phases”: Metal, Wood, Water, Fire and Earth. In this
traditional theory, each phase mirrors a complex series of aspects of nature, based
on which they could generate or inhibit each other. For example, Wood could feed
Fire and part Earth while Water could control Fire and nourish Wood. The
interactions between the five phases were analogized to the interdependence of all
living things as well. Based on this theory, all matters, from herbs growing on the
mountain to internal organs in human body, are structured and circled with these five
phases. Plausibly people believed that by adding the deficiency or neutralizing the
exceeded phases in patient, physically or orally, the circle of the five phases could be
brought back to balance. In other words, the introduction of certain substances could
be beneficial to the human body.

That the excess or deficiency of a certain substance in the human body could
influence people’s health is a plain concept that can be seen in the early stage of
many medical theories. Humorism, claimed by Hippocrates around 400 BC, is a
system of medicine closely related to the theory of the Four Elements. Hippocrates
classified the body fluids in a person to four humors: black bile, yellow bile, phlegm
and blood. When a patient suffers from a surplus or imbalance of one of these four
fluids, it is said that the patient’s personality and physical health could be negatively
affected. Based on a patient's humoral complexion, medical treatment like
bloodletting, emetics, administration of “cold” or “warm” food were used to counter
the symptoms of disease. Although quiet deviated from what we know now,
Hurmorism became the most common view and scientifically acceptable theory used
in the medication of human body until early nineteenth century.
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Figure 1. A: The ancient Greek concept of the Four Elements. B: A Buddhist Gorinto
("five-ringed tower") in Gansen-ji Temple, Japan, consisted of five rings from top to
bottom, each representing one of the Five Elements that formed the world: ether
(jewel-shape), wind (crescent), fire (pyramid), water (sphere) and earth (cube). C: The
four humors, the most commonly held view of the human body among European
physicians until the advent of modern medical research in the nineteenth century.
Adopted by ancient Greek, it was tightly related to the theory of the Four Elements. All

images are downloaded freely from the web using Google images filter.

1.2 Modern elements

Before the development of modern chemistry, people’s concept of essential parts of
matter is limited on what was visible around them. For example, the classical Four
Elements theory is more like a description of four of the states of matter: earth for
solid, water for liquid, air for gas and fire for plasma. Breakthroughs came from
alchemists, who struggled to find an elixir by which base metals (e.g. lead) can be
transmuted into noble metals (e.g. silver and gold). During their admixture or
purification of various ingredients and potions, practical alchemists unconsciously
funded a wide range of basis of modern medicine and chemistry [1]. In alchemy, the
foundation of world is not any more abstract and anagogic “elements” but actual
chemicals like mercury, sulphur and salt, where mercury giving volatility, sulphur
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giving flammability and salt giving solidity [2]. Although they didn’t realize, two out of
three of these chemicals, mercury and sulphur, are already actual elementary
substances. However, the concept of element was not clarified until Robert Boyle,
who is regarded today as the first modern chemist and one of the founders of

modern chemistry, defined elements as irresolvable constituents of various sorts in
his book The Sceptical Chymist in 1661 [3][4][5]. In 1669, when alchemist Hennig
Brand tried to search from residues of boiled urine for the elixir of life to produce gold,
he accidentally isolated Phosphorus, an element that we now know exists in every
cell of human body [6].

Figure 2. “The Alchemist Discovering Phosphorus" painted by Joseph Wright in 1771,
depicting the discovery of the element phosphorus by German alchemist Hennig Brand
in 1669. In search of the Philosopher’s stone, a flash burst from the flask, in which a
large quantity of urine was boiled down producing the hypergolic phosphorus in air.
With the development of modern chemistry, we now understand that Water is actually
composed of hydrogen and oxygen. Soil (Earth) is a mixture of liquids, organic matter
and many complex minerals. Air is a combination of various gases. And Fire is not even
a matter at all. But one thing in the Greek brief is true: everything in our world,
including our entire body, is made of combinations of different elements. It is also true
that one element can be transmuted to another, not by using the Philosopher's stone

but via nuclear reactions. The image is adapted freely from Wikipedia.
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Antoine Lavoisier recognized and named oxygen (1778) and hydrogen (1783) and
realized that water is the combustion product of hydrogen and oxygen [7]. Thus,
although had been thought for over 2000 years, water must be a compound but not
an element. Instead of four, he listed 33 known elements of the time, including light
and caloric [7]. Despite these flaws, the concept of modem elements was funded
during this time, although the discovery of new elements was still random occurrence
but not guided. In the beginning of 19th century, the ultimate building blocks of
matter, atom, was described by John Dalton [8]. Afterwards, the discovery of new
elements was boosted. Based on Dalton’s atomic theory, in 1869, Dmitri Mendeleev
presented his periodic table, a prefect map in which every element was ordered and
grouped by their atomic number and recurring chemical properties [9]. This numerical
pattern underlay the structure of matter, and decoded the mystery of the foundation
of the whole world into a clear vision: that everything, from a diversity of nature to the
complexity of man, was made from just 98 elements.

1.3 Origin and distribution of elements

There are so far 118 known elements. The first 98, from hydrogen (H) to Californium
(Cf) are naturally-occurring elements and all of them have been found from Earth’s
crust. 80 of them are stable, while the rest are radioactive. The last 20 elements are
produced artificially as the synthetic products of nuclear reactions.

Through the development of physical cosmology, it is known that Hydrogen (H) is the
most abundant and lightest element in universe while Helium (He) is the second.
They were mostly created from the Big Bang nucleosynthesis at the beginning of the
universe (possibly together with small amount of Lithium) [10]. It is estimated that H
and He make up roughly 74% and 24% of all baryonic matter in the universe
respectively. Thus, from an astronomy point of view, all elements heavier than H, He
and Li (so called “heavy elements”), are “trace” in the universe. For example, the
mass fractions of all “heavy elements” in the solar system is about 1.3% of all
elements [11]. Most heavy elements are generated in the core of stars through a
process known as stellar nucleosynthesis, where H and He are fused into heavier
nuclei [12]. When these heavier nuclei are produced, they too are burnt inside stars
to synthesise heavier and heavier elements ranging from carbon (C) to iron (Fe) (e.g.
C, N, O, F, Na, Si and Ca). Elements heavier than Fe (e.g. Cu, Zn and Sr) are all
fused during the explosion of supernova when massive stars come to their end. The
explosion also disperses different elements across the interstellar space, scattering
matters which made up nebulae and planets including earth [13].
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Figure 3. A periodic table indicating the origins of the elements. Note that many of
the above elements can be also found in our body. This leads to a charming and poetic
truth: that we are all made of stardust. The image is downloaded freely from
Wikipedia.

All these elements can be found in the solar system. Although earth is made of the
same nebula matter that formed the sun, the composition of earth is different from
that of the sun because the formation of the planets acquired different concentration
of elements. The most abundant element on earth is Fe (by mass, about 32%),
basically because of its solid iron inner core. In its upper continental crust, oxygen is
the most abundant element. A little more than 47% of the Earth's crust is consisted of
oxygen because oxide compounds are common constituents of rocks [14]. Together
with other elements (e.g. silicon (Si), alumina (Al), calcium (Ca), magnesium (Mg),
sodium (Na), iron (Fe), carbon (C), phosphorus (P) and potassium (K)), these rock-
forming elements comprised more than 99% of earth’s crust. The other constituents
occur in minute quantities, best known as the precious silver (Ag) and gold (Au).

Very few of these elements exist as simple substances; examples are the above
mentioned silver and gold. Most elements that make up the Earth exist in different
categories of minerals, including silicates (e.g. quartz and olivine), oxides and
hydroxides (e.g. corundum and manganite), carbonates (e.g. calcite), sulphides (e.g.
sphalerite), sulphates (e.g. celestite), halides (e.g. fluorite) and phosphates (e.g.
apatite). In the last category, the most abundant phosphorus-bearing mineral in
natural is apatite, which actually covers three different minerals (fluorapatite,
chlorapatite and hydroxylapatite) depending on the predominance of either fluorine,
chlorine or the hydroxyl group. This mineral is popular in the orthopaedic research
field because hydroxylapatite is the main component of bone mineral.
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Figure 4. A: Abundance of the chemical elements in Earth's upper continental crust
(atom fraction). B-F showing several natural-occurring gemmy mineral and their
chemical formula: B. feldspar, the most abundant rock-forming mineral that makes up
the Earth’s crust; C: Celestine; D: Fluorite; E: Sphalerite; F: Apatite. Images B-F

courtesy of Dr. Cao from Guokr.com.

1.4 Fundamental elements of living organisms

Most living organisms are common in their water-based cellular form, which is
structurally supported by a carbon-based framework. Among the 98 natural-occurring
elements, at least 60 can be detected in the human body. Nevertheless,
approximately 99% of the mass of the human body is made up of six elements:
oxygen, carbon, hydrogen, nitrogen, calcium, and phosphorus. Less than 1% is
composed of another five elements: potassium, sulphur, sodium, chlorine, and
magnesium. The remaining elements are trace in the mass of human body. Thus,
according to their abundance in the body, biological elements can be classed as
major and trace elements (Table 1).
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Table 1. The abundance of elements in human body. The content is adapted from
Wikipedia (http://en.wikipedia.org/wiki/Composition_of_the_human_body)

Major element | Fraction of mass | Trace element | Fraction of mass
Oxygen 0.65 Iron 60e-6
Carbon 0.18 Fluorine 37e-6

Hydrogen 0.10 Zinc 32e-6
Nitrogen 0.03 Silicon 20e-6
calcium 0.014 Strontium 4.6e-6

phosphorus 0.011 Bromine 2.9e-6
potassium 2.5e-3 Lead 1.7e-6
sulphur 2.5¢-3 Copper 1.0e-6
sodium 1.5e-3 lodine 160e-9
chlorine 1.5e-3 Selenium 190e-9
magnesium 500e-6 Manganese 170e-9

141  The CHONPS

Four most common elements in living organisms are carbon, hydrogen, oxygen
and nitrogen. They are theoretically related to the chemical origins of life as shown
in the famous “Miller-Urey experiment”, where clusters of just these four elements, i.e.
H,0, CH4, NH3 and H,, could spontaneously form organic compounds under
electrical spark, including dozens of common amino acid now found in living systems
as well as one of the four bases in RNA and DNA, adenine [15][16][17]. Together
with two other important chemical elements, phosphorus and sulphur, they formed
most  biological molecules on earth. These six elements are
elemental macronutrients for all organisms, and often referred as the acronym
CHONPS.

Among the major elements, carbon forms the key component for all known life on
earth. Carbon is the main component of sugars, proteins, DNA and fats. Aimost all
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living matters are composed of carbon-based organic molecules. Carbon is so crucial
for all life forms in earth’s biosphere, that people often class themselves as carbon-
based life.

Phosphorus, the first element isolated from the human body (from urine), is also
essential for life. Particularly, most phosphorus in human body is present in bone and
teeth in the form of PO4> (mainly in carbonated hydroxylapatite [18]).

1.4.2  Other abundant elements

Sodium is the most prominent cation in extracellular fluid (i.e. interstitial fluid and
blood plasma) while potassium is the major positive ion inside animal cells.
Together, they regulate blood pressure and play a key role in nerve transmission.
The balance between sodium and potassium is mediated by an antiporter enzyme
located in the cell membrane known as the sodium-potassium pump. Thision
pump uses ATP to pump three sodium ions out of the cell and two potassium ions
into the cell, thus generating the osmotic equilibrium and electrolyte balance.

Calcium is the most abundant metal in many animals. Roughly 99% of calcium in
human body is present in bone and calcified cartilage in the form of bone mineral.
The main component of bone mineral is carbonated hydroxyapatite. Therefore,
calcium is essential for the growth, development and maintenance of healthy bones.
About 1% of calcium is present in extracellular and intracellular fluids. Its
concentration in blood plasma is tightly regulated but its intracellular concentration is
subject to vary during many cellular functions.

Most chlorine in the human body is present in its anion form, chloride. It is an
essential electrolyte located in all body fluids, and is responsible for maintaining
acid/base balance, transmitting nerve impulses and regulating the osmotic
equilibrium. It's also needed for the production of stomach acid, which is mainly
composed of hydrochloric acid.

1.4.3  Trace elements in living organisms

Besides the major elements, over 60 chemical elements are trace by mass in the
human body. More than a dozen of them are known to be essential for life in which
they are required as key component of certain biomolecules or enzymes, or act as
co-factors in biological reactions. For example, iron is an essential component of
myoglobin and haemoglobin, which serve to bind and deliver oxygen in the biological
fluids of vertebrates [19]; zinc activates many enzymes and maintains the
metabolism of vitamin A, of which its deficiency may lead to night blindness [20];
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selenium, in the form of selenoproteins, protects the organism from oxidative
damage [21].

Apart from these crucial elements with known functions, some elements are not
essentially required to support human biochemical processes, but have a positive
effect in maintaining or improving health. For example, fluorine is not required for
growth or to sustain life, but low level of fluoride hardens dental enamel and thus
effectively prevents dental cavities; strontium is not an essential nutrient but it
improves bone mineralization and thus bone density. The function of some trace
elements found in the human body, e.g. caesium and titanium, are so far not clear
and it is possible that they are simple contaminants from the environment and don't
play any role in function. However, we should be cautious to give certain conclusions.
For example, bromine has been believed for long to have no essential function in
mammals until recently, a research carried by McCall et al. suggests that bromine is
responsible for the assembly of collagen IV scaffolds and thus plays a vital role in
tissue development and architecture [22]. Therefore, the possible functions of these
“bystander” elements are still debatable.

The deficiency of essential trace elements may lead to diseases while overdose may
result in toxicity. Examples are selenium, aluminium, cobalt, lead [23] and arsenic
[24]. The over-dose toxicity issue applies to those elements which are not essential
but are positive for health as well. For example, chronic high-level exposure to
fluoride, a common and safe ingredient of tooth paste, can lead to accumulation of
fluoride in bone, resulting in skeletal fluorosis and calcification of ligaments. Another
example is strontium, although it is considered as a promotive element for bone
health, over-dose of strontum may be associated with ricket disease and
osteomalacia [25]. This indicates that the effects of elements on physiological
activities in human body are tightly related to their doses. Further, it may be possible
to stimulate or inhibit associated biochemical reactions in tissues by adding the
deficient element or removing the excessive element at the site.

1.5 Trace elements in bone and their functions
1.5.1  The structure and composition of bone

From a structural point of view, bone is a bi-phasic material with a complex
architecture, in which bone minerals are evenly distributed and organized in a matrix
that is mainly composed of Type | collagen. Collagen provides a tensile framework
while bone minerals add strength and hardness to it. This combination makes bone
strong and flexible enough to withstand stress. At the micro level, bone minerals are
long, rigid apatite crystals, primarily carbonated hydroxyapatite in its amorphous form.
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These fine crystals were embedded in three parallel, staggered helices of collagen
as the subunits of bone. When bone is initially formed, the organization of these
subunits are haphazard, known as the woven bone. Woven bone is formed rapidly,
but it is mechanically weak. However, woven bone can be gradually reconstructed to
aligned, stronger lamellar bone. Mature bones are rigid organs in a variety of shapes.
Together with skeletal muscles, tendons, ligaments and joints, they provide a frame
to protect internal organs and to keep body supported and mobile.

From a different point of view, bone is a dynamic, growing tissue made up of living
cells and non-living components. It is continuously formed and resorbed by coupled
actions of mesenchymal stem cell-derived osteoblasts/osteocytes and monocyte-
derived osteoclasts [26]. The formation of bone tissue involves multiple activities of
the osteoblasts [27]. They firstly secrete an organic matrix of protein and then ossify
it with deposition of minerals which are formed in their mitochondria [28]. During this
process, some osteoblasts are embedded in bone that themselves produced and
develop into osteocytes. Entrapped in lacunae, these mature bone cells are
mechano-sensitive and are able to regulate the dynamic of bone formation and
resorption by transmitting signals to osteoblast and osteoclast via microscopic canals
between the lacunae. A complex series of parameters have been identified to play a
role in regulating these cellular functions, including hormones, cell growth factors,
mechanical physical forces, intracellular and extracellular concentrations of
monovalent and polyvalent cations as well as anions [29][30].

Approximately 10% of the skeletal mass of an adult is renewed each year in bone
remodelling [31][32], which means that there is continuous depletion and
reprecipitation of bone minerals. During remodelling, osteoclasts attach to mature
bone and create a low pH environment under their membrane to provoke bone
mineral dissolution. Bone mineral is thus removed and released, resulting in a
transfer of ions (e.g. calcium and phosphate) from the bone to the systemic
circulation, which can be used as raw materials for the formation of new bone. Hence
in tandem, bone remodelling repairs the micro-fractures in bone and regulates the
calcium homeostasis in body fluid [33].

1.5.2  Trace elements in bone

Approximately 99% of the body’s calcium is stored in bone minerals, making bones
the reserve site of calcium, along with a series of trace elements such as magnesium,
fluoride, manganese, zinc, silicon and strontium [34,35]. Although trace elements
only represent a small fraction in bone mineral as compared to calcium, they are
considered prominent for the growth, development and maintenance of healthy
bones [29,35,36]. For example, strontium and magnesium have been reported to
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influence the mineralization processes [37,38] as well as osteoblast and osteoclast
activities [39,40] while zinc is considered essential in the growth and mineralization of
bone tissue in which its deficiency may lead to bone growth retardation [41].

1.5.3  Trace elements and bone mineral

Biomineralization is a process in which biological apatite is synthesized by cells like
osteoblast, emeloblast and odontoblast to ossify the certain protein matrix. It has
been shown that the mineral phases of bone, enamel and dentin exhibit different ion
concentrations and crystallinity [42,43], indicating that the distribution of trace
elements in the body is purposively organized by nature to serve the different
functional demands of certain tissues. When foreign ions are presented in the
environment, they can participate in the nucleation and growth of biological apatite,
being incorporated into the crystal lattice or be absorbed on the crystal structure. For
example, Dahl et al. and Marie et al. reported that Sr can incorporate in bone mineral
in newly formed bone after oral treatment of strontium [44,45].

The position of Ca2* in the crystal lattice of apatite can be replaced by bivalent
cations, such as Sr2*, Znz* and Mg?*, but monovalent and trivalent cations such as
Na*, K* and AI** can be hosted as well [43]. Common substitutes of the anion group
in apatite are COs?, SiO4* for PO4* and F-, CI- for the OH- group [46,47] Because of
their different ionic radius, the foreign ion substitution in biological and synthetic
apatites usually provokes changes in the lattice constants, the growth of apatite
crystal in terms of crystal size and shape and thereby alter the solubility [42]. For
example, the incorporation of silicon in hydroxyapatite leads to a decrease in
crystallinity and crystallite size but an increase of solubility [48,49] while substitution
of fluoride for OH- increases the crystallite size and decreases the solubility [50-52].
Furthermore, the maximal amount of trace elements that can be contained in
synthetic apatite lattices varies according to the radius and valence state of ions.
Strontium substitution towards calcium can happen in a range varying from 0 to 100
at% in apatite [53], but this value is limited to about 15 at% for zinc [54].

1.5.4  Trace elements and bone cells

The importance of calcium and phosphate ions in regulating of cellular activities and
bone metabolism is well known [55-61]. Many trace elements are often a part of the
active centres of enzymes, e.g. zinc in the super family of zinc finger transcription
factors, copper in superoxide dismutase and selenium in thioredoxin reductase and
glutathione peroxidise. A zinc finger protein, Schnurri-2, is shown to regulate the
activities of critical transcription factors required for bone remodelling [62]. Further,
many trace elements, e.g. silicon, zinc, fluorine, magnesium and strontium are found
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to be important for bone health [35][63]. It has been found that these bioactive ions
can induce various responses of bone cells (i.e. osteoblasts, osteocytes, osteoclast
and their progenitors). For example, fluoride stimulates the proliferation and
osteogenic differentiation of osteoblastic cells in vitro [64—70] and silicon enhances
the proliferation, metabolic activity and the synthesis of collagen type | in osteoblast-
like cells [71,72]. Moreover, zinc [73-78] and strontium [40,79] were found to have
dual effects that they favour osteogenesis while suppressing osteoclastic activity,
indicating their potential in modulating bone growth. These findings indicate that the
application of trace elements in the orthopaedic field has enormous potential.

1.6 Improve the bone forming ability of orthopaedic materials
1.6.1  Bone graft and their synthetic substitutes

For the repair of bone defects, the “gold standard” is autograft, which is sourced from
a patient's own bone. It specifically possesses all imperative properties required for a
bone graft material. For example, it is biocompatible and contains growth factors like
bone morphogenetic proteins and osteogenic cells (i.e. osteoprogenitors and
osteoblast) [80]. However, autologous bone is limited in quantity and harvesting can
cause donor-site morbidity. Alternatively, bone graft harvested from donors (allograft)
or animals (xenograft) are used but, have the risk of immunological reactions or
disease transmission. Synthetic bone graft substitutes are not as efficient as
compared to bio-derived bone grafts since they do not contain cellular components
or growth factors, but they are not limited in quantity, which is more future-oriented
considering the growing needs of the orthopaedic market [81]. Current commercial
synthetic substitutes in the field include metals, alloys, polymers, coral-derived
ceramics, and synthetic calcium phosphates. Among all artificial bone substitutes,
calcium phosphates such as hydroxyapatite (HA), tricalcium phosphate (TCP) and
their combinations (biphasic calcium phosphate, BCP) are considered the most
attractive synthetic bone graft due to their chemical similarity to bone minerals and
their ability to allow direct bone binding and growth on their surface [82].
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200 nm”

Figure 5. A: SEM image of bone mineral on collagen fibres in bone; B: TEM image of
synthetic hydroxylapatite crystal; C: SEM image showing the architecture of spongy
bone; D: SEM image of a porous calcium phosphate scaffold. Images are downloaded

freely from web using Google images filter.

1.6.2  Approaches to improve the bone forming ability of synthetic bone
graft substitutes

Synthetic calcium phosphate-based materials have been demonstrated to be non-
toxic, biocompatible and osteoconductive that they serve as scaffolds or templates
allowing new bone to form along their surface [42,82,83] However, when a bone
defect exceeds a critical size, osteoconductive materials cannot fully regenerate the
defect thus additional stimulation is required.

One attempt to overcome this drawback is tissue engineering, in which cells having
osteogenic potential, e.g. bone marrow stromal cells (BMSC), are loaded into
materials [84-87]. This approach raises the bone forming ability of the materials, but
its efficiency is hampered due to possible host immunisation of the graft area and the
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lack of vascularisation in the engineered tissues, which may lead to the poor survival
of implanted cells [88].

Combining materials with growth factors such as bone morphogenetic protein-2
(BMP-2) is another approach to improve their bone forming ability. Being efficient
and promising to trigger bone formation, the treatment is however costly and
concerns about complications and adverse events exist [89-95].

Besides adding stimulus such as osteogenic cells and growth factors, it is also
possible to improve the bone forming ability of synthetic materials by modifying their
physicochemical properties such as solubility, porosity, microporosity pore size and
grain size [96][97]. Among these features, the geometry of synthetic bone
substitutes was shown to have an impact that specific surface topography could
spontaneously induce osteogenesis, evidenced by the de novo bone formation in the
materials when they are implanted at non-osseous site, i.e. osteoinduction. This
outstanding feature has been reported for calcium phosphates ceramics [87,98-101],
bioglass [102], calcium phosphate cement [103], calcium phosphate-based
composites [104-107] and porous titanium [108]. The efficiency of osteoinductive
calcium phosphate ceramics in bone repair was reported to be equal to autografts
when implanted in critical-sized defects, suggesting their potential as promising
alternatives of autologous bone crafts [109]. Nonetheless, it is not fully understood
so far how surface microstructure could bring such responses, but protein adsorption
[110], osteogenic differentiation of osteoblast progenitors [108,111-115] as well as
early activation of osteoclastogenesis [116-119] on the surface have been
suggested. Moreover, there are multiple routines to obtain synthetic bone substitutes
with such desired property [120].

1.6.3  Improve the biological performance of calcium phosphates with trace
elements

As mentioned previously, many trace elements such as silicon, zinc, fluorine,
magnesium and strontium can regulate cellular activities of bone cells [64-78,40,79].
In view of this, there are growing interests to incorporate various trace elements in
orthopaedic materials, aiming to achieve a release of these ions from the materials
and thus enhance their bone forming ability. A lot of work has been done to
incorporate trace elements (e.g. silicon [121,122], zinc [123-126], strontium
[122,127,128]) into synthetic bioceramics and improved biological performance was
observed both in vitro and in vivo (e.g. silicon [49,121,129], zinc [39,123-125,130-
140], strontium [141,122,127,128,131,140,142-153] and fluoride [64,65,67,69,154—
157]). Yamada and Legeros et al. introduced zinc in B-tricalcium phosphate and
observed decrease of resorbing activity of osteoclasts [134]. Julien et al. reported
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calcium phosphate cements doped with magnesium, zinc and fluoride [158]. Ito and
Otsuka et al. demonstrated that the administration of calcium phosphate compounds
containing magnesium (Mg#*), zinc (Zn%*) and fluoride (F-), either by injection or orally,
enhanced the bone mineral density and mechanical strength of ovariectomized (OVX)
rats [159][160]. However, although there is expectation that one day the
effectiveness of ion-containing materials could be comparable with autograft [161],
to which degree the trace elements can improve the bone forming ability of synthetic
bioceramic is still pending.

1.7 lon-substituted calcium phosphates

1.7.1  The effect of ion substitution on the physicochemical properties of
ion-containing materials

Considering calcium phosphates’ great capacity in containing foreign ions, the
concept of using calcium phosphates as carriers of pharmaceutical ions has
enormous potential in promoting the biological performance of these materials
[81,161]. One example is the silicon-substituted calcium phosphates where
numerous articles have suggested enhanced biological performance of calcium
phosphates with silicon addition [49,71,129,162-165]. However, the effect of silicon
in substituted calcium phosphate materials was claimed to be overstated because a
lack of experimental evidence linking the improved biological performance to silicon
release [166]. For example, Coathup et al. have reported osteoinductive silicate-
substituted calcium phosphate, but the stoichiometric counterpart in the study also
triggered bone formation [167]. Additionally, the role of resorption and surface
geometry, which might be provoked by silicon substitution, in the enhancement was
not evaluated.

Likewise, this assertion could be tenable for all trace element-containing materials
because the introduction of foreign ions in calcium phosphates always provokes
additional physicochemical changes to the materials. This is because foreign ions
have different radius than the replaced ion, e.g. Sr* (1.12A), Zn2* (0.74A), Mg2*
(0.72A) as compared to Ca?* (0.99A), therefore the introduction of these ions more or
less causes alterations in their lattice structure, leading to changes of their
crystallinity, solubility and microstructure. These changes in turn would affect other
characteristics of the ion-doped material such as ion release property and protein
adsorption. For instance, the introduction of zinc in HA causes the increase of
specific surface area but decreased adsorption of proteins [168]. Similar to the
situation of silicon-substituted calcium phosphates, it is thus scientifically difficult to
associate the biological improvement to the doped ions solely [166].
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1.7.2  The release of ions

Foreign ions are fixed in the lattice of calcium phosphate scaffold thus cannot take in
part of cellular reactions directly. Logically, the doped ions must depart from their
scaffold and enter the fluid environment, i.e. ion release, in order to interact with
cells [166]. In body, lymph and blood flows may continuously renew the body fluid
around the implants reducing the local accumulation of released ions. Therefore, an
effective ion-substituted material should meet two criteria: (1) it should provide a
continuous release of the ions; (2) the concentration of released ions should be
sufficient to provoke a local stimulation. The demonstration of the latter could be
complicated since it is difficult to monitor such release in vivo. So far most studies
investigated the release profiles of ion-containing materials in vitro and it is generally
agreed that the release of ions should be stable and consistent to ensure a controlled
treatment.

In order to obtain a stable and consistent release profile, the quantity of trace
elements in the material and the intensity of release need to be engineered.

As mentioned in 3.2.1, calcium phosphates can contain abundant foreign ions of
various kinds in their lattice and release them when the lattice collapses. The doped
ions depart from the scaffold through two main pathways, i.e. chemical dissolution
and cell-mediated resorption. The first parameter is largely influenced by the
chemistry and stability of calcium phosphates [169,170]. For example, TCP has a
Ca/P ratio of 1.5 and is more soluble than HA (which has a Ca/P ratio of 1.67) under
physiological condition (pH=7.4), while biphasic calcium phosphate exhibits
intermediate Ca/P ratio and dissolution behaviour [171,172]. Additionally, sintered
ceramics are more stable than their un-sintered counterparts. Thus, the three kinds
of calcium phosphates release Ca%* and PO4* at different rate. For instance, the
release of ions from TCP is rapid while that from HA is relatively slow under
physiological condition. Based on this, it is proposed to indicate the in vivo behaviour
of a calcium phosphate implant by looking at its solubility in physiological fluid
[169,170]. However, since the dissolution mechanisms of calcium phosphates are
still poorly understood [173] and the in vitro evaluations are based on simplifications
of the real situation in vivo, so far the only way to assess the in vivo behaviour is to
implant the material [174].

The degradation behaviour of calcium phosphate materials in the body could be
largely different from in vitro because the in vivo environment is rich in glucose,
proteins and various of cells including phagocytes, e.g. osteoclast-like resorbing cells
[175]. Similar to the dissolution of bone mineral during bone resorption, these cells
attach to the surface of calcium phosphates and dissolve them under the membrane.
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lons in the lattice are hence dissolved and evacuated to the resorptive site [176,177].
In case of ion-containing substitutes, the doped ions are thus released as well. Here
the release rate of ions is controlled by the activity of resorbing cells, thus (1) the
release of ions would not be feasible until the resorption occurs;(2) substitutes that
are difficult to be resorbed (e.g. sintered apatite) might have poor ion release.
Therefore, an ideal ion-releasing biomaterial should be either resorbable or release
ions spontaneously under physiological condition to guarantee the treatment with a
consistent release profile.

1.7.3  Control the release of ions

As mentioned previously, the release rate of doped ions can be roughly determined
by the dissolution rate of the calcium phosphates skeleton (e.g. TCP for rapid release
or HA for tardy release) and the content of substituted ions [146,178]. However,
whether a clear relation between the two parameters and the releasing profile can be
drawn is questionable since the substitution of foreign ions in calcium phosphates
commonly leads to a change of their chemical stability and dissolution rate
[562,135,153,179].

Further, the dissolution of ion-containing calcium phosphates can be controlled by
embedding granular calcium phosphates into a biocompatible organic matrix (e.g.
collagen [180,181], polyetheretherketone [143], alginate[182], poly-amino acid[183],
poly-amide [184]). In such composite materials, the polymer phase would not only
provide sufficient elastic and viscoelastic properties [185] but also regulate the water
penetration to the composite’s bulk. This latter property may slow down, but not block,
the dissolution of the embedded calcium phosphates [104] prolonging in this way the
release of doped ions. Furthermore, in case of a degradable matrix, the degradation
of the polymer matrix would expose the embedded calcium phosphate to body fluids
progressively, letting the release of doped ions continue. Thus, the release rate of
ions is restrained by both the dissolution rate of the inorganic filler and the
degradation rate of the polymer matrix.

1.7.4  lon-substituted-apatite/polylactide composites as long-term ion-
releasing materials

Among these organic matrices, polylactide attracted a lot of interest due to its
availability, simple hydrolysis and nontoxic degradation products [186-188].
Apatite/polylactide composites can be obtained with various processing methods.
One method is solvent-cast, in which the apatite particles were dispersed in polymer
solution and followed by the removal of solvent by evaporation [105,189-191] or
freeze-drying [192]. The advantage of this method is that the dissolution process
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does not alter the chemistry of both polymer and apatite phase. However, it might
lead to agglomeration of nano-apatite and result in inhomogeneous composites
[105,185].

Alternatively, thermal extrusion is a well-developed solvent-free and efficient
technique in manufacturing polylactide-based composites [193,194]. In this method,
polymers are hot melted and finely blended with apatite fillers through an extruder.
Barbieri et al. extruded apatite particles into polylactide with twin-screw compounder
and observed homogenous distribution of apatite particles in the polymer matrix at
the sub-micro level [185]. It is also reported that the fluid uptake, degradation rate as
well as the mechanical properties of the composites could be controlled through the
character of polylactide and their weight proportion in the composites [104,105,185].
This clearly indicated a direction to obtain composites with tailorable release rate.

1.8 Aim of the thesis
The aim of this thesis is to answer the following questions:

(1) Can the introduction of trace elements in synthetic bone graft substitutes result
in inductive bone formation and, if so, to what extent is the bone formation
attributed to the doped ions?

It has been reported that trace element containing calcium phosphates are
biocompatible, osteoconductive and beneficial for bone repair [195-197]. However,
few studies have demonstrated the possible role of trace elements in osteoinduction.
Since the osteogenic differentiation of mesenchymal stem cells can be promoted by
trace elements in vitro [198,199], we hypothesise that their addition in calcium
phosphate-based materials can result in inductive bone formation. As the
incorporation of these elements will also change the physical parameters of the
calcium phosphate material (e.g. surface morphology and grain size), this may
attribute to the altered biological behaviors. The question is therefore to what extent
any enhanced bone formation can be attributed to the doped ions? To study these
objectives, zinc is introduced in a non-osteoinductive tricalcium phosphate to study
the influence of zinc addition on the biological behaviour as well as the
physicochemical changes of the doped tricalcium phosphate using both in vitro and
in vivo models, in Chapter 2.

(2) Can ion-containing materials that vary only in their trace element content be
synthesized by introducing ion-containing apatite into polymeric matrices?
Meanwhile, how will the polymeric matrices influence the release of doped ions,
and how will these parameters influence the osteoinductivity of the ion-
containing composites?
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It is difficult to introduce foreign ions into calcium phosphate materials without
provoking physical changes such as the alteration of surface geometry. However,
scientifically, materials that vary only in their ion compositions are desired in order to
pinpoint the role of trace elements in bone formation on ion-substituted materials. A
potential method is to incorporate trace elements in granular apatite and introduce
the apatite in a biocompatible polymer matrix. In this way, the polymer matrix will
conceal the effect of apatite surface differences, while ion release properties will be
retained. Will the introduction of trace elements change other physicochemical
properties of the composites and in turn impact their bone forming ability? To answer
this question, fluoride, as an example of anions, and strontium, as an example of
cations, are introduced in apatite and further embedded in polylactide matrices
respectively in Chapter 3 and Chapter 4, to demonstrate the influence of ion
substitution on the physicochemical properties such as ion release behaviours and in
turn the osteoinductivity of the ion-containing composites. Further, Chapter 3
focused on the effect of fluoridation on the degradation and resorbability of an
osteoinductive composite while Chapter 4 aimed more at investigating the potential
role of polymer matrix on ion release and osteoinductivity of the strontium-containing
composites.

(3) Can the doped trace element release from the composites occur in a consistent
and sustained fashion? If so, can the ion release dose-dependently induce
osteogenic differentiation of mesenchymal stem cells and enhance inductive
bone formation?

The release of trace element ions might be continuously diluted by body fluid in vivo
thus a sustained release profile of the ion-containing material is desired to guarantee
a constant stimulation. Further, numerous studies have reported that the introduction
of trace elements in synthetic bone substitutes could guide the cell differentiation to
the desired direction (e.g. osteogenesis) but few of them have corroborated the real
performance of ion-doped materials using both in vitro and in vivo assessments. In
Chapter 5 strontium-doped apatite and a hydrophilic polylactide were chosen to
obtain composites that may provide consistent release of strontium. The ion release
profile of the strontium-releasing composites is monitored for up to 24 weeks to verify
their long-term release capacity. Furthermore, the effect of strontium on the
differentiation fate of stem cells is studied by culturing murine mesenchymal stem
cells on strontium-containing composites in vitro while its influence on bone
metabolism is investigated in vivo using an rhBMP-2 induced ectopic model.

(4) Can ion-containing materials provide significant improvement in osteoporotic
individuals where bone metabolism is impaired?

27



Chapter 1 Introduction

Many patients that require bone graft substitutes are aged people with impaired bone
metabolism, e.g. patients suffering osteoporosis. It has been shown that
osteogenesis in these patients is reduced [200], which may be enhanced by the
addition of trace element-containing bone grafts. In Chapter 6, the influence of
strontium-containing composites on rhBMP-2 induced bone formation in an
osteoporotic environment is studied using the ectopic model developed in Chapter 5.

Finally, the results are generally discussed and perspectives for future studies are
given in Chapter 7.

28



Chapter 2 Zinc in calcium phosphate mediates bone induction: in vitro and in vivo model

Chapter 2

Zinc in calcium
phosphate mediates
bone induction: in vitro
and in vivo model

29



Chapter 2 Zinc in calcium phosphate mediates bone induction: in vitro and in vivo model

Zinc in calcium phosphate mediates bone induction: in vitro and in vivo model

Xiaoman Luog, Davide Barbieri2, Noel Davisona, Yonggang Yan®, Joost D. de Bruijn &
¢.d and Huipin Yuanac*

a Xpand Biotechnology BV, Prof. Bronkhorstlaan 10, bld 48, 3723MB Bilthoven, The
Netherlands

b College of Physical Science and Technology, Sichuan University, No.24 South
Section 1, Yihuan Road, 610065 Chengdu, China

°MIRA Institute, University of Twente, Drienerlolaan 5, 7522 NB Enschede, The
Netherlands

@ School of Engineering and Materials Science, Queen Mary University of
London,Mile End Rd, E1 4NS London, United Kingdom

Abstract: Zinc-containing tricalcium phosphate (Zn-TCP) was synthesised to
investigate the role of zinc in osteoblastogenesis, osteoclastogenesis and in vivo
bone induction in an ectopic implantation model. Zinc ions were readily released in
the culture medium. Zn-TCP with highest zinc content enhanced the alkaline
phosphatase activity of human bone marrow stromal cells and the tartrate-resistant
acid phosphatase activity as well as multinuclear giant cell formation of RAW264.7
monocyte/macrophages. RAW264.7 cultured with different dosages of zinc
supplements in medium with or without zinc-free TCP showed zinc could influence
both the activity and formation of multinuclear giant cells. After a 12-week
implantation in the paraspinal muscle of canines, de novo bone formation and bone
incidence increased with increasing zinc content in Zn-TCP — up to 52% bone in the
free space. However, TCP without zinc induced no bone formation. Although the
observed bone induction cannot be attributed to zinc release alone, these results
indicate that zinc incorporated in TCP can modulate bone metabolism and render
TCP osteoinductive, pointing to a novel way to enhance the functionality of this
synthetic bone graft material.
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2.1 Introduction

Bone mineral is comprised of carbonated apatite crystals that contain a series of
trace elements [34,35] such as magnesium (Mg), fluoride (F), manganese (Mn), zinc
(Zn), silicon (Si) and strontium (Sr). Although they only represent a small fraction of
bone mineral, they are considered essential for bone metabolism [36]. For example,
Mg and Zn have been reported to influence osteoblast and osteoclast activity
[76,201], while strontium ranelate is used clinically to reduce osteoporosis [202].

For the repair of bone defects, calcium phosphate ceramics (CaP) such as
hydroxyapatite (HA), tricalcium phosphate (TCP) and their combination (biphasic
calcium phosphate, BCP) are widely used due to their chemical similarity to bone
mineral. After implantation, they allow migration of bone cells on their surface
followed by bone deposition, in a phenomenon called osteoconduction [83]. However,
when a bone defect exceeds a critical size, osteoconductive materials are not able to
fully regenerate the defect and osteoinductive materials, which trigger the
osteogenesis of mesenchymal stem cells [203] thus inducing bone formation even in
non-osseous tissues, is needed. Osteoinduction can be achieved by adding growth
factors such as bone morphogenetic proteins (BMPs) or osteogenic cells to the
material.

Inspired by the idea that calcium phosphate ceramics mimic bone mineral chemistry
and that trace ions regulate bone metabolism, the introduction of trace elements in
CaP was expected to provide a novel method to enhance the bone forming ability of
a bone graft. An example of such a material is silicon substituted HA [129], although
there is debate whether silicon plays a direct role in the functioning of these materials
[166].

Zn, another important trace element, is considered as an important mineral in the
normal growth and development of the skeletal system. Bone tissue contains
approximately 30% of the total zinc in the body [204]. Indeed, Zn deficiency impairs
the development of maximal bone mass [205]. It is associated with the pathogenesis
of osteoporosis [206,207], while dietary supplementation of zinc showed positive
effects on bone metabolism [205].

It has been shown that zinc can influence the behavior of (pre)osteoblast [73-75] and
osteoclast [76-78], indicating zinc plays an important role in bone metabolism.
Thereafter, zinc has been introduced in various calcium phosphates ceramics in
expectation that the release of zinc may promote the bone forming ability of synthetic
materials. Naturally it was found that zinc-containing materials would release zinc,
and influence the differentiation of osteogenic cells [208] and hence promote the
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regeneration of nearby host bone [132,135], suggesting their potential role in
improving conductive bone formation at osseous site.

Mineralized Achilles tendon and cartilage calcification have been associated with
high Zn tissue levels [209]. Furthermore, some researchers showed that zinc could
induce osteogenic differentiation of mesenchymal stem cells (i.e. bone marrow
stromal cells) [124,125]. These facts indicated a possible role of zinc in ectopic bone
formation (osteoinduction). We hypothesized that the incorporation of Zn in CaP
may render the ceramic osteoinductive due to the stimulation of osteogenic
differentiation of mesenchymal stem cells (originating from either the local tissues or
the blood stream [210,211]). To investigate the hypothesis, zinc-containing TCP (Zn-
TCP) was synthesized and evaluated as a model.

As mentioned above, zinc plays its role not only in bone formation but also in bone
resorption, which should continuously influence the ossification mass in
osteoinductive model since bone metabolism is equilibrium between ossification and
bone resorption. It is clear that zinc-containing ceramics can also inhibit resorption
activity of osteoclast [134,136] while bone resorption is also up to the formation of
osteoclasts. Osteoclasts are differentiated from monocyte/macrophages, which can
fuse to form multinucleated, TRAP-positive, bone-resorbing giant cells in the
presence of certain cytokines, in particular receptor activator of NF-kB ligand
(RANKL) [212]. As a matter of fact, zinc is involved in this osteoclastic differentiation
too [73,131]. Thus zinc may influences bone resorption via not only the resorption
activity of osteoclast but also the formation of osteoclast from macrophage. To
address the possible influence of Zn-TCP on osteoclastogenesis,
monocyte/macrophages (RAW264.7) was cultured with the presence of RANKL on
Zn-TCP and on zinc-free TCP with zinc supplement in culture medium.

2.2 Materials and Methods
221  Preparation and characterization of Zn-TCP

Tricalcium phosphate powder was synthesized by wet precipitation using Ca(OH),
(Fluka) and H3POs (Fluka) at a Ca/P molar ratio of 1.5. Zn-TCP slurries were made
by mixing TCP powder with aqueous solutions containing various concentration of
ZnCl, (Fluka): 0, 5, 15, and 45 mmol ZnCl,/100 g TCP (“TZ00” control, “TZ05",
“TZ15”, and “TZ45" respectively). Slurries were vacuumed to remove air bubbles,
dried at RT and sintered at 1100 °C for 480 minutes resulting in dense Zn-TCP
blocks.

Zn-TCP discs (@10 x 1 mm) were machined from dense blocks using a diamond saw
microtome (Leica SP1600); granules (212-300 um) were prepared by grinding and
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sieving the residual block particulate. Discs and granules were ultrasonically cleaned
in sequential baths of acetone (Sigma), 70% ethanol (Prolabo) and demineralized
water for 15 minutes each. Materials were dried at 80 °C, steam sterilized at a
pressure of 2-4 bar (121 °C) for 30 minutes and dried at 80 °C afterwards.

Materials were characterized on the basis of their crystal chemistry, surface structure,
and release of Zn ions. Chemical analysis was conducted using an X-ray
diffractometer (MiniFlexll, Rigaku) with Cu Ka radiation (A=1.5405A, 30kV, 15mA)

over the 20 range of 25°-45°. The microstructure of the ceramics was analyzed
using a scanning electron microscope (SEM) (Jeol JSM-5600). Grain and pore size
were quantified using ImageJ software (NIH) by measuring and averaging the
vertical length of > 40 grains and pores in a representative micrograph taken at
2,500x. lon release was measured as follows: discs were soaked in 1 ml culture
medium for 4 days at 37°C with 5% CO, (1ml medium per disc, n=5 per material,
more details are mentioned in section 2.2.2) and the zinc concentration in medium
was measured by atomic absorption spectrum (AAS) (SpectrAA 220FS). Ca?* and
PO4* concentrations in the medium were measured using QuantiChrom (BioAssay
Systems, USA) and PhosphoWorks (AAT BioQuest, USA) colorimetric assay kits,
respectively. Assays were carried out following the manufacturers’ instructions and
absorbance (620 nm) was measured using a multimode plate reader (Zenyth 3100).

2.2.2 Materials used for in vitro experiments

All discs have been pre-incubated in corresponding basic medium for 4 hours prior to
cell culture. Before the cell seeding, these medium were discarded to prevent
potential pH impact to cells (also applied to ion release experiments with basic
medium used in section 2.2.2).

Suspension culture plates (Greiner Bio-One Cat.677102) were used for cells cultured
on discs while cell culture plates (Greiner Bio-One Cat.677180) were used for cells
cultured on plastic.

2.2.3  Osteoblast differentiation of hBMSC

Basic medium: a-MEM (Invitrogen, UK) supplemented with 10% FBS (Lonza,
Germany), 2 mM L-Glutamine (Invitrogen, UK), 0.2 mM L-Ascorbic acid 2-phosphate
(AsAP, Sigma), 100 IU/ml penicillin (Invitrogen, UK) and 100 pg/ml streptomycin
(Invitrogen, UK)

Growth medium: basic medium supplemented with 1 ng/ml basic fibroblasts growth
factors (bFGF, Instruchemie, the Netherlands)
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Osetogenic medium: basic medium supplemented with 10 nM dexamethasone
(Sigma)

Human bone marrow stromal cells (Passage 3, PT-2501, Lonza, Netherlands) were
expanded in flasks containing growth medium under humidified atmosphere of 5%
CO, at 37°C for one week until they were harvested with 0.25% trypsin (Invitrogen,
UK). 2.5 x 10* cells/well were cultured on Zn-TCP discs (n=5 per material at each
time point) with osteogenic medium in 48-wells for up to 14 days. The medium was
refreshed twice a week and samples were harvested after 1, 4, 7 and 14 days.

2.2.4 Osteoclast differentiation of RAW264.7

Basic medium: a-MEM (Lonza, Germany) supplemented with 10% FBS (Peprotech)
and 1% penicillin and streptomycin (Invitrogen, UK)

Monocytes/ macrophage (RAW264.7) cells were seeded in basic medium for one
week. Cells were then harvested by using a cell scraper (BD Falcon) and further
cultured on discs with or without zinc content or on plastic (n=5 per material at each
time point) with basic medium in 48-wells at the density of 2.5 x 10* cells/well for 4
days in the presence of 20 ng/ml RANKL (Peprotech). Zinc supplement was applied
on zinc-free group by adding zinc chloride in the medium range from 0 to 18ppm.
These mediums were refreshed once at day one.

2.2.5 Biochemistry
Cell lysis

Cells were rinsed one time with warm PBS (Lonza) and froze at -80 °C for 24 hours.
Then they were thawed to 37 °C. 400 ul Cyquant lysis buffer was added and
ultrasonicated for 2 minutes followed with 5 minutes shaking at 400 RPM.

DNA content

The poliferation of hBMSC was measured using a CyQuant cell proliferation assay kit
(Invitrogen) following the manufacture’s guidelines. In brief, 100 pl cell lysate was
mixed with 100 ul 400-time diluted GR reagent and further incubated at room
temperature in dark for 5 minutes. The fluorescent analysis was performed with
wavelength of 480 nm for excitation and 520 nm for emission using a
spectrophotometer (Zenith 3100).

Alkaline phosphatase (ALP) activity

Diethanolamine buffer was prepared by dissolving 10% (v/v) diethanolamine (Sigma)
in demineralized water. Afterwards the pH of diethanolamine buffer was adjusted
with HCI (Sigma) to 9.8. 150 ul buffer containing 5 mM p-Nitrophenyl phosphate
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disodium salt hexahydrate (PNPP, Sigma) and 1 mM MgCl, (Merck) was added to 50
ul cell lysate, and then incubated at 37 °C for 15 minutes. The absorbance was
measured at 405 nm. The ALP activity was defined as umol of p-Nitrophenol
released after a 15-minute incubation normalized to the DNA content in each well
(umol/ng).

Tartrate-resistant acid phosphatase (TRAP) activity

10 i cell lysate was added to 90 pl reagent solution (100 mM NaAc buffer (pH 5.8)
supplement with 0.15 mM KCI, 1.0 mM ascorbic acid, 0.1 mM FeCl;, 10 mM
potassium sodium tartrate and 10 mM PNPP), incubated in dark at 37°C for one hour.
To stop the reaction, 100 yl 0.3 M NaOH was added and the absorbance was
measured at 405 nm.

TRAP staining

The TRAP expression of RAW264.7 cells cultured on plastic is stained using a
commercial kit (Leukocyte Acid Phosphatase Kit, Sigma). Cells were first rinsed with
PBS, fixed with 4% formaldehyde for 10 minutes, and then stained following the
manufacturer's instructions. Staining was visualized using a Nikon SMZ800
stereomicroscope equipped with a Nikon camera.

Osteoclast size determination

Cells were rinsed with PBS, fixed in 2.5% glutaraldehyde in PBS for 10mins and then
dehydrated with a graded ethanol series (25, 50, 70, 80, 90, 95, 100% x2) following
with a graded HMDS (Alfa Cesar) series (33, 50, 75, 100%). Cells were then sputter
coated with gold for SEM observation.

The size of osteoclasts on TCP discs was measured with SEM images (>200 cells)
and quantified by calculating the mean surface area of cells using automated
threshold, edge detection, and particle analysis functions in ImageJ software (NIH).

2.2.6 Invivo experiments

Four adult male mongrel canines (average body weight 12.5 kg) were used. All
surgeries were conducted in Sichuan University under general anesthesia by
abdominal injection of sodium pentobarbital (Sigma, 30 mg/kg body weight) with the
permission of the local animal ethics committee. Zn-TCP granules were prepared as
one cubic centimeter aliquots under sterile condition in glass vials prior to the
implantation. One cubic centimeter of each Zn-TCP granules were implanted in the
same side (two canines in the left, two canines in the right) of paraspinal muscle
along the direction of spine. In brief, muscular pouches were created by scalpel
incision and blunt dissection, and then the granules were inserted to the pouch with a
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syringe. The distance between each implants was about 2~3 cm. The pockets were
then closed with non-resorbable sutures for identification at harvest. Following the
surgeries, animals were intramuscularly given buprenorphine (0.1 mg per animal) for
two days to relief pain and penicillin (40 mg/kg) by intramuscular injection for three
consecutive days to prevent infection. After operation, animals were allowed for full
weight bearing and received normal diet. Calcein (10 mg/kg body weight, Sigma) and
xylenol orange (100 mg/kg body weight, Sigma) were intravenously injected 6 and 9
weeks after implantation respectively. Subsequently, animals were sacrificed with a
celiac injection of excessive amount of sodium pentobarbital 12 weeks after
implantation. Implants were fixed with 4% formaldehyde, embedded in PMMA after
gradient ethanol dehydration. Three non-decalcified sections were made across the
middle of the explants using a diamond saw microtome (Leica SP-1600, Germany)
and stained with 1% methylene blue (Sigma) and 0.3% basic fuchsin (Sigma).
Histological observation was performed with light microscopy. The histological slides
were scanned with a scanner (DIMAGE Scan Elite5400 II, KONICA MINOLTA).
Histomorphometry of bone formation in the stained sections was performed by
pseudo-coloring pixels representing formed bone (B) and remaining material (M) in a
region of interest (ROI, with surrounding soft tissues outside the implants excluded)
using Photoshop (Adobe Photoshop Elements 2.0). Bone formation was calculated
as follow:

B% = B/ (ROI-M)*100
2.2.7 Statistical analysis

Multiple comparisons were performed with one-way ANOVA using Turkey
comparisons (Osteoclast size determination with Kruskal-Wallis test) and p values
smaller than 0.05 were considered statistically significant. Data are expressed and
represent the mean + standard deviation of five (four for in vivo samples) replicates.
Asterisks were marked in Figs. 3-6, if significance differences were found.

2.3 Results
2.3.1 X-rays diffraction analysis (XRD)

The crystalline phases of the obtained TCPs with various zinc concentrations were
examined with powder XRD (Fig. 1). New peaks were seen at the 268 position of 31.8°
and 32.4° on the patterns of TZ15 and TZ45. Such peaks increased in intensity with
the rising of zinc content, and indicate increasing presence of hydroxyapatite (HA)
phase (according to standard PDF 09-0432). No crystalline phases other than B-TCP
and HA were detected.

36



Chapter 2 Zinc in calcium phosphate mediates bone induction: in vitro and in vivo model

N PRSI
N UM W

. C
D

N W
! . E

2‘5 28 3‘0 33 3’5 38 4‘0 43 4‘5

Figure 1. XRD patterns of Zn-TCP: TZoo (A), TZos (B), TZ15(C), TZ45 (D) and HA (E),
apatite phase presented in TZ15 and TZ45

2.3.2 Scanning electron microscopy analysis (SEM)

The surface morphology of the samples was observed at SEM. It was seen that the
surface of the granules had micropores (Fig. 2) and the grains shrinked in size with
increasing zinc content. Statistics showed a decreasing trend of grain size and pore
size with increasing zinc content (Fig. 3D). TZ15 has significantly smaller grain size
than TZ00 (p<1*10-) while significantly smaller grains (p<1*107) and pores (p<1*10-%)
were seen in TZ45 as compared to all other materials.

Figure 2. SEM images of TZoo(A), TZo5(B), TZ15(C), TZ45(D), the grain size and
micropore size decreased with the increasing zinc content.
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2.3.3 lon release

After four days immersion, Zinc ions were released in significantly higher contents
from TZ45 with significant difference than other samples (p<0.001, Fig. 3C) while the
Ca? (Fig. 3A) and PO4* (Fig. 3B) concentration in the medium was similar (p>0.05).
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Figure 3. Ion concentration in culture medium after 4 days immersion of Zn-TCP discs:
Ca*™ (A), PO,* (B) and Zn™" (C); D: a summary of grain size and pore size of Zn-TCP
(*=significantly different than other samples; #= significantly different as compare to
TZo0); the value of Zn™" is not zero for TZoo, which might be due to instrumental
errors of AAS.

2.3.4 Human bone marrow stem cells (hBMCs) culture

An increasing number of hBMCs cells were seen on all ceramic discs overtime.
However, hBMSC on TZ45 discs showed higher proliferation than others at day 7
(Fig. 4A, p<0.02), indicating a positive effect of zinc on hBMSC proliferation. After 14
days the DNA production was similar on all TCP discs, which may due to full cell
confluence on the disc surfaces.

Osteogenic differentiation of hMSCs indicated by the value of ALP/DNA was not
different with the zinc content in TCP at day 4 and day 7, while at day 14, the
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ALP/DNA value increased with zinc content with a significantly higher osteogenic
differentiation on TZ45 as compared to TZ00 (p<0.02) (Fig. 4B).
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Figure 4. hBMSc cultured on Zn-TCP discs. A: cell proliferation of hBMSC on Zn-TCP
discs as shown with DNA production; B: osteogenic differentiation of hBMSC on Zn-
TCP discs as shown with the ALP/DNA ratio (After 14 days culture, the difference of
hBMSC proliferation was not significant but the TZ45 showed higher ALP expression

than TZoo with significant difference, *= p<o0.05).
2.3.5 Murine macrophage RAW264.7 culture

DNA data did not show a different proliferation of RAW264.7 cells on TZ00, TZ05
and TZ15, conversely the proliferation was significantly enhanced on TZ45 (p<0.001,
Fig. 5A). In addition, RAW264.7 cells on TZ45 produced significantly more TRAP
than those on discs with lower zinc content (p<0.01, Fig. 5D) while no differences
were seen among TZ00, TZ05 and TZ15.

When cells were cultured on zinc-free TCP, the zinc supplemented to the medium
did not influence the proliferation of RAW264.7 until its concentration reached 18
ppm (p<0.001, Fig. 5B). Cells cultured with supplement of 1.8 ppm zinc expressed
higher TRAP than other groups (p<0.001, Fig. 5E).

When RAW264.7 cells were cultured on plastic (culture dishes) with supplement of
zinc in the culture medium, the proliferation increased gradually along with the zinc
supplement. Groups with zinc-containing medium had higher DNA production than
the group with zinc-free medium (p<10-%, Fig. 5C) and a concentration of 18ppm zinc
induced more proliferation than the group with 0.18 ppm zinc (p<0.01, Fig. 5C),
indicating that zinc up to 18 ppm might promote the proliferation of RAW264.7.
However, TRAP activity was dramatically inhibited when the zinc concentration was
as high as 18 ppm (p<10%, Fig. 5F), while it was stimulated by lower concentration
(i.e. 0.18 ppm and 1.8 ppm) (p<0.03, Fig. 5F).
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Figure 5. The proliferation (A, B, C) and TRAP expression (D, E, F) of murine
macrophage RAW264.7 cultured in three different models: on Zn-TCP discs (A, D); on
zinc-free discs with different zinc supplement in medium (B, E); on plastic culture
plates with different zinc supplement in medium (C, F). (*=significantly different than
other samples; #= significantly different as compare to o ppm; $=significantly different

as compare to 18 ppm)

When RAW264.7 cells were cultured on plastic with zinc supplement in the culture
medium, the fusion of cells into multiple nuclear giant cells (MNGC) was observed
with zinc lower than 18 ppm (Fig. 6A). The size of these MNGC was bigger with 1.8
ppm zinc as compared to zinc-free control, indicating that zinc promotes the fusion of
mononuclear cells to MNGC. However, fusion did not occur in presence of 18 ppm
zinc (Fig. 6A), indicating excessive zinc suppresses the fusion.

The morphological variation of MNGC with zinc content was also observed with
RAW264.7 cells on Zn-TCP or zinc free TCP supplemented with zinc in culture
medium. The size of MNGC on Zn-TCP discs are bigger than those cultured on

40



Chapter 2 Zinc in calcium phosphate mediates bone induction: in vitro and in vivo model

TZ00 (p<0.02, Fig. 6B), while the biggest MNGC were seen on TZ45 (p<10-, Fig.
6B), showing that the fusion of mononuclear cells to MNGC is promoted with the
increase of zinc content in TCP. When zinc is supplemented in medium, the MNGC
size on zinc-free TCP was gradually increased until a zinc concentration of 1.8 ppm
(p<0.002, Fig. 6C). A suppressing effect was observed thereafter with 18 ppm zinc
(p<104, Fig. 6C), corroborating what concluded earlier.
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Figure 6. A: TRAP staining light microscopy images of RAW264.7 cells cultured on
plastic culture plates supplemented with zinc-free medium, 0.18 ppm zinc, 1.8 ppm
zinc and 18 ppm zinc; B: MNGC size on Zn-TCP discs; C: MNGC size on zinc-free TCP
discs (*= significantly different as compare to other samples, #=significantly different

as compare to the first sample)
2.3.6 Intramuscular bone formation

Histological overview after 12 weeks implantation in canine muscle showed different
bone forming abilities of Zn-TCP with a trend following zinc content (Fig. 7A-D). In
fact, bone volume increased significantly with zinc content (p<0.02, Table 1).
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Figure 7. Top: Histology overviews after 12 weeks intramuscular implantation in
canines (A: TZoo, B: TZos, C: TZ15, D: TZ45); Bottom: the squares in A-D observed
with light microscopy (a: TZoo, b: TZos, c: TZ15, d: TZ45), showing osteoblasts (thin
arrow) were secreting osteoid while multinuclear giant cells (thick arrow) were

resorbing the material and bone.
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Table 1. A summary of ectopic bone formation in intramuscular implants

Samples TZ00 TZ05 TZ15 TZ45
Implants 4 4 4 4
Bone incidence 0/4 1/4 4/4 4/4

Bone formation (B%) 040 0.1£0.2 20.1£21.9 51.8+11.8

Detailed histological observations showed no inflammation adjacent to implants while
fibroblasts and blood vessel were evident in soft tissue matrix. Bone was directly
bond to TCP granules and bridges of mature bone were formed between granules.
Osteoblasts were observed on the surface of bone matrix, while multinuclear giant
cells were found around the resorption areas on TCP (Fig. 7a-d).

Calcein deposition was observed in bone formed in TZ45 implants (Fig. 8B) but not
thatin TZ15 implants (Fig. 8A) , indicating the bone formation started in TZ45
between 6 and 9 weeks, earlier than in TZ15. Xylenol Orange deposition was
observed on bone tissue in TZ15 and TZ45 implants, indicating that bone was
continuously forming after 9 weeks in both materials.

Figure 8. Microscopy images of TZ15 (A) and TZ45 (B) obtained by overlapping the
fluorescent and transmitted light images taken in the same position. Bone formation
started in TZ45 between 6 and 9 weeks after the implantation (calcein, green) and after
9 weeks (xylenol orange, red), while it appeared in TZ15 only after g weeks (xylenol

orange, red)
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2.4 Discussion

Zn-TCP induced ectopic bone formation in canine muscle related to the
concentration of zinc they contained; however, TCP containing no zinc formed no
bone (Table 1, Fig. 7). In addition to the observation that increased zinc content in
TCP augmented ectopic bone formation in terms of bone incidence and volume,
higher zinc content also appeared to accelerate the bone formation process based
on fluorescent bone labeling (Fig. 8). These in vivo data suggest that the addition of
zinc may be a useful strategy to render a non-inductive TCP osteoinductive.

We speculate that the observed bone formation was due to zinc release from the
ceramics after implantation, which was shown to occur passively in physiologic
condition (Fig. 3C). Moreover, in vivo, numerous multinuclear giant cells with
internalized ceramic particles in close proximity to material resorption areas could be
observed in histological sections and may have also facilitated zinc release (Fig. 7a-
d). Thus, elevated zinc concentration in the implant microenvironment may occur by
both hydrolytic and cell-mediated material degradation resulting in ectopic bone
formation.

In agreement with this hypothesis, we found that Zn-TCP positively influenced
osteogenic differentiation of hBMCs (Fig. 4), also presumably due to elevated zinc in
the medium. These findings are in line with the finding of Ito et al., who observed that
both rat and human bone marrow stromal cells (BMSc) cultured on zinc-containing
BCP differentiated into osteoblast-like cells more than cells on zinc-free ceramics
[135]. Elevated zinc released in the medium would potentially play an important role
in cell differentiation since it has been reported that supplementing zinc in the
medium significantly increases the osteogenic differentiation of both rat and human
BMSc [198]. Thus, it is possible that blood/bone marrow stem cells homing to the
implantation site due to the inflammatory foreign body reaction may have infiltrated
the materials and then differentiated into osteoblasts due to elevated zinc released
by the ceramics.

Zn has also been reported to promote the proliferation of other mineralizing cells in
addition to stimulating osteogenic differentiation of stem cells. For instance,
osteoblast precursor MC3T3-E1 was found to have higher proliferation and ALP
expression on zinc-containing ceramics than those without [75,126]. Osteoblast-like
line MG63, as well as osteoblasts, had improved adhesion and proliferation in
presence of zinc [39,74]. In view of all of these findings, we speculate that Zn-TCP
may first trigger osteogenic differentiation of stem cells and then stimulate the
proliferation of their mineralizing osteoblast progeny. It follows that with more
osteogenic cells at the site, more bone could be formed heterotopically resulting in
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large bone mass (Fig. 7C-D). This assumption is demonstrated by our observation
that with the increase of zinc content, bone formed earlier and its incidence
increased (Table 1) enveloping the granules.

Because bone formation and metabolism are tightly coupled processes, it is also
important to consider that Zn may also play a role in osteoclastogenesis. Using the
cell line RAW264.7 cultured with RANKL as an in vitro model of osteoclastogenesis,
the proliferation and TRAP activity of RAW264.7 cultured on TZ45 was significantly
higher than those cultured on zinc-free TCP (Fig. 5A, D). Additionally, increasing zinc
content augmented osteoclast size presumably due to higher cell fusion (Fig. 6B).
Taken together, we surmised that elevated zinc content can promoted both
osteoclast formation and activity. In order to address the confounding influence of the
smaller surface microstructure of Zn-TCP accompanying increasing zinc
concentrations, cells were cultured on tissue culture plastic and zinc-free TCP discs
in the presence of RANKL but various concentrations of zinc doped into the culture
medium. In both models, the proliferation, TRAP activity and osteoclast size was
dependent on zinc concentration. For instance, the proliferation was slightly
increased with zinc concentration in both models (Fig. 5B, C). TRAP activity was also
increased with zinc concentration but was attenuated at an excessive concentration
(18 ppm, Fig. 5E, F). Corresponding with this, osteoclast size increased with zinc
content up until an excessive concentration (18 ppm) whereupon mononuclear cells
no longer fused (Fig. 6A). These results suggest that when the factor of surface
microstructure is removed, zinc concentration can still regulate the differentiation of
monocyte/macrophages into osteoclasts. Furthermore, because the highest
concentration of zinc released from the synthesized Zn-TCP was found to be 1.8
ppm (TZ45, Fig. 3C) after 4 days culture and this concentration also elicited similar
effects when doped into medium containing Zn-free TCP, it is probable that
osteoclast formation and activity was modulated by zinc content rather than
differences in surface microstructure.

As TRAP activity and giant cell fusion are hallmarks of osteoclastogenic
differentiation of mononuclear precursors, our results indicate that zinc may regulate
the osteoclastogenic differentiation of macrophages and osteoclastic precursors.
However, this effect may either be a stimulation or suppression, depending on the
zinc concentration in the environment. The results presented herein are partly
consistent with a finding from an RAW264.7 study in zinc-containing medium [73],
which indicated a zinc concentration between 10 uM and 250 uM (i.e. 0.65 ppm and
16.25 ppm) as main cause of osteoclastogenesis suppression. Furthermore, zinc has
been reported to inhibit resorption activity of rat osteoclasts [76]. Holloway et al.
noticed that treatment with zinc concentration lower than 10 mol/L (6.5 ppm) had no
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effect on osteoclast activity, while higher zinc amounts increased the number of
TRAP-positive cells. Interestingly, it was also seen that osteoclast bone resorption
was dramatically suppressed by high zinc contents [78].

Although zinc release from the ceramics reached a bioactive level after four days in
vitro, the situation is more complex in vivo and zinc levels in the implant tissue were
not measured. The circulation of body fluids certainly would influence the local ion
concentration near the implants, likely dispersing the elevated ions. Still, it stands to
reason that ions released in the core of the implants would be more shielded by the
circulation, where the body fluid flow is obstructed. Thus we assume that the zinc
concentration in the middle of the implant could reach an effective level during the
implantation time to modulate osteogenesis.

Beside ion release, differences in chemistry and surface microstructure may have
also played a role in the bone formation. The chemical composition varied as shown
in XRD, where apatite phase formation was provoked by the presence of zinc in TCP
(Fig. 1). The influence of calcium phosphate chemistry on osteogenic differentiation,
osteoblast behavior and bone forming ability is reported in various studies with
respect to the HA/TCP ratio [213-215]. However, many findings are controversial.
Moreover, HA and TCP are physicochemically different and thus the HA/TCP content
ratio leads to many other differences like calcium and phosphate ion release rate and
surface topography, though these sub-factors were not studied. Thus it is difficult to
determine whether such factors are responsible for improved bone forming ability.

We observed that the grain and pore size of TCP decreased with zinc addition (Fig.
2). This difference in surface topography between Zn-TCP might be the reason of the
difference in the size of MNGC between TZ45 and the zinc-free control with 1.8 ppm
zinc supplement although they experienced equivalent zinc release (Fig. 6), since
surface topography (i.e. surface roughness) alone can have influence on cells
behaviors of osteoclast [116,216,217]. Not limit to osteoclasts, various cells were
sensitive to surface topographical cue regarding cell behaviours of attachment,
adhesion, spreading, migration, proliferation and differentiation[218]. For instance,
surface topography was able to directly trigger or enhance osteogenic differentiation
of hBMSC and MG63 cells [219-221]. It is therefore difficult to attribute the various
bone formation in Zn-TCP implants only to the release of zinc, since the different
surface topography may have play roles in bone formation as well.

It is important to note that the trace element-substituted ceramic is not a simple
overlay of trace element and the ceramic. Many physicochemical properties of the
ceramic, such as the chemistry and surface topography can be changed because of
ion substitution. Thus, it is a complex issue to directly link the effect of ions to the
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biological response [166]. We have shown that using zinc-containing tricalcium
phosphate ceramic as a model, incorporating trace elements in bone mineral has the
potential to induce bone formation. However, the mechanism behind this
phenomenon is still not fully understood. Carefully designed materials that contain
only one variable parameter would be useful in more clearly explaining the role of
ions, or other materials’ factors in osteoinduction [120].

2.5 Conclusion

Zn-TCP enhanced osteogenic differentiation of hBMSC and regulated osteoclastic
differentiation of monocyte/macrophages in vitro. Incorporation of high zinc content in
TCP led to osteoinductive materials capable of forming abundant de novo bone in
the muscle. The in vivo responses may be correlated with the release of zinc as
supported by our in vitro cellular results. However, other factors such as the chemical
composition and surface topography of TCP, which are modified by the zinc addition,
may also have played roles in this intriguing phenomenon.
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Abstract

The influence of fluoride in poly(D,L-lactide)/apatite composites on ectopic bone
formation was evaluated in sheep. Nano-apatite powders with different replacement
levels of OH groups by fluoride (F) (0 % (F0), 50 % (F50), 100 % (F100) and
excessive (F200)) were co-extruded with poly(D,L-lactide) at a weight ratio of 1:1.
Fluoride release from the composites (CFO, CF50, CF100 and CF200) was
evaluated in vitro and bone formation was assessed after intramuscular implantation
in sheep. After 24 weeks in simulated physiological solution, CFO and CF50 showed
negligible fluoride release, while it was considerable from the CF100 and CF200
composites. Histology showed that the incidence of de-novo bone formation
decreased in implants with increasing fluoride content indicating a negative influence
of fluoride on ectopic bone formation. Furthermore, a significant decrease in
resorption of the high fluoride-content composites and a reduction in the number of
multinucleated giant cells were seen. These results show that instead of promoting,
the presence of fluoride in poly(D,L-lactide)/apatite composites appeared to
suppresses their resorption and osteoinductive potential in non-osseous sites.

Keywords: Fluoride; composites; osteoinduction; multinucleated giant cells;
resorption
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3.1 Introduction

Bone is a complex nano-matrix system consisting of an organic framework of mainly
type-l collagen fibrils in which small inorganic prism-shaped carbonated
hydroxyapatite crystals (2-50 nm) are evenly embedded [222-224]. Because of their
chemical similarity to bone mineral, calcium phosphate ceramics are considered the
most promising materials for bone replacement [82]. They have been demonstrated
to be non-toxic, biocompatible and osteoconductive. A sub-group of these materials
has been reported to have osteoinductive properties [99,225], which can be defined
as the ability to generate heterotopic bone formation following implantation in non-
osseous sites [226]. We have previously reported that the bone regenerative
properties of an osteoinductive, submicrostructured calcium phosphate ceramic is
equal to that of autograft when implanted in a critical-sized bone defect [109].
However, due to their brittleness, the use of pure calcium phosphate ceramics is
largely limited to non-load bearing sites. To overcome this drawback,
polymer/calcium phosphates composites have been developed. For example,
Verheyen et al. reported that the addition of 50 wt% hydroxyapatite to a poly(L-
lactide) can generate a mechanically strong osteoconductive graft [227], while recent
studies on polylactide/apatite composites have shown that they can also be
osteoinductive [104,105,107]. The amount of bone induction observed with such
polylactide/apatite composites was however limited as compared to that found in
osteoinductive calcium phosphate ceramics [104,105,107,109,228].

Inspired by the fact that bone mineral contains trace elements with various effects on
metabolism (e.g. silicon, zinc, fluoride, strontium and magnesium) [37,41,51,229,230],
the introduction of trace elements in synthetic bioceramics to improve their biological
performance has been studied for decades. Among the numerous trace elements in
bone, fluoride (F) has been reported to stimulate the proliferation and osteogenic
differentiation of osteoblastic cells in vitro [64—70]. When fluoride was introduced in
osseous sites in vivo, beneficial effects on bone metabolism were seen in terms of
increased osteoblast number [231] and bone formation [155-157,231-233]. Fluoride
therapy has also been used to reduce osteoporotic symptoms [35,234,235]. These
findings suggest an anabolic role of fluoride in bone formation and therefore
introducing fluoride in polylactide/apatite composites might improve their bone
forming ability.

To examine this, we used an osteoinductive model based on poly(D,L-lactide)/apatite
composite where fluoride was introduced in the form of fluoride-containing nano-
apatite. It is hypothesized that the introduction of fluoride in the composites will result
in fluoride release, ultimately improving bone formation. To test this assumption, we
synthesized nano-apatite particles with four fluoridation levels where the OH groups
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were (partially) replaced by F, incorporated them in poly(D,L-lactide) with a weight
ratio of 1:1 to obtain four composites having different fluoride contents. After
characterizing their degradation and ion release profiles, the resulting composites
were implanted in a heterotopic sheep model to study the possible role of fluoride in
inductive bone formation.

3.2 Materials and methods
3.21 Hydroxyapatite and fluoride-substituted apatite synthesis

Pure hydroxyapatite (FO) powder was synthesized as previously described[105]. In
brief, by adding aqueous solution (concentration = 63.12 g/L, 12.5 mL/min) of
(NH4)2HPO4 (Fluka, Germany) to aqueous solution (concentration = 117.5 g/L) of
Ca(NO3)2'4H,0 (Sigma, Germany) under continuous stirring rate of 500+10 rpm and
temperature of 805 °C. The pH was kept above 10 by adding ammonia solution
(Fluka, ~25% NHs) at 17.5 mL/min to the reaction vessel. For fluoride-substituted
apatite, calculated amounts of NH4F (Sigma) were added to ammonia solution to
obtain apatite with 50 % (atomic ratio) (F50), 100 % (F100) and excessive (F200)
fluoridation. For excessive substitution, double amount of NH4F needed for F100
was added. After all solutions were completely added together, the suspension was
kept at 805 °C and stirred for two further hours. The precipitates were aged
overnight, washed with distilled water until the complete removal of ammonia and
repeatedly suspended in acetone (Fluka) to dehydrate. Then all apatite powders
were vacuum-filtered and dried at 80+5 °C.

3.2.2  Preparation of poly(D,L-lactide)/apatite composites

Obtained apatite powders were sieved with 212 pm mesh and extruded at the weight
ratio of 1:1 with poly(D,L-lactide) (PDL45, Purac Biomaterials BV, Netherlands) to
obtain composites of CFO, CF50, CF100 and CF200. The extrusion was carried out
using a vertical conic twin-screws extruder (RD11-H-1009-025-4, Artecs; top screw
diameter: 10 mm; bottom screw diameter: 4.15 mm; screw thread: 8 mm; screw
length: 108 mm) at 195+1 °C, screw speed 100+1 rpm for 5.0£0.5 min[104]. The
extruded stripes were then grinded (ZM100, Advantec, Japan) and sieved to obtain
granules with size range of 0.5-1.0 mm. Granules were ultrasonically cleaned
afterwards with distilled water for 15+1 min at room temperature and dried at
37+1 °C.

3.23  Sodium hydroxide treatment and sterilization

Prior to all characterization and experiments, surface treatment with sodium
hydroxide was applied on clean composite granules to remove surface polymer layer
and enhance the apatite exposure. In brief, granules were soaked in NaOH (Merck,
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Germany) solution (concentration = 0.75 mol/L) at the ratio of 0.2 cm? granules per
mL solution for 5.0£0.5 min under shaking conditions and room temperature. The
treated granules were then rinsed with distiled water and dried at 37+1 °C.
Afterwards, all specimens were sterilized with ethylene oxide (concentration = 450-
700 mg/L, followed by washes with nitrogen / air and a 7-day aeration, IsoTron
Nederland BV, the Netherlands) and used for all experiments described in this study.

3.24 Characterization of apatite and composites

To verify the effective fluoride content in each fluoride-substituted apatite, 0.20 £0.01
g of each powder were dissolved in 5 mL hydrochloric acid (1 mol/L, Merck) to
completely release fluoride. The fluoride concentration in acid was then measured
using an ion-meter (Orion 4 stars, Thermo Scientific, USA) equipped with a fluoride-
selective electrode (F-SE, 9609BNWP, Thermo Scientific). The fluoride content in
apatite was then calculated and represented according to the formula of
Cas(PO4)30H14F« (not applicable for F200) and the final content of fluoride in
composites was considered half of that in apatite by weight. Chemical analysis of the
obtained apatite powders was conducted before and after sintering at 1100 °C for
200 min (Nabertherm C19, Nabertherm, Lilienthal, Germany) using X-ray
diffractometer (XRD, MiniFlex II, Rigaku, Japan) with Cu Ka radiation (A = 1.5405 A,
30 kV, 15 mA) over the 28 range of 25° — 45°. High resolution electron microscopy
images (HR-TEM) of the samples were taken (TEM, FEI Tecnai-200FEG, FEI
Europe, Eindhoven, the Netherlands) and fast Fourier transform (FFT) was employed
to investigate the interplanar spacing (d-value) of the four apatites along the
reflection plane (010). Fourier transform infrared spectrometry (FTIR, Spectrum 1000,
Perkin Elmer) was used to characterize the apatite powders, poly(D,L-lactide) and
their resulting composites with a typical KBr pellet technique. The surface topography
of composite granules before and after surface treatment was analyzed using a
scanning electron microscope (SEM, XL 30 ESEM-FEG) to evaluate the
enhancement of apatite exposure.

3.25 Invitro degradation of apatite powder and composite granules

A simulated physiological solution (SPS) was prepared by dissolving sodium chloride
(NaCl, Merck, concentration = 8 g/L), sodium azide (NaN3, Merck, concentration=
0.01 g/L) and 4-(2-hydroxyethyl)-1-iperazineethane—sulfonic acid (HEPES, Sigma,
concentration = 11.92 g/L) in distilled water. The pH of the solution was adjusted to
7.3 with NaOH (Merck, concentration = 2 mol/L) at 37 °C. 0.50+0.01 g granules of
each composite (six replicates) were carefully weighed and soaked in 200 mL SPS at
371 °C for 24 weeks under a 3-week refreshing regime. For powders, 0.25+£0.01 g
of each apatite powder (in triplicate) was soaked at the same condition used for
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composites for 3 weeks and the SPS was refreshed at 1, 7 and 14 days. With the
solutions removed at every refreshing time point, the concentrations of calcium and
phosphate in the solution were measured by using appropriate biochemical kits
(Calcium: QuantiChromTM calcium assay kit, BioAssay Systems, USA; Phosphate:
PhosphoWorksTM Colorimetric phosphate assay kit blue color, Bioquestinc, USA)
and a spectrophotometer (AnthosZenyth 3100, AnthosLabtec Instruments GmbH,
Salzburg, Austria) with absorbance filter of 620 nm for both assays. The
concentration of fluoride ions in solution was measured using F-SE. At 12 weeks and
24 weeks, 3 replicates of composite granules were removed from SPS, the excess
SPS was wiped away and the granules were weighed (Mwet). Afterwards, they were
dried at 37+1 °C and carefully weighed (Mdry). The mass loss of the composite was
determined as:

Mass loss (ML, %) = M();[—I\gdry * 100 (1

where MO is the exact initial weight of each replicate.

The fluid uptake of the composites was evaluated as:

Mwet — Mdry

Fluid uptake (FU, %) = Mdry

% 100 2)

Afterwards, dried composite granules were sintered at 900 °C for two hours to burn
away the polymer phase. The mass of each apatite ashes was weighed (Mash). The
changes in the apatite and polymer content in the composite were estimated as:

M0*50%—Mash
) = =208 L 100

. 0
Mass loss of apatite phase (AL, % MO=50% 3)

_ [Mo0x50%—(Mdry-Mash)]
- M0%50%

Mass loss of polymer phase (PL, %) *100 (4)

3.2.6 Intramuscular implantation

All surgeries were conducted in Sichuan University, Chengdu, China. Local animal
ethics committee guidelines (Regulations for the administration of affairs concerning
experimental animals, China, 1988) for the care and use of laboratory animals have
been observed. Composite granules were prepared as one cubic centimetre aliquots
under a sterile condition in glass vials prior to the implantation. Four two-year-old
female small-tail Han sheep with the average body weight of 50 kg were used. After
a general anaesthesia by intramuscular injection of xylazine hydrochloride solution
(0.1 mL/kg body weight, Vast Moves Guarantees Tech Co. Ltd, China), muscle
pouches were created in the paraspinal muscle along the direction of spine by
scalpel incision and blunt dissection, then one aliquot was implanted in dorsolateral
pockets. The distance between each pocket was about 2~3 cm. The pockets were
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then closed with non-resorbable sutures for identification at harvest. Following the
surgeries, animals were intramuscularly given benzoxyazole injection solution (0.1
mL/kg body weight, Vast Moves Guarantees Tech Co.Ltd) immediately to terminate
the anaesthesia. Penicillin (40 mg/kg body weight) was given for three consecutive
days to prevent infection. After operation, animals were allowed full weight bearing
and received normal diet. Animals were sacrificed after 24 weeks with an intra-
abdominal injection of excessive amount of sodium pentobarbital (Sigma).

3.2.7  Histology and histomorphometry

Explants were fixed with 4 % formaldehyde, embedded in PMMA after gradient
ethanol dehydration. Three non-decalcified sections were made across the middle of
the explants using a diamond saw microtome (Leica SP-1600, Germany) and stained
with 1 % methylene blue (Sigma) and 0.3 % basic fuchsin (Sigma). The histological
slides were scanned with a scanner (Dimage Scan Elite5400 II, Konica Minolta,
USA). Histomorphometry of bone formation in the stained sections was performed by
pseudo-colouring pixels representing formed bone (B) in a region of interest (RO,
with surrounding soft tissues outside the implants excluded) using Photoshop (Adobe
Photoshop Elements 2.0). Bone formation (B %) was calculated as:

B% =100 (5)

Histological observation was performed with light microscopy. The number of total
granules (P), granules with bulk resorption (i.e. granules with part of their bulk
resorbed, R) and multinucleate giant cells (MNGC) in ROl were counted manually
under light microscope from the histology sections of each animal with a tally counter.
An average of 450 granules was counted in each slide. The resorption (R %) and the
average number of MNGC per granule (Nm) were calculated as:

R % = * 100 (6)
Nm = 2= (7)

3.28 Statistical analysis

Statistical analysis was carried out using one-way analysis of means (ANOVA).
Differences were considered statistically significant at p<0.05. Marks were given on
figures if significances were found (a: p<0.05; b: p<0.005; ¢: p<0.0005)
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3.3 Results

3.3.1  Characterization of fluoride-containing apatite

The crystalline phases of the obtained apatites were examined with powder XRD.

The patterns of sintered (fig.1b) and not-sintered (fig.1a) fluoride-substituted apatites
were similar to that of FO, which is identical to standard hydroxyapatite (PDF#84-
1998). When spectra were collected on a narrower 20 range, it was possible to
observe that the fluoride-containing apatite peaks were shifted toward higher 26
values as compared to FO, with a maximum shift for F100. It should be noted that
F200 did not follow such increasing trend but had intermediate shifts indicating a
different effect of fluoride in the lattice of apatite (fig.1c). However, the results did not
indicate the presence of other phases that may have been provoked by fluoride

addition.
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Figure 2. FTIR patterns of fluoride-apatite (a) and their resulting composites (b), the

pattern of pure polymer PDL45 was also shown in b to clarify the presence of apatite

and polymer in composites; the OH" vibration at 633 cm™ (pointed by arrow) is

observed in Fo and CFo samples, but it is absent in samples with fluoridation

indicating the replacement of OH by F".

The OH vibration at 633 cm* was observed in FTIR pattern of FO but disappeared
with the increase of fluoride content in the powder (fig.2a).
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stoichiometric quantity of fluorine in the formula Ca,(PO,);0H,.,F, (not applicable for

F200).

The content of fluoride in apatite (Cas(POs)3(OH)1«Fx) was evaluated with F-SE
measurements (fig.3). The fluoride content in apatite resulted close to the theoretical
stoichiometry for F50 and F100. The fluoride content of F200 was higher than the
stoichiometry of F100, but lower than the added amount, indicating that the
excessive fluoride could have partly reacted to apatite or had been partly dissolved
during the processing. In FO no fluoride was detected. Based on the obtained “X”
values, the mass fraction of fluoride in obtained apatites were 1.81 wt% for F50, 3.81
wt% for F100 and 5.42 wt% for F200. Since the general formula Cas(PO4)3(OH)1.«Fx
is not applicable for F200, the last number is a rough estimation. Naturally, the final
fluoride content in composites would be considered as 0 wt% for CF0, 0.91 wt% for
CF50, 1.91 wt% for CF100 and 2.71 wt% for CF200.

Figure 4. TEM images of Fo (a), F50 (b), Fioo (c) and F200 (d). All the apatites are
needle-like shaped crystals. FFT transform of TEM images showed an increase of
interplanar spacing of fluoride-apatites from 7.85 A to 8.0 A along the reflection plane

(010): Fo (e), F5o (f), Fioo (g) and F200 (h). Scale bar in TEM images: 100 nm

The nanometre size and needle shape of the (fluoride-)apatite particles were
confirmed by TEM micrographs, with length ranging between 50 and 200 nm (fig.4a-
d). Differences in aspect ratio among the four apatites were not obvious. The
interplanar spacing (d-value) obtained from FFT applied to HR-TEM along the plane
(010) increased with fluoride substitution level (fig.4e-h), reflecting the changes of
|attice structure according to fluoride additions.
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3.3.2  Surface geometry of composites

Figure 5. SEM images of composite granules before surface treatment (a, CFo was took
as an example) and after: CFo (b), CF50 (c), CF100 (d) and CF200 (e); Surface treatment
exposed more surface apatite particles. Scale bar: 1 pm

Compared with the spectra of PDL45 polymer, FTIR spectra of composites showed
the typical peaks of both apatite and PDL45 (fig.2b), confirming the presence of
apatites in polymer matrices. SEM images showed that the surface treatment
influenced the surface morphology of composite granules. Comparison between
SEM images before (fig.5a) and after surface treatment (fig.5b) showed that apatite
particles were less embedded in the surface after treatment. As the composites had
same apatite / polymer ratio and were extruded under the same conditions, the
surface treatment is expected to give comparable results. Evidently, the exposure of
apatite was ubiquitous and visually similar on all materials (fig.5b-e).
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3.3.3 Effect of fluoridation on ion-releasing properties of apatite and
composites

Possible ion release in SPS from apatites and composites were evaluated. Fluoride
released from apatite was obvious only from F200 at short time, i.e. 3 weeks (fig.6e).
However, it was possible to detect the fluoride release from fluoride-containing
composites after 12 weeks. Fluoride release from CF50 was negligible, while it was
considerable for CF100 and CF200 that released significantly larger amounts (fig.6f).
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Figure 6. lon release from apatite (a: Ca**, c: PO,> and e: F') and composites (b: Ca*™', d:
PO/ and f: F). Fluoride release was only detectable from apatite with excessive
fluoridation, while it was observed from all composites during long term degradation.
Fluoridation generally caused a decrease of calcium release except when it was

excessive. It also decreased the phosphates release from both apatite and composites.
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Apatite and composites showed similar releasing profiles, showing the polymer matrix

could allow the release of ions from embedded apatite.

A decreasing trend in the release of calcium from both the apatite powders and the
composite granules was seen until the fluoridation level increased to 100 %,
indicating that fluoridation reduced the dissolution rate of apatite. Conversely,
excessive fluoridation led to larger amounts of calcium release than stoichiometric
fluoridation (fig.6a, b). On the other hand, as the fluoridation level increased,
phosphate release was reduced both from apatites and composites (fig.6¢, d).

It appeared that the amount of ion release was less for the composites than the
apatite powders at week 3. This is presumably because most apatite particles in
composites were embedded in the polymer matrix and thus less exposed to the fluids.
However, apatite and composites showed similar releasing profiles, indicating that
embedding apatite in polymer matrix hindered but did not block the release of ions.

3.3.4 Effect of fluoridation on degradation behaviour of composites
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Figure 7. Degradation behaviour regarding fluid uptake (a) and mass loss (b). Loss of
apatite phase (c¢) and polymer phase (d) after 12-week and 24-week degradation.

(Marks in figures: a: p<0.05; b: p<0.005; ¢: p<0.0005)

After 12 weeks in vitro degradation, the mass loss and fluid uptake showed a
correlation with the fluoride content in composites: both significantly increased with
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increasing fluoride content in apatite (fig.7a, b). After 24 weeks, the mass loss and
fluid uptake of fluoride-containing composites were still higher than that of CFO0, but
the difference among fluoride-containing composites was not significant (fig.7a, b).
Burning test showed that after 12 weeks degradation in all composites more polymer
phase was lost (fig.7d) than the apatite phase (fig.7c) and so it was after 24 weeks.
In particular, with the introduction of fluoride, the loss of polymer phase was
significantly increased (fig.7d), while the loss of apatite phase was only significantly
higher for CF200 than other composites (fig.7c). After 24 weeks, the loss of apatite
phase of all four composites showed a increasing trend with fluoridation level but the
differences were not significant (fig.7c) whereas fluoride-containing composites lost
more polymer phase than CFO (fig.7d), suggesting a faster hydrolysis of polylactide
during time when fluoride was introduced.

3.3.5 Effect of fluoridation on the in vivo performance of composites after
intramuscular implantation

The incidence of heterotopic bone formation in implants decreased with the
increasing fluoride content in the composites. Bone was seen in all four CF0 implants
and mineralized bone with embedded osteocytes were seen at sites where MNGC
were present (fig.8a, b, fig.9a, b). In two out of four CF50 specimens, small amounts
of bone formed on degraded granules with nearby MNGC (fig.8c, d). In one out of
four CF100 samples, sporadic bone was observed inside a degraded channel in the
material (fig.8e, f) while no bone formed in any CF200 implants (fig.8g, h, fig.9c, d).
Histomorphometry showed that B % = 1.111 £ 1.643 % for CF0, 0.080 £ 0.113 % for
CF50, 0.004 +0.007 % for CF100 and 0% for CF200 (fig.9e). Although a decreasing
trend of bone formation was observed, the difference was not statistically significant.

Many MNGC were seen at resorbed sites in CFO composite (fig.9a, b) and their
number decreased with increasing fluoridation levels (fig.9f). Significant differences
in the amount of MNGC were detected between CFQ and fluoride-containing
composites (fig.9f). The number of resorbed composite granules decreased
significantly with the fluoridation level except between CF100 and CF200 (fig.9g). A
clear correlation between the number of MNGC and the resorption rate was indicated
by computer Pearson correlation (R? = 0.9972). Additionally, most CF200 granules
were surrounded by fibrous tissue only and in some cases lymphocytes or
granulocytes were seen indicating an inflammatory response (fig.8h).
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Figure 8. Histological observations of composites containing different fluoride-apatite
after 24-weeks intramuscular implantation in sheep: CFo (a, b), CF50 (c, d), CF100 (e, f)
and CF200 (g, h). Each image in the right column represents the enlargement of the
inset white square in the left image. M: material; B: bone; ST: soft tissue; black arrow:
MNGC; white arrow: lymphocytes or granulocytes; yellow arrow: osteocytes; Scale bar:

500 pmina,c, e, g 50 puminb,d, f, h
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Figure 9. Cell mediated resorption on composite granules: CFo (a, b), CF200 (c, d). b
and d represents the enlargement of the inset white square in a and c. Many MNGC
presented in CFo and bulk resorption of granules was observed. CF200 was not
resorbed and few MNGC were seen. M: material; B: bone; ST: soft tissue; black arrow:
MNGC; yellow arrow: osteocytes; Scale bar: 50oum in a, ¢, sopm in b, d. e: Quantitative
bone formation in materials after 24 weeks implantation in box plots (mean and all
points). Each dot represented the B % of the implants in one animal. f: Average
number of MNGC per composite granule. g: Resorption of composite granules.
Computer Pearson correlation showed a clear correlation (R* = 0.9972) between the
number of MNGC and the resorption. (Marks in figures: b: p<0.005; ¢: p<0.0005)
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3.4 Discussion

The introduction of fluoride in poly(D,L-lactide)/apatite composites influenced the ion
releasing property and degradation behaviour of composites in vitro. Heterotopic
bone formation, although with different incidence, occurred in all composite implants
except CF200 after 24-week intramuscular implantation. The bone formation
potential of composites as well as their in vivo resorbability were inhibited by the
presence of fluoride whereas CF200 induced also an inflammatory reaction (fig.8g,
h). These results suggest that introducing fluoride in composites may have a
negative influence on the osteoinductive potential of composites.

Kim et al. showed a dose-dependent fluoride release when F was introduced into
hydroxyapatite by thermal reaction [69]. In our study, fluoride release was obvious
from CF100 and CF200, most significantly from the latter (fig.6f). The fluoride release
from CF50 was indiscernible from that of CFO with the ion electrode, which may be
measurable using a more sensitive method such as ion chromatography [154]. Thus,
the effect of fluoride release on the biological responses cannot be excluded from
these two materials since a difference of F concentration as low as 1 uM (i.e. 0.017
ppm) is enough to elicit a biological response of cells (e.g. macrophages) [236].
Fluoridation decreased calcium and phosphate release until stoichiometric
substitution. This result matches with those from other studies [67,69,154] indicating
that fluoridation decreases the solubility of apatite. Conversely, when fluoridation
became excessive, it resulted in scanty phosphate release but higher calcium
release. This twist suggests that an excess of fluoride may alter the chemical stability
of apatite. One explanation may be that fluoride has partially replaced the phosphate
group in apatite in the form of monofluorophosphate (POsFZ) and therefore causes
an incongruent dissolution of apatite which can sharply reduce the release of
phosphate [237,238].

Fluoridation also affected the degradation behaviour of the composites in simulated
physiological environment. Fluid uptake of composites increased with fluoridation
after 12 weeks (fig.7a), indicating that the presence of fluoride might increase the
water affinity of the resulting composites. Higher fluid penetration can result in faster
hydrolysis of the polymer matrix and, in turn, lead to increasing loss of the polymer
content in the composites (fig.7d). Furthermore, the hydrolysis of polylactide may
have produced degradation products with carboxylic acid end-groups causing a
decrease of pH in the surrounding environment, which may have accelerated the
self-catalysed hydrolysis of polymer phase [239]. CF200 had higher apatite loss than
the other composites (fig.7c) confirming the altered chemical stability of apatite with
excessive fluoride addition. As the overlay of both phases, the mass loss of
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composites during the degradation increased with fluoride content (fig.7b). After 24
weeks, fluoride-containing composites still had higher fluid uptake and mass loss
than CFO, but the difference between them disappeared (fig.7a, b). This latter effect
might be attributed to their similar polymer loss of more than 50% (fig.7d), which
might reduce the difference in fluid uptake and induce the drop out of apatite
particles as evidenced by the large deviation of apatite loss after 24 weeks (fig7.c).
All together, these results suggest that the degradation of polymer phase, which is
presumably due to hydrolysis, plays an important role in the degradation of poly(D,L-
lactide)/apatite composites in vitro. It is worth stressing that the in vitro experiment
was conducted in SPS, a simple simulated physiological solution that contains no
calcium and phosphate ions, for the purpose of studying fluoride’s potential effects
on the spontaneous ion release and degradation behaviours of the composites. For
general investigations of the degradation behaviours of materials in vivo, simulated
body fluid solution (SBF) is suggested since it provides more realistic simulation of
the in vivo environment [240]. Nevertheless, it is worth pointing out that the real
situation in vivo is complex (e.g. cell-mediated resorption could be involved as well).

A resorbable bone graft substitute can be resorbed by osteoclast and subsequently
replaced by newly formed bone [175], thus the resorbability of an implanted material
is important to determine its in vivo fate. Our results showed that fluoridation
suppresses the resorption of the composites in vivo. Histomorphometry showed a
clear correlation between the amount of MNGC and the number of granules with bulk
resorption (fig.9f, g) indicating that cell-mediated resorption, but not the degradation
of the material itself (i.e. the dissolution of calcium phosphates or polymer hydrolysis),
is the driving force of biodegradation of these composites. Although immunostaining
was not performed in this study to identify these resorbing cells, other studies
showed that multinucleated resorbing cells have typical osteoclastic features, e.g.
positive for TRAP and cathepsin K, and could resorb calcium phosphate ceramics
[228,241-243] indicating their similarity with osteoclasts. The resorption of
composites (fig.9a, b) may lead to the dissolution of exposed calcium phosphate,
release of ions [174,175], more porous architecture for fluid penetration and the
acceleration of polymer’s hydrolysis. As a result, bulk resorption of the implant could
be triggered. However, when fluoride was introduced, it generated apatite physically
tolerant to dissolution in acidic environment [244] and thus more resistant to cell-
mediated resorption. As a result, both the number of MNGC and granule resorption
decreased with increasing fluoridation level (fig.9f, g), indicating fluoride’s
suppressive effect on cell-mediated resorption.

It was shown that osteoclast-like MNGC appeared on calcium phosphate ceramics
prior to inductive bone formation [241-243], indicating a possible important role of
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osteoclast-like MNGC in early stage of inductive bone formation. Interestingly, there
are growing evidences showing that osteoclast-like cells can secrete unique coupling
factors, e.g. CTHRC1, interacting with osteoprogenitors and bone cells, thus playing
a role in osteogenesis [212,245,246]. In support of this, most osteoclast-like MNGC
were observed on newly formed bone and the nearby granules in composites having
higher osteoinductive potential (i.e. CF0). On the contrary, granules containing higher
fluoridation levels were surrounded by fewer MNGC (fig.9f) with less resorption
(fig.9g) and lower (or no) bone incidence (i.e. CF100 and CF200), suggesting that
fluoridation might suppress the formation of osteoclast-like cells leading to less
protein secretion, less osteogenesis and finally causing the failure of inductive bone
formation.

It is worth taking into consideration that the in vivo responses could differ from
individual to individual [100], i.e. the volume of ectopic bone formation is not related
to the implanted materials only but also to the characteristics of each laboratory
animal. Although animals used in this study were of the same species, gender, age
and similar body weight, the bone volume varied between different animals causing
the difference in bone volume not statistically significant. However, a decreasing
trend of bone incidence was observed among animals, indicating the inhibited
osteoinductivity of fluoride-containing composites. Our results show that the
introduction of fluoride can largely change the dissolution properties and the
resorbability of poly(D,L-lactide)/apatite composites and subsequently influence their
osteoinductive potential. However, unexpectedly, an enhanced inductive bone
formation was not observed here. Differently from other studies showing increased
bone formation by fluoride at osseous site [155-157,231-233], here the materials
were implanted intramuscularly where different mechanisms (e.g. the differentiation
of stem cells) of bone formation may be involved [120].

3.5 Conclusions

The introduction of fluoride in poly(D,L-lactide)/apatite composites affected their ion-
releasing property and the degradation behaviour in vitro. When implanted at non-
osseous sites, the presence of fluoride suppressed the number of resorbing cells as
well as the resorption of composites and decreased their osteoinductive potential.
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Abstract: In this study, we investigated the impact of polymer matrix composition on
the ion release properties and osteoinductivity of strontium-substituted
apatite/polylactide composites. Nano-sized apatite with 0 to 50 at% strontium
substitution (Sr0, Sr0.5, Sr5 and Sr50) was synthesized using a wet precipitation
method. Eight composites were obtained by introducing the four strontium-
substituted apatites into two different polylactide matrices: PDL04 (Poly(DL-lactide),
with an inherent viscosity midpoint of 0.4 dl/g) and PLDL7060 (Poly(L, DL-lactide),
with an inherent viscosity midpoint of 6.0 dl/g). The release of strontium, calcium and
phosphate ions in SPS was higher from PDL04-based composites than PLDL7060-
based composites after a 3-week immersion in simulated physiological solution (SPS)
with a dose-dependent strontium release from both groups. After a 12-week
intramuscular implantation in canines, inductive bone formation was observed in
PDLO04-based composites but not in PLDL7060-based composites. In addition, the
incidence of bone formation was higher in Sr50/PDL04 as compared to other
strontium containing composites. These results indicate that polymer matrix
composition impacts the release of calcium, phosphate and strontium ions, which in
turn affects the bone forming ability of apatite/polylactide composites.

Keywords: Strontium, apatite, polylactide, composites, ion release, osteoinduction

The contents in this chapter will be submitted for publication.
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4.1 Introduction

When bone defects cannot be healed by the body (a critical size defect), the
implantation of a bone graft is required to aid in the repair [247]. Autogratft is the “gold
standard” in this case but has several drawbacks such as the requirement for an
extra operative harvesting procedure and limited availability. The search for
alternative bone graft substitutes has recently revealed a series of attractive
inorganic, calcium phosphate based materials with bone inducing properties [109].
These materials are equivalent in bone repair to autograft [100,109] and have the
ability to induce bone formation in both heterotopic and orthotopic sites. The physico-
chemical, ion release and surface structural properties have been postulated to play
arole in the bone inductive potential of these materials [120].

It has been reported that calcium and phosphate ions can stimulate osteogenic
differentiation of mesenchymal stem cells (MSCs) [57] and enhance the
biomineralization of collagen [61]. It has also been shown that the release of calcium
and phosphate ions from a ceramic material can lead to super-saturation of the ions
in the surrounding body fluid, leading to (re)precipitation of biological apatite and
subsequent bone matrix apposition [248-250]. Since some of these materials have
been shown to induce bone formation at ectopic sites [98,99,251,252], a role of
calcium and phosphate release in osteoinduction is suggested.

Synthetic polymers such as polylactide are attractive candidates for the development
of composites for biomedical applications due to their biocompatibility and
widespread clinical use [253,254]. When calcium phosphates are introduced into
polylactide, calcium and phosphate ion release can be influenced by varying the
weight ratio of calcium phosphate in the composite [105]. Several studies have
reported that (nano)apatite/polylactide composites can be made osteoinductive if
they contain more than 40 wt% of apatite [105,107]. In addition, we have recently
shown that the osteoinductivity of nano-apatite/polylactide composites is suppressed
by reducing the calcium phosphate dissolution rate through fluoride substitution [255].
These data suggest that the release of inorganic ions such as calcium and
phosphate can affect the bone forming ability of apatite/polylactide composites.

Next to the effect of calcium and phosphate ions on MSCs, strontium has also been
shown to enhance the osteogenic differentiation of MSCs [145,199,256]. Strontium
can replace calcium ions in calcium phosphate materials and be released upon
dissolution [144]. Therefore, strontium-substituted apatite holds the potential to
further improve the bone forming ability of (nano)apatite/polylactide composites
[127,142,148]. Next to the inorganic filler component, it is likely that the polymer
composition will also influence composite degradation and ion release.

In this study, we synthesized a series of strontium-substituted apatite powders and
introduced them into two polylactide matrices with different molecular compositions
to investigate the impact of polymer matrix composition on bone formation of
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strontium-containing composites. The first polymer, i.e. PDL04, is composed of D,L-
lactide with an inherent viscosity midpoint of 0.4 dl/g (designed for drug delivery
applications) whereas PLDL7060 is a copolymer of L-lactide and D,L-lactide in a
70/30 molar ratio and an inherent viscosity midpoint of 6.0 dl/g (designed for medical
device applications). The release of calcium, phosphate and strontium ions from the
resulting composites was evaluated by immersing them in simulated physiological
solution (SPS). Afterwards, the intramuscular bone forming ability of the composites
was evaluated in a canine osteoinduction model.

4.2 Materials and methods
421 Synthesis and characterization of strontium-containing apatite

Apatite (i.e. Sr0) powder was synthesized by adding an aqueous solution
(concentration 63.12 g/L, 12.5 mL/min) of (NH4).HPO. (Fluka, Germany) to an
aqueous solution (concentration 117.5 g/L) of Ca(NOs)2-4H,0 (Sigma) under
continuous stirring rate of 500+10 rpm and temperature of 80 + 5°C. The pH was
kept above 10 by adding ammonia solution (Fluka, ~25 % NH3, 17.5 mL/min) to the
reaction vessel. For Sr-doped apatite, specific amounts of Ca(NO3),4H20 (Sigma)
were replaced by Sr(NOs), (Sigma) to obtain apatite powders with 0.5 % (i.e. Sr0.5),
5% (i.e. Sr5) and 50 % (i.e. Sr50) atomic ratio of strontium substitution. After all
solutions were completely added to the reaction vessels, the suspensions were kept
at 80£5°C with stirring at 500+10 rpm for two hours. Afterwards, the precipitates
were aged overnight, rinsed with distilled water until the complete removal of
ammonia and repeatedly suspended in acetone (Fluka) to dehydrate. Then the
powders were vacuum-filtered and dried at 60 £ 5 °C for 48 hours. Afterwards, their
morphology was evaluated by scanning electron microscopy (SEM).

Chemical analysis of the obtained apatite powders was conducted with an X-ray
diffractometer (XRD, MiniFlex II, Rigaku) using Cu Ka radiation (A = 1.5405 A, 30 kV,
15 mA) over the 26 range of 25° — 45°. Unit cell parameters and crystallite size were
calculated from XRD data using the software Jade (v6.5.26, Materials Data Inc.,
Livermore, CA, USA). Using an energy dispersive X-ray spectroscopy (EDX, FEI
Tecnai-200FEG, FEI Europe, Eindhoven, the Netherlands), the experimental
strontium substitution level in each apatite was estimated and compared with the
theoretical values based on the formula Ca10-Srx(PO4)s(OH)2 where x=0 for Sr0,
x=0.05 for Sr0.5, x=0. 5 for Sr5 and x=5 for Sr50.

4.2.2 Preparation and characterization of PDL04- and PLDL7060-based
composites

The powders previously obtained were sieved with 212 pym mesh and extruded at the
weight ratio of 1:1 with 70 mol.% L-lactide/ 30mol.% D,L-lactide copolymer
(PLDL7060, IV midpoint 6.0 dL/g, Purac Biomaterials BV, Gorinchem, The
Netherlands) and poly(DL-lactide) (PDLO4, IV midpoint 0.4 dL/g, Purac Biomaterials
BV, The Netherlands) to obtain two groups of composites respectively. The extrusion
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was carried out using a mini vertical conic twin-screw extruder (RD11-H-1009-025-4,
DSM Research BV, Geleen. The Netherlands) with the screw speed of 100 + 1 rpm
for a mixing time of 5 £ 0.5 min at the extrusion temperature of 205 + 1 °C for
PLDL7060-based group and 130 + 1°C for PDL04-based group. The obtained
composite stripes were then grinded (ZM100, Advantec, Japan) and sieved to obtain
granules with size range of 0.5-1 mm. Afterwards the granules were ultrasonically
cleaned in distilled water for 15 + 1 min at room temperature and dried at 37 + 1°C.
All specimens were sterilized with ethylene oxide (concentration 450-700 mg/L,
followed by washes with nitrogen / air and seven-day aeration; IsoTron Nederland
BV, the Netherlands) and used for all the experiments described in this study.

Fourier transform infrared spectrometry (FTIR, Spectrum 1000, Perkin Elmer,
Waltham, MA, USA) was used to chemically characterize the composites using a
typical KBr pellet technique, while SEM was performed to evaluate their surface
topography. To evaluate the possible changes of polymer matrices during extrusion,
the viscosity molecular weight of the polymers before and after the extrusion was
measured. In brief, the extruded polymers were extracted from composites by
dissolving the composites’ granules in chloroform (Sigma, Germany) and vacuum
filtering with glass funnels (ROBU, Germany; borosilicate 3.3 with glass filter having
porosity #5) and PTFE membrane filter (Toyo Roshi Kaisha, Advantec, Japan; pore
size 0.1 um) followed by solvent evaporation under room temperature. Afterwards

the extracted and original polymers were dissolved respectively in chloroform (Sigma)
at the concentration of 0.1 g/dL and their relative viscosity (n) was measured using

an Ubbelohde viscometer (0C, PSL-Rheoteck, Burnham on Crouch, United Kingdom)
at 25 £ 0.1°C. The viscosity molecular weight (Mn) of polymer was calculated
according to Mark-Houwink equation as follows:

n= tp/tO,
Mn = exp [(In(Inn/c) - In(K))/a]

where t, and t; are the flow time (sec) of polymer solution and pure chloroform
through the viscometer respectively, ¢ is the polymer concentration in chloroform, K
and a are the polymer-related Mark-Houwink constants. For PLDL60, K =2.0*10+
dL/g and a =0.73; for PDL04, K=1.8 *10dL/g and a = 0.72 as indicated by the
supplier [257].

4.2.3  Fluid uptake and ion release from the two series of composites

Simulated physiological solution (SPS) was prepared as previously described [255].
50 % 0.5 mg sterile granules of each composite were weighed and soaked in 20 + 1
mL SPS in glass jars (in triplicates) at 37 £ 1°C with shaking speed of 70 £ 5 rpm.
After three weeks, the granules were removed from SPS and their wet weight was
measured (mye). Afterwards they were vacuum-dried at room temperature until their
weight was stable and then were weighed (may). The fluid uptake of the composites
was determined as:
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Fluid uptake % = 100 X (Mwet = Mary)/Mary

The concentration of calcium and phosphate ions released in SPS was measured
using biochemical kits (Calcium: QuantiChromTM calcium assay kit, BioAssay
Systems, USA; Phosphate: PhosphoWorksTM colorimetric phosphate assay kit blue
color, Bioquestinc, USA) and a spectrophotometer (AnthosZenyth 3100,
AnthosLabtec Instruments GmbH, Salzburg, Austria) with absorbance filter of 620

nm for both assays. The concentration of strontium ions released in SPS was
measured using inductively coupled plasma atomic emission spectroscopy (ICP-AES,
DV7000, Perkin Elmer, USA) at the emission peaks of 407.771 nm and 421.552 nm.

424  Animal study

The implantation was conducted following local animal ethics committee guidelines
(Regulations for the administration of affairs concerning experimental animals, China,
1988) for the care and use of laboratory animals. Eight adult male mongrel dogs
(average body weight 12.5 kg) were used. After a general anaesthesia by abdominal
injection of sodium pentobarbital (30 mg/kg body weight, Sigma), pouches were
created in the longissimus muscle along the direction of the spine by scalpel incision
and blunt dissection. One cubic centimetre of granules of each composite was
implanted in a muscle pouch following a random order and the pouches were closed
with non-resorbable sutures for identification at harvest. Following surgery, penicillin
(100,000 IU/kg body weight) was given by intramuscular injection for three
consecutive days to prevent infection. After surgery, animals were allowed full weight
bearing and received a normal diet. Animals were sacrificed 12 weeks after surgery
by a celiac injection of excessive sodium pentobarbital (Sigma).

4.2.5 Histology and Histomorphometry

The implants were harvested with surrounding soft tissues and fixed in 4%
formaldehyde and embedded in PMMA after gradient ethanol dehydration. The
explants were sectioned sequentially from one side to the other using a diamond saw
microtome (Leica SP-1600, Germany) and stained with 1% methylene blue (Sigma)
and 0.3% basic fuchsin (Sigma). The tissue response and potential bone formation
was inspected with light microscopy. The histological slides were scanned with a
scanner (DIMAGE Scan Elite5400I1, KONICA MINOLTA).

42,6 Statistical analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with
Tukey's test. Differences were considered statistically significant at p < 0.05 and
marked with asterisks.
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4.3 Results
4.31 Physicochemical properties of strontium-substituted apatite

Table 1: Summary of physicochemical parameters of obtained apatite

Notation Intended chemical Theoretical | Experimental | Crystallite Cell Cell
formula molar ratio | molar ratio of size (A) parameters parameters

of Sr Sr a=b (A) c(d)

substitution | substitution to
to Ca Ca

Sr0 Caro(PO4)s(OH)2 0% 0.10£0.17% 487+4 9.414+0.004 | 6.884+0.004
Sr0.5 | CaogsSroos(POs)s(OH)2 0.5% 0.43+0.09% 48947 9.413+0.005 | 6.880+0.004
Sr5 Cag5Sro5(POa)s(OH)2 5% 6.15+0.26% 49145 9.419+0.003 | 6.891+0.002
Sr50 CasSrs(PO4)s(OH)2 50% 53.33£1.19% 19716 9.531+0.009 | 7.259+0.002

The experimental strontium substitution levels in the four apatite powders were
calculated from EDX data. As shown in Table 1, the apatite powders had varying
strontium content, which was close to that of the theoretical values.

Magn

20000x 5SR _ i #120000x 50SR

Figure 1. SEM images of apatites showing the obtained apatites are dispersed needle-
like particles with a length shorter than 1pm. The morphology of all four apatites is
similar, regardless with their Sr content. Scale bar: 1 pm
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Scanning electron microscopy showed that the introduction of strontium did not
provoke significant morphological changes to the apatite particles. The apatite was
needle-shaped with a needle length shorter than 1um (Fig. 1).

2-Theta

Figure 2. XRD patterns of the four apatites. Sro, Sro.5 and Sr5 showed patterns similar
to HA while the diffraction peaks were broader and shifted towards lower 28 values for
Sr50

XRD pattern showed that the strontium-free apatite is typical HA (PDF#84-1998),

and not much differences were seen for Sr0.5 and Sr5. With regard to Sr50, the
diffraction peaks were broader and shifted towards lower 26 values (Fig. 2). The 0.5%
strontium-substituted apatite did not show obvious changes to the lattice parameters
while the 5% and 50% strontium substitutions caused significant (p<0.001)

extensions of the lattice parameters in both the a- and c-axes (Table 1). In addition,

the crystallite size of Sr50 was dramatically reduced indicating an interrupted crystal
growth in apatite with the Ca?* replaced by the larger Sr2.

4.3.2 Physicochemical properties of strontium-containing
apatite/polylactide composites

W\I\N — apatite/PLDL7060

apatite/PDL04

W — PLDL7060

PDLO4

apatite

4000 3000 2000 1000 400
Wavelength (cm'1)
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Figure 3. FTIR spectra for apatite, the two polymers (PLDL7060 and PDLo4) and the
resulting composites (apatite/PLDL7060 and apatite/PDLo4). Only the two Sr-free
composites were shown as the example of each group.

By comparing FTIR spectra of the apatite, the polymers and composites, it was
observed that the vibrational bands of the composites included those of apatite
(around 600 cm") and those of polylactide (around 1100 and 1800 cm-1), showing
the successful introduction of apatite into the polymer matrices (Fig. 3).

Figure 4. SEM images showing the surface morpol of apaite/PDLo4(A-B) and
apatite/PLDL7060 (C-D). Scale bars: 200 pm (A, C), and 2 pm (B, D)

SEM evaluation of the composite granules showed that the apatite particles were
uniformly distributed on the surface with a random orientation. A similar surface
morphology was seen among all strontium-containing composites (Fig. 4).

A decrease in viscosity molecular weight was seen for both polylactides after
extrusion with apatite. Particularly, PLDL7060 showed a dramatic reduction (>95%)
in its viscosity molecular weight whereas PDL04 lost about 30%. The final viscosity
molecular weights of the polymer phases in the PLDL7060 composites were slightly
higher but comparable to that of the PDL04 group (Table 2).

77



Chapter 4 The impact of polymer matrix composition on the ion release and osteoinductivity of
Sr-containing apatite/polylactide composites

Table 2. The viscosity molecular weight of the two polylactide used in the experiments

As supplied Extruded with apatite
Polylactide
Mn (kDa) Mn (kDa)
PDL04 57.0£1.3 414114
PLDL7060 1512.3£3.8 51.9+1.4

4.3.3  Fluid uptake of the composites

Fluid uptake

40%- *
S
30%-
20%
10%-
0-

apatite/PLDL7060 apatite/PDL04

Figure 5. The fluid uptake of the two composites after 3-week immersion in SPS. *:

p<o.001

After 3-weeks of immersion in SPS, the PDL04-based composites showed a
significantly higher fluid uptake as compared to the PLDL7060-based composites
(Fig. 5), which suggest a higher water affinity of PDL04.
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4.3.4 lon release from the composites

A B

Strontium release /PLDL7060 Strontium release /PDL04
60+ 60+
42.13
T
07 28.67 401
g_ £
e - g
20 20 11.04
4.75
0.26 0.53
ol — B ol — . :
Sr0 Sr0.5 Sr5 Sr50 Sr0 Sr0.5 Sr5 Sr50
Calcium release /PLDL7060 Calcium release /PDL04,,
30+ 30+ 24.52
*
18.66
20 20 14.08
£ * £ 13.41
Qo Qo
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Sr0 Sr0.5 Sr5 Sr50 Sr0 Sr0.5 Sr5 Sr50
Phosphate release /PLDL7060 Phosphate release /PDLQ;I
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255 289 -
Sro Sr0.5 Sr5 Sr50 Sr0 Sr0.5 Sr5 Sr50

Figure 6. Ion release from PLDL7060-based (A, C, E) and PDLo4-based (B, D, F)
composites after 3-week immersion in SPS. The release of strontium (A, B), calcium (C,
D) and phosphate ions (E, F) increased with the strontium substitution in apatite. The
release of all the ions was lower from PLDL7060 group than PDLo4 group. The
strontium releases in each group were all significantly different with each other (A, B).

*in C-F: p<o.o1
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The release of strontium ions from both composite groups significantly increased with
their strontium content, while higher amounts were released from PDL04-based
composites (Fig. 6A-B). In PLDL7060 based composites, the release of calcium was
similar when the substitution of strontium in apatite was lower than 5%. The 50%
strontium-substituted composites resulted in significantly higher calcium release (Fig.
6C, p<0.05). In contrast, the release of calcium ions from PDL04-based composites
clearly increased with strontium content (Fig. 6D). Phosphate ion release increased
along with the strontium content in both groups (Fig. 6E-F, p<0.05). Overall, the
release of all ions was significantly higher from PDL04-based composites as
compared to their PLDL7060-based counterparts, indicating that PDL04 allowed a
higher dissolution of the embedded apatite than PLDL7060.

4.3.5 Invivo experiments

Figure 7. Histology images (non-decalcified, 1% methylene blue and 0.3% basic fuchsin
staining) of 50Sr/PLDL7060 (A) and 50Sr/PDLo4 (B) explants harvested from muscle
longissimus of canines after 12 weeks. M, composite material; B, bone; ST, soft tissue;
yellow arrow, osteoblast; black arrow, osteocyte

Table 3. The incidence of de novo bone in composite implants

Apatite
0Sr 0.5Sr 5Sr | 50Sr
Polymer

PLDL7060 0/8 0/8 0/8 0/8
PDLO4 1/8 118 1/8 4/8

Histological observations showed no inflammation adjacent to the implants, while the
composite granules had hardly resorbed in either group (Fig. 7). Bone was not
formed in any of the PLDL7060-based composites, regardless of their strontium
content (Fig. 7A). In contrast, de novo bone was observed among PDL04-based
composites. Osteoblasts were seen secreting bone matrix, together with osteocytes
located within mineralised bone (Fig. 7B). In addition, the incidence of de novo bone
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formation was highest with the 50Sr/PDL04 composite (Table 3). The absolute
amount of bone was however very limited in all PDL04-based implants (<1%),
regardless of their strontium content.

4.4 Discussion

The release of calcium, phosphate and strontium ions from strontium-substituted
nano-apatite/polylactide composites differed with the chosen polylactide matrix.
PDLO04 showed a higher degree of ion release and led to osteoinductive composites
while having lower ion release composites of PLDL7060 did not show any bone
formation. A dose dependent release of strontium was seen in both polylactide
matrices, the combination of PDL04 with the highest degree of strontium-substituted
apatite, i.e. 50Sr/PDL04, showed the highest incidence of de novo bone formation
(Table 3).

The introduction of strontium in apatite altered various physicochemical parameters
such as crystallite size and lattice parameters (Table 1 and Fig. 2). In particular, the
extensions in both the a- and c-axes and crystallite size were significant when
strontium had replaced half of the calcium ions (i.e. Sr50). This may be explained by
the larger ionic radius of Sr2 (1.13 A) compared to Ca2* (0.99A), which could have
perturbed the hindrance equilibriums in the apatite lattice [258]. In accordance to the
decreased two-theta value and broader diffraction peaks in the XRD pattern (Fig. 2),
the incorporation of strontium expanded the crystal lattice of apatite leading to a
decreased stability and enhanced dissolution rate [153,179,259-261]. Consequently,
strontium substitution did not only enhance strontium release (Fig. 6A-B), but also
that of calcium (Fig. 6C-D) and phosphate (Fig. 6E-F), regardless of the polymeric
matrix.

The composites with higher fluid uptake (i.e PDL04-based composites showed
significantly higher ion release profiles (Fig. 5 and Fig. 6) suggesting a stronger fluid
infiltration in the PDL04 matrix, which may have allowed a higher dissolution of the
embedded apatite. Although the two polymers used in this study shared the same
molecular formula (CsHsOa4)n, they differed in their composition and viscosity
molecular weight (Table 2). Due to the higher molar ratio of L-lactide units in
PLDL7060, its chains may have contained some blocks of L-lactide, which could
have formed semi-crystalline regions in the structure and this decreased its water
absorption capacity [262]. In contrast, PDL04 is completely amorphous due to
disordered polymer chains, indicating its high hydrophilicity [263]. Another parameter
that might have influenced the water absorption of the two polylactide is their
molecular weight. A decrease of the molecular weight during extrusion is observed
for both PLDL7060 and PDL45, more pronounced for the latter (Table 2). This is in
line with literatures, where it was suggested that both the thermal degradation of the
polymer and frictional effects between the polymer and apatite particles during
extrusion may have contributed to the rupture of polymer chains [185]. Further,
PLDL7060 might have experienced a greater thermal degradation because of the

81



Chapter 4 The impact of polymer matrix composition on the ion release and osteoinductivity of
Sr-containing apatite/polylactide composites

higher processing temperature (i.e. 205 °C). Nevertheless, the viscosity molecular
weight of extruded PLDL7060 was still higher than that of PDL04, indicating that
PLDL7060 has longer polymer chains. This might result in higher degree of twine
around other chains thus the entangled network of macromolecules would become
less mobile [104,264]. This may have contributed to the lower dissolution rate of the
embedded apatite in PLDL7060 as well since the polymer matrix would be less prone
to absorb water [265]. As a result, the release of strontium, calcium and phosphate
was higher from PDL04-based composites than from PDL7060 (Fig.6).

The observed differences in bone forming incidence of the composite granules may
have been the result of their different strontium, calcium and phosphate ion release
profiles (Table 3, Fig. 6). Among the three ions, Sr* has been shown to enhance the
osteogenic differentiation of mesenchymal stem cells and enhance in vivo bone
formation [199]. We observed that the highest strontium-releasing composite,
Sr50/PDL04, also showed the highest bone incidence. However, the observed bone
induction cannot be solely attributed to strontium release as Sr50/PLDL7060 failed to
induce bone formation, while it released considerable and similar amounts of
strontium to the inductive composites (e.g. Sr5/PDL04 and Sr50/PDL04) (Fig. 6A-B,
Table 3). It is therefore necessary to also consider the role of calcium and phosphate
release in bone induction. Sr50/PDL04 released not only the highest amount of
strontium ions but also the highest amount of calcium and phosphate ions. Both
could therefore have affected osteogenic differentiation and bone mineral deposition
[57,61,266]. Furthermore, in one out of eight implants the bone was triggered without
strontium (Table 3). Taken together, it appears that the release of strontium from the
materials cannot guarantee the formation of de novo bone and sufficient release of
calcium and phosphate ions appears necessary for bone induction to occur. These
results suggest that strontium may not be the essential osteogenic trigger in the
current model and that calcium and phosphate release may also play an important
role.

In particular, the role of calcium ions may be stressed as the composite, i.e.
Sr50/PLDL7060, which released comparable or even higher amount of strontium and
phosphate ions but less calcium as compared to the inductive composites (i.e.
Sr0/PDL04 and Sr5/PDL04), is not osteoinductive at all (Fig. 6C-F). Aina et al.
reported that the Sr-substituted HA increased the proliferation of osteoblast cells and
enhanced cell differentiation but Sr ions alone at the concentrations released by Sr-
HA (1.21-3.24 ppm) could not [141]. To further address the effect of ion release on
bone formation at a cellular level, in vitro cell experiments should be performed in
future studies.

The bone incidence and bone volume observed in the apatite/polylactide composite
implants are lower than those previously reported by Barbieri et al. [105] and
Hasegawa et al. [107]. In these studies, the composites were manufactured using
either a solvent way or by co-precipitation, giving a porous structure to the implants,
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which may have favoured cell attachment and ion accumulation [267]. Nonetheless,
the current data suggest the potential of strontium-substituted apatite to enhance the
bone forming ability of apatite/polylactide composites, while the selection of the
polymer phase is of crucial importance.

4.5 Conclusions

After 12-week intramuscular implantation in canines, inductive bone formation was
observed in PDL04-based apatite/polylactide composites but not in PLDL7060-based
composites. In addition, the incidence of bone formation was higher in Sr50/PDL04
as compared to other strontium containing composites. These results indicate that
polymer matrix composition impacts the release of calcium, phosphate and strontium
ions, which in turn affects the bone forming ability of apatite/polylactide composites.
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Abstract: Strontium was shown to enhance bone growth however its oral
administration may lead to severe side effects. The application of strontium in
orthopaedic biomaterials may therefore be an alternative to achieve targeted and
sustained strontium treatment to the surgery site in aid of bone growth locally. In this
study, strontium-containing composites were prepared by introducing various levels
of strontium into amorphous apatite and extruding the obtained apatite powders into
polylactide in a weight ratio of 1:1. Strontium substitution increased apatite
dissolution and enhanced the degradation behaviour of the resulting composites.
Sustained and dose-dependent strontium release from the composites was observed
for up to 24 weeks in simulated physiological solution, indicating that strontium
release can be tuned by its substitution level in the embedded apatite. Strontium-
containing composites enhanced the osteogenic differentiation of murine
mesenchymal stromal cells in vitro in a dose-dependent fashion. After heterotopic
implantation with the combination of rhBMP-2, bone formation on strontium-
containing composites was enhanced. These results suggest that strontium-releasing
composites provide a local ion-rich (i.e. Sr2* as well as Caz* and PO4*) environment
that favours osteogenic differentiation and in vivo bone formation.
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5.1 Introduction

Bone tissue is continuously being remodelled through a dynamic balance between
osteoclastic bone resorption and osteoblastic bone formation. In diseases such as
osteoporosis, this balance is shifted towards resorption. It has been reported that
strontium (Sr), one of the trace elements present in bone, has a dual effect on bone
metabolism by stimulating osteogenesis and inhibiting osteoclast resorption [40,79].
Strontium ranelate is therefore used clinically in osteoporotic patients to reduce bone
fracture risks [202,268-271]. Its daily oral administration [269-271], however, has
adverse side effects, leading to cardiovascular events, skin reactions and acute renal
failure [272-279], and its usage was rigidly restricted by European Medicines Agency
in 2014 [280,281].

Due to the aging of population, orthopaedic biomaterials will be used mainly in
osteoporotic and elder patients with lower osteogenesis [153]. As this negatively
influences their bone healing processes of the defect, additional stimulus such as
strontium could be considered to facilitate the recovery of bone defect [282].
However, it is worth keeping in mind that the systemic side effect of strontium needs
to be avoided. Hence implants that can provide in situ administration of strontium
may be an alternative way to achieve a targeted treatment to the surgery site without
inducing systemic effects, once the materials meet two criteria: (1) it could provide a
continuous release of Sr2*; (2) the concentration of released Sr2* is sufficient to
provoke local bone regeneration. To get such materials, the quantity of Sr and the
release profile must therefore be controlled.

Due to the chemical similarities between Sr and Ca [161], Sr* can replace Ca%* in
calcium phosphate ceramics (e.g. tricalcium phosphate (TCP) [131,147], biphasic
calcium phosphate (BCP) [283] and hydroxyapatite (HA) [153]) and subsequently be
released when these materials dissolve in aqueous solutions [131,153]. As the Sr
substitution of Ca can be obtained in a range varying from 0 to 100 mol % [53], which
increases the solubility of the doped apatite [43], a sustained Sr release could be
feasible.

Here, we synthesized composites of Sr-containing apatite and polylactide to create
mechanically durable materials [104,185] that allow dissolution of the embedded
apatite [185] and thus Sr release. We hypothesize that these composite materials
could affect osteogenic differentiation and bone formation in vitro and in vivo. To test
this, four apatites with different Sr substitution levels were synthesized and
introduced in a polylactide matrix. After physicochemical characterization, Sr release
was evaluated and its effect on osteogenic differentiation of murine mesenchymal
stromal cells (mMSCs) was determined in vitro. To finely emerge the potential
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enhancement of bone formation around implants and avoid the interfere from the
spontaneous reparation of the host bone at the implantation site, we built a bony
environment ectopically in rabbits, using recombinant human bone morphogenetic
protein-2 (rhBMP-2). Composites loaded with equal amount of rhBMP-2 were
heterotopically implanted in dorsal muscle of rabbit to assess the effects of Sr on the
bone metabolism.

5.2 Materials and methods
5.21  Apatite and Sr-doped apatite synthesis

Pure apatite (i.e. Sr0) powder was synthesized by adding aqueous solution
(concentration 63.12 g/L, 12.5 mL/min) of (NH4).HPO. (Fluka, Germany) to aqueous
solution (concentration 117.5 g/L) of Ca(NOs)-4H,0 (Sigma) under continuous
stirring rate of 500 + 10 rpm and temperature of 80 £ 5 °C. The pH was kept above
10 by adding ammonia solution (Fluka, ~25 % NHs, 17.5 mL/min) to the reaction
vessel. For Sr-doped apatite, calculated amount of Ca(NOs)2'4H,0 (Sigma) was
replaced with Sr(NO3), (Sigma) to obtain apatite with 0.5 % (atomic ratio) (i.e. Sr0.5),
5% (i.e. Sr5) and 50 % (i.e. Sr50) Sr substitution. After all solutions were completely
added together, the suspensions were kept at 80 + 5 °C with stirring for further two
hours. The precipitates were aged overnight, washed with distilled water until the
complete removal of ammonia and suspended in acetone (Fluka) repeatedly to
dehydrate. Then the powders were vacuum-filtered and dried at 60 + 5 °C for 48
hours.

5.2.2 Preparation of apatite/polylactide composites

The powders previously obtained were sieved with 212 pym mesh and extruded at the
weight ratio of 1:1 with poly(D,L-lactide) (PDL04, IV midpoint 0.4 dL/g, Purac
Biomaterials BV, The Netherland) respectively to obtain four composites of CT
(control, PDL04 with Sr0), SrL (PDL04 with Sr0.5), SrM (PDL04 with Sr5) and SrH
(PDLO4 with Sr50). The extrusion was carried out using a Micro Rheology twin screw
compounder (HAAKE™ MiniLab II, Thermo Scientific™) at 130 + 1 °C with screw
speed set at 100 £ 1 rpm for 5.0 £ 0.5 min. The extruded stripes were then grinded
(ZM100, Advantec, Japan) and sieved to obtain granules with size range of 0.5-1 mm.
Afterwards the granules were ultrasonically cleaned in distilled water for 15 + 1 min
at room temperature and dried at 37 £ 1 °C. All specimens were sterilized with
ethylene oxide (concentration = 450-700 mg/L, followed by washes with nitrogen /
air and a 7-day aeration, IsoTron Nederland BV, the Netherlands) and used for all
the experiments described in this study.
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5.2.3  Characterization of apatite and composites

Chemical analysis of the obtained apatite powders was conducted using X-ray
diffractometer (XRD, MiniFlex II, Rigaku) using Cu Ka radiation (A = 1.5405 A, 30 kV,
15 mA) over the 20 range of 25° — 45°. Unit cell parameters and crystallite sizes
were calculated from XRD data using the software Jade (v6.5.26, Materials Data Inc.,
Livermore, CA, USA). High resolution transmission electron microscopy (HR-TEM,
FEI Tecnai-200FEG, FEI Europe, Eindhoven, the Netherlands) and fast Fourier
transform (FFT) was employed to investigate the morphology of apatite particles and
the interplanar spacing (d-value) of the four apatites along the reflection plane (010).
Using an energy dispersive X-ray spectroscopy (EDX) equipped on the HR-TEM,
The experimental Sr substitution in obtained apatite was evaluated and compared
with the theoretical values, which were calculated basing on the formula of Cas.
Sr(PO4)30H where x=0 for Sr0, x=0.025 for Sr0.5, x=0.25 for Sr5 and x=2.5 for
Sr50. Fourier transform infrared spectrometry (FTIR, Spectrum 1000, Perkin Elmer)
was used to characterize the apatite powders, poly(D,L-lactide) and their resulting
composites with a typical KBr pellet technique. The morphology of composites was
analyzed using a scanning electron microscope (SEM, XL 30 ESEM-FEG) to
evaluate the microstructure of composites.

5.2.4 Invitro degradation of composite granules

Simulated physiological solution (SPS) was prepared by dissolving sodium chloride
(NaCl, Merck, concentration = 8 g/L), sodium azide (NaNs, Merck, concentration=
0.01 g/L) and 4—(2-hydroxyethyl)-1-iperazineethane-sulfonic acid (HEPES, Sigma,
concentration = 11.92 g/L) in distilled water. The pH of the solution was adjusted to
7.3 with NaOH solution (Merck) at 37 °C. Amounts of 0.05 + 0.001 g (Mo) granules of
each composite (in triplicate) were weighed and soaked in 20 mL SPS at 37 £ 1 °C.
The SPS was refreshed after 1, 3, 6, 9 and 12 weeks. At every refreshing time point,
the concentration of calcium and phosphate ions in SPS was measured by using
appropriate biochemical kits (QuantiChromTM calcium assay kit, BioAssay Systems,
USA; PhosphoWorksTM Colorimetric phosphate assay kit blue colour, Bioguestinc,
USA) and a spectrophotometer (Anthos Zenyth 3100, AnthosLabtec Instruments
GmbH, Salzburg, Austria) with an absorbance filter of 620 nm for both assays. The
concentration of Sr2* released in SPS was measured using inductively coupled
plasma atomic emission spectroscopy (ICP-AES, DV7000, Perkin Elmer, USA) at the
emission peaks of 407.771 nm and 421.552 nm. After 1, 3, 6, 9, 12 and 24 weeks,
composite granules were removed from SPS, the excess SPS was wiped away
gently with filter paper. Afterwards, they were dried at 37 + 1 °C, weighed (Mqy) and
compared with the initial weight (Mo). The mass loss of the composite (ML%) was
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determined as: MLY% = 100%(Mo-Mar)/Mo. Afterwards, dried composite granules of
each sample were sintered at 900 °C for two hours to burn away the polymer phase.
The mass of the remaining apatite ash was weighed (Mash). The changes of the mass
loss of apatite phase (AL%) and the mass loss of polymer phase (PL%) in the
composite were estimated as: AL% = 100*(Mo*0.5-Mash)/(Mo*0.5); PL% =
100*[Mq*0.5-(Mary-Masn)J/(Mo*0.5)

5.2.5  Murine mesenchymal stromal cells culture

Murine mesenchymal stromal cells (mMMSCs, D1 ORL UVA, ATCC® Number: CRL-
12424) were purchased (ATCC, Manassas, VA, USA). After thawing from liquid
nitrogen, cells were expanded in culture flasks (Greiner Bio-one) with growth medium
composed of Dulbecco's Modified Eagle Medium (DMEM, catalog 41965, Gibco)
supplemented with 10 % fetal bovine serum (FBS, catalog 10270, Invitrogen), 100 [U
mL-" Penicillin, 100 ug mL-* Streptomycin (catalog 11558876, Invitrogen, UK) and
1mM sodium pyruvate (Sigma, catalog D2650) under a humidified atmosphere of 5 %
CO; at 37 °C. The medium was refreshed twice a week until cells reached 70~80%
confluence. Then cells were harvested with 0.25 % trypsin (catalog 11570626,
Invitrogen). Then 5 * 108 cells were cultured on 50 mg granules (n=5 per material for
each time point) with 200 pL growth medium per well in 96-well plate (Ref 655101,
Greiner Bio-one) for up to 21 days. The medium was refreshed twice a week until
day 14 and afterwards every two days. Samples were harvested after 1, 4, 7, 14 and
21 days for SEM observation and bioassay.

5.2.6  Proliferation assay of mMSCs

At every harvest time point, cells were rinsed once with 37 °C phosphate buffered
saline (PBS) and then frozen at -80 °C for 24 hours. Afterwards they were thawed,
150 L CyQuant lysis buffer were added to each well and shook at 400 rpm for five
min to obtain the cell lysate. The proliferation of mMSCs was measured using a
CyQuant cell proliferation assay kit (Invitrogen) following the manufacturer’s
instructions. Briefly, GR reagent was diluted 400 times in CyQuant lysis buffer. Then
100 L diluted reagent was mixed with 100 L cell lysate and further incubated in
dark at room temperature for five min. Then the fluorescent analysis was performed
at wavelength of 480 nm for excitation and 520 nm for emission using a
spectrophotometer (Anthos Zenyth 3100).

5.2.7 Osteoblastic differentiation of mMMSCs

Alkaline phosphatase (ALP) activity was evaluated using AttoPhos® AP fluorescent
substrate system (catalog S1000, Promega) and presented as the amount of 2-[2-
benzothiazoyl]-6-hydroxybenzothiazole (BBT) produced during the reaction. The
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same cell lysate prepared for DNA assay was used. Briefly, 10 L cell lysate was
added to 90 L substrate reagent and incubated for 15 min in dark at room
temperature. The fluorescence signal was then collected at 450 nm for excitation and
580 nm for emission using a spectrophotometer (Anthos Zenyth 3100).

5.2.8 Intramuscular implantation

All surgeries were conducted in Sichuan University. Local animal ethics committee
guidelines (Regulations for the administration of affairs concerning experimental
animals, China, 1988) for the care and use of laboratory animals have been
observed. Composite granules of each material were prepared in one cubic
centimetre aliquots under sterile conditions and loaded with 300 uL demineralized
water containing 10 pg rhBMP-2 (Reborn, Shanghai). The adsorption of the protein
was allowed for one hour in stiliness. Granules were then dried in sterile fume hood
for 48 hours at room temperature. 1 CC aliquots were then kept in sterile glass vials
respectively. Five 6-month old female New Zealand white rabbits (body weight 3.5 +
0.2 kg) were used. After a general anaesthesia by the injection of sodium
pentobarbital (30 mg/Kg body weight, Sigma) in the marginal ear vein, muscle
pouches were created in the paraspinal muscle along the direction of the spine by
scalpel incision and blunt dissection. The distance between each pocket was about
1~2 cm. The composite aliquot was transferred into an open-head 2 mL syringe for
the ease of handling. The open side of the syringe was inserted in the pocket and the
granules were pushed out gently. The pockets were then closed with non-resorbable
sutures for identification at harvest. Following the surgeries, penicillin (100000 1U/kg
body weight) was given for three consecutive days to prevent infection. After
operation, animals were allowed full weight bearing and received normal diet. They
were sacrificed 4 weeks later with a marginal ear vein injection of excessive amount
of sodium pentobarbital (Sigma).

529 Histology and histomorphometry

Explants were fixed with 4 % formaldehyde and embedded in PMMA after gradient
ethanol dehydration. Non-decalcified sections were made sequentially (i.e. section
thickness = 15 pm and step-size = 280 um which is the thickness of the blade) for
each explants from one side to the other using a diamond saw microtome (Leica SP-
1600, Germany) and stained with 1 % methylene blue (Sigma) and 0.3 % basic
fuchsin (Sigma). About 15 slides were obtained from each explant. Histological
observation was performed with light microscopy. All slides were scanned with a
scanner (Dimage Scan Elite5400 11, Konica Minolta, USA). Histomorphometry was
performed on each slide by pseudo-colouring pixels representing formed bone (B) in
available space, i.e. the space between composite granules (M) in the region of
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interest (ROI, with surrounding soft tissues outside the implants excluded) using
Photoshop (Adobe Photoshop Elements 2.0). The pixels of B, M and ROI of each
slide were stacked together to have an overall estimation of each explant. Bone
formation (B %) was calculated as: B%= 100*) B/ (3> ROI-Y M). Area of materials
(M %) was calculated as: M%= 100> M/> ROI

5.2.10 Statistical analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with
Tukey's test. Differences were considered statistically significant at p<0.05 and
marked with asterisks.

5.3 Results

5.3.1  Characterization of Sr-doped apatites and composites
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Figure 1. The content of strontium in obtained apatites. EDX data confirmed the

obtained apatites had Sr substitution similar to the theoretical values.

EDX results verified the Sr substitution in apatite and the values were shown to be
close to the theoretical expectation (fig.1).
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XRD pattern of pure apatite was identical to standard HA (PDF#84-1998) while
increasing shifts towards lower 26 values with the substitution of Sr were noticed
when spectra were collected on a narrower 26 range (fig.2b). The diffraction peaks of
50Sr were also broader, indicating a lower degree of crystallinity when the larger Sr2+
(radius = 0.118 nm) replaced half of Ca* (radius = 0.100 nm) [38].

Figure 3. TEM images of Sro (a), Sro.5 (b), Sr5 (c¢) and Srso (d). All the particles were
nano-sized and had needle-like shape. Particles of 50Sr were relatively shorter in
length. The interplanar spacing obtained from FFT applied to HR-TEM along the plane

(010) increased with strontium substitution (e~h).
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The morphology of apatite powders was visualized by TEM, and all particles were
nano-sized and had needle-like shape (fig.3a-d). Particularly, particles of 50Sr were
relatively shorter in length as compared to the others (fig.3d). The interplanar spacing
(d-value) obtained from FFT applied to HR-TEM along the plane (010) increased with
Sr substitution (fig.3e-h), reflecting the expansion of lattice structure during the
substitution. This was corroborated by the decreased two-theta value of Sr-
substituted apatite in XRD of the (010) plane (fig.2).
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Figure 4. FTIR patterns of strontium-containing apatite (a) and the resulting
composites (b, CT was taken as an example). The pattern of pure polymer PDLo4 was

also shown in b to clarify the presence of apatite and polymer in the composite.

Figure 4a shows the FTIR spectra of apatite powders, which had similar phosphate
group modes near 1000-1100 cm. The intensity of O-H band (near 634 cm'and
3570 cm") decreased with the Sr content, indicating the alteration in the bonding
strength of O-H during substitution [283]. A tiny peak appeared around 670 cm-! with
the Sr content indicating their trace possession of carbonate ion [284]. The bands
around 470 cm™' became obscure in 50Sr, which can be ascribed to potential
alternation of PO,3* groups when the substitution of Sr reached 40 % [141]. The
FTIR spectra of composites (CT was taken as an example) included the vibrational
bands of both apatite and polymer (fig.4b), confirming the successful preparation of
composites.

SEM images showed that the surface of the granules of all four composite had
similar morphology, in particular it was generally flat at the cellular scale (i.e. >10 pym)
(fig.5a-d). When the morphology was examined at a sub-micro scale, embedded
apatite particles were exposed on the surface of the granules with random
orientations (fig.5e-h). This qualitatively shows the homogenous distribution of
apatite in the polymer matrix, and demonstrates the comparable surface morphology
of all composites.
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C

Figure 5. SEM images of CT (a, e), SrL (b, f), StM (¢, g) and SrH (d, h); the surface
morphology of composite was similar on both micro- and sub-micro scale. Apatite

particles were observed with random orientation on the surface of composite granules.

5.3.2 lon release and degradation behaviour of composite granules
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Figure 6. a: Strontium release profiles from strontium-containing composites. The
amount of strontium release was dose-dependent according to their content in
embedded apatite and differed from each other during 24 weeks. Note that the y-axis
of the graph is cleaved to exhibit all profiles visibly. b: The total percentage of
strontium released from the composites. The releasing rate of strontium changed from

parabolic to almost linear for StH composite.

The amount of Sr release increased dose-dependently according to the Sr content in
the embedded apatite (fig.6a). Furthermore, the proportional release rate was
elevated by the Sr content, e.g. SrL released nearly 10 % of its Sr content during the
first 3 weeks while SrM released more than 20 % (fig.6b). The release rate of SrL
and SrM then decreased gradually, slower for the latter. When the substitution level
reached 50 %, the releasing rate became almost linear for the first 12 weeks (fig.6b),
numerically about 10 mg per week, which is about 2.3 % of total Sr in SrH. Both the
amount of calcium and phosphate release from the composites gradually increased
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with the Sr content (fig.7a, b), indicating that the substitution of Sr2* towards Ca2* up-
regulated the solubility of apatite. The periodic refreshment was not continued after
12 weeks and the releasing rate from all sample decreased.
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Figure 7. Calcium and phosphate release from strontium-containing composites (a:
Ca’* and b: PO,*) and the mass loss of composites (c: total mass loss, d: apatite phase
loss and e: polymer phase loss). The strontium substitution gradually increased
calcium and phosphate release from the composites, indicating an up-regulated
solubility of strontium-substituted apatite. Polymer phases in all composites followed
similar degradation profile but SrH had faster apatite dissolution than other

composites, leading its higher total mass loss.

Mass loss was observed one week after the composite granules were immersed in
SPS (fig.7c). However, only SrH had higher mass loss than the rest. When the two
phases of composites were considered separately, it was seen that the polymeric
phase in all composites degraded similarly (fig.7e), while SrH had much higher
apatite phase loss than others (fig.7d).
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5.3.3  Invitro cell culture experiments
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Figure 8. mMSCs cultured on strontium-containing composites. The morphology of
mMSCs on CT (a), SrL (b), StM (c) and SrH (d) after a 14-day culture; e: cell
proliferation of mMSCs on strontium-containing composites as shown with DNA
production; f: osteogenic differentiation of mMSCs on strontium-containing
composites as shown with the ALP/DNA ratio. At 14 days, the proliferation of mMSCs
on SrM was higher than that on CT (p<o.01) while mMSCs on SrM and SrH had higher
osteogenic differentiation than those on samples with less Sr content (p<0.02). One-
way ANOVA with Tukey’s test was used for the statistics analysis.
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mMSCs on all composite granules had fibroblast-like shape (fig.8a-d) and formed
layer colonies after confluence, showing the adhesion and spreading of mMMSCs on
composite granules. The proliferation of mMSCs on the different composites had
similar trends until day 7. By day 14, cell proliferation peaked and was significantly
higher on SrM than Sr-free composite (fig.8e, p<0.01). Afterwards, proliferation
declined, indicating that the cells had reached confluence. Although no osteogenic
inducers, i.e. ascorbic acid, dexamethasone, and B-glycerophosphate, were
employed in this study, a correlation between the Sr content and ALP/DNA value
was observed after 14 days of culture (fig.8f). Particularly, mMSCs on SrM and SrH
showed higher osteogenic differentiation than those on samples with less Sr content
(p<0.02), indicating the potential of Srin promoting the osteogenesis of stem cells.

5.3.4  Invivo experiments

Evidential bulk degradation or cell-mediated resorption of implants was not observed
from histological observation (fig.9). It was then quantitatively confirmed by means of
M %, showing that the granules occupied around 60 % of the implants through all
section slides, with no significant differences between Sr-containing composites and
Sr-free control, indicating a similar (or no) resorption of all composites after four-
week implantation (fig.10a). Histological observations showed no inflammation
adjacent to the implants. Bone was formed on the surface of the granules, where
bone forming osteoblasts were seen on site and osteocytes were embedded in the
bone matrix (fig.9). Histomorphometry data showed an increasing trend of bone
formation with the increase of Sr content in composites, where significant difference
was observed between SrH and CT (p<0.05, fig.10b).
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Figure 9. Histological observations of strontium-containing composites after 4-week
intramuscular implantation in rabbit: CT (a, b), SrL (c, d), StM (e, f) and SrH (g, h).

Each image in the right column represents the enlargement of the inset white square
in the left image. M: material; B: bone; ST: soft tissue; black arrow: osteoblast; yellow

arrow: osteocytes.
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Figure 10. Area of composite materials in implants after 4 weeks (a) was similar for all
implants. An increasing trend of bone formation along with the Sr content was
observed where significantly more bone was formed in SrH as compared to CT (b,
p<o0.05) indicating the addition of strontium in composites created a local environment
that might favour bone formation. One-way ANOVA with Tukey’s test was used for the

statistics analysis.
5.4 Discussion

The results of this study show that Sr-rich composites provide sustained strontium
release and enhance osteogenic differentiation of murine MSCs in vitro. The
introduction of Sr also lead to enhancement of bone formation in the ectopic model
investigated in this study. The overall bone formation is modest, which might be
attributed to the relatively short time for bone formation (4 weeks), the relatively low
BMP-2 dose used and the low osteogenic capacity of the animal model (rabbits)
[215,251]. However, increasing Sr content led to more bone formation, where SrH
composite outperformed CT by at least 40 % (p<0.05, fig.10b). Since equal amounts
of rhBMP-2 were used, the observed increase in bone volume in Sr-containing
composites may be attributed to Sr doping in composites. Although most likely Sr-
containing composites may not give rise to inductive bone formation in ectopic sites
of rabbits according to literature [285,286], the lack of implants without rhBMP-2 in
this study could not exclude the possible osteoinductive potential of strontium.
Therefore, including such group without rhBMP-2 may further address the possible
synergic effects of rhBMP-2 and strontium in bone formation, thus it would be an
orientation of future studies.

It was observed that the release of Sr from the composites was dose-dependent,
which significantly increased according to the Sr content in the embedded apatites
(fig.6a). However, the proportional release rate was not consistent from SrL and SrM,
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where a burst release was observed in the first week, followed by a gradual decrease
over time (fig.6b). This decrease was ameliorated by the increase of Sr content in
apatite (fig.6b). As a combined effect of Sr content and apatite dissolution rate, the
sustained release profile of SrH was approximately linear for 12 weeks under
intermittent medium refreshments (fig.6b). This indicates that, by adjusting the
substitution level of Sr in embedded apatite, a desired consistent and stable release
profile of Sr can be obtained [79,152,287]. This release is expected to last longer
than 24 weeks as 65 % of Sr still remained in the composites at 24 weeks (fig.6b).

The dissolution of Sr-containing apatite is expected to create a local Sr-rich
environment that may favour osteogenesis. Naturally, higher osteogenic
differentiation would lead to greater population of cells with osteoblastic phenotype
and thus to more secretion of bone [256]. Our results showed that mMMSCs on
composites with higher Sr content had significantly higher osteogenic differentiation,
without the addition of osteogenic inducers, indicating that material-induced
osteogenesis occurred (fig.8f). It has been reported that the implantation of Sr-
containing materials promotes bone repair in both normal [140,151] and
ovariectomized animals [122,148,149], which indicates the potential of this strategy
in enhancing bone fracture healing [81]. In addition to its positive effect to bone
formation, sufficient Sr release may also preserve bone mass by inhibiting
osteoclastic resorption [40,79], especially after a longer period of implantation (e.g. >
8 weeks) [288-291]. This effect was not conclusively shown in this study as no
multinucleated giant cells were observed microscopically.

Other factors such as the release of Ca?*and PO,%, may also have played a role in
the observed in vitro and in vivo effects [81]. During Sr-substitution, CaZ* in apatite
were partially replaced by Sr2* and their content decreased accordingly. However,
the enhanced solubility of Sr-containing apatite led to higher release of Ca?* and
PO (fig.7a,b), which are known to regulate osteoblastic differentiation and activity
in vitro [56-58,292]. It was suggested that the substitution of Ca?* by Sr2* causes a
lattice expansion due to the larger atomic radius of Sr2* thus alters the solubility of
strontium-substituted apatite [179,260]. This is supported by the observation of
expanded diffraction peaks and interplanar spacing (figure 2 and 3) and is in
accordance with many previous studies [153,179,259,260] . Here the release of Sr2+,
Ca?*and PO4* are interrelated, making it difficult to ascribe the biological up-
regulation to Sr only [166]. However, given the fact that the calcium and phosphate
concentration in extracellular fluid is tightly maintained at a constant level [293,294],
the effect of spontaneous calcium and phosphate release from implants might be of
less impact than Sr on local bone metabolism.
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5.5 Conclusions

Composites that can provide long-term dose-dependent and sustained Sr release
profile were obtained by adjusting the substitution level of Sr in the apatite embedded
in the polymeric matrix. The addition of Srin composites enhanced osteogenic
differentiation of mMMSCs in vitro and promoted in vivo bone metabolism in the
created bony site.
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Abstract: Strontium (Sr) has been shown to favour bone formation and is used
clinically to treat osteoporosis. We have previously reported that Sr addition in
apatite/polylactide composites could enhance the BMP-induced bone formation
around implants at ectopic site in healthy animals. In this study we aimed to
investigate the effectiveness of Sr additon on the local bone formation in
osteoporosis. Apatite/polylactide composite granules with different Sr content were
loaded with equal amount of rhBMP-2 and implanted intramuscularly in healthy
rabbits (Con) and rabbits that received bilateral ovariectomy and daily injection of
glucocorticoid (OP) for 12 weeks. The potential effect of Sr on the final volume of
BMP-induced bone in both groups was investigated histologically and
histomorphometrically. The de novo bone formed in OP implants was significantly
less than in Con group when the implants contained no Sr, indicating that the BMP-
induced osteogenesis was impaired in OP animals. Sr substitution as low as 0.5 mol%
in apatite increased the bone volume in OP implants to levels comparable to that in
the Con group, indicating a positive effect of Sr addition on the local bone formation
in OP animals. In addition, more adipose tissue formed in parallel with the
appearance of cartilage tissue in OP implants, suggesting that the differentiation
potential of stem cell in OP animals may have shifted towards adipogenesis and
chondrogenesis. From these results, we conclude that the use of Sr addition to
enhance the bone growth surrounding implants in osteoporosis merits further study.

Keywords: strontium, bone formation, osteoporosis, composites, adipocytes,
cartilage
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6.1 Introduction:

Bone is continuously renewed through a balance between osteoblastic bone
formation and osteoclastic bone resorption. With aging, this balance leans towards
bone resorption leading to a loss of bone mass, i.e. osteopenia, which may
eventually develop into osteoporosis and result in a higher fracture risk [295]. It has
been reported that the bone healing capacity of osteoporotic patients is less effective
as compared to healthy individuals, which might result in poor osteointegration and
surgical failure in case implants are placed [153,296,297]. Therefore, it is worthy to
consider the use of additional stimulus such as trace elements in orthopaedic
implants to facilitate the local growth of bone [282].

Strontium (Sr) has been reported to enhance the osteoblast differentiation and inhibit
osteoclast formation and resorption [79,290]. Therefore implants that provide
sustained treatment of Sr are expected to locally stimulate the bone growth at the
desired site. Among the synthetic biomaterial candidates, calcium phosphates have
received most interest for their osteoconductive property and their ability to
incorporate Sr in their lattice [153,258,283].

We have previously demonstrated that molten extruded Sr-containing
apatite/polylactide composite materials can provide sustained release of Sr for up to
12 weeks [298]. In this strategy, Sr is incorporated into nano-sized apatite particles,
which are then embedded in a polylactide matrix. The resulting composites were
shown to favour osteogenic differentiation in vitro and upregulate BMP-induced bone
formation in an inframuscular implantation model at four weeks [298]. However, the
effectiveness of such strategy in osteoporotic individuals is unclear since their bone
forming ability may be impaired.

S Castafieda et al. and L Baofeng et al. have demonstrated an osteoporotic model
(OP) in rabbits, in which the bone mass of experimental animals was reduced
significantly 3 months posterior to bilateral ovariectomy and daily injection of
glucocorticoid [299,300]. To better understand the effectiveness of Sr on bone
formation in osteoporotic individuals, we prepared composites with or without
different Sr content and loaded them with equal amount of recombinant human bone
morphogenetic protein-2 (rhBMP-2). We implanted the rhBMP-2-loaded materials
intramuscularly in eight healthy rabbits and induced four of them into the
aforementioned OP model. 12 weeks after the surgery, the volume of de novo bone
formed on composite implants in healthy rabbits and in OP model was analyzed and
compared.
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6.2 Materials and methods

6.2.1  Preparation of Sr-containing apatite/polylactide composites

Sr-containing composites were manufactured as previously described [298]. In brief,
nano-sized Sr-substituted apatites were synthesised with a wet precipitation method
by mixing aqueous solution of (NHs):HPO4 (Fluka, Germany), Ca(NOs)-4H.0
(Sigma) and Sr(NOs), (Sigma) under continuous stirring rate of 500 £ 10 rpm and
temperature of 80 £ 5 °C. After dehydration and mesh screening, four apatites with
Sr substitution of 0% (Sr0), 0.5% (Sr0.5), 5% (Sr5) and 50% (Sr50) were obtained
and further extruded with poly(D,L-lactide) (PDL04, IV midpoint 0.4 dL/g, Purac
Biomaterials BV, The Netherland) at the weight ratio of 1:1 to obtain composites of
CT (control, Sr0/polylactide), SrL (Sr0.5/polylactide), SrM (Srb5/polylactide) and SrH
(Sr50/polylactide) respectively. The extrusion was carried out using a HAAKE
MiniLab II Micro Compounder (Thermo Fisher Scientific, USA) with the screw speed
of 100 £ 1 rpm for a mixing time of 5 + 0.5 min at the temperature of 130 £ 1 °C. The
obtained composite stripes were then grinded (ZM100, Advantec, Japan) and sieved
to obtain granules (size: 0.5~1 mm). All granules were sterilized with ethylene oxide
followed by washes with nitrogen/air and 7-day aeration (IsoTron Nederland BV, the
Netherlands). Composite granules were divided into one cubic centimetre aliquots
under sterile conditions and loaded with 300 uL distilled water containing 10 g
rhBMP-2 (Reborn, Shanghai). After one hour static adsorption, granular aliquots
were allowed to dry in sterile fume hood for 48 hours at room temperature and kept
in sterile glass vials, respectively. The theoretical and experimental content of Sr in
the four composite materials is summarized in Table 1 [298].

Table 1: Content of Sr in samples [298]

Sample | Theoretical molar | Actual molar ratio | Actual Actual  weight
rato of  Sr|of Sr substitution | weight ratio | ratio of Sr in
substitution for Ca | for Ca in apatite of Srin Sr- | final composites
in apatite apatite

CT 0% 0.10£0.17% 0,00% 0,00%

SrL 0.5% 0.43£0.09% 0,37% 0,19%

SrM 5% 6.15+0.26% 5,22% 2,61%

SrH 50% 53.33£1.19% 37,15% 18,57%
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6.2.2  Animal study

All animal care and experimental procedures were conducted with the approval of
Sichuan University. Local animal ethics committee guidelines (Regulations for the
administration of affairs concerning experimental animals, China, 1988) for the care
and use of laboratory animals have been observed. Eight 6-month female New
Zealand white rabbits (body weight 3.5 + 0.2 kg) were obtained from the Chengdu
Dossy Experimental Animals Co., Ltd. Rabbits were housed separately in stainless
cages in laboratory animal house at 20-25 °C with 50-60% humidity, and a light cycle
coincided with daylight hours. They were fed with standard diet, allowed access to
tap water ad libitum and had been acclimated under laboratory conditions for 14 days
prior to the surgery. Prior to surgery, the eight rabbits were randomly divided into the
control group (Con) and the osteoporotic group (OP) with four rabbits each.

The rabbits were fasted for 24 hours prior to surgery and then received general
anaesthesia by the injection of sodium pentobarbital (30 mg/Kg body weight, Sigma)
in the marginal ear vein. Afterwards, muscle pouches were created in the paraspinal
muscle by scalpel incision and blunt dissection along the direction of the spine with a
distance of 2~3 c¢m in between. The composite aliquots (1 cc) were transferred into
an open-head syringe and then inserted in the pockets respectively. Each rabbit
received one implant of each composite (4 pockets per rabbit). The pockets were
then closed with non-resorbable sutures for identification at harvest. The OP model
was induced by bilateral ovariectomy and daily injection of methylprednisolone
sodium succinate (Sigma) as described by S Castafieda et al. and L Baofeng et al.
[299,300]. In brief, rabbits in OP group received bilateral ovariectomy through a
ventral incision while the Con group received sham surgery. During the same surgery,
After surgery, all rabbits were given penicillin (1x105 [U/kg body weight) for three
consecutive days for antibiotic prophylaxis. Two weeks after the surgery, the OP
group received daily intramuscular injection of methylprednisolone sodium succinate
dissolved in 0.9 % benzyl alcohol at the dosage of 1 mg/kg body weight for ten
consecutive weeks. The Con group received 0.9 % benzyl alcohol injection. Both
groups received standard diet and water and were allowed full weight bearing in their
cages. 12 weeks after the surgery, all rabbits were sacrificed with lethal dose of
pentobarbital sodium (Sigma).

6.2.3 Histology and histomorphometry

Intramuscular implants were harvested with surrounding soft tissue, fixed in 4 %
formaldehyde and embedded in PMMA after gradient ethanol dehydration. The distal
femurs were also harvested and processed to verify the loss of bone mass in OP
model. Non-decalcified sections were made sequentially for each intramuscular
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explant using a diamond saw microtome (Leica SP-1600, Germany) and stained with
1 % methylene blue (Sigma) and 0.3 % basic fuchsin (Sigma). The thickness of each
section is about 15 um with a step size of 280 um in between, which is the thickness
of the blade. About 15 slides were obtained from each explant. Histological
observation was then performed under light microscopy. Scans of each slide
(Dimage Scan Elite5400 II, Konica Minolta, USA) were used for histomorphometry.
After pseudo-colouring, the area of bone (BA), adipocytes (AA) and composite
material (MA) as well as total area (TA) were stacked together to have an overall
estimation of each explant. De novo bone formation (B%) was calculated as: B%=
100*3 B/ (D TA-3> MA); adipocyte colony (Ap%) was calculated as: Ap%= 100*Y AA/
(>TA->MA). The distal femurs of both Con and OP group were sectioned
longitudinally. Three slides were obtained for each distal femur. The volume of
cancellous bone in distal femur (CA) was measured as the average proportional area
of cancellous bone in the total distal femur. The thickness of the cortical bone next to
the distal femur (Th.Co) was measured as well in histomorphometry.

6.2.4  Statistical analysis

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with
Tukey's test. Differences were considered statistically significant at p<0.05 and
marked with asterisks.

6.3 Results
6.3.1  Osteoporotic model

According to literatures, rabbits reach skeletal maturity around 6 months [301].
Rabbits used in this study are averagely 27 weeks by age prior to surgery, which can
be considered skeletally mature. After the bilateral ovariectomy and 10-weeks
injection of glucocorticoid, the OP rabbits had fewer trabeculae and a higher porosity
in their distal femur as compared to the Con rabbits (Fig. 1A). Histomorphometry
showed that the area of cancellous bone in the distal femur of the OP group
decreased about 20% as compared to Con animals (p<0.01, Fig. 1B), while the
thickness of cortical bone in the OP group was 38% lower than the Con group
(p<0.005, Fig. 1C). This confirms that this treatment resulted in the loss of bone
mass in OP model, i.e. ostepenia or osteoporosis.
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CA Th. Co

Con OoP ' Con oP

Figure 1. A: Typical overview of distal femur in Con and OP group after 12-week
implantation; B: The area of cancellous bone in distal femur; C: the thickness of femur

cortical bone in Con and OP group. *: significantly different

6.3.2 Tissue responses in intramuscular implants
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Figure 2. Histological observation of implants from Con group (A: CT, C: SrL; E: StM;
G: SrH) and OP group (B: CT, D: SrL; F: StM; H: SrH). Methylene blue and basic
fuchsin staining. Bone (pink-red colour) was formed on composite granules (gray-slate
colour). The space between granules was filled with fibrous matrix, which was stained
in light blue. Adipocytes (white colour) were observed among fibrous matrix. The
thickness of bone layer on CT granules in Op group (B) was thinner as compared to
the CT in Con group (A), and was also thinner as compared to Sr-containing implants
(D, F, H). Note the massive development of adipocyte colony in all OP implants, which

provided the bright background under microscopy.

De novo bone was observed around composite granules in both groups (Fig. 2). The
thickness of newly formed bone on CT granules decreased visibly in the OP group as
compared to that in Con (Fig. 2A-B). Histomorphometry confirmed that the bone
formation in CT implants in the OP group decreased significantly (Fig. 3, p<0.05).
Bone formation in SrL implants was significantly higher than that of CT implants in
the OP group (p<0.05, Fig. 3B), and was equivalent to their counterpart in the Con
group (Fig. 3A). Higher content of Sr did not further increase the overall amount of
bone formation in either the Con or OP groups (Fig. 3) and the average B% did not
exceed 10% for all implants.

Con B% OP B%
A B

15% 4 15% 4 # # #

10% A

...............

5%

a
X

o%LL
CT SrL SrM SrH CT SrL SrM SrH

0%

Figure 3. The relative area of bone in intramuscular implants in the Con (A) and OP
group (B). Sr significantly enhanced the de novo bone formation in OP implants to the
level in Con group, albeit the influence was not dose-dependent in either group. *:
significant as compare to the CT in Con group; #: significant as compare to the CT in

OP group

Fibrous and adipose tissue appeared in both groups (Fig. 2). The volume of adipose
tissue slightly decreased with the Sr content in the Con group but the difference was
not statistically significant (Fig. 4A). Notably, significantly more adipose tissue was
seen in all OP implants than in the Con group (p<0.001, Fig. 4), occupying most of
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the available space in implants leading to an obvious reduction of fibrous tissue (Fig.
2). Also fewer areas with active cuboidal osteoblasts secreting osteoid tissue were
seen in the OP groups as compared to the control animals (Fig. 5).

A

Con Ap%

B

60%

OP Ap%

Figure 4. The relative area of adipose tissue in intramuscular implants in the Con (A)

and OP group (B). The volume of adipose tissue almost tripled in OP group as

compared to Con group.

Interestingly, in all OP groups, cartilage tissue was observed. This cartilage was
surrounded by unmineralized and mature bone (Fig. 5). The occurrence of cartilage
formation among histological slides is summarized in Table 2. Although the
occurrence of cartilage tissue slightly increased with Sr content, this difference was
not statistically significant (Table 2). None of the Con animals showed considerable
formation of cartilage.

Table 2: Occurrence of cartilage formation among histological slides (number of slides

with cartilage/ total slides)

Con OoP
CT | Sk | SrM | SrH CT | SrL | StM | SH
Rabbit 1 012 | 0/13 | 0113 | 0113 Rabbit 5 714 | 9115 | 10115 | 11/15
Rabbit 2 0/11 | 0/11 | 0/10 | 1/11 Rabbit 6 1118 | 2117 | 118 | 2/15
Rabbit 3 0/10 | 0/18 | 0/17 | 0/20 Rabbit 7 114 | 216 | 117 | 917
Rabbit 4 012 | 0/11 | 012 | 012 Rabbit 8 014 | 0119 | 012 | 319
Total 0/45 | 0/53 | 0/52 | 1/56 Total 9/60 | 13/67 | 12/62 | 25/66
Percentage Percentage
of cartilage | 0% | 0% | 0% | 2% | ofcartilage | 15% | 19% | 19% | 38%
occurrence occurrence
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Figure 5. Histological observation of implants in Con (A: CT C: SrL E: SrM, G: SrH)
and OP group (B: CT, D: SrL, F: StM, H: SrH). In Con group, active osteoblasts were
observed sitting on osteoid they secreted, whereas much less active bone formation
was seen in OP group. The size of adipocytes in OP group was much larger than that in
Con. In addition, cartilage appeared in OP implants. B: bone; Ap: adipocytes; black

arrow: active osteoblasts, white arrow: osteoid, yellow arrow: cartilage
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6.4 Discussion

We showed that the de novo bone formation in the intramuscular implants of the OP
group was significantly reduced as compared to that of the Con group, which
paralleled with the loss of bone mass in distal femur. This indicates that the bone
forming ability of OP group is impaired not only at the bony site, but is also
compromised at this ectopic site. The current data is not sufficient to determine
whether the impaired bone formation or the active bone resorption is dominant on the
fewer bone in CT implants in OP animals due to the lack of experimental data at
early time point, while the reduction of bone mass observed at bony site in OP
animals (Figure 1) indicated that the intensive bone remodeling in OP animal might
have played a major role. Although multiple time points in future experiments are
needed to confirm the major function of intensive bone remodeling in OP animals,
our current findings showed the profoundly different implant-induced tissue
responses in both healthy and OP animals and that the volume of newly formed bone
could be impacted by the presence of strontium in implants.

Upon implantation in healthy animals, rhBMP-2 was expected to recruit stem cells to
differentiate into osteoblast lineage and secrete bone therein after 2~3 weeks
[302,303]. With regard to the BMP-signaling under osteoporotic/osteopenic
conditions, it has been shown that the BMP-2 mRNA expression was down-regulated
in MSCs derived from OVX mice, indicating the impairment of BMP-2 function in
surgical menopause-related osteopenic/osteoporosis [304]. However, Turgeman et al.
showed that the administration of rhBMP-2 in mice with postmenopausal
osteoporosis increased the proliferation and differentiation of MSCs resulting in an
increase of trabecular bone volume [305]. Thus, these data suggest that, even
though MSCs from osteoporotic conditions might have poorer secretion of BMP-2,
they still can actively respond to exogenous BMP-2 leading to osteogenesis.

We have shown in a previous study that the addition of Sr in composite implants
enhanced the volume of BMP-induced bone intramuscularly from 5% to about 10% in
healthy rabbits at week 4 [298]. When these data are compared with the results in
the current study, an increase of bone formation from 5% at 4 weeks to 10% at 12
weeks in strontium-free implants (CT) was observed. However, the bone formation in
strontium-containing groups did not increase significantly with the strontium content
with time because the final bone volume at week 12 was still about 10% in either
healthy or osteoporotic rabbits. This suggests that (1) the presence of strontium
accelerated the osteogensis at early stage, which is in line with literatures and also
our precious study where strontium ions enhanced the osteogenic differentiation of
MSCs [298]; (2) the amount of bone observed in samples in healthy animals and in
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Sr-containing samples in OP animals might be the maximal bone volume that can be
obtained in the ectopic sites at late stage (e.g. 12 weeks). According to Wolff's law
[306], the equilibrium of bone remodeling under such environment lacking of
mechanical stimuli will lean to resorption leading to less bone mass. As the result,
this may partly conceal the effect of strontium on the final bone mass in the used
model at late stage (figure 3A-B).

Nevertheless, Sr addition in composite implants elevated the BMP-induced bone
formation in the osteopenic environment to the level of the Con group (Fig. 3),
suggesting the potential of Sr addition to reinforce the bone growth around implants
in osteopenia. It has been suggested that the anabolic effect of Sr on bone formation
is associated with increased osteoblastogenesis of bone marrow stromal cells as well
as the anabolic activities of osteoblast precursors [256]. Further, the positive effect of
strontium-containing scaffolds on the osteogenic differentiation of MSCs derived from
osteoporotic rats has been shown by Lin et al. [122] and Boanini et al. [152].
Considering the sustained strontium release profile of the obtained composite
materials in vitro [298], it is suggested that strontium-containing implants could create
an local ion-rich environment that favours the osteogenic differentiation of nearby
stem cells as well as bone formation in the osteopenic/osteoporotic environment.
However, because the ions surrounding implants may be continuously refreshed by
the circulating body fluid, methods have to be created to verify Sr concentrations at
the implant site in vivo.

We observed that the area of adipose tissue in intramuscular implants tripled in the
OP group along with the decrease of bone formation, as compared to the Con group
(Fig. 3, 4). The increase of bone marrow adipogenesis has been reported in aging,
diabetic or glucocorticoid therapy-releated osteoporosis paralleled with the inhibition
of bone formation [307-311], suggesting that the differentiation potential of
mesenchymal stem cells from osteoporotic individuals shifts towards adipogenesis
[312-314]. Saidak et al. (2002) reported that this tendency can be reversed to
osteogenic differentiation by Sr administration [315]. However, we could not confirm
this because the adipose tissue in implants did not decrease significantly with Sr
content (Fig. 4), while the active osteoblasts were seldom seen in all OP implants
regardless of their Sr content (Fig.5). This suggests that Sr's inhibitory effect on
adipogenesis might be mild in the ectopic model used in this study. Nevertheless,
Sr's inhibitory effect on osteoclastic bone resorption during 12 weeks should be put
into consideration as one factor that may have contributed to the higher bone mass
in Sr-containing implants [79].

115



Chapter 6 Strontium-containing apatite/polylactide composites enhance bone formation in
osteopenic rabbits

Surprisingly, ectopic cartilage formation appeared in the OP group (Fig. 5) but not in
the Con group. This may have influenced the bone formation in the OP rabbits since
the population of osteoblast might be perturbed due the selective differentiation of
stem cells. Further, it suggested that endochondral ossification was involved in the
bone formation in OP group although examinations at early time points are
necessary to confirm this. Although the cartilage occurrence was higher in SrH
implants (Table 2), we could not show statistical significance in the current study
between Sr content and cartilage formation, presumably due to a too small sample
pool. More investigations are therefore needed to address whether this phenomenon
is associated with the Sr content in implants and how this would influence local bone
formation. Taken together, the presence of adipogenesis and chondrogenesis
suggest that ovariectomy and glucocorticoid injection have resulted in a different
differentiation potential of stem cells in the OP group. To the best of our knowledge,
this is the first report showing the osteopenia-associated adipogensis and
chondrogenesis at an ectopic site in vivo.

In this study the materials were implanted in muscle, where the bone was induced by
rhBMP-2. The advantage of the ectopic model is that the de novo bone could be
solely attributed to BMP and implanted materials, rather than to the conductive bone
formation from the site of orthopaedic implantation. It is true that the metabolism of
bone at ectopic site may differ from orthopaedic site. For example, due to the lack of
mechanical loading, the remodelling of bone at ectopic site may largely shift towards
bone resorption [306,316]. Nonetheless, studies have shown that the bone forming
ability of a biomaterial at ectopic site is related to its performance orthotopically
[100,109]. This suggested the clinical relevance of our results although future studies
are necessary to confirm the effectiveness of Sr-containing composites at
orthopaedic site. Meanwhile, in the current study the materials were implanted at the
same time of the initiation of OP model, which focused more on the impact of
strontium on bone formation during the development of OP. Considering the
possibility that OP may have varied anabolic and anti-resorptive responses at its
different stages [317], it would be worthy to include both settings (developing and
mature osteoporotic model) in future experiments to further address the performance
of strontium-containing implants under different methodologies.

6.5 Conclusions

We have demonstrated that, in a validated osteopenia/osteoporosis model, Sr
addition in composite implants increased the rhBMP-2-induced bone formation to a
level comparable to healthy animals at an ectopic site.
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7. General Discussion

The aim of this thesis is to study the effect of trace element additions on the bone
forming ability of synthetic calcium phosphate materials. By incorporating various
trace elements into calcium phosphate materials, we expected a release of the
doped ion, in this way affecting the cellular responses surrounding the implants and
subsequently promote the local osteogenesis. So far the introduction of ions in
synthetic materials have been shown to improve their osteoconductivity
[122,129,132,135,140,142,148,149,199,318-320], but it is not clear whether
osteoinduction may be achieved or whether trace elements may boost the
osteoinductivity of the small group of inductive ceramics [42,98,321]. If
osteoinduction is obtainable by trace element containing calcium phosphates, it
needs to be determined to which extent the inductive bone formation can be
attributed to the doped ions. The work in this thesis shows that the introduction of
foreign ions can either promote (e.g. Zn and Sr) or suppress (e.g. F) the
osteoinductive potential of doped calcium phosphate materials. However, as trace
elements do not only affect ion release but can also change physical parameters
such as surface geometry, the introduction of trace elements in synthetic materials
may function in a much more complicated manner than it may seem. The effect of
trace element addition in synthetic materials in terms of their ion release properties,
physicochemical parameters and resulting contribution to enhanced bone formation
are discussed and summarized in this chapter.

7.1 Do ions play an essential role?

Although improved bone forming ability was seen with certain ion-containing
materials, the introduction of foreign ions provoked multiple parameters that were
known to play a role in cell-material interactions. It is thus difficult to attribute the
improvements to the dopant solely. These parameters include the release of the
dopant, the release of calcium [57] and phosphate ions [322] as well as surface
geometry [112,118].

Nevertheless, only a few studies considered the roles of these “sub factors” when
evaluating the biological performance of ion-containing materials [141] while many
studies ignored [135,136,198]. For example, the change of grain size was noticed
when introducing zinc into calcium phosphate materials, but this change was not
further considered in the resulting biological effect [132,323]. Another example is
silicon, which has been suggested to stimulate the biological performance of calcium
phosphate ceramics mainly via (1) increasing the dissolution rate, (2) generating an
electronegative surface and (3) finer microstructure [121]. However, these changes
can also be tuned by other methods, such as sintering or surface modification, and
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are thus not uniquely related to Si ions. Criticisms were raised because there is
currently no study directly linking the improved biological performance of Si-
substituted calcium phosphate materials to Si release [166], not to mention that
sometimes the release of Siions was not confirmed [129].

In this thesis, we studied the effect of Zn, F and Sr addition in synthetic materials with
an emphasis on their osteoinductive potential. The results suggest that foreign ion
introduction affects both the release of this ion as well as other physical parameters
such as the surface geometry and the release of calcium and phosphate ions.
Because these “side effects” provoked by the substitution of foreign ions are almost
inevitable, there is thus a lack of direct evidence proving the essential role of trace
elements in osteoinduction. Furthermore, considering osteoinduction can be
triggered without trace elements (Chapter 3 and Chapter 4), while many positive
results with trace elements have been obtained at bony sites or with the combination
of BMP [128,147,148,318], the current data suggest that the added ions may not be
the essential trigger responsible for the observed osteoinduction.

On the other hand, there is no denying that trace elements can affect the cellular fate
and bone metabolism. Plenty of in vitro studies have shown that the ions alone are
able to influence the proliferation and guild the differentiation of mesenchymal stem
cells and osteogenic progenitors [71] [73,199,324-326]. The importance of
osteoclastogenesis in de novo bone formation has recently been revealed
[118,242,327] and it can be influenced by trace elements as well. In Chapter 2, the
supplement of zinc ions in culture medium influenced both the TRAP activity and the
osteoclast-like multinuclear giant cells formation of raw264.7 monocyte/macrophages.
Our unpublished data show that a high concentration of Sr can also suppress the
formation of multinucleated giant cells (figure 1). Therefore, it is reasonable to infer
that these trace elements may influence the bone metabolism when these cells were
presented (i.e. when osteogenesis is already triggered).
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Figure 1. TRAP staining light microscopy images of RAW264.7 cells cultured on plastic
plates in the presence of RANKL for 4 days. An image of RAW264.7 cultured without
RANKL (A) was shown as the negative control. The addition of strontium chloride in
the culture medium was shown to suppress the formation of osteoclast-like cells since
the multinucleated giant cells fused from RAW264.7 cells tended to be smaller when
exposed to higher concentration of Sr. This effect is most likely due to Sr** but not CI
because the culture medium contains already about 120 mM CI thus the impact of 5
mM SrCl, on the concentration of Cl” in the medium would be less than 10% [328].

Furthermore, so far little reports have mentioned the effect of Cl" on osteoclastogenesis.

In some ion-containing materials, the effect of the doped ions is the only reasonable
factor responsible for the unique cellular responses. For instance, Barralet et al.
showed that the incorporation of copper ions in calcium phosphate scaffolds could
enhance the formation of microvessels and wound tissue ingrowth [329]. Silver-
doped synthetic materials showed anti-inflammatory activity [330-332]. In chapter 6
of this thesis, we observed increasing chondrogenesis in strontium-containing
composites in an osteoporotic model. These data suggest that trace element dopants
can indeed play a role in the material-cell interactions because so far no physical
cues has been reported to affect the angiogenesis, inflammatory activity or
chondrogenesis.

Taken together, the current data suggest that the introduction of trace elements
influences the bone forming ability of ion-containing synthetics via both the release of
the doped ion and other physicochemical parameters that are changed by the
introduction of ions. In such combined effects, the role of physicochemical changes
might be equally important than the role of the doped ion itself.
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7.2 The role of lon release from trace element-containing materials

Throughout the experimental chapters of this thesis, it was consistently observed that
the release of ions does not increase proportionally with the amount of trace element
addition. This indicates that the stability of foreign ions in the lattice changes with the
substitution level. We have shown that this change depends on the kind of element
inserted. Because the foreign ions cannot fit in the crystal structure of CaP materials
perfectly as compared to the ion they replace, the introduction of foreign ions in
calcium phosphate-based materials is commonly paralleled with either the extension
or the condensation of the lattice leading to changes of chemical stability. In the case
of Zn- and Sr-containing calcium phosphates, their chemical stability decreases
leading to the increase of dissolution rate while the fluoridation leads to the reverse
direction.

The alteration in solubility changes not only the release of the doped ion, but also
tailors the release of Ca?* and PO.* regarding the yields of substitution. Both ions
have been reported to influence osteogenic differentiation of stem cells as well as
bone formation [57,322]. This means in a context of calcium phosphate-based
materials, the effect of trace element doping is always mixed with the potential
influence of Ca?* and PO,®*. Practically this is not a problem since an environment
rich in Ca%* and PO.% may favour the osteogenesis. But scientifically it becomes
difficult to analyse the effect of trace elements in a single factor model.

In case of composites, the situation is more complicated since the release of doped
ion is not only related to the dissolution rate of organic filler but is also depended on
the feature of polymer matrix. This shows the possibility to regulate the intensity and
duration of ion release by selecting different polymers as the matrix. A general
conclusion is that a polymer with lower molecular weight and higher fluid uptake
capacity would allow higher degree of filler dissolution leading to higher ion release.
Additionally, the degradability of polymer matrix may also impact the release of ions
as the hydrolysis degradation of matrix would lead to a reduction of the crystallinity
and molecular weight [188].

The concentrations of ion release needed to induce cellular activities have been
studied mainly using in vitro models [79,333,334]. However, the ion release might be
tightly affected by the in vivo environment because the mechanical loading and the
circulation of body fluid may dramatically differ with the location of implants. For
example, an ion-containing implant in muscles might have completely different
release profile than those implanted in the jaw or condyle. Considering the possible
cellular resorption, the ion release profile in vivo might be very complicated and yet
difficult to monitor. Because of this difficulty, many studies tried to correlate the

124



Chapter 7 General Discussion

optimal in vivo response directly to the content of ions in synthetic materials without
knowing the required concentration for biological responses [129,132].

Besides their effect on the ion release properties of synthetic materials, we have also
observed physicochemical changes along with the introduction of foreign ions, which
will be discussed in the next section.

7.3 Physicochemical changes provoked by ion substitution and their potential
roles

The introduction of trace element in synthetic calcium phosphate materials can
provoke physicochemical changes such as an increase in HA content (Chapter 2)
and water affinity (Chapter 3) as well as the alteration of surface microstructures
[141,323] and apatite crystal aspect ratio [258]. An essential reason behind is that
the atom of trace elements has different atomic radius and electromagnetic forces as
compared to the ion they replace and the insert of foreign ions may interrupt the
growth of the crystal structure and water affinity [43].

The role of surface microstructure in guiding the differentiation fate of mesenchymal
stem cells and osteoclastogenesis has been recently revealed. Zhang and co-
workers showed that the size of the surface microstructure is a crucial parameter that
is sufficient to induce osteogenic differentiation of mesenchymal stem cells [112].
Further, Davison et al. showed that surface architecture can be tuned to control
osteoclastogenesis and resorption activity [118,119]. Although the biological
mechanism behind is still under debate, these data show that the surface geometry
of synthetic calcium phosphates is a controllable cue that may lead to inductive bone
formation.

The interaction between cells and physical parameters such as surface
microstructure has often not been well considered in previous studies and this could
be a major reason for many controversial results [132,135,136,140,198]. When the
role of physical cues is ignored, it is possible that materials with multiple variances
were compared and the results were probably interfered by the varied
physicochemical properties.

In this regard, better designed materials with fewer physiological differences would
be helpful to distinguish the role of doped ions in ion-containing synthetics. In
Chapter 3~6, we proposed composite models to diminish the difference on surface
microstructure by introducing the trace element into amorphous apatite particles and
further embedding such particles in polymer matrices. By using the same kind of
matrix, composites with similar topography but different release of trace elements
were obtained. However, due to the inherent correlation between the chemical
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stability and lattice structures, these series of ion-containing composites still differed
in their calcium and phosphate release. The current data suggested that there may
not be ideal counterparts with only one parameter varied and the role of these sub
factors (e.qg. the surface microstructure) should always be considered when
evaluating the role of ions in trace element-containing materials.

7.4 The role of animal models

The biological differences between animal models may be an additional parameter
when evaluating the effect of trace elements. In this thesis, canine, ovine and rabbits
were employed but rodent and primates models are also often used in osteoinduction
research [104,167,215,242,285,335]. These models showed significantly different
osteoinductive potential [243,251,285]. Ripamonti showed that the amount of de
novo bone formation in hydroxyapatite specimens implanted in baboons was higher
than that in rabbits and canines [285]. Our unpublished data also showed that even
the most powerful calcium phosphate that can induce substantial ectopic bone in
canine and ovine, but failed to induce any bone in rabbit. To better understand the
reason at a cellular level, Akiyama and co-workers showed that the
osteoclastogenesis prior to inductive bone formation on hydroxyapatite implants was
different between canines and rats [243]. These data suggest that the material-
induced cellular response in different species may follow a different biological
mechanism. Following the same logic, the effect of ions may also differ among
species. Little data is available and future studies concerning these issues may be
helpful to define the animal model best fit for showing clinical relevance.

7.5 Future perspectives
o The detection of ions in vivo

To date most release profiles of ion-containing materials are studied in vitro in
physiological solutions such as PBS, SBF or culture medium under periodic
refreshment [65,329,336]. However, it is not clear to which extent the available
concentration at the implant site is related to the release profile obtained in vitro. Due
to the continuous body fluid circulation and the difficulty of in vivo ion detection, little
is known about the biological concentration at the interface or surrounding area of
implants.

So far, atomic absorption spectroscopy (AAS) or inductively coupled plasma (ICP)
have been employed to detect the ion concentration in urine [318], plasma
[337,290,270,338] and bone mineral [290]. However, few methods could locally
monitor the release of ions at the implant site. It has been shown that the mass
distribution of various elements in the selected area on thin histological sections
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could be visualized by using Time-of-Flight Secondary lon Mass Spectrometry (TOF-
SIMS) [149]. Similar results can be obtained by using the high lateral resolution of
energy dispersive X-ray microanalysis combined with scanning transmission electron
microscopy [339], X-ray fluorescence [340,341] and Energy-dispersive X-ray
spectroscopy (EDXS) [342]. These methods could visualize the concentration of ions
in the area of interest, but can only be done after the harvest and histological
processing. This means the result is not live and may be modified due to the complex
processing. To sum up, so far there are few methods to expediently monitor the ion
concentration at the implant site, and all in vitro evidences can only be indirect as
long as the methodology of in vivo detection is not advanced. The ideal tools for the
measurement of local ion concentration should most likely be micro-sensors that can
be implanted along with ion-containing materials, which is currently a thorny point.
Although implantable micro-sensors that can provide continuous measurement in
vivo have been described [343-345], so far they can only measure organic
molecules such as glucose and insulin but not inorganic ions. Progress in such field
could result in powerful tools to determine the optimal content of trace element
additions in substituted biomaterials.

o lon-containing materials in non-osseous fields

Because of the popularity of calcium phosphates in orthopaedic field, it has been
proposed to also use them as drug delivery vehicles in other fields [81]. Antibiotics,
growth factors and bisphosphonate have been considered so far [346,347],
meanwhile increasing interests are directed towards trace element-loaded calcium
phosphates. Dozens of trace elements are shown to affect tissue responses and
their effect can very much vary depending on their particular roles on cell fate and
function. This provides vast potential to use vary trace elements additions to meet
diverse demands in clinic. The application of trace elements is thus not limited to
bone, but also in other fields such as instructing vascularisation [318,329,348-350]
and anti-infection [331,351,352]. For example, the antimicrobial silver (Ag) could
suppress inflammatory responses [330,353,354] and the doping of Ag in calcium
phosphates has shown to reduce the risk of implant-associated infections
[331,351,352,355]. It is known that on the one hand inflammatory response is
important for the recruitment of osteoprogenitors and activation of osteogenic
cytokine secretion [356-358], while on the other hand, excessive inflammation as
well as severe infection after implantation should be avoided. The use of Ag in bone
regeneration materials might diminish the infection and control excessive
inflammatory reactions thus to ensure a proper tissue response. Another example is
the use of copper (Cu) in tissue engineering for early vascular establishment in
scaffolds, which is one of the biggest challenges in tissue engineering field [359].
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Due to the lack of blood vessels in the scaffolds, insufficient angiogenesis will result
in a lack of oxygen and nutrition supply resulting in poor survival of seeded cells and
failure of osteogenesis [360,361]. Cu was shown to promote angiogenesis therefore
the incorporation of Cu in tissue engineering scaffolds might lead to better ingrowth

of blood vessels thus benefit the efficiency of tissue engineering [329,349].

o Smart ion releasing material with multiple trace element additions

Bone contains numerous trace elements and the nature of bone metabolism is
complex [362]. This suggested the synthesis of calcium phosphates with multiple
element additions [363-365], aiming to obtain synthetic biomaterials with combined
improvements. Ideally, a “smart” ion-releasing material should contain various
effective elements. The strategy is to provide the desired ions at different period of
implantation to meet clinical demands. For example, the implant could provide Ag*
shortly after implantation to prevent infection while releasing Cu?* to induce early
angiogenesis. Afterwards it is expected to persistently provide Zn2* or Sr2* during
bone growth and remodelling to promote the proliferation and osteogenic
differentiation of stem cells which may favour the bone formation. However, it has
been reported that the use of multiple ions might result in conflicting absorption and
interactional accumulation of each ion [337,366]. Thus the possible ion-interactions
should be considered when trying to combine the benefits of individual trace
elements.

o From ectopic to orthopaedic

In this thesis the in vivo studies were all conducted ectopically (i.e. through
intramuscular implantation), where mature osteoblasts are not present. Although it is
debatable whether the bone formed at ectopic sites possesses the same
characteristics than osseous sites, the bone formation was conducted by the same
category of cells. At osseous site, bone is secreted by osteoblast phenotype whereas
at the ectopic site undifferentiated osteoprogenitor cells (i.e. mesenchymal stromal
cells) needs to be induced towards osteogenic lineage, either by the material alone
or with the help of BMP-2, to trigger the inductive bone formation. It has been shown
that an osteoinductive material possessing significantly better performance of at the
ectopic model may also perform better at orthopaedic site as compared to
nonosteoinductive materials [100]. This suggests the relevance between the
performance of synthetic materials in an ectopic model and their clinical bone
forming ability at osseous site. The ectopic model provides an efficient way to screen
potential candidates for orthopaedic applications. It is expected that the observed
biological improvement by trace element addition would also reproduced at osseous
site. In view of the potential effect of trace elements on the bone forming ability of
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synthetic calcium phosphate material at the ectopic site, orthopaedic studies are
suggested to further elucidate the efficiency of trace elements on the repair of bone.

In summary, the introduction of trace elements in synthetic calcium phosphate
materials have shown enormous potential in enhancing their bone forming abilities
either directly or indirectly and is also demonstrated in this thesis. The findings
presented here would help to better understand the role of doped ions in the resulting
biological performance and might provide meaningful information for future
researches. In closing, the effect of trace element substitution may vary depending
on the element and the selected carrier, ranging from an osteoinductive material that
can instructively trigger bone formation to an engineered orthopaedic implant that
may provide desired nutritional ions throughout its lifetime.
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Summary

SUMMARY

Autograft, which contains growth factors such as BMP and osteogenic cells, is the
“gold standard” of bone graft yet it is limited in quantity and may cause harvest site
morbidity. Synthetic bone substitutes are not limited in quantity but are not as
efficient. The most promising subsets are calcium phosphate materials since they
allow direct bone binding and growth on their surface (i.e. osteoconduction).

However, many synthetic orthopaedic materials alone cannot induce adequate
osteogenesis at the desired sites, i.e. critical size defects. In this regard, there is a
growing interest to improve the bone forming ability of synthetic bone substitutes with
external additions such as osteogenic cells and growth factors. The surface
microstructure of biomaterials has also been shown to be a controllable parameter
related to their bone forming ability.

The inorganic phase of bone contains trace elements such as zinc (Zn), strontium
(Sr) and fluoride (F), which have been shown to regulate the proliferation and
differentiation of bone cells in vitro. Therefore, by incorporating trace elements in
synthetic bone substitutes, it may be possible to provide a release of the doped trace
element, in this way affecting the surrounding cellular responses and subsequently
promote their bone forming ability.

In this thesis we aimed to improve the bone forming ability of synthetic calcium
phosphate materials by incorporating various trace elements. Three trace elements
(Zn, Sr and F) were studied, with an emphasis on their effect on the biological
performance of calcium phosphate materials in vivo using an ectopic model.

The effect of trace element addition on cellular behaviour has been shown in the past
decades. Less clear is to which extent trace elements can affect bone formation by
synthetic bone substitutes and to which extent these effects can be ascribed to the
release of the doped ions. Starting with Zn (Chapter 2), we found that the addition of
Zn in TCP enhanced the osteogenic differentiation of human bone marrow stromal
cells (nBMSCs), influenced osteoclastogenesis and triggered de novo bone
formation (i.e. osteoinduction) after 12-week intramuscular implantation in dogs.
Adding Zn to tricalcium phosphate (TCP) also caused a reduction of grain and pore
size from 3 um to about 1jum, which has been reported to be related to material-
directed osteoinduction. The observed osteoinductivity due to Zn addition can
therefore not solely be attributed to the Zn release but could also have been due to
these physical changes of the TCP. The results therefore indicated that the addition
of Zn provoked multiple variances that might have contributed to the inductive bone
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formation. In this regard, we aimed for better designed materials with fewer
parameters altered to distinguish the role of doped ions.

In Chapter 3 and 4, composite models were proposed to exclude the role of surface
topography. The trace element was first introduced into apatite particles and a
polymer matrix (i.e. polylactide) was used to embed the ion-containing particles. In
this way, we excluded the surface difference provoked by ion substitution from these
ion-containing composites.

We found that the addition of fluoride in apatite decreased its solubility, leading to
suppressed ion release and in vivo resorption of F-apatite/polylactide composite and
consequently resulted in lower osteoinductivity in sheep (Chapter 3). In contrast, Sr
increased the solubility of apatite and hence the release of Sr*, Ca?* and PO4* ions
(Chapter 4). Moreover, it was shown that when Sr-containing apatite was introduced
in two different polylactide matrices, only the highly amorphous polylactide (PDL04)
supporting higher release of all three ions allowed the osteoinduction to occur after
12-week intramuscular implantation in dogs. These results indicate that the ion
release from these composites is not only controlled by the chemical stability of the
doped apatite but also the water affinity of the polylactide matrices. Further, it pointed
out that the addition of trace elements is always paralleled with the changes in the
release of Caz* and PO4* and that sufficient release of Caz* and PO.% might be
necessary for bone induction to occur.

In Chapter 5, the release of Sr from Sr-apatite/PDL04 composites was shown to be
dose-dependent and consistent for up to 24 weeks in vitro, indicating the
implantation of such materials may provide long-term sustained delivery of the ions.
Mouse bone marrow stromal cells (mBMSc) grown on these materials showed up-
regulated osteogenic differentiation without the addition of growth factors. When the
composites were studied with the combination of rhBMP-2 in a heterotopic model in
rabbits, more bone was formed on composites with higher Sr content, suggesting the
Sr addition in synthetic materials could enhance their bone forming ability.

Bone formation in osteoporotic (OP) patients is impaired, which might result in poor
osteo-integration and surgical failure when implanting bone graft materials. Although
Sr-containing composites were shown to enhance the osteogenic differentiation of
mBMSc and in vivo bone formation (Chapter 5), it was yet to be clarified whether or
not an osteogenic stimulus such as Sr could be effective in OP individuals. In
Chapter 6, we showed that the addition of Sr could elevate the bone forming
potential of materials in OP animals to the level equal to healthy animals, indicating
the effectiveness of Sr addition to locally enhance the bone growth on implants in OP
individuals.
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In this thesis, we showed the potential of trace element addition in enhancing the
bone forming ability of synthetic calcium phosphate materials. This enhancement,
however, can only be partly attributed to the release of the doped ions and/or the
release of calcium and phosphate ions, while the physicochemical changes provoked
by the ion substitution, including surface topography, chemical stability and
resorbability, may also have played a role. The findings presented herein help to
better understand the role of doped ions in ion-containing materials and could
ultimately lead to enhance bone regenerating synthetic bone substitutes.
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SAMENVATTING

Een autogeen bottransplantaat bevat groeifactoren, zoals BMP’s en osteogene
cellen, en is daarom de huidige gouden standaard als bot vervangend materiaal.
Echter, autogene bottransplantaten zijn beperkt beschikbaar en kunnen morbiditeit
veroorzaken op de donor locatie. Synthetische bot vervangende materialen zijn niet
beperkt in hun beschikbaarheid, maar bevatten geen BMP’s en osteogene cellen, en
zijn daarom minder efficiént dan autogene bottransplantaten. De meest
veelbelovende synthetische bot vervangende materialen zijn calcium fosfaat
materialen, omdat deze materialen hebben aangetoond zich aan bot te kunnen
binden, en als matrix kunnen fungeren voor botregeneratie (e.g. osteoconductie).

Synthetische bot vervangende materialen kunnen zelf geen osteogenese induceren
(osteoinductie), waardoor deze materialen nog niet gebruikt kunnen worden bij het
genezen van o.a. grote botdefecten. Er is daarom een toenemende belangstelling

om de osteogene eigenschappen van deze materialen te verbeteren. Dit kan gedaan
worden door osteogene cellen en/of groeifactoren aan deze materialen toe te voegen,
maar het is ook mogelijk de microporositeit, oploshaarheid en andere materiaal
karakteristieken van een synthetische bot vervangend materiaal zo aan te passen

dat deze osteoinductieve eigenschappen krijgt.

De anorganische fase van bot bevat spore elementen waaronder zink (Zn),
Strontium (Sr) en Fluoride (F). Het is aangetoond dat deze spore elementen in vitro
de proliferatie en differentiatie van botcellen reguleren. De osteoinductieve
eigenschappen van een synthetische bot vervangend materialen zou mogelijk
verbeterd kunnen worden door incorporatie van deze spore elementen in deze
materialen. De geleidelijke afgifte van spore elementen tijdens de degradatie van
een synthetisch bot vervangend materiaal zou een omliggende cellulaire response
kunnen inleiden die osteoinductie tot gevolg kan hebben.

Bij ons onderzoek, beschreven in dit proefschrift, is geprobeerd de osteoinductieve
eigenschappen van synthetische bot vervangende materialen te verbeteren door de
incorporatie van verschillende spore elementen in deze materialen. Drie spore
elementen (Zn, Sr, F) zijn hierbij onderzocht , waarbij voornamelijk gekeken is naar
de osteoinductieve eigenschappen van deze materialen in een ectopisch model.
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Het effect van spore elementen op het gedrag van cellen is al eerder aangetoond.
Minder duidelijk is in hoeverre het toevoegen van spore elementen aan bot
vervangende materialen van invloed is op de osteoinductiviteit, en in hoeverre dit
effect kan worden toegeschreven aan de afgifte van de toegevoegde spore
elementen aan het omliggende (bot) weefsel, tijdens de degradatie van het materiaal.
In hoofdstuk 2 hebben we laten zien dat Zn verrijkt tri-calciumfosfaat na 12 weken
i.m. implantatie in honden, de osteogene differentiatie van humane beenmerg cellen
stimuleert en invioed heeft op de osteoclastgenesis, en daarmee de novo botformatie
induceert. Echter, het verrijken van Zn aan tri-calciumfosfaat is ook de oorzaak van
veranderende materiaal karakteristieken, waaronder een reductie van de
microporositeit van het materiaal. Het is bekend dat de reductie van microporositeit
gerelateerd is aan materiaal gerelateerde osteoinductie. De gevonden
osteoinductiviteit kan daarom niet alleen worden toegeschreven aan het toevoegde
Zn, omdat deze kan ook gerelateerd zijn aan de kleinere microporositeit of andere
veranderde materiaal karakteristieken. De resultaten laten zien dat het toevoegen
van Zn meerdere materiaal karakteristieken heeft aangepast die kunnen hebben
bijgedragen aan de osteoinductiviteit van het materiaal. Er is daarom in latere
experimenten gebruik gemaakt van materialen waar minder eigenschappen aan zijn
veranderd om zo alleen de rol van de toegevoegde spore elementen te kunnen
onderzoeken.

In hoofdstuk 3 en 4 worden composiet materialen onderzocht die de rol van de
microporositeit, of andere materiaal karakteristieken, op de osteoinductiviteit van een
materiaal uitsluiten, waardoor alleen de rol van toegevoegde spore elementen kan
worden onderzocht. Hiervoor zijn spore elementen toegevoegd aan een granulaat
van calcium fosfaat die vervolgens zijn ingebed in een matrix van poly-melkzuur.
Door de matrix van poly-melkzuur zijn veranderingen aan de microporositeit, en
andere materiaal karakteristieken, ondervangen waardoor alleen naar het effect van
het toegevoegde spore element gekeken kan worden. Het toevoegen van F aan
granulaat van calciumfosfaat verminderd de oplosbaarheid van het granulaat. Een
verminderde oplosbaarheid van het granulaat leidt tot een verminderde in-vivo
resorptie van het fluor-calciumfosfaat / poly-melkzuur composiet, een verminderde
afgifte van spore elementen in het omliggende weefsel en daarmee een verminderde
osteoinductiviteit (hoofdstuk 3). In tegenstelling tot F wordt de oplosbaarheid van
calciumfosfaat granulaat verhoogd als Sr wordt toegevoegd, waarmee dus ook een
verhoogde afgifte van Sr, Ca en PO4> ionen wordt gerealiseerd (hoofdstuk 4). Na
12 weken i.m. implantatie in honden is aangetoond dat wanneer met Sr verrijkt
calciumfosfaat granulaat wordt toegevoegd aan twee verschillende polymere
matrixen, alleen de amorfe poly-melkzuur (PDL04) een hogere afgifte van al de drie
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ionen te zien gaf, die verantwoordelijk zijn voor de gevonden osteoinductie. De
resultaten laten zien dat de afgifte van ionen door deze composieten niet alleen
bepaald worden door de chemische stabiliteit van het verrijkte calciumfosfaat, maar
ook door de affiniteit met water van de poly-melkzuur matrixen. Verder heeft het ook
laten zien dat het toevoegen spore elementen altijd gelieerd is met veranderingen in
de afgifte van Ca2* en PO4* ionen, en dat de afgifte van deze ionen bepalend kan
zijn voor osteoinductie.

Hoofdstuk 5 laat zien dat de afgifte van Sr vanuit een Sr verrijkt calciumfosfaat /
PDL04 composiet, dosis afhankelijk is, en consistent verloopt gedurende 24 weken
in vitro. Dit is een indicatie dat het implanteren van deze materialen ook een
langdurige afgifte van Sr ionen zal laten zien. Muis beenmergcellen gekweekt op
deze materialen laten osteogene differentiatie zien, ook zonder de toevoeging van
groeifactoren. Wanneer de composieten bestudeerd werden in combinatie met
rhBMP-2 in een heterotopic model in konijnen, werd meer bot werd gevormd op
composieten met een hoog Sr concentratie. Dit suggereert dat het toevoegen van Sr
aan synthetische bot vervangende materialen de osteoinductiviteit kan verbeteren.

Osteogenese bij patiénten met osteoporose is sterk verminderd. Dit kan resulteren in
een slechte integratie van een bot vervangend materiaal in het omliggende
botweefsel en daarmee het mislukken van de chirurgische procedure. Hoewel Sr
verrijkte composieten hebben aangetoond de osteogene differentiatie te stimuleren
van mBMSc en in vivo botformatie (hoofdstuk 5), zal het nog moeten worden
aangetoond of een osteogene stimulatie zoals het toevoegen van Sr, effectief is op
patiénten met osteoporose. In hoofdstuk 6 hebben we laten zien dat het toevoegen
van Sr verhoogde botgroei kan laten zien op implantaten bij proefdieren met
osteoporose, welke vergelijkbaar is met de botgroei van gezonde proefdieren, wat
indicatief is voor de effectiviteit van het toevoegen van Sr op de botgroei bij patiénten
met osteoporose.

In dit proefschrift hebben we laten zien dat het toevoegen van spore elementen aan
synthetische bot vervangende materialen de osteoinductieve eigenschappen van
deze materialen kan verbeteren. Deze verbetering kan maar ten dele worden
toegeschreven aan de toegevoegde spore elementen, omdat materiaal
karakteristieken zoals de afgifte van Caz+ en PO.* ionen, microporositeit,
oplosbaarheid, en andere materiaal karakteristieken, mogelijk ook een rol spelen. De
bevindingen beschreven in dit proefschrift helpen het beter begrijpen te krijgen naar
de rol van spore elementen bij osteogenese en kan uiteindelijk leiden naar
verbeterde osteoinductiviteit van synthetische bot vervangende materialen.
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