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Chapter 1

Introduction: Biomaterials

Classical biomaterials Advanced functional biomaterials



1.1. Biomaterials

Biomaterials are defined as “materials intended to interface with biological
systems to evaluate, treat, augment or replace any tissues, organs or functions of
the body” [1].

Biomaterials have been categorized based on their chemical composition (metals,
ceramics, polymers and their composites), origin (natural or synthetic), form (bulk
materials, particulates, injectables, etc.), degradation behavior (permanent or
degradable) and even based on the time period in which they were developed [2-
5].

From an engineering point of view, the approaches that have been undertaken to
develop biomaterials were determinant for the progression of the field. These
approaches have shown an evolutionary path from conventional, passive
materials that were used to anatomically replace damaged tissues or organs, to
advanced functional biomaterials, which actively play a role in the restoration of
the normal function of the damaged organ or tissue. This chapter summarizes the
evolution of the approaches for developing biomaterials, introduces the main
approach that was followed in the research described here and gives an outline of
this thesis.

1.2. Classical biomaterials

The archeological efforts have demonstrated that the interactions of foreign non-
biologic materials with the human body date back to prehistorical time. However,
sea shell- and metal-based dental replacements are probably the first examples of
biomaterials that were intentionally used for medical reasons. Suture materials,
used for closing large wounds, are another example of the existence of the
concept of biomaterials in early history [3], when the correct terminology and
proper criteria for selecting, producing and using biomaterials did not exist, yet.

Further development of biomaterials was entangled with the recognition of the
concepts of biocompatibility and bio(re)activity. The understanding of such
concepts resulted in an improved success rate of the implanted biomaterials [3-4].
It also opened the door to the use of a wide range of the materials including
metals, ceramics and especially polymers [4-5] in many more applications such as
intraocular lenses, artificial organs, orthopedic and dental implants,
cardiovascular implants, etc. [3]. The development of these conventional medical
devices, which were used to anatomically replace and passively take over the
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function of the damaged tissue or organ, was largely based on the properties that
available materials could offer. The criteria for the desired biomaterials were
defined by the clinical need. By searching among the existing materials, the
material that qualified most criteria was then selected for producing the medical
device or implant. Efforts put in design of the material properties were limited.
While many of the biomaterials from the category of classical biomaterials are
inert and non-degradable, examples exist of bioactive and degradable
biomaterials that have been developed using the conventional approaches. These
materials have been introduced in 1970’s upon realizing that many of the clinical
applications require materials that interact with the human body or are
degradable in time [2].

1.3. Advanced functional biomaterials

Further progress in basic knowledge of the clinical needs has revealed that for
many clinical applications, biomaterials are needed which can aid restoration of
one or more natural functions of damaged tissues. Such developments have set
the stage for the next generation of biomaterials, the so-called functional
biomaterials.

Functionality of a biomaterial is simply defined as the fitness for use in a clinical
need [2]. In the context of biomaterials development, functional or advanced
functional biomaterials are defined as the ones with added functionalities, which
inherently do not exist in the material.

While the conventional methods were dependent on finding a biomaterial that
offers the desired properties, the functional biomaterials are formulated and
fabricated based on the required criteria via either processing-driven or design-
driven approaches [6].

The processing-driven approaches aim at varying natural properties of the
biomaterials in a controlled manner by changing and manipulating the processing
parameters. The use of sintering conditions to control microstructure of ceramic
materials, which in turn affects their bioactivity in orthopedic applications is a
simple example of such an approach [7].

Design-driven approaches are based on the fundamental knowledge of the
interactions between individual material properties and the biological system [6].
Here, the advanced biomaterials are developed by combining different types of
materials and technologies, to develop implantable constructs with superior

properties and/or improved functionality. Examples of such an approach include
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the use of surface modification techniques [8] or the combinations of two or more
biomaterials in the form of coatings [9-10] or monolithic and assembled
composites [11-12]. Another example is the application of microtechnology
techniques, such as soft embossing, to develop polymers with (surface) structural
properties of ceramic materials [6].

1.4. Functional biomaterials for bone regeneration

Several methods have been used for developing functional materials for bone
repair and regeneration. Incorporation of the appropriate cues into the
carrier material that induce or stimulate new bone formation, such as surface
topographical features, recreation of the topographical context of native
extracellular matrix and application of peptides have been introduced as
approaches for enhancing biofunctionality of biomaterials for bone
regeneration [13-14].

Stabilizing osteogenic differentiation-related growth factors onto and
delivering them from bone graft substitutes is another promising approach to
improve bone regenerative potential of biomaterials. This includes the
addition of compounds that directly stimulate new bone formation (e.g.
osteoinductive bone morphogenetic proteins 2 and 7) or those that are
indirectly involved in bone regeneration by stimulating other relevant process
such as vascularization [15-16]. Such biological growth factors are usually
proteins and their use is associated with high cost and stability issues.
Therefore, increasing effort are invested in developing alternatives to such
growth factors, in the form of small molecules and bioinorganics.
Bioinorganics are simple, inorganic compounds, which are often present in
the human body in trace amounts, and are known to be important in normal
functioning of organs and tissues [17]. In their role of therapeutics, or
compounds used to stimulate regenerative processes, bioinorganics are often
referred to as “synthetic growth factors” owing to their inorganic nature [17].

1.4.1. Bioinorganics-based biomaterials for bone regeneration

Initial interest in application of bioinorganics as potential therapeutics stems from
epidemiological and nutritional studies, which showed the effects of changes in
the systemic ion levels, on normal functioning of organs and tissues [17]. Inspired
by the composition of inorganic phase of bone, being itself a carbonated-apatite
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that contains considerable amounts of bioinorganics such as sodium, fluoride,
chloride, magnesium, strontium, zinc, copper, etc. [18], these bioinorganic ions
have emerged in the past decades as a potential therapeutic option for bone
regeneration [18]. Although the existing data about bioinorganics and their direct
and indirect effects on bone formation and remodeling have demonstrated their
potential as effective and inexpensive therapeutic factors, the research in this
area is still in its infancy. The exact underlying mechanisms of the observed effects
of selected bioinorganics on bone metabolism are not fully understood and are
considered an important topic for fundamental research. While systemic delivery
of bioinorganics, including oral administration, has been employed clinically,
recent research efforts have been invested in local, controlled delivery of these
compounds.

1.4.2. Strategies for local delivery of bioinorganics

Currently, the common strategies to locally deliver bioinorganics relevant to bone
regeneration are based on their incorporation into bone graft substitutes, such as
CaPs or bioactive glasses [19-20].

CaPs possess a strong ability to host foreign ions in their structure. The level of
substitution of calcium or phosphate ions by another ion is largely dependent on
the properties of the dopant, such as its atomic radius [21]. The release of the ion
from such a material is dependent on both the efficiency of substitution and the
solubility of the ceramic phase [22-23]. Similar to CaPs, silicate- and phosphate-
based glasses are commonly used for local delivery of bioinorganics to aid bone
repair and regeneration. The degradation rate of this class of materials can be
controlled over several orders of magnitude by alteration of the glass composition
[24], which is important in order to keep the amount released within the
therapeutic window. By incorporating bioinorganics into CaPs and bioglasses, they
become a structural component of the ceramic. As such, they can significantly
affect the physicochemical properties of the host material, including crystallinity,
solubility and mechanical properties. Furthermore, the release of the bioinorganic
of interest is always accompanied by the release of other constituents of the
carrier material. It is therefore difficult to distinguish between the direct chemical
effects of the bioinorganic, from the indirect effects caused by the modification of
the physicochemical properties of the carrier material upon incorporation of the
bioinorganic.



Unlike CaPs and bioactive glasses, incorporation of bioinorganics into polymeric
biomaterials has only been explored in a limited number of studies [25], despite
the fact that these materials offer much more flexibility for controlled local
delivery. For example, polymer-based delivery platforms offer a more controlled
system for studying the effects of single ions or a selected combination of ions.
Furthermore, combinations of polymers with bioinorganics and ceramics opens
new possibilities in improving various functionalities of synthetic bone graft
substitutes, while retaining their synthetic character.

1.5. Outline of this thesis

To date, research and development of bioinorganics-functionalized bone graft
substitutes is associated with a number of scientific questions, such as:

- Which bioinorganic or combination of bioinorganics is best suited for
bone regeneration?

- What concentrations of the bioinorganics are efficient and non-toxic in
this application?

- What are the mechanisms of actions of the bioinorganics for enhancing
bone regeneration?

- What material is the best to be used as carrier for bioinorganics?

- How do bioinorganics affect the physicochemical properties of the host
material?

- What are the boons and banes of bioinorganics-modified bone graft
substitutes as compared to the existing bone graft substitutes such as
biological growth factors-based systems?

The aim of this thesis is to provide the answers to some of these questions, which
will contribute to the knowledge required to develop successful, comprehensive
synthetic substitutes for patient’s own bone that is still considered the gold
standard in bone regenerative strategies.

Following this introduction, Chapter 2 of this thesis presents an overview of the
roles of bioinorganics in natural bone formation and remodeling and reviews the
current position of CaP ceramics with bioinorganic additives in bone regenerative
strategies. Furthermore, it critically discusses the safety of some of the commonly
used bioinorganics in such applications and gives some future perspective of the
field.



In Chapter 3, two different methods of combining a polymer with CaP ceramic, i.e.
a biomimetic coating method and a physical powder mixing method, are
compared. The aim of this study is to to investigate the effect of each phase on
the osteogenic differentiation of human mesenchymal stromal cells (hMSCS), a
clinically relevant cell type for bone regeneration, and to develop the best carrier
for bioinorganics to be used in the studies described rest of the thesis.

In Chapter 4, the validated CaP coatings are used as carriers for strontium (Sr**)
ions to study their effect on growth and osteogenic differentiation of hMSCs. Sr**
was selected for its proven role as an anti-osteoporotic agent. For assessing the
efficiency of the CaPs with bioinorganic additives, the results of this experiment
are compared to those in which Sr** ions were directly added to the medium in
comparable concentrations.

Chapter 5 investigates the possibility of combinatorial incorporation of
bioinorganics into CaPs to simultaneously affect different biological processes
related to bone regeneration. In this chapter, the biological response of hMSCs to
fluoride (F) and cobalt (Co*) ions, individually or in combination is studied by
direct supplementation to cell culture medium or by incorporating them into CaP
coatings used as cell culture substrates. The rationale for using these two
elements was their proven positive effect on osteogenesis and angiogenesis,
respectively,

While Chapters 3 to 5 focus on the in vitro effects of bioinorganics on the
osteogenic/angiogenic differentiation of hMSCs, Chapter 6 describes an in vivo
study. In this chapter, the effect of Co* incorporation into CaPs coatings
deposited on poly(lactic acid) particles is assessed on neo-vascularization in an
intramuscular goat model.

A proof of principle for the use of polymeric microspheres as a carrier for
bioinorganics is presented in Chapter 7. This study shows the possibilities that
such a system offers as a platform for testing the biological effects of individual or
cocktails of bioinorganics. It furthermore explores the use of microspheres for
local delivery of bioinorganics and as new bone grafts substitutes.

Finally, Chapter 8 is dedicated to an overall discussion of the data presented in
the experimental chapters of this thesis and contains a number of concluding
remarks.
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Chapter 2

Calcium phosphate ceramics with inorganic additives

Bone Tissue
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Abstract

The use of inorganic compounds as synthetic growth factors is a promising
approach for improving the biological properties of existing synthetic bone graft
substitutes such as calcium phosphates. In this chapter we have described some
of the inorganic additives that may improve the capabilities of calcium
phosphates, and help bridge the gap towards autograft’s performance known as
gold standard for bone regeneration. This chapter focuses on the specific roles of
bioinorganics in processes related to bone formation and resorption and how
these modify the biological properties of calcium phosphates, and finally provides
insight into the future of this field.
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2.1. Introduction

Regenerative medicine is a broad field that aims to restore, rather than replace,
the function of damaged and degraded organs and tissues. This exciting field has
shown great potential to date, and is becoming increasingly important due to an
aging population. In the areas of orthopedic and craniomaxillofacial surgery there
is a high demand for bone regeneration strategies and materials. Tumor removal,
infections, trauma, as well as spinal fusion, are frequently performed surgeries in
the clinic where a bone graft may be needed. Currently, there are many options
for the treatment of bone defects, including natural bone grafts, synthetic bone
graft substitutes, and tissue-engineered constructs (Figure 1).

2.2. Bone

Bone is a highly specialized, hierarchical form of connective tissue that performs
many functions within the body. Muscles and tendons attach to bone to facilitate
skeletal locomotion, bone provides a rigid structure to protect vital organs of the
cranial and thoracic cavities, and is storage pool of differentiated and multipotent
cells within the bone marrow. In addition to these functions, bone also acts as a
reservoir for calcium and phosphate, available for the homeostatic regulation of
these elements throughout the body [1].

Morphologically, two forms of bone exist, being cortical and cancellous bone.
Cortical bone has a dense, low porosity structure that forms complete bones, or
as an outer shell of the porous cancellous bone. Cancellous bone can be found
within the epiphyses of long bone, or bone within the ribs and spine. Cancellous
bone has a highly porous structure (>75%), with numerous interconnected small
bone trabeculae that orient themselves according to the loading environment.
Bone comprises several cell types, predominantly osteoblasts, bone lining cells,
osteocytes, and osteoclasts. Osteoblasts and bone lining cells originate from local
or migrating osteoprogenitor cells of mesenchymal origin, with the main function
of osteoblasts being osteoid deposition. This organic, mainly collagen matrix, is
mineralized as the bone matures, which embeds the osteoblast within the
mineralized matrix, transforming the osteoblast into an osteocyte. The larger
multinucleated osteoclasts, of hematopoietic origin, are responsible for the
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resorption of bone. This ongoing matrix formation by osteoblasts, and matrix
resorption by osteoclasts, forms the basis of the continual remodeling of bone.

) * o $
Autografts Allografts Xenografts

I | |

Natural bone grafts

Bone Regeneration

Strategies

Tissue-engineered Synthetic bone grafts
constructs substitutes
Growth factor-and cell- Cell-based Growth factor-based Ceramic Metal Polymer Composites

based

’ ,;.ﬁ ¥ |S v
j ’::E ) ~
=g
| Combined strategy |

|

Calcium phosphate ceramics
with bioinorganics

Figure 1. An overview of the current strategies in bone repair and regeneration. Calcium
phosphates combined with bioinorganics represents the coordination between ceramic
scaffolds and growth factors. In this case, bioinorganics perform the cell signaling function
of biological growth factors.

By weight, bone contains approximately 60% mineral, 10% water, and 30%

organic matrix. Type | collagen constitutes ~90% of the organic matrix, with the
remaining 10% made up of proteoglycans and numerous noncallogeneous
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proteins, such as osteocalcin, osteopontin, osteonectin, bone sialoprotein,
decorin, and biglycan [2, 3].

The mineral, inorganic component of bone mineral consists of a non-
stoichiometric AB-type carbonated apatite, with the exact composition varying
depending on the location and function in the body, and age. Carbonate is the
most abundant substitute in biological apatite crystal lattice, accounting for 2—8
wt% of total bone mineral content [4, 5]. Apart from calcium, phosphate, and
carbonate, the inorganic phase of bone also contains a great number of inorganic
compounds in varying quantities. Therefore, the strong interest exists in
incorporating inorganic elements with calcium phosphates (CaPs).

2.3. Current methods in bone regeneration
2.3.1. Natural bone grafts

Autograft is the well-established gold standard for bone defect healing, due to it
meeting the majority of requirements for successful bone regeneration. These
requirements are traditionally grouped as: osteoconductive, which facilitates cell
attachment and infiltration through the porous structure; osteoinductive, by
providing signaling molecules capable of initiating osteogenic differentiation of
osteoblast precursors; and osteogenic, by directly supplying the relevant
osteogenic and osteoprogentior cells [6-10].

Despite the bone healing efficacy of autograft, several drawbacks are associated
with its use. These include additional surgical procedures, increased risk of
infection, increased blood loss, limited quantity, and donor-site hypersensitivity
or morbidity [6, 8,9, 11-15].

Other natural bone grafts, including allografts and xenografts, are available in
greater quantities, but their basic performance is inferior to that of autografts [9,
14, 16-18]. Further, processing of these materials is required to limit detrimental
host immunogenic responses [19, 20].

2.3.2. Synthetic bone graft substitutes

Synthetic bone graft substitutes present an attractive alternative to natural bone

grafts. Many of these materials are available in unlimited quantities, with off the

shelf availability. More importantly, these materials can be selected and tailored
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to avoid negative immunogenic responses, and in many cases even provide
benefit to the local environment. Three material types have all been used in
orthopedic devices and as bone graft substitutes, being metals, polymers, and
ceramics, and their combinations thereof. Of these, CaP based ceramic materials
are of particular interest for bone regeneration.

2.3.2.1. Calcium phosphate ceramics

CaP ceramics possess a chemical composition similar to that of bone and tooth
mineral. In addition to their excellent biocompatibility, their bioactivity provides
another dimension of functionality. As reviewed by Damien and Parsons [8],
various CaP biomaterials have shown distinct clinical success. Hydroxyapatites
(HA), either derived from natural sources, such as coral and bovine bone, or of
synthetic origin, have been successfully used for clinical applications. Owing to its
low resorption rate, HA has proven to be a good material for alveolar ridge
augmentation, pulp capping, and filling of periodontal defects. Conversely, the
use of autologous bone, which is resorbable, has been found to be less than
optimal in such cases. Within the field of orthopedics, porous HA blocks have
been used for filling bone defects remaining after tumor excision, as well as in
spinal fusion of vertebral bodies. Tricalcium phosphate (TCP) is another widely
used ceramic, particularly in applications where a greater rate of material
degradation is required. Dental applications of TCPs include the filling of defects
due to periodontal loss, as well as repairing cleft palates. In orthopedics, TCP has
been used in for many augmenting bone defects, and also in cases of spinal
fusions. A ceramic receiving more recent attention is biphasic calcium phosphates
(BCP), consisting of HA and TCP. By altering the ratio of HA to TCP, variable rates
of degradation can be achieved. In addition to the uses mentioned herein, BCP
has been clinically tested to aid in the treatment of patient with scoliosis, and for
the filling of bone defects after tumor removal. While many phases of CaPs are
available, this feature is only one facet of the performance of CaPs.

Currently, CaP ceramics can be produced in various forms including particles,
dense and porous scaffolds [21, 22], and in many more defined shapes using
additive manufacturing techniques [23]. Their microstructure known to play an
important role in the bioactivity of CaP ceramics in vivo, can be modified by
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controlling the production process parameters [24]. Figure 2 shows an example
of CaP ceramic particles (a), macro- (b) and micro-structure (c) of porous CaP
ceramic, and its bonding to bone (d), which is indicative of the material’s
bioactivity.

An important limitation of ceramics is their intrinsic brittleness. As a major
function of bone is based on its mechanical properties, restoring this is essential
to restore the bone’s function. However, due to the brittle nature of CaPs, their
application is limited in load-bearing applications. To overcome this limitation,
and tailor the graft’s properties, combinations with both metals and polymers are
possible [25-32]. Although, while such composites or coatings may be
mechanically beneficial, these will inherently change the bioactivity potential,
making the balance between multiple considerations important for such bone
graft substitutes.

2.3.3. Tissue engineering

Despite intensive research and continuous improvements of synthetic
biomaterials, to date there is still no equivalent to autograft. The
osteoconductivty of bone graft substitutes is generally inferior, and their
mechanical properties are commonly an issue to overcome [8, 16, 33-35]. Tissue
engineering, originally defined by Langer and Vacanti [36], as an “interdisciplinary
field that applies principles of engineering and life sciences toward the
development of biological substitutes that restore, maintain, or improve tissue
function”, has been considered a promising technique to develop successful
alternatives to autograft. To achieve this goal, classical tissue engineering
approaches rely on the concept of incorporating cells, scaffolds and signals, in an
attempt to construct materials with properties and function similar to that of
natural tissue.

In relation to bone tissue engineering, rather than using a bioactive CaP ceramic
that resembles bone mineral, an additional step is made to add cells and/or
growth factors to the ceramic, creating thereby a construct that resembles both
the mineral and organic components of bone. Bone tissue engineering constructs
most often consist of a synthetic carrier loaded with molecules or proteins
capable of providing favorable cell signals, and osteogenic cell precursors [36].
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To date, numerous growth factors have been identified and subsequently
produced by recombinant gene technology. Most notably, these include bone
morphogenetic proteins (BMPs) and other members of the transforming growth
factor B (TGF-B) family, fibroblast growth factors (FGFs), platelet-derived growth
factors (PDGFs), and insulin-derived growth factors (IGFs). Multiple studies have
shown that such growth factors have several stimulatory and regulating effects
on cells from the osteoblastic lineage. These in vivo studies have demonstrated
that some factors can induce bone formation and/or stimulate bone healing.
Kirker-Head has reviewed the application of BMPs in a number of animal models
at various orthotopic sites, such as in spinal fusions, long bone defects,
mandibular and cranial bone defects, fracture healing, as well as periodontal
regeneration, alveolar ridge augmentation, and osseointegration of dental
implants [37]. In addition, various preclinical and clinical studies have shown
positive effects of BMPs in nonunions and segmental defects, such as in tibial [38,
39] and femoral defects [40].

The combination of autologous cells with carriers is another way to produce
tissue-engineered hybrids. Various cell types such as calvarial [40, 41] and
periostal cells [42, 43], osteoblasts of trabecular bone [44, 45], chondrocytes
[46], and vascular pericytes [47] have been tested as potential sources of bone-
forming cells. Nevertheless, the most widely used source of osteogenic cells is
bone marrow. Bone marrow has been recognized as a source of osteoprogenitor
cells able to differentiate towards bone-forming cells when cultured under
appropriate conditions [48-51]. In addition, bone marrow has been shown to be
the most abundant source of osteoprogenitor cells, which possess high
proliferative ability and great capacity for differentiation [52, 53]. Studies in
rodents have demonstrated the feasibility of the tissue-engineered hybrids,
consisting of a carrier and bone marrow stromal cells, implanted in both ectopic
[54, 55] and orthotopic sites [54-58]. In larger animals, there are many studies
that demonstrate the biological performance of the tissue-engineered hybrids,
also in ectopic [59-61] and orthotopic sites [62-64]. In a small number of studies
in which cell-based tissue-engineered constructs have been tested in humans,
the results obtained have had varying degrees of success [65].
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Figure 2. Calcium phosphate ceramic: (a) digital micrograph showing ceramic particles, (b)
low magnification scanning electron microscopy micrograph of an open porous
macrostructure, (c) high magnification scanning electron microscopy micrograph showing
microstructure with ceramic grains among which micropores are found, and (d) light
microscopy micrograph of a histological slide showing bone that has formed inside the
ceramic pores and is in close contact with ceramic surface.

Although both growth factors-based and cell-based tissue-engineered constructs
have shown the capability to enhance bone formation when implanted
orthotopically, their biological performance is largely dependent on the construct
carrier. For example, when BMPs are implanted without a carrier, they are
reported to diffuse too rapidly to be able to induce or to enhance new bone
formation. Further, the amount of BMP necessary to achieve a certain dose in
vivo is also carrier dependent [66-68]. Similarly, a suitable carrier is a prerequisite
for the success of a cell-based tissue-engineered construct. Further, the findings
of the clinically relevant studies suggest that the effect of tissue engineering is
moderate and may be irrelevant at long-term implantation intervals. The tissue-
engineering technique is also associated with some drawbacks. The production of
recombinant growth factors, collection and transport of the biopsies, and culture
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of autologous cells are some of the many factors that make tissue-engineering
time, money, and labor consuming.

2.4. Improvement of synthetic bone graft substitutes

From this overview of the current status of bone regeneration strategies, the
following summary can be made: (1) autologous bone is the gold standard with
regard to biological performance, but its limited availability and other issues
creates a need for comprehensive alternatives; (2) synthetic bone graft
substitutes have a great advantage of being available in large quantities off-the-
shelf and relatively inexpensive, but their current biological performance is
inferior to autograft; and (3) tissue engineering is a strategy with great
possibilities, but owing to its complexity, extensive research is needed before
tissue engineering can be widely applied in the clinic.

For material scientists, a real challenge lies in the improvement of the biological
performance of the existing bone graft substitutes, while retaining their synthetic
character. In this chapter, the potential use of inorganic additives to bone graft
substitutes will be discussed as ‘synthetic growth factors’ (Figure 1). These
inorganic additives are compounds found in bone mineral as trace elements. As
mentioned previously, the inorganic component of bone is a nonstoichiometric
HA, mainly consisting of calcium (36.6 wt%), phosphorus (17.1 wt%), and
carbonate (4.8 wt%). In addition, a number of other components are also found
in bone minerals, such as sodium (1 wt%), potassium (0.07 wt%), fluorine (0.1
wt%), chlorine (0.1 wt%), magnesium (0.6 wt%), and strontium (0.05 wt%) [69]. In
an early work by Becker and coworkers, a presence of alumunium, copper, iron,
manganese, lead, silicon, tin, vanadium, and zinc has also been determined in
human bone [70]. In 1997, El-Amri and El-Kabroun used neutron activation
analysis and showed that also barium and bromine are present in human bone
[71]. Most of these elements have an effect on properties of bone mineral, such
as its mechanical and degradation properties. In addition, a number of these
elements can influence processes of angiogenesis, bone formation, and
remodeling, all of which are of importance in the field of bone regeneration. One
of the best examples of trace elements used in bone regeneration and bone-
related diseases is the clinical use of strontium ranelate in patients with
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osteoporosis. However, there is also evidence that other elements can influence
processes related to bone formation and remodeling. Here, three metallic
components (cations), namely, zinc, copper, and strontium, and two nonmetallic
components (anions) of bone, namely, fluoride and carbonate, are discussed in
relation to their potential use for bone regeneration. The occurrence of these five
ions in bone is summarized in Table 1. Their importance will be discussed in
regards to bone metabolism, and a literature review will be given on their effect
on the processes related to bone formation and remodeling. Furthermore, a
number of methods will be discussed on how these elements can be incorporated
into CaP-based ceramics. This continues with an overview of studies in which
ceramics with additives have been tested for bone formation and resorption.
Finally, some future perspectives in the search for and investigations of ‘synthetic
growth factors’ will be given.

2.5. Trace elements in bone metabolism and processes related to bone
formation
2.5.1. Zinc

The amount of zinc in the human body is relatively low, between 1.4 and 2.3 g, at
a biochemical level; however, its importance has been proven in a number of
physiological processes [72]. Zinc is required for the activity of over 300
metalloenzymes, including those involved in nucleic acid and protein synthesis,
cellular replication, immune function, and antioxidant systems [73]. It is a
constituent of various enzymes and proteins such as alkaline phosphatase (ALP),
lactate dehydrogenase (LDH) and carbonic anhydrase, steroid hormone
receptors, and transcription factors [74, 75].

Around 1400 zinc-finger proteins exist that participate in the genetic expression
of a range of proteins [76]. The amount of zinc in bone is relatively high as
compared to that in other tissues. As reviewed by Colhoun and coworkers,
human bone ash contains between 150 and 250 pg g™ zinc, depending on the
location in body. Zinc deficiency is associated with a number of skeletal anomalies
in fetal and postnatal development, such as depressed bone age, which can be
treated with zinc supplementation. It was demonstrated that nutritional zinc
deficiency results in a decrease of zinc concentrations in bone.
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Table 1.0ccurrence of zinc, copper, strontium, fluoride, and carbonate in bone

Element Content

Zinc 60-85 ppm (in ash of human cortical bone) [70]
153-266 ppm (in ash of various human bones) [72]
54-315 ppm (in lyophilized human bone) [71]

Copper 5 ppm (in ash of human cortical bone) [70]

Strontium 62—130 ppm (in ash of human cortical bone) [70]
11-418 ppm (in lyophilized human bone) [71]

Fluoride 0.1 wt% (in mineral of bovine cortical bone) [69]
0.08-0.69 wt% (in ash of human iliac crest bone) [9]

Carbonate 4.8 wt% (in mineral of bovine cortical bone) [69]
5.1-5.8 wt% (ash of human iliac crest bone) [77]

Early studies indicated an increase in the uptake of zinc in the region of bone
healing, in particular, when in close proximity to the sites of calcification, as well
as during ectopic bone formation, suggesting the influence of zinc in osteogenesis
[72]. The role of zinc within bone has been shown to be twofold: (1) zinc plays a
structural role in the bone matrix that consist of HA crystals, which contain zinc
complexed with fluoride and (2) zinc is involved in the stimulation of bone
formation by osteoblasts and inhibition of bone resorption by osteoclasts [78].

Yamaguchi and coworkers, for example, showed an increase in Runx-2,
osteoprotegerin, and regucalcin mRNA expression by MC3T3-E1 osteoblast-like
cells in the presence of zinc sulfate, at concentrations of 10°~10™* M [79]. More
recently, Kwun and colleagues showed that zinc deficiency reduced the
osteogenic activity of MC3T3-E1 cells in vitro. This deficiency decreases bone
marker gene transcription through reduced and delayed Runx-2 expression, and
by a reduction of extracellular matrix mineralization through a decrease in ALP
activity [80]. The effect of zinc on human osteoblast-like cell line Sa0S-2 was also
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investigated, and it was observed that both ALP expression and the formation of
mineral nodules were stimulated in the presence of zinc, at concentrations of 1
and 10 pM, but inhibited at concentrations higher than 25 uM [81]. When
primary murine bone marrow stromal cells and osteoblast were treated with zinc
at concentrations of 10™° M and lower, no effect was observed on proliferation,
and an inhibitory effect was shown on both osteogenic and adipogenic
differentiation [82].

As recently reviewed by Yamaguchi, zinc has been shown to have an inhibitory
effect on bone resorption in tissue culture systems in vitro and to suppress
osteoclastogenesis of osteoclastic cells derived from the bone marrow [83].

2.5.2. Copper

Copper deficiency is generally associated with syndromes of anemia and
pancytopenia, as well as with neuro-degeneration in humans and other
mammals. In the metabolism of the skeleton, copper performs a key catalytic
function in the first step of the maturation of collagen to form stable fibrils [84,
85].

This effect can be attributed primarily to the copper-dependent enzyme lysyl
oxidase, for which copper acts as cofactor. Lysyl oxidase is required for the
formation of lysine-derived cross-links in collagen and elastin [86]. Several
reports suggested that mild copper deficiency may contribute to bone defects
such as osteoporotic-like lesions and bone fragility in humans and animals [87,
88], as well as to a variety of bone developmental defects in preterm infants [89].
Oral supplementation with copper, however, resulted in complete healing of
fractures and an improvement in other bone defects [89].

Copper was shown to affect both the proliferation and differentiation behavior of
mesenchymal stem cells (MSCs) in vitro. It decreased the proliferation rate of
MSCs and induced an increase in their differentiation towards the osteogenic and
adipogenic lineages [90]. Copper was also reported to affect the timing ALP
activity expression, which reached its maximum earlier than in the controls
without copper.

Copper also plays a role in the inhibition of bone resorption through its action as
a cofactor for superoxidase dismutase, an antioxidant enzyme containing a zinc
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and a copper atom, which acts as a free radical scavenger, neutralizing the
superoxide radicals produced by osteoclasts during bone resorption [78]. While
an inhibition in osteoclast function was observed in copper-deficient animals [91],
Wilson suggested that higher concentrations of copper in cell culture medium
(10~ M copper sulfate) reduced bone resorption and inhibited hydroxyproline,
protein, and DNA synthesis in vitro [92].

In a number of studies, copper was also shown to have an effect on angiogenesis,
a process that is of great importance in bone regeneration. Angiogenesis is
essential for the survival of osteoblasts, as well as for the regulation of fracture
healing and bone remodeling [93, 94].

Previous reports have also shown that copper can enhance growth of endothelial
cells in vivo [95-97], and copper found in wound tissues is known to be involved
in the generation of free radicals during tissue regeneration [98].

2.5.3. Strontium

Strontium is, similar to calcium, a group lla element and, from a chemical point of
view, they behave similarly. Although strontium is not an essential trace element,
a substantial amount of research has been performed on its properties and
effects due to its chemical analogy to calcium. Strontium is a bone-seeking
element, of which 98% in the human body can be found in the skeleton [99]. It is
therefore not surprising that among the trace metals present in human bone,
strontium was the only one that was correlated with bone compressive
strength[100, 101]. Strontium was shown to have dose-dependent effects on
bone formation, which was further affected by the presence or absence of renal
failure. While low doses (0.19-0.34% in drinking water during 9 weeks) were
reported to improve the vertebral bone density and stimulate bone formation in
rats with normal renal function [102-104], high doses (> 0.4% in drinking water)
were shown to have deleterious effects on bone mineralization [102, 103].
However, in animals with chronic renal failure, 0.34% of strontium (as chloride
compound) in drinking water induced a bone lesion histologically characterized
as osteomalacia [105]. This and further studies on a similar model showed that
the effect of strontium is complex and dose dependent.
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Similarly, a dose-dependent effect of strontium was also observed in cell culture
experiments. Studies with primary osteoblasts isolated from fetal rat calvaria
showed that at low doses (1 pg ml™ strontium in the culture medium), reduced
nodule formation occurred in the presence of intact mineralization. At an
intermediate concentration (5 ug ml™), no effect was observed, while at high
concentrations (20-100 pug ml™), intact nodule formation was accompanied by
reduced mineralization [106].

Strontium was also shown to reduce excessive bone resorption in rats with
osteopenia, which was associated with a decrease in the number of osteoclasts
[107]. Further, Baron and Tsouderos showed that a distrontium salt, S12911,
dissolved into the culture medium, inhibited osteoclast differentiation and
osteoclast activity in a dose-dependent manner, without affecting the attachment
of the osteoclast [108].

As mentioned before, current clinical use of strontium ranelate for treatment of
osteoporosis is an excellent example of the application of inorganic trace
elements in bone-related conditions. The dual anabolic and antiresorptive role of
strontium ranelate has been described in vitro [109]. As recently reviewed by
O'Donnell and coworkers, there is evidence that supports the efficacy of
strontium ranelate in reducing vertebral and nonvertebral fractures in
postmenopausal osteoporotic women, and in increasing bone matrix density in
postmenopausal women with and without osteoporosis [110, 111].

In addition to the chemical interplay, Blake and Fogelman, and Chavassieux et al.
have previously suggested that strontium renelate prevents osteoporotic
fractures through physical effects associated with an increase in bone hardness
due to Sr** ionic substitution [112, 113].

2.5.4. Fluoride

Fluoride has been recognized as an important ion in mineralized tissues, such as
teeth and bone, for over a century. Initial attention was paid to environmental
overexposure to this element as a cause of crippling bone disease. However,
research that followed led to some major clinical successes, in particular, in
dentistry with eradication of endemic dental fluorosis worldwide and a successful
water and topical fluoridation program that has reduced prevalence of dental
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caries [114]. The role of fluoride in the prevention and control of dental caries in
both humans and animals has been shown to be predominant in the maturation
stage of enamel formation [115-119]. Fluoride was also found to be the single
most effective agent for increasing bone volume in the osteoporotic skeleton
[120] and an effective anabolic agent to increase spinal bone density by
increasing bone formation and mineralization [121, 122].

Similar to strontium, fluoride was shown to have a dose related effect on bone
formation. Low doses of fluoride (50 mg sodium fluoride daily) increased the
trabecular bone density of osteoporotic patients [123-126], whereas a dose of 75
mg day™ had no beneficial effects on bone mineral density in postmenopausal
women [125]. Fluoride intake of 0.8 mg kg™ also stimulated bone formation in
rats [104]. The complex and dose-dependent effects of fluoride, together with
reports of an increase in occurrence of osteoporotic hip fractures related to
regular fluoride intake, were important reasons for the lack of major
achievements of fluoride treatment within orthopedics.

Dose-dependent effects of fluoride have also been observed in vitro. Bellows et
al. demonstrated an increase in proliferation of fetal rat calvarial osteoblasts with
increasing dose of sodium fluoride in cell culture medium in concentrations
between 10 and 500 pM, with higher concentrations being cytotoxic [127]. A
positive effect of 10 uM sodium fluoride on proliferation in culture medium was
also observed on embryonic chick calvarial cells, while no effect was found in
human osteoblast cultures [114]. Recently, a dose-dependent effect of sodium
fluoride was found on the proliferation and differentiation of caprine osteoblasts.
At concentrations below 10 M of sodium fluoride in cell culture medium, cell
proliferation and ALP expression were enhanced, whereas above this dose,
apoptosis occurred and a decrease in ALP expression was observed [128].
Burgener and coworkers suggested that fluoride enhances protein tyrosine
phosphorylation in osteoblast-like cells UMR-106, by enhancing tyrosine kinase
activity, postulating that this signal transduction pathway is involved in the
osteogenic effect of fluoride [129].

The effect of fluoride on the behavior of osteoclasts has been reported in a study
where rabbit primary osteoclasts were cultured on thin slices of bovine bone.
Sodium fluoride in concentrations of 0.5-1.0 mM in medium decreased the
number of resorption lacunae made by individual osteoclasts, as well as the
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resorbed area per osteoclast [130]. It was further shown that suppression of the
resorption was enhanced by increasing the sodium fluoride concentration of the
cell culture medium [131].

2.5.5. Carbonate

Carbonate, together with calcium and phosphate, is a major constituent of bone
mineral. This makes it an interesting potential compound for the treatment of
damaged and degraded bone tissue. Bone mineral of most mammals contains
between about 2 and 8 wt% carbonate [5, 69, 132], depending on the age of the
individual [132]. Type B carbonated apatite (CO;* for PO,> substitution, coupled
with Na* for Ca®* substitution) prevails in biological apatites [132]. A small
amount of CO5” is believed to be a substituent for OH™ groups, known as type A
substitution [133]. Type A to type B ratio in biological apatites is between 0.7 and
0.9 [134]. Introducing carbonate groups in the structure of HA mineral, in
general, results in a decrease of crystallinity and increase of solubility in vitro and
in vivo [135]. Direct addition of carbonate to the cell culture medium will mainly
affect its pH, which is of relatively little interest. Carbonate will therefore be
discussed in more detail in the section on CaP ceramics with inorganic additives.

2.6. Inorganic additives in calcium phosphate ceramics
2.6.1. Methods of preparation

A great advantage of inorganic additives, in comparison with organic compounds
such as growth factors, is their thermal stability. That implies that inorganic
additives do not require physiological conditions to retain their stability and
functionality. However, although standard methods of preparation can often be
used, processes sometimes need adaptations for various additives to be
efficiently incorporated into a CaP ceramic. The method of incorporation
determines the way an element is a part of the ceramic and therewith also the
release profile and the efficiency of the element upon release.

Powder preparation is often a first step in the process of ceramic production.
Depending on the desired ceramic type, the produced powder then undergoes a
number of subsequent processes. For sintered, porous, or dense ceramics, for
example, calcination, slurry preparation, drying, and sintering are frequently the
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steps following powder preparation. In the case of nonsintered ceramics or
cements, powder is often mixed with a liquid phase to initiate setting of cement.
A great number of different coating techniques have been used to coat the
surfaces of the implants with a CaP ceramic layer. The most widely used coating
method is plasma-spraying [136, 137], however alternative methods such as
double decomposition [138], biomimetic [139-142], electrolytic deposition
[143], sol-gel [144-146], laser [147-149], magnetic sputtering [136], and
hydrothermal coating [150-152] have garnered interest in the past few decades.
For a number of these methods, powder is a starting point. For others,
precipitation of the coating directly from a solution is a part of the process.
Inorganic additives are frequently incorporated into a ceramic during the process
of powder production, either by addition of a salt into the solution from which
CaP phase is precipitated, or by adding a precursor containing the additive of
choice into a sol—gel process. Another way of additive incorporation is in the later
stage of ceramic processing, by a solid-state reaction. In this case, a ceramic
powder, such as HA or B-TCP, is mixed with a salt of choice, followed by heating
at high temperatures, which allows incorporation of the inorganic additive into
the ceramic powder.

Metallic ion additives can be doped into the crystal lattice, which is one of the
most widely used methods of incorporation. A maximum exists for the amount of
dopant that can be added, above which impurities are formed.

Zinc, for example, is often incorporated into B-TCP ceramics and results in the
stabilization of the crystal lattice [153, 154]. Other examples of methods used for
preparation of zinc incorporated CaPs are an adapted coprecipitation process
[153, 155], sol—gel reactions with zinc nitrite as a precursor [156] and solid-state
reactions [154] can be indicated.

Similar to zinc, various methods have been use to obtain strontium-doped CaPs,
such as solid-state reaction of strontium carbonate, ammonium phosphate with
B-TCP powders, followed by heat treatment [154]. Strontium has also been added
to HA powders, either by a coprecipitation process or sol-gel method [157, 158].
In contrast to zinc and strontium doping, a relatively limited amount of work has
been done on copper doping of CaP ceramics. Examples of the methods used
include solid-state reaction [159] and precipitation from ionic solutions [142].
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Fluorinated apatite powders can be readily made by adding a fluoride donor
during CaP precipitation process, whereby F~ substitutes the OH™ [160-162],
leading to a reduction in crystal size and an increase in structure stability [69, 77].
Synthetic carbonated apatite type A (COs> for OH™ substitution) has been
successfully produced by using a time-consuming process of sintering HA powder
under CO, supply, or by soaking HA powder in an aqueous solution saturated
with CO, [69].

Preparation of type B (CO;> for PO,> substitution, coupled with Na* for Ca®*
substitution) or type AB, is more complex and occurs predominantly via closely
controlled aqueous precipitation reactions [163-167].

2.6.2. Safety of bioinorganics

The use of bioinorganics for regenerative medicine applications, by using both
systemic delivery systems and local delivery from biomaterials, has been one the
most studied topics in this field in the past decades. However, the issue of the
safety of using bioinorganics is one of the most important to address.

While comprehensive research for analyzing the safety and toxicity of the
bioinorganic-based systems is still demanded, in a number of studies the toxic or
undesired inhibitory effects of bioinorganics using in vitro models have been
reported. The results of these studies suggested that the safety or toxicity of the
bioinorganics is dependent on the species, the duration of use, and most
importantly on the dose of bioinorganic [168].

In 1989, Borovansky and Riley [169] reported the cytotoxicity of the zinc ions for
several cell lines, and at the concentration of approximately 1.25 M. Different
levels of zinc salts have been also reported as cytotoxic dependent on the species
used for testing, including prokaryote cells, algae, invertebrates and marine
animals, as summarized by Ni” Shu’illeabha’in et al. [170]. Conversely, Nilsson
[171] has shown that lower concentrations of zinc ions (0.5-2 mM) resumed the
proliferation of Ciliate Tetrahymena, which is a known model cell system in
cytotoxicology.

In the context of bone cells, exposure of zinc ions dissolved in cell culture medium
(up to 100 mM) or as a coating has been followed by normal growth of the cells
[79, 81]. When incorporated into CaPs, lower concentrations of zinc did not
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compromise the growth of osteoblastic cells, whereas CaPs with more than 1 wt%
of zinc significantly reduced the cell proliferation [155, 172]. Consistently, CaPs
with zinc content of higher than 3 wt% caused inflammation at the implant sites
[173].
Schumacher et al. [174] have shown that the ionic concentration of up to 1mM of
strontium ions in cell culture medium is not only safe to be exposed to hMSCs,
but it also increases cell viability. However, concentrations equal to or higher than
5mM in cell medium substantially decreased cell viability. Similarly, Er et al. [175]
observed the short-term and long-term cytotoxicity of strontium ranelate for
human periodontal ligament fibroblast cells at concentrations higher than
approximately 20 mM, while the concentrations of 10 and 5 mM were reported
safe for this cell type.
Toxic damage to cells caused by the incorporation of strontium into CaPs has not
been observed. This may be due to low concentrations of doping, and limited
dissolution of CaPs, which result in releasing strontium ions in cell culture medium
or implantation sites at concentrations much lower than toxicity thresholds. In
this context, Schumacher and Gelinsky [176] have recently reviewed the material
characteristics of strontium modified calcium phosphate cements (CPCs) and
stated that strontium modification does not induce cytotoxicity. According to this
review, a positive effect of the strontium doping and/or the strontium ions
released from the strontium-modified CPCs was found on cell proliferation and
osteogenic differentiation of various cell types. These included MG63 (human
osteoblast-like cell line), hMSCs and MC3T3-E1 (murine pre-osteoblast cell line).
Only in one case a mild cytotoxic effect of strontium ions on the murine
connective tissue cell line (L929) was detected at higher concentrations of doping
[176, 177].
Similarly, in other forms of CaPs, the cell viability and growth was not negatively
compromised by incorporation of strontium, unless at high concentration of
impregnation [142, 178, 179].
Similar to strontium, cytotoxic effects of copper have been recognized at
relatively high dosages. In vitro cell culture experiments have shown a significant
antiproliferative effect for copper-containing complexes against several human
cancer cell lines. Furthermore, a mild and severe antiproliferative effect on
human umbilical vein endothelial (HUVECs) cells was observed at doses higher
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than 50 and 200 uM of copper compounds, respectively [180]. Emphasizing the
role of the source of ion, copper ions in the form of CuSO, up to the level 500 uM
were shown to increase the proliferation of HUVECs. Furthermore, in vivo studies
have not reported any toxic effect of copper ions administered as salts (CuSQ,),
directly or incorporated into biomaterials [96, 97, 181]. Combined with CaP
carriers, copper ions did not cause any toxicity up to approximately 250 pg in an
in vivo model, while In vivo vascularization and wound tissue ingrowth were
sensitive to the concentration of CuSO,, being enhanced at specific
concentrations [182].
As with other bioinorganics, in vitro studies have shown a dose-dependent effect
of fluoride on proliferation of various relevant cell types. Sodium fluoride levels
up to 500 uM, for example, were shown to be safe for exposing to rat calvaria
cells, while concentrations higher than 1 mM significantly reduced cell
viability, suggesting cell cytotoxicity caused by fluoride ions at this
concentration [127]. Using a cell based quantitative evaluation of the MTT
assay, Qu et al. [128] showed that sodium fluoride at concentrations of 100 uM
and 1 mM suppressed cell proliferation and induced apoptosis in caprine
osteoblasts. Regarding incorporation into CaPs, fluoride ions modification was
shown to promote viability and proliferation of various cell types [142, 183-187].
A slight suppression of cell growth was observed in studies at high concentrations
of the F" doping, which is unlikely to be related to the release of the ions from the
CaPs to cell culture medium, considering that no negative effect on cell viability
was observed in the presence of similar concentrations of fluoride ions directly
added to cell culture medium [188]. It is notable that fluoride substitution may
substantially influence the physicochemical properties of CaPs, which can
indirectly affect the cell attachment and viability [142, 188].
Regarding carbonated CaPs, although release of carbonate may result in pH
reduction in cell microenvironment, previous studies reported a normal or
enhanced proliferation of bone cells on carbonated CaPs [189-191]. Furthermore,
no toxic effect has been found upon implantation of carbonated CaPs in animals
[192-194].
The results summarized above emphasize the role of an administered dose of
bioinorganics as a dominant factor for their safety or cytotoxicity. It is important
to note that this is also dependent on the carrier used, as this influences the
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release profile of bioinorganics, and their final dose exposed to cells or living
tissues.

2.6.3. Biological performance of ceramics containing inorganic additives

In many studies, it has been demonstrated that bioinorganics, added as soluble
ions or incorporated into bone graft substitutes such as CaPs, can directly alter
the cells due to the change in chemistry. These influences are caused by the
essential roles of the ions in cell signaling pathways related to osteoblastogenesis
and mineralization, osteoclastogenesis and bone resorption, and angiogenesis
and vascularization [195]. In this section, release profiles of the inorganic
additives from the ceramics are discussed in physiological conditions, as well as
their effect in in vitro and in vivo systems related to bone formation and
remodeling. Furthermore, the biological effects of the bioinorganics described
below have been also illustrated in Figure 3.

2.6.3.1. Zinc

Studies on the in vitro release profiles of zinc for the zinc-incorporated B-TCP in
simulated body fluid (SBF) showed an initial burst release, followed by a sustained
release over a longer period of time. The amount of zinc released increased with
the increasing zinc content of the ceramic ranging from 0.6 to 6 wt% [196]. The
rate of zinc release was shown to increase when the calcium content of the
release medium was decreased [196].

In a study by Tas et al. it was demonstrated that a presence of zinc in B-TCP in
concentrations of 2900 and 4100 ppm increased viability of murine osteoblast-
like cells, whereas further increase in zinc content had an opposite effect. ALP
activity of these cells was found to reach its maximum on ceramics containing
4100 ppm zinc [197]. Dose-dependent effects on osteoblastic cell attachment and
growth were observed in both zinc-containing HA and B-TCP, with a positive
effect up to 1.5 wt% and a negative effect above this level, possibly due to the
toxic effects on cells [198, 199].

Ito and colleagues also reported a more pronounced MC3T3-E1 osteoblasts
proliferation in vitro for ZnTCP/HA ceramics with zinc content ranging from 0.6
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and 1.2 wt% as compared to the control [153], which was consistent with other
in vitro reports [172, 200].
The proliferation of the MC3T3-E1 osteoblasts and their ALP activity were
enhanced when 10 wt% Zn incorporated CaP was used to prepare CPCs [201].
Similarly, Huang et al. showed that MC3T3-E1l cells cultured on calcium
silicate/zinc-doped HA featured improved adhesion, proliferation and expression
of ALP than those cultured on phase-pure HA [202].
Resorption by mature osteoclasts of Zn incorporated B-TCP with zinc
concentrations of 0.316 wt% and especially 0.633 wt%, was lower than resorption
of pure TCP, possibly due to an increase in the apoptosis of osteoclasts [155, 203].
At a zinc level of 0.633 wt%, the number of apoptotic osteoclasts was 2.8 times
higher than on pure TCP after 24 h of culture. These findings were consistent
with the laser microscopic measurement experiments on osteoclastic resorption
pits, which showed that ZnTCP slightly reduced the resorption area by 15.5%,
remarkably reduced the depth of resorption pits by 25.4%, and therewith the
volume of resorption pits by 53.9% compared to pure TCP [204].
In vivo studies in rabbit femora showed that 0.316 wt% of zinc was the optimum
concentration at which the largest area of new bone was formed, in both Zn-TCP
and Zn-TCP/HA, whereas zinc content of 0.633 wt% was too high, enlarging the
medullary cavity area by stimulated bone resorption [205]. Interestingly, the
optimum zinc content in vivo was much lower than the zinc amount needed to
exert a positive effect of osteoblast proliferation in vitro [153].
Incorporation of silica (SiO,) and zinc oxide (ZnO) into three dimensional printed
B-TCP scaffolds increased the capacity of the scaffolds for early bone formation in
a bicortical femur defect in a murine model, by modulating collagen | and
osteocalcin production. Furthermore, mechanical interlocking between the
scaffold and the host bone tissue was stronger than the force it took to fracture
the bone for both pure and doped samples, after only 4 weeks of implantation
[206].
In a more recent study it was shown that Zn-B-TCP enhanced the ALP activity of
hMSCs, the effect that was dependent on Zn content in TCP. It was also observed
that zinc could influence both the activity and the formation of multinucleated
giant cells. Furthermore, after a 12-week implantation in the muscles of dogs, the
formation of the new bone increased with increasing zinc content in Zn-TCP up to
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52% bone in the free space, while no bone formation was observed in B-TCP
without zinc [207].

2.6.3.2. Copper

Copper-containing CaP ceramics have not been extensively investigated with
regard to their bioactivity in bone regeneration; however, simple adsorption of
copper ions on a CaP ceramic prepared at room temperature showed a positive
effect on angiogenesis in vitro and in vivo [181, 182]. This is an interesting finding
because poor vascularization is considered an important reason for failure in
timely and complete regeneration of crytically sized bone defects.

Copper ions were shown to influence the response of osteoblastic and
osteoclastic cells to CaP too. While copper-incorporated CaP coatings had a mild
inhibitory effect on osteoblast differentiation, a significant decrease in resorptive
activity of osteoclasts was observed on such coatings as compared to the ones
without the ion additive [142].

The copper-incorporated HA coatings also exhibited good cytocompatibility and
had no toxicity toward MC3T3-E1 at low concentrations [208, 209]. Copper-
incorporated CaP materials are also frequently studied as antimicrobial surfaces
[208-210].

Lysenko et al. have observed that BCP granules doped with 0.5-1 at.% silver and
0.25-0.5 at.% copper stimulated bone tissue repair in a bone defect in rats [210].
In vitro bioactivity studies in SBF showed that strontium-HA, with a strontium
content below 10 mol%, showed a more pronounced apatite layer formation on
the surface than pure HA, which can be attributed to a higher dissolution rate of
the strontium -containing ceramic [211, 212].

2.6.3.3. Strontium

A similar observation was made in strontium-containing TCP [213]. Experiments
with osteoprecursor cells (OPC1) showed that both the attachment and
proliferation were increased in HA-containing 20 mol% strontium as compared to
the control without the additive. Increases in ALP and osteopontin were also
seen, suggesting that strontium stimulated osteogenic differentiation of OPC1
cells [212]. Similar findings were also obtained in a study where osteoblast-like
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cells were cultured on strontium-substituted CaPs [142, 178, 214-216]. Pulsed-
laser deposition was successfully used to apply a coating of strontium-doped HA,
prepared by an aqueous precipitation method, on metallic substrates. Osteogenic
differentiation of human osteosarcoma cell line MG-63 was stimulated by
strontium (3-7 at.% in the coating), whereas proliferation of osteoclasts was
negatively affected [179].

Schumacher et al. [174] observed that in indirect and direct cell culture
experiments with strontium-incorporated CPCs, the proliferation and osteogenic
proliferation of hMSCs was significantly enhanced compared to the cement
without strontium. Expression of osteogenic markers and formation of
mineralization nodules were also substantially increased in rat primary osteoblast
cells when cultured on the strontium-substituted HA ceramics [217, 218]. Similar
observations were found in other studies [178, 219, 220].

Strontium incorporation in CaPs was demonstrated to promote the secretion and
MRNA expression of angiogenic growth factors from cultured endothelial cells
and to reduce the proliferation and resorption activity of the cultured osteoclasts,
too [142, 221].

Injection of strontium-containing CPC into rabbit iliac crest cancellous bone
revealed that strontium-HA stimulated the formation of osteoblast and osteoid
layers, and hence new bone formation [222].

Implantation of CPCs with and without strontium incorporation in rats for 6
weeks revealed that strontium addition to the cements significantly increased the
bone formation in the fracture defect zone along with the increase in the
expression of the bone formation-related proteins at the implantation site [223].
Similar observations were obtained by implanting other strontium-added CaP-
based biomaterials [224, 225].

Gu et al. [226] suggested that strontium-containing CaPs could accelerate bone
formation through stimulating the secretion of VEGF and bFGF from osteoblasts.
It was also shown that strontium-containing apatite/polylactide composites
enhanced bone formation in osteopenic rabbits [227]. Furthermore, Kuang et al.
[228] found that the local release of strontium from CPC accelerated soft tissue
tendon graft healing within the bone tunnels in rabbits.
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2.6.3.4. Fluoride

Fluorinated HA showed a positive effect on proliferation and osteogenic
differentiation of cells. In a study by Wang and coworkers, MG-63 cells were
cultured on fluorinated HA coatings produced by a sol-gel dipping method.
Positive effect of fluoride on cell attachment, as well as ALP and osteocalcin
production, was observed in a certain concentration range [229], at which the
ceramic coating had the lowest solubility. A positive effect of fluoride on cell
proliferation and osteogenic differentiation was also observed when Sa0S-2 rat
osteosarcoma cells were cultured on fluorinated HA disks in comparison to
fluoride-free controls [230]. MC3T3-E1 osteoblasts also showed improved
proliferation when cultured on fluorinated HA coatings, compared to the cells
cultured on phase-pure HA coatings or titanium implants [231].

Proliferation of MSCs and expression of the osteogenic biomarkers was enhanced
when cultured on fluorinated CaPs [188, 232]. Furthermore fluoride ions,
supplemented in cell medium or released from CaPs, substantially improved the
mineralization of these cells [188]. Similarly, positive effects of fluoride
modification on osteogenic properties of CaPs were observed [187, 233, 234].
Yang et al. [142] also observed that fluoride incoroporation into CaP coatings
reduced the resorptive activity of osteoclasts.

In a study by Inoue and coworkers, fluorinated apatite ceramics were tested in a
short-term implantation model in rat tibia. A more pronounced bone formation
was observed in fluoride-containing ceramic compared to a non-sintered calcium-
deficient apatite ceramic [235]. Lalk et al. [236] implanted magnesium alloy
sponges without and with addition of fluoride and CaP coatings in the femur of
rabbits. After analyzing the implants within 24 weeks, it was concluded that
sponges with fluoride addition were superior in biocompatibility and
characterized them as more suitable candidates for bone replacement.

2.6.3.5. Carbonate

Redey and coworkers showed a poor attachment and low collagen production of
human primary osteoblasts on carbonated apatite ceramic as compared to that
on HA ceramic, possibly caused by the difference in wettability between the two
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ceramics [191]. This is in agreement with other reports showing a positive
correlation between surface energy and attachment of cells [237-239].
After initial cell attachment, however, no significant differences were found in
further proliferation of the cells between carbonated and pure HA ceramic.
Kannan et al. also showed that proliferation of osteoblastic-like cells could be
either delayed or accelerated upon addition of different doses of carbonate to
CaPs while the same proliferation level was reached in all the samples at later
time points [240]. Furthermore, carbonate was shown to enable the pre-
osteoblastic differentiation of the cells [240-242].
Similar to osteoblast attachment, osteoclast attachment was more pronounced
on carbonate-free ceramics compared to the carbonated one, while no difference
was observed on the spreading of cells after initial attachment [190]. Doi et al.
showed that carbonated apatite was resorbed by osteoclasts in 2-day cultures,
while HA remained unresorbed, suggesting that the presence of carbonate may
play a crucial role in osteoclastic resorption [243], which was in accordance with
the results obtained in an in vivo experiment in rats [194]. A possible reason could
be the released carbonate stimulates carbonic anhydrase activity and hence
promotes acid secretion by osteoclasts [244]. Additionally, Spence and coworkers
observed an increase in osteoclastic resorption with an increase of carbonate
content in an HA ceramic [245], while Yang et al. [142] observed the opposite
results. In an in vivo study in rabbits by Landi and coworkers, a higher amount of
new bone formation was found in sintered carbonated apatite ceramic compared
to the pure HA ceramic [193]. An increase in the amount of newly formed bone
with increasing carbonate content in an apatite ceramic was also observed in a rat
femur model [192]. In a critical-size iliac wing model in goats, it was shown that
an increase in carbonate content of a ceramic does not necessarily lead to more
bone formation if other ceramic properties are not controlled [246]. Recent in
vivo experiments revealed the potential of carbonated CaP-based bone graft
substitutes for bone regeneration. Borkowski et al. [247], for example, prepared a
carbonated apatite-glucan composite and after implantation in rabbit tibia
observed that this carbonated composite enabled the full regeneration of bone
tissue after 6 months. It was also reported that the transplantation of MSCs with
carbonated-apatite particles regenerated the bone defects in in artificial jaw cleft
in dogs [248].
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2.6.4. Effect of inorganic additives on ceramic properties

An indirect mechanism through which bioinorganics incorporated into bone graft
substitute materials may influence the cell fate is by modifying the
physicochemical properties of the host materials. Upon incorporation into the
CaPs, the bioinorganics may cause changes in the crystal lattice structure and
lattice parameters, therefore resulting in changes in the crystal morphology, and
directional crystal growth at the microstructure level. Surface topographical
parameters including surface morphology, surface porosity and roughness are
important physicochemical parameters, which can substantially direct the cell
attachment, growth and differentiation. It is worth mentioning that the
physicochemical properties of the CaPs are substantially dependent on one
another and small changes in one may determine considerable changes in
another. Figure 4. lllustrates some of these physicochemical properties of CaPs,
their interactive relations and their possible changes upon addition of
bioinorganics.

Effects of incorporation of inorganic additives on the physicochemical and
structural properties of CaP ceramics, and consequently their biological behavior,
are largely dependent on the way an additive is incorporated into the crystal
lattice. A few examples of these structural changes are listed below.

Incorporation of zinc into the CaP crystal lattice occurs by substitution of calcium
ions. It has been shown that zinc incorporation decreases the lattice parameters
due to its lower ionic radius as compared to calcium ion; however, there have
also been reports suggesting an increase in the lattice parameters, at higher zinc
contents [249-251]. It has been shown that with an increase in zinc content, the
solubility of TCP decreases [252]. It is notable that controversial results have been
observed in other studies plausibly due to differences in production methods
[253-255]. Crystallinity of the CaPs was also shown to be compromised upon
incorporation of zinc ions [249, 253].

Similar to the effects of zinc incorporation, the dependence of unit cell
parameters on the copper concentration in the copper incorporated CaPs has
been reported, also due to the lower ionic radius of copper as compared with
that of the calcium [256, 257].
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Substitution of calcium by strontium in CaPs was shown to influence their lattice
parameters because of the slightly larger ionic radius of strontium compared
with that of calcium [106, 154, 213, 258, 259]. Furthermore, this substitution
resulted in an increased solubility of the ceramic [211].
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Figure 3. Role of different bioinorganics on various mechanisms involved in bone
formation and remodeling including osteoblastogenesis, osteoclastogenesis and
angiogenesis.

Replacement of hydroxide group with fluoride in an apatite lattice can bring
about a reduction in the volume of the unit cell, and a concomitant increase in
structure stability [69, 260-264].

Dissolution tests have shown that solubility decreased with the increase in
fluoride content [229, 262, 265, 266].

An increase of carbonate content in a carbonated apatite by both A and B
substitution, resulted in contraction of a-axis and expansion of c-axis of the unit
cell, and therefore, in a decrease in crystal size and an increase in crystal strain,
which in turn resulted in a higher solubility [267, 268].

Figure 5, as an example of the structural changes upon ionic substitution in CaPs,
shows microstructure of an HA and a carbonated apatite ceramic, produced using
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a similar method, from which it is obvious that even a carbonate content of
approximately 5 wt% leads to a great decrease of the grain size of the ceramic.
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Figure 4. Examples of physicochemical properties of CaPs influenced by ionic substitution
and their interactive relations.

2.6.5. Incorporation of multiple elements into CaPs

As discussed above, the incorporation of a single trace element into CaP-based
synthetic bone grafts has demonstrated positive results to date. The results of
many studies suggest that the incorporation of bioinorganics into CaPs mimics
the physicochemical properties of the mineral component of natural bone, and
this triggers different mechanism involved in bone remodeling and formation
processes. On the other hand, the CaP mineral that exists within bone contains a
combination of bioinorganics in trace quantities [5]. Therefore, it is reasonable to
hypothesize that incorporating multiple bioinorganics into CaP-based bone graft
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substitutes may further enhance the biological performance [269]. Hence, the
idea of incorporating a cocktail of bioinorganics into CaPs is gaining popularity,
although there are only a few studies completed on this topic. Many studies in
this field have focused on the changes in physicochemical, structural and
mechanical properties of CaPs upon incorporation of multiple bioinorganics,
showing that the desired properties of the CaPs can be obtained by manipulating
the combination and dose of the bioinorganics [270-273]. For example, Bose et al.
[270] studied the mechanical properties of B-TCP into which different double and
triple combinations of magnesium-, silicon- and strontium ions were incorporated
and showed that all combinations of the bioinorganics reduced the compressive
strength of dry TCPs. However, the presence of the cocktails of bioinorganics
preserved the mechanical strength of the TCPs in SBF. They also observed that
incorporating these multiple bioinorganics into CaPs increased the bioactivity and
formation of an apatite-like phase on the surface of the implant [270].

|

Figure 5. High magnification scanning electron microscopy micrographs showing
microstructure of (a) hydroxyapatite and (b) type B carbonated apatite ceramic
containing about 4 wt% carbonate, produced using a similar process. Note a significant
decrease in crystal size in presence of carbonate.

The role of incorporating multiple bioinorganics on enhancing osteogeneic
properties of bone graft substitutes has been also studied in vitro and in vivo. For
instance, the addition of magnesium and strontium ions to bone graft substitutes
have resulted in decreased in vitro osteoclastogenesis, expression of osteoblastic
markers in human bone derived cells, and finally have led to enhanced
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mineralization and bone formation when implanted in a rat femoral defect model
[274, 275]. Doping combinations of zinc and silicon in B-TCP scaffolds, similar to
the cocktail of magnesium and strontium, also resulted in accelerated bone
healing compared to undoped scaffolds. Simultaneous incorporation of fluoride
and carbonate into apatites led to inhibition of osteoclast proliferation and pit
formation in vitro as compared to that in pure HA and carbonated apatites,
whereas in vivo, faster bone remodeling was observed [276].-Other combinations
of multiple elements were also found to be of influence on osteoclasts and
osteoblasts and therefore, on bone resorption and formation respectively [276-
278).

In a few studies, the incorporation of combinations of more than two
bioinorganics has been attempted; however, little data is available on the biologic
response to the modified CaPs. Yang et al. [279] have taken a medium throughput
approach, in which silicon, magnesium, strontium and zinc ions were
incorporated into octacalcium phosphate microbeads of different sizes, as
individual or cocktails in different doses. Upon a subcutaneous implantation in
rats, the beads containing a cocktail of bioinorganics showed excellent
biocompatibility, as well as higher neovascularization when compared to the
beads without bioinorganic incorporation. Furthermore, beads with a cocktail of
bioinorganics showed higher bone formation compared to the empty octacalcium
phosphate beads after 6 weeks implantation in femur defects in rats [279].

These studies introduced the incorporation of multiple bioinorganics into CaP-
based bone graft substitutes as another promising strategy for improving the field
of bone regeneration. While offering much potential, developing this strategy is
associated with great difficulties at the research level considering that developing
an optimum formulation of the bioinorganic cocktail requires large-sized
experiments.

2.7. Future perspectives: Mechanistic studies and high-throughput

screening systems

We foresee two important developments in the field of bioinorganics for
regenerative medicine, one aimed at decoupling direct chemical effect of
bioinorganics from the indirect effects it has on the carrier material including
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surface topography, and the other at high-throughput systems for discovering
optimum combinations of bioinorganics.

In the context of bone regeneration, it has been shown that certain topographical
cues induce in vitro osteogenic differentiation. Dalby et al.,, for example,
stimulated MSCs to produce mineralization in an in vitro environment by culturing
them on nano-scale surface topographies [280]. Other studies with similar
approaches have also shown that surfaces with micro- and nano- topographies
featuring pit, pillar and groove arrays may be able to regulate cell fate. It was
shown that cells respond to the patterned surfaces with a different behavior in
terms of cell attachment, growth or differentiation, than when cultured on flat,
unpatterned surfaces [281-285].

Finding and producing the optimum surface topography for dictating the desired
cell fate requires comprehensive and in depth research. In the case of CaPs with
bioinorganic incorporation, one obstacle for understanding the role of surface
topography on cell and tissue biologic response is to individually recognize and
decouple the impacts of surface morphology and chemistry. This is important
since both chemical composition and surface morphology may be modified upon
incorporation. Danoux et al. have recently attempted to develop a design-driven
approach for decoupling and recombining inherent properties of CaP materials
such as chemistry and surface topography, aiming at increasing the knowledge of
interactions of biomaterial and biological systems. This is with the purpose of
opening new doors towards developing advanced functional materials. In this
approach, they produced CaP crystals with various chemical compositions and
surface topographies, and utilized them for fabricating the replica of the crystals
featuring the exact surface topographies into neutral polymers (decoupling step).
The replicas were then later coated with a thin layer of CaP or titanium in order to
show the possibility of recombining chemistry and surface topography [286].
Similar approaches can be used for decoupling the physicochemical properties of
CaP materials with bioinorganic incorporation, and may be able to shed light on
the individual role of each property on determining cell fate. Similarly, replacing
CaPs as carriers of bioinorganics by other materials, such as polymers, will be
useful for decoupling the effect of the bioinorganic of interest from that of other
ions present in CaPs [287].
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Incorporation of single and multiple bioinorganics presents a promising approach
for controlling and enhancing the performance of CaP-based bone graft
substitutes. However, studying the effect of several elements is associated with
many difficulties. This results in a dramatic increase in the size and number of
experiments needed to identify potential combinations and concentrations of
elements. Therefore, there is a demand for new tools, which can provide
systematic and high-throughput approaches for screening the effects of multiple
elements in varying concentrations and formulations.
Microfluidic devices, for example, can provide platforms for screening the effects
of small molecules, such as bioinorganic ions in combination, as well as varying,
continuous concentrations at a single cell level. This would increase the
throughput of the experiments by utilizing parallelization, multiplexing and
automation. Such platforms offer other advantages as compared to conventional
cell culture and bioassay techniques such as close temporal and spatial control
over fluids and physical parameters, and integration of sensors for direct readouts
[288, 289]. As an example, Harink et al. [288, 290] have developed a microfluidic
chamber that allows the generation of four orthogonal, overlapping and stable
gradients of soluble small molecules, and this supports the normal attachment
and growth of different cell types. Such platforms can be used for generating
overlapping continuous gradient concentrations of several bioinorganics, and can
help to study the impact of countless formulations of bioinorganics on the cell
biologic responses simultaneously.
Chemical library systems using (micro)well array platforms offer another
approach that has been previously used for discovering novel pharmaceuticals
and optimizing the microenvironment of the cells for tissue regeneration and
stem cell engineering applications [291, 292]. An automated micro-array platform
can also be a powerful toolbox for analyzing a chemical library of bioinorganics
both as soluble salt and incorporated into bone graft substitutes. The platform
can be designed to study various formulations of the bioinorganics based on an
image or chemical signal readout.
Both of the high-throughput approaches introduced above have been previously
used in preliminary in vivo studies in micro-organisms such as zebrafish [292-295].
Similarly, they can be also utilized to study the impact of bioinorganics on
formation of zebrafish skeletal system.
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The extensive potential of these approaches for fast and accurate analysis in
controlled microenvironmental conditions, combined with the possibility of
performing preliminary in vivo screens, demonstrates the promise of these
platforms for carrying out systemic biological evaluations of bioinorganics for
bone regeneration applications. This would help to speed up the discovery of
promising bioinorganic combinations, and help to bridge the gap towards
autograft.

2.8. Concluding remarks

Improving the biological performance of bone graft substitutes remains a
challenge. Incorporation of inorganic additives into CaPs with the aim to develop
a comprehensive synthetic alternative to patient’s own bone is a complex
matter, as has been demonstrated in the previous sections. The preparation,
characterization, and assessments of safety and biological activity of ceramics-
containing zinc, copper, strontium, fluoride, and carbonate, respectively, have
been discussed. The incorporation of these additives into CaP bone graft
substitutes not only adds an additional element into the structure that can exert
a certain function, but also changes intrinsic properties of the recipient material.
The way and the efficiency of incorporation are dependent on the method used.
These in turn affect the release profile of the incorporated additive, and also the
solubility of the recipient itself; these all affect the behavior of osteoblasts and
osteoclasts in vitro, as well as the in vivo bone formation and remodeling.

As already mentioned, these are some general remarks about the effects of
various additives on properties and efficiency of the existing bone graft
substitutes. Due to variations in the preparation and characterization methods
and assessment of biological performance of these materials, a comparison
among the studies and the results obtained is difficult, and hence general
conclusions cannot be drawn. Thus, it behooves the field of biomaterials
research to utilize generally accepted, standard methods of study, such that in
vitro behavior and in vivo performance can be correlated. We also suggest that
high-throughput study concepts have their place in biomaterials research, such
as in the context of quantifying the effect of ionic substitutions within the
apatite lattice.
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Abstract

Calcium phosphates (CaPs), extensively used synthetic bone graft substitutes, are
often combined with other materials with the aim to overcome issues related to
poor mechanical properties of most CaP ceramics. Thin ceramic coatings on
metallic implants and polymer-ceramic composites are examples of such hybrid
materials. Both the properties of the CaP used and the method of incorporation
into a hybrid structure are determinant for the bioactivity of the final construct. In
the present study, a monolithic composite comprising nano-sized CaP and
poly(lactic acid) (PLA) and a CaP-coated PLA were comparatively investigated for
their ability to support proliferation and osteogenic differentiation of bone
marrow-derived human mesenchymal stromal cells (hMSCs). Both, the PLA/CaP
composite, produced using physical mixing and extrusion and CaP-coated PLA,
resulting from a biomimetic coating process at near-physiological conditions,
supported proliferation of hMSCs with highest rates at PLA/CaP composite.
Enzymatic alkaline phosphatase (ALP) activity as well as the mRNA expression of
bone morphogenetic protein-2 (BMP2), osteopontin (OP) and osteocalcin (OC)
were higher on the composite and coated polymer as compared to the PLA
control, while no significant differences were observed between the two methods
of combining CaP and PLA. The results of this study confirmed the importance of
CaP in osteogenic differentiation while the exact properties and the method of
incorporation into the hybrid material played a less prominent role.
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3.1. Introduction

To overcome issues related to the use of natural bone grafts [1-2] and to satisfy a
rapidly increasing need for successful and affordable strategies to treat damaged
and diseased bone tissue [2-3], significant efforts are currently invested in
developing synthetic alternatives to natural bone. While all three main material
types, i.e. metals, ceramics and polymers, as well as their combinations have been
used as bone graft substitutes, calcium phosphate (CaP) ceramics, varying in
chemistry (hydroxyapatite, tricalcium phosphate, brushite, octacalcium
phosphate, etc.) [4] and mode of application (sintered bulk ceramics, particles,
injectable cements, etc.) [5-6] are the most widely used materials, owing to their
chemical resemblance to bone mineral [7]. CaPs possess excellent
biocompatibility in osseous environment [1-2, 5, 8], and more importantly, they
are generally accepted as osteoconductive materials [9-10], with a subpopulation
even being osteoinductive [11-13]. CaPs, however, suffer from intrinsic
brittleness, which is an important limiting factor, particularly in load-bearing
applications [14-15]. To overcome this issue, CaP ceramics have been combined
with other materials, in particular polymers, in the bulk [14-25] or as surface
coatings [8, 26]. For example, CaPs have been used to develop monolithic
composites with poly(a-esters) such as poly(lactic acid) (PLA), poly(glycolic acid)
(PGA) and their copolymers (PLGA) [17-20], protein based polymers including
collagen [21] and gelatin [22-23], polysaccharides like chitosan [24] as well as
synthetic co-polymers such as poly(ethylene oxide terephthalate)/poly(butylene
terephtalate) (PEOT-PBT) [25]. Alternatively to conventional composites, physical
assembly of the individual components [25] has been used to develop polymer-
ceramic hybrids. Concerning coating techniques, classical methods for coating
CaPs on substrates, such as plasma-spraying, have mainly been used to coat non-
degradable permanent metallic implants to improve their bioactivity [8, 26, 27-
29], for example in total hip arthroplasty. Nevertheless, examples of more subtle
coating techniques exist, which are suitable for coating thermally less stable
materials including polymers, such as biomimetic coating process [30-32], radio
frequency (RF) magnetron sputtering [33], or pulse laser deposition [34].

Properties of a hybrid material, as well as its biological performance, are
dependent on the properties of each of the components, as well as on the way
they are combined. For example, degradation of a CaP/polymer composite
depends on the physico-chemical properties of the ceramic (CaP phase,
crystallinity, surface area, etc.), physico-chemical properties of the polymer
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(composition, molecular weight, level of crosslinking etc.) as well as the way they
are integrated into the final product (solvent-based mixing, physical mixing,
coating, etc.).

In the current study, we hypothesized that direct contact between the CaP
component of a CaP/polymer hybrid material and the biological environment is
beneficial for the bioactivity of the hybrid. To test this, we have produced PLA
particles and coated them with a thin layer of CaP by immersion into a saturated
CaP solution, and compared them to composite particles produced by the
extrusion of a PLA/nano-sized CaP mixture. Upon characterization of both particle
types, bone marrow-derived human mesenchymal stromal cells (hMSCs) were
culture of the two materials, followed by the assessment of their proliferation and
differentiation towards the osteogenic lineage.

3.2. Materials and Methods
3.2.1. Materials production

For this study, two hybrid materials consisting of CaP and PLA were produced: a
monolithic composite PLA/CaP composite and a CaP-coated PLA. PLA without CaP
served as control. The composite consisted of 50 wt.% amorphous poly(D,L-lactic
acid) (PLA) (Purasorb PDLO5, Purac, MW: 59000 g/mole) and 50 wt.% in-house
produced nano-sized CaP apatite powder, prepared using a wet precipitation
method as was described previously [18-20]. Briefly, the HA was precipitated in a
mixture of aqueous solutions of (NH,),HPO, and Ca(NOs),-4H,0 at a pH above 10.
The resulting precipitate was allowed to age overnight, washed and finally
resuspended in acetone and allowed to dry. The composite was produced by
extrusion using a twin-screw extruder with conical non-converging screws (Artecs
BV, Enschede, The Netherlands). The PLA and CaP powder were mixed for 5
minutes in the extruder at 150 °C using the screw rotation speed of 100 rpm. The
composite was extruded in the form of rods, which were ground and sieved to
obtain composite particles in the range of 0.5-1 mm.

PLA particles were obtained using the same procedure of extrusion, grinding and
sieving as described above for the PLA/CaP composite. The particles were either
left uncoated or were coated with a CaP layer via a two-step biomimetic method
similar to the one described earlier [35-36]. In short, the particles were first
immersed in a concentrated Simulated Body Fluid (SBF 2.5x) with ionic content of
733.5 mM Na**, 7.5 mM Mg, 12.5 mM Ca**, 720 mM CI', 5 mM HPO,” and 21
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mM HCOs', under stirring at 37 °C for three days, with daily refreshment. In the
second step, the particles were incubated with a calcium phosphate solution (CPS)
consisting of 140 mM Na**, 4 mM Ca**, 2 mM HPO,” and 144 mM CI" (buffered at
pH 7.4), while stirring at 37 °C for three days with two refreshments. The coated
PLA particles were then washed three times with MilliQ water and dried at least
overnight in an air oven at 37° C.

3.2.2. Material characterization

The surface morphology and elemental analysis of calcium, phosphorous and
carbon were investigated on gold-sputtered PLA, PLA/CaP composite and CaP-
coated PLA particles using scanning electron microscopy (SEM, XL-30 ESEM-FEG,
Philips) in the secondary electron mode, coupled with energy dispersive X-ray
spectroscopy analyzer (EDS, EDAX, AMETEK Materials Analysis Division) at the
accelerator voltage of 10 KeV and working distance of 10 mm. The chemical
composition of various particles was characterized using Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000) in transmission mode
and x-ray diffraction method (XRD, PANaltytical X'Pert). Thermogravimetric
analysis (TGA, STA 449 F3, NETZSCH) was performed in the temperature range of
35-1000 °C and the weight loss was calculated to determine the mineral content.
The release of Ca** and inorganic phosphate (Pi) ions from different particles was
analyzed in simulated physiological solution (SPS) containing 137 mmol/L Na+,
177 mmol/L Cl-, 50 mmol/L HEPES in MilliQ water and buffered at pH 7.3 over a
period of three months. 1001 mg of PLA, PLA/CaP composite or CaP-coated PLA
particles were precisely weighed and immersed in 5 ml SPS in plastic tubes. The
tubes were then placed in a shaking water bath at 37°C. At dedicated time points
between 1 and 12 weeks, triplicates of each sample were removed from water
bath and Ca** and Pi ion content of SPS was quantified using QuantiChrom™
Calcium assay kit (DICA-500, BioAssay Systems, USA) and QuantiChrom™
Phosphate assay kit (DIPI-500 BioAssay Systems, USA), respectively, according to
manufacturer’s protocols.

3.2.3. In vitro cell culture

hMSCs were isolated from bone marrow aspirates (5-20 ml) after written
informed consent, as described previously [37-38]. Briefly, aspirates were
resuspended using 20-gauge needles, plated at a density of 5x10° cells per cm?,
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and cultured in proliferation medium (consisting of a-MEM (Gibco) supplemented
with 10 v/v% fetal bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM
ascorbic acid (Sigma), 62.69 pg.ml™ penicillin, 100 pg.ml™ streptomycin (Gibco)
and 1 ng.ml"* rhbFGF (AbDSerotec)). The medium was refreshed every 2-3 days.
Cells were harvested at approximately 80% confluency for subculture until
passage 3.

In an earlier study, hMSCs that were isolated and expanded using this method
were shown to be positive for CD29, CD44, CD105, and CD166 which are typical
markers of hMSCs, and to possess the potential to differentiate into the
osteogenic lineage in vitro and to induce new bone formation in vivo [38].
Approximately 100 pl of particles were placed in the wells of non-plasma treated
25-well plates with square-shaped bottom and sterilized with isopropanol prior to
cell culture. To sterilize, the samples were washed three times with 100%
isopropanol followed by 15 min of drying inside the flow cabinet after each
washing step. In the last step of sterilization, 100% isopropanol was added to the
samples and allowed to evaporate in the flow cabinet for at least 2 hours. The
samples were then washed twice with sterile PBS, followed by an overnight
incubation in 1 ml basic medium (proliferation medium without rhbFGF) in a
humidified atmosphere at 37°C and 5% CO.,.

The particles were then collected in one corner of the wells and 200000 hMSCs of
passage 3 were seeded on the particles in approximately 50 pl of basic cell culture
medium. This seeding method and density were optimized based on a preliminary
study (data not shown). To maximize the attachment of the cells on the particles,
the wells were tilted and cells were allowed to attach for 4 hours. 1 ml of either
basic medium or osteogenic medium (basic medium supplemented with 10 nM
dexamethasone (Sigma)) was added to each well. The medium was refreshed
every 3-4 days. Old medium was collected at each refreshment and the
concentration of Ca** was determined using QuantiChrom™ calcium assay kit.
Total DNA amount was assessed with CyQuant Cell Proliferation Assay kit
(Invitrogen) at day 7 and 14 after washing the samples with PBS. After 3
freeze/thaw cycles at -80° C, 500 pl lysis buffer (lysis buffer provided in the kit
diluted in a buffer of NaCI-EDTA solution) was added to each well. The samples
were ultra-sonicated and incubated at RT for 1 hour. After centrifugation, 100 pl
of the supernatant was mixed with the same volume of CyQuant GR dye in a 96
well micro-plate and incubated for 15 minutes. Fluorescence measurements for
DNA quantification were performed at excitation and emission wavelengths of
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480 and 520 nm, respectively, using a spectrophotometer (Perkin Elmer). ALP
activity in the cultures was measured using a CDP-star kit (Roche Applied Science).
10 pl of the supernatant was mixed with 40 pl CDP-star reagent in a 96 well micro-
plate and incubated for 30 min. After incubation, chemiluminescence
measurements were completed at 466 nm. Results of the DNA assays are
presented based on average ug of DNA detected in each condition. Results of ALP
activity were normalized for DNA content of each culture and presented as the
average of normalized ALP activity per pug of DNA for each condition.

Total RNA was isolated by using a combination of NucleoSpin® RNA Il isolation kit
and Trizol method, in accordance with the manufacturer’s protocol. RNA was
collected in RNAse-free water and the total concentration was measured using
nano-drop equipment (ND1000 spectrophotomer, Thermo Scientific). The cDNA
of the cultures were then prepared using iScript kit (Bio-Rad) according to the
manufacturer’s protocol and diluted 10 times in RNAse-free water to be used for
guantitative real-time PCR (gPCR). The gPCR measurements were completed
using Bio-Rad equipment using Syber green | master mix (Invitrogen) and the
primer sequences (Sigma), which are listed in table 1. Expression of the
osteogenic marker genes was normalized to GAPDH levels and fold induction was
calculated by using the AACT method. mRNA level of the desired genes in hMSCs
cultured on treated tissue culture plates (TCPs) at the density of 10000 cells/cm?
in basic cell culture medium for 7 days was also quantified and used for
normalizing the results.

3.2.4. Statistical analysis

Statistical comparisons were performed using One-way Analysis of Variance
(ANOVA) followed by a Tukey’s multiple comparison post-hoc test. Error bars
indicate one standard deviation. The level of significance was set at p<0.05.

3.3. Results
3.3.1. Characterization of the hybrid materials

Particles of both pure PLA and of the two hybrid materials were dense with an
irregular shape and with a size ranging between 0.5 and 1 mm (Figure. 1. al — 1.
cl1). While the surface of pure PLA appeared smooth (Figure. 1. b1), PLA/CaP
composite particles exhibited a more rough surface structure (Figure. 1. b2). CaP-
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coated PLA particles were homogenously covered with a coating consisting of
small plate-shaped crystals, giving it a rough surface morphology (Figure. 1. b3).
The EDS spectrum of PLA particles exhibited only carbon (C) and oxygen (O) peaks
(Figure. 1. a3). A reduction in the intensity of C peak was observed in the EDS
spectra of both PLA/CaP composite and CaP-coated PLA particles whereas the
intensity of the O peak increased in these samples. Moreover, the EDS spectra of
the two hybrid materials exhibited calcium and phosphorus peaks, demonstrating
the presence of a CaP phase in these samples (Figure. 1. b3-c3). The EDS
elemental maps confirmed these results (Figure. 1. a4-c6). A uniform distribution
of calcium and phosphorus were observed in the elemental maps of composite
and coated PLA particles showing a homogenous distribution of CaP in the
polymer matrix and a uniform surface coating, respectively.

Table 1. Primer sequences of the osteogenic genes, the expression of which was
investigated using qPCR analysis.

Gene Primer sequences
GAPDH (housekeeping gene) 5’-CCATGGTGTCTGAGCGATGT
5’-CGCTCTCTGCTCCTCCTGTT

Alkaline phosphatase (ALP) 5'-TTCAGCTCGTACTGCATGTC

5'-ACAAGCACTCCCACTTCATC
Runt-related transcription 5’-GGAGTGGACGAGGCAAGAGTTT
factor 2 (RUNX2) 5-AGCTTCTGTCTGTGCCTTCTGG
Bone sialoprotein (BSP) 5'-TCCCGTTCTCACTTTCATA

5'-CCCCACCTTTTGGGAAAAC
Bone morphogenetic protein 2 5'-GCATCTGTTCTCGGAAAACCT

(BMP2) 5'-ACTACCAGAAACGAGTGGGAA

Osteopontin (OP) 5’-CCAAGTAAGTCCAACGAAAG
5-GGTGATGTCCTCGTCTGTA

Osteocalcin (OC) 5’-CGCCTGGGTCTCTTCACTAC

5’-TGAGAGCCCTCACACTCCTC

The FTIR spectra and the XRD patterns of the PLA, PLA/CaP composite and CaP-
coated PLA are shown in Figure. 2. The spectrum of PLA showed peaks at
approximately 1000-1100 cm™, corresponding to stretching mode of C-O bond.
The peaks of C-H bond in bending and stretching modes were observed at
approximately 1370-1450 and 1950-2000 cm™, respectively.
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Figure. 1. SEM images at low (al,b1,c1) and high (a2,b2,c2) magnification, EDS spectra
(a3,b3,c3), carbon- (a4,b4,c4), calcium- (a5,b5,c5) and phosphorus (a6,b6,c6) elemental
map of PLA, PLA/CaP composite and CaP-coated PLA, respectively. The PLA particles
exhibited smooth surface, while the surface of the PLA/CaP composite appeared rougher
with a homogenous distribution of CaP powder within the PLA matrix. A uniform CaP layer
consisting of small, plate-shaped crystals was observed on PLA-coated particles. It should
be noted that gold (Au) peak was observed in all the EDS spectra because the samples

Ca map

P map

were gold-sputtered before SEM/EDS analysis.
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A single peak that appeared at 1750 cm™ is attributed to stretching mode of C=0
bond [39-40]. The PLA spectrum was in agreement with previously published data
[18].

All peaks, typical of the PLA chemistry, were also found in the FTIR spectra of the
two hybrid materials. A new band was observed around 1000 cm™, probably due
to the presence of PO,>, the band of which appears at the similar wavelength [18-
19]. The bands at 560 and 604 cm™ in the FTIR spectra of CaP-containing particles
are also attributed to the P-O bond. Moreover, the hydroxyl bands at 635 and
3565 cm™ were detected in the spectrum of PLA/CaP composite suggesting the
apatitic phase [18-19]. In the spectrum of the CaP-coated PLA, the hydroxyl band
at 3565 cm™ appeared as a small shoulder on the H,0 band.

The XRD pattern of PLA particles did not show any distinguishable peaks,
confirming the amorphous nature of the polymer. The XRD pattern of the PLA/CaP
composite was in accordance with those obtained in previous studies, showing
the presence of pure crystalline hydroxyapatite (HA) phase [18-19]. The most
intense diffraction lines appeared at 2theta = 26, 31.9, 32.2, 33, 34.2, 29.9, 46.9
and 49.5°, are attributed (002), (211), (112), (300), (202), (130), (222), and (213)
crystalline planes in HA [41].

The XRD pattern of CaP-coated PLA showed less intense and broader peaks
compared to the one of the composite material, confirming the formation of a
less crystalline CaP phase. The most intense peak was observed at approximately
4.9°, which is attributed (010) crystalline plane of octacalcium phosphate (OCP).
The small peak found at 25.9° corresponds to (002) plane in both OCP and HA
structure [41-42]. The broad peak at about 32° is normally seen in the XRD pattern
of OCP with a rather low intensity. The relatively high intensity of the peak at
about 32° suggests the presence of an apatitic phase.

The TGA analysis (Figure. 3), performed in the temperature range 35-1000 °C,
showed a single drop in weight for all materials. The weight loss occurred in the
approximate temperature range of 300-400 °C and was calculated to be 98.9, 56
and 93.8% for PLA, PLA/CaP composite and CaP-coated PLA particles, respectively.
Cumulative release of Ca®* and Pi ions over a period of 12 weeks was investigated
upon immersion of polymeric and hybrid particles in SPS (Figure. 4. al-a2). A slight
release of Ca®* was measured in the solutions containing PLA particles at 1, 2, 3,
and 6 weeks, possibly accidentally introduced to the solution during preparation,
while no Pi ions were detected at any of the time points. A constant Ca’* release
to a maximum level of 200 uM was detected for PLA/CaP composite particles until
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week 3, after which a decrease to a concentration approximately 150 uM was
observed.
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Figure. 2. FTIR spectra (a) and XRD patterns (b) of the PLA, PLA/CaP and CaP-coated PLA
particles. The FTIR spectra of the two hybrid materials exhibited additional bands
demonstrating the presence of CaP. The XRD patterns suggested the presence of a
crystalline HA in the composite and a mixture of OCP (peaks shown by arrows) and apatite
in the coated PLA.
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Figure. 3. The TGA graphs showing weight loss of (a) PLA, (b) PLA/CaP and (c) CaP-coated
PLA in the temperature range 35-1000 °C. A weight loss of 98.9, 56 and 93.8% were
measured for PLA, PLA/CaP and CaP-coated PLA, respectively.

A linear increase in Pi ion concentration of PLA/CaP containing CPS was observed
up to week 9, reaching a maximum concentration of 100 uM. At week 12, the Pi
ion level substantially decreased to 60 uM. For the CaP-coated particles, an
increasing release of Ca®* up to 180 uM was observed until week 2. This
concentration remained constant for another week, and then linearly decreased
to approximately 100 uM at week 12. The Pi ion release profile of CaP-coated
polymer showed an increase in concentration to 110 uM in week 3, followed by a
drop to approximately 80 uM in the remaining experimental period.

The Ca”** concentrations in time was also examined in the cell culture medium
over a two-week period to investigate to which ionic concentrations the cells are
exposed during culture. The Ca®* concentration of the cell culture medium not
containing any materials varied in the range of 1.7-2.0 mM over the two-week
period.

Similar to the medium without materials, the Ca®* concentration of the PLA-
incubated medium showed variations in the range of 1.8-2.1 mM. A substantial
decrease to approximately 300 uM was detected in Ca** concentration after
immersion of PLA/CaP composite particles in cell culture medium for 4 days,
followed by a gradual increase to 600 uM, at day 14. A slight decrease of
approximately 200 uM was observed in the Ca** concentration of the medium
containing CaP- coated PLA particles at the first time point, a concentration that
was comparable to that of the medium not containing any material. The Ca** level
then increased in time, up to 2.5 mM at day 14.
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Figure. 4. The ca™ (a) and Piion (b) concentrations in SPS and the ca” (c) concentration in
cell culture medium upon immersion of PLA, PLA/CaP and CaP-coated PLA particles. Both
hybrid materials enriched the SPS solution with Ca” and Pi ions at earlier time points,
followed by a slight decrease of concentrations of both ions at later time points.
Immersion of CaP-coated PLA in cell culture medium resulted in an initial decrease of Ca”*
concentration, which was recovered at later time points. PLA/CaP composite particles
depleted cell culture medium of the ca™ ions, at all time points analyzed.

3.3.2. Response of hMSCs to hybrid materials

The DNA content of the hMSCs cultured on the PLA and the two hybrid samples
was quantified at days 7 and 14 (Figure. 5. a). At day 7, the DNA content of cells
cultured on PLA/CaP composite was slightly higher as compared to PLA and CaP-
coated PLA conditions in both media, however, the only significant difference was
found between PLA/CaP composite and PLA particles, in osteogenic medium. At
day 14, hMSCs cultured on CaP-coated PLA particles showed slightly higher DNA
content compared to those cultured on PLA particles in both media, although this
difference was not statistically significant. hMSCs cultured on composite,
however, showed significantly higher DNA content compared to those cultured on
PLA and coated PLA particles, both in basic and osteogenic medium. While only
small, non-significant temporal increase in the DNA content of hMSCs cultured on
PLA and coated PLA was observed, the DNA content of hMSCs cultured on
PLA/CaP composite particles increased 3 to 4 times between days 7 and 14.
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ALP activity of the hMSCs was also quantified and normalized for the DNA content
(Figure. 5. b). At day 7, in both basic and osteogenic medium, both PLA/CaP
composite and CaP-coated PLA samples showed higher ALP activity compared to
PLA, however, this effect was significant only between CaP-coated PLA and PLA.
ALP activity of hMSCs cultured on CaP-coated PLA was slightly higher than when
the cells were cultured on PLA/CaP composite. At day 14, in basic medium, ALP
activity measured on CaP-coated PLA was measured to be higher, although not
significantly, than what was found on PLA and PLA/CaP composite samples. In
osteogenic medium, both hybrid materials showed a significantly higher ALP
activity than the pure polymer.

The mRNA expression of a panel of osteogenic markers including ALP, RUNX2,
BSP, BMP2, OP and OC by hMSCs cultured on the three material types in either
basic or osteogenic medium was analyzed after 7 and 14 days (Figure. 6. A-f). No
significant differences in the ALP mRNA expression were observed among cells
cultured on different materials, except at day 14 in basic medium, where PLA
particles exhibited a higher ALP mRNA level as compared to the two hybrid
materials. In general, the expression of the ALP gene was low at both time points
and in both media, not exceeding a 1.5-fold change. At day 7, a significantly higher
level of RUNX2 mRNA was measured on CaP-coated PLA as compared to PLA
particles without CaP in osteogenic medium, while no differences were found at
day 14.

At both time points, the expression of BMP2 and OP was higher in the hMSCs
cultured on the two CaP-containing materials as compared to the cells cultured on
PLA particles in basic medium. mRNA level of these two markers in osteogenic
medium was in general low, however, a significant difference was observed in the
expression of BMP2 between CaP-coated PLA and PLA particles at day 7. The
mRNA level of OC was also higher in hMSCs cultured on CaP-containing particles
compared to those cultured on PLA particles at both time points and in both
media, although the only significant differences were observed between CaP-
coated PLA and PLA particles at day 7 in basic medium.
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Figure. 5. DNA content (a) and ALP activity (b) of hMSCs cultured on PLA, PLA/CaP and
CaP-coated PLA particles. DNA content of hMSCs cultured on PLA/CaP particles was higher
than that of hMSCs cultured on CaP-coated PLA and PLA particles. The ALP activity of the
hMSCs was enhanced when cultured on the two hybrid materials as compared to the PLA
control. # indicates p<0.05 when compared to PLA, * indicated p<0.05 when compared to
PLA/CaP composite and + indicates p<0.05, when compared to CaP-coated PLA.



3.4. Discussion

In a search for successful synthetic alternatives to natural bone grafts, hybrid
biomaterials are developed in which desired properties of the individual
components are combined. In the current study, we have compared two hybrid
materials consisting of CaP and PLA and investigated whether the method of
combining the two, affects the response of hMSCs. While CaPs are widely used as
bone graft substitutes owing to their resemblance to bone mineral [7] and related
biocompatibility and bioactivity [1], polymers offer more diversity when it comes
to mechanical properties [15-17].

An amorphous PLA with a relatively low molecular weight was selected for this
study. PLA, being an aliphatic polyester, degrades by hydrolysis and the
degradation profile of the polymeric phase has been shown to affect the
degradation of hybrid materials, such as PLA/CaP composites [18]. Barbieri et al.
[20] studied the role of the PLA molecular weight on mechanical and
physicochemical properties of PLA/HA composite, similar to the one used in this
study, as well as on their bone forming ability in vivo. The results revealed a
higher fluid uptake by the composite prepared using low molecular weight PLA,
resulting in release of more Ca** and Pi ions from and faster degradation of the
composite. Moreover, heterotopic bone formation, or osteoinduction, which is
considered an important characteristic of bone grafts and their substitutes, was
only detected in the composites prepared with low molecular weight PLA.

To prepare monolithic composite in the current study, equal amounts of nano-
sized CaP powder was mixed with PLA and extruded, a method that allowed
preparation of a homogenous composite with a relatively high ceramic content.
The TGA results demonstrated a mass loss of 56% in the composite material
within the temperature range of 200-300°C. Within this temperature range, the
organic component of the composite is expected to be completely burnt. No
significant mass loss was observed at higher temperatures, indicating a total
ceramic content to be 44%, which correlated well with the initial HA/PLA weight
ratio used to produce the composite material. CaP content of PLA/CaP composites
has been shown to substantially influence the mechanical properties of the
composite [43-45]. On the other hand, the CaP content is also a critical factor
determining degradation rate, bioactivity and bone forming ability of the
composite, showing that indeed the properties of the individual components
determine the properties of the hybrid material. Results of intramuscular
implantation of PLA/HA composites with HA content varying from 0 to 40 wt% in
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dogs showed that heterotopic bone formation only occurred in the composite
containing 40 wt% of HA [19]. Heterotopic bone formation was also observed
upon implantation of HA/PLA composite with weight ratio of 50/50 prepared by
extrusion technique in sheep and dog animal models, while no bone formation
was observed in PLA control implants [18,20].

A biomimetic method, involving immersion of polymeric particles into a solution
containing Ca®* and Pi ions under near-physiological conditions was used to
deposit a homogenous layer on the polymer surface that was a mixture of OCP
and apatite. Both these phases are biologically relevant, with carbonated apatite
closely resembling the composition of bone mineral [7] and OCP being suggested
as a precursor of biological apatite in hard tissue [46]. Both phases are also less
stable than hydroxyapatite, showing a faster dissolution at neutral pH values [47].
In contrast to a relatively high CaP content of the monolithic composite, the TGA
data showed that in CaP-coated particles, the mineral phase represented only 6.2
wit%.

Interestingly, despite this large difference in total mineral content between the
two hybrid materials, upon immersion in SPS, a buffered solution, both materials
showed a maximum release of approximately 200 uM and 100 pM of Ca** and Pi
ions, respectively. Nevertheless, this concentration was more rapidly reached in
CaP-coated PLA than in PLA/CaP composite, which can be related to both
difference in CaP phase and the higher exposure of the CaP phase to the solution.
While in the CaP-coated PLA, all CaP is on the surface, in the composite material,
the majority of the mineral is in the bulk, and release of ions is dependent on the
polymer degradation and the diffusion of the ions through the material bulk. In
contrast to what was observed in SPS that, as-prepared, does not contain Ca* or
Pi ions, in cell culture medium, a direct decrease of Ca®* concentration was
observed upon immersion of PLA/CaP composite particles or CaP-coated PLA
particles, plausibly suggesting precipitation of a new CaP phase as was observed
previously [48].

Regarding the differences in response of hMSCs to the two hybrid materials, with
PLA without CaP as a control, cell proliferation on PLA/CaP composite particles
was higher as compared to PLA. Previous results have shown that supplementing
cell culture medium with 4, 7.8 and 8 mM Ca” increased the DNA content of
hMSCs cultured on tissue culture plastic [49-50], suggesting a positive effects of
Ca* ions on hMSCs proliferation.

79



mRNA expression (fold induction)

ALP

mbasic

Dosteogenic

mRNA expression (fold induction)

15,00

10,00

NG P4 N N ¥ N
AR
& g"? & s’f
¢ o Iy o
I F
day7 day 14
c d
BSP BMP2
10,00 35,00
‘§ 8,00 528.00
£ [ i
2 600 . g 2100 ]
é 4,00 E 14,00 z T
: : . "
3 200 s 700 , e
E T £ +
E o000 E 000 Lem— = i = =
& 2
ER A A g F 7 E
£ f £ gg £ fb £ f
g P S 8 g g
2 15 g i ’ & : g
T I I
day 7 day 14 day7 day 14
e f

15,00

10,00

mRNA expression (fold induction)
mRNA expression (fold induction)

Figure. 6. mRNA expression of ALP (a), RUNX2 (b), BSP (c), BMP2 (d), OP (e) and OC (f) in
hMSCs cultured on PLA, PLA/CaP and CaP-coated PLA particles. Minor differences were
detected in the mRNA expression of ALP, RUNX2 and BSP in hMSCs cultured on different
materials. In contrast, the expression of BMP2, OP and OC genes was substantially higher
in hMSCs cultured on PLA/CaP and CaP-coated PLA particles in comparison with PLA
particles, in particular in basic cell culture medium. # indicates p<0.05 when compared to
PLA, * indicated p<0.05 when compared to PLA/CaP composite and + indicates p<0.05,
when compared to CaP-coated PLA.

In one of our previous studies [18], extruded PLA and PLA-HA composite with
similar characteristics as used here were casted into pellets with a smooth
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surface. In contrast to the present study, no differences in proliferation of hMSCs
were observed between the polymer and composite material, which may be due
to differences in total surface area between a 2D pellet and a 3D environment of a
collection of particles. Furthermore, differences between the two studies could,
for at least in a part, be caused by the physical differences between materials,
such as the observed surface roughness.

Besides differences in proliferation of hMSCs as a result of presence of CaP,
differences were also observed between the two types of hybrid materials. Cells
cultured on PLA/CaP composite particles had a higher DNA content as compared
to those cultured on CaP-coated PLA particles. Both differences in the chemical
composition and topographical properties between these two materials may be
responsible for this effect. This is in accordance with previous studies showing a
more pronounced osteoblast attachment to an HA surface as compared to an OCP
surface. Besides the difference in chemical composition and degradation
properties, these two materials exhibited different grain size, which could also be
of influence on cell attachment [51].

The ALP activity of hMSCs cultured on either PLA/CaP composite or CaP-coated
PLA was higher as compared to that of cells cultured on PLA particles. Similarly,
other studies also demonstrated a higher ALP activity of various cell types when
cultured on PLA/CaP composite materials prepared using different techniques, in
comparison with the polymer not containing the mineral phase [18,52-54].
Furthermore, Kim et al. [55] and Kung et al. [56] also observed that the ALP
activity of bone marrow- and adipose-derived mesenchymal stem cells cultured
on fibrous PLA meshes, the surface of which was covered with CaP, was
significantly higher as compared to the culture on PLA samples without the
ceramic. Danoux et al. [50] observed that the addition of 4 or 8 uM Ca*', or 4 uM
Pi ions to the cell culture medium enhanced the ALP activity of hMSCs.
Furthermore, it was also shown that the individual release of these ions from only
calcium-containing or only phosphate containing PLA particles increased the ALP
activity of hMSCs compared to pure PLA particles. These results suggested that
both Ca’" and Pi ions released from the particles were responsible for promoting
ALP activity in hMSCs.

Surprisingly, no effect of the hybrid materials on the mRNA level of ALP was
detected, which may be explained by a transient peak expression of mRNA, in
contrast to proteins, which are more stable. Similar to ALP, RUNX2 and BSP genes
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were not influenced at mRNA level when the cells were cultured on different
types of particles.

The expression of BMP2, OP and OC genes was substantially increased in hMSCs
cultured on the PLA/CaP composite and CaP-coated PLA particles as compared to
those cultured on PLA particles not containing CaP. These findings are in line with
previously published studies, where the presence of CaP on electrospun PLA
meshes had a positive effect on the expression of osteogenic markers such as
collagen type I, OC and OP on stem cells from different origin [55-56].
Furthermore, it was previously shown that the expression of BMP2, OP and OC
markers are significantly enhanced at elevated Ca®* levels [49-50]. Although the
Ca’* level in the cell culture medium was shown to decrease in the presence of
CaP-containing particles, it should be noted that the ionic concentration was
measured in the bulk medium, not taking into account possible concentration
differences between the bulk and the medium in close vicinity of the particle
surface where cells are found, where Ca** concentration may be higher.
Furthermore, apart from this chemical effect, the effect of physical surface
properties of these materials, like roughness, surface area, etc. on differentiation
of hMSCs should not be neglected, although these effects were not separately
studied here.

No significant differences were observed in the expression of the osteogenic
markers between hMSCs cultured on PLA/CaP composite and those cultured on
CaP-coated PLA. The two hybrid materials differed in several properties including
the phase, the amount and the availability in the CaP component, as well as the
physical surface properties, which, taken together, resulted in a more pronounced
decrease in concentration of Ca®* and Pi ions in cell culture medium in the case of
the monolithic composite as compared to the CaP-coated PLA. These differences
however, were not reflected in the differentiation potential of hMSCs when
cultured on the different materials suggesting that both methods of combining
PLA and CaP can be used to enhance the osteogenic differentiation of hMSCs as
compared to PLA without CaP.

3.5. Conclusion

The results of the current study confirmed the beneficial effect of CaP regarding
the osteogenic differentiation of hMSCs. This effect was independent of the
method used to combine the CaP and the PLA component into a hybrid material,
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i.e. generation of a monolithic composite or coating of the polymer with a ceramic

layer.
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Abstract

The incorporation of bioinorganics into synthetic biomaterials is a promising
approach to improve the biological performance of bone graft substitutes, while
still retaining their synthetic nature. Among these bioinorganics, strontium ions
(Sr**) have reported enhanced bone formation, and a reduced risk of bone
fractures. While previous results have been encouraging, more detailed studies
are needed in order to further develop specific applications. This study
demonstrates the effects of Sr** on the osteogenic differentiation of human
mesenchymal stromal cells (hnMSCs) when introduced as either a dissolved salt, or
incorporated into biomimetic calcium phosphate (CaP) coatings. Upon
attachment, hMSCs seeded in the presence of higher Sr** concentrations
presented with a more elongated shape as compared to the controls without Sr*".
Both Sr** as a dissolved salt in the medium, or incorporated into CaP coatings,
positively influenced hMSC alkaline phosphatase (ALP) activity in a dose-
dependent manner. At the mRNA level, the expression of osteogenic markers ALP,
bone sialoprotein (BSP), bone morphogenetic protein 2 (BMP2), osteopontin (OP)
and osteoclacin (OC) were increased in the presence of Sr**, independent of the
delivery method. Overall, this study demonstrates the positive effects of
strontium on the osteogenic differentiation of human MSCs, and supports the use
of strontium-incorporated CaPs for bone regeneration applications.
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4.1. Introduction

Despite advances in orthopedic and dental surgery, the clinical management of
bone defects continues to present challenges [1]. While autograft remains the
gold standard for treating bone defects, issues such as limited quantity, donor site
morbidity, and the requirement for an additional surgical site continue to
encourage research into alternatives [2]. Synthetic bone graft substitutes have
provided promising results to date, with calcium phosphates (CaPs) maintaining
interest [2] due to their chemical similarities to the mineral phase of bone, being
itself a non-stoichiometric carbonated apatite [3]. Despite this, the performance
of synthetic bone grafts remains inferior to autograft. Several attempts have been
made to improve the bone healing capacity of CaPs [4], including combining them
with growth factors [5-7], cells [5, 8-9] and inorganic additives [10-12]. The
incorporation of inorganic additives such as magnesium (Mg”), copper (Cu®),
strontium (Sr**), and fluoride (F) into synthetic bone grafts, is gaining popularity
as these additives may directly induce changes in cells, for example via ion
channels, potentially functioning as “synthetic growth factors”. The potential role
of these bioinorganics in bone tissue, and their effects on bone formation, are
comprehensively summarized by Habibovic and Barralet [13], Yang et al. [4], and
Boanini et al [10].

While many elements have been shown to influence bone regeneration, the role
of strontium is particularly interesting due to its relatively high presence within
healthy bone. Approximately 99% of the strontium within the body is found
within bone, with its quantity being positively correlated to the compressive
strength of bone [13-14]. Strontium ranelate is currently used for treatment and
management of osteoporotic bone [15-18], with its use reported to reduce the
risk of fracture in postmenopausal osteoporotic bone [15], and increase bone
mineral density [16].

To date, several studies have investigated the effects of local Sr** delivery on
osteogenesis and bone formation. Promising results have been obtained when
strontium was incorporated into synthetic bone grafts, including bioactive glasses
[19-21], titanium implants [22-23], calcium silicates [24], and CaPs [1, 11, 25-31].
In vitro studies have previously demonstrated that strontium incorporation into
CaPs resulted in a dose-dependent effect on osteoblast and osteoclast growth and
activity [11, 25-29]. This effect has also been demonstrated using ovariectomized
rats, where the ion release from Sr2+-doped CaPs resulted in increased new bone

formation [29] and improved osseointegration [30].
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While the addition of strontium ions to CaP bone graft substitutes has provided
positive results to date, a deeper understanding of the mechanisms and function
of strontium is still lacking. Such information is needed to convert this potential
into applicable products. To further elucidate the specific role of strontium in
bone healing, this study investigated the effect of Sr** on hMSCs in two
conditions. In the first condition, Sr** ions were delivered to the cells as a
dissolved salt, in order to understand its direct effect on hMSCs. In comparison,
and with the aim to assess a degradable CaP as a delivery vehicle for this ion, the
second condition used a two-step biomimetic approach to incorporate Sr** at
varying concentrations into crystalline CaP coatings, which were deposited in
titanium substrate. For both conditions, cell responses were studied using
proliferation and osteogenic differentiation marker expression, and changes in
hMSC morphology. Overall, this study was undertaken to elucidate the specific
mechanisms or strontium-induced osteogenesis, and therefore, improve the
efficacy of calcium phosphates as bone graft substitutes

4.2. Materials and methods
4.2.1. Coating preparation

Commercially pure Titanium (cp Ti grade 4) was used as a substrate for the CaP
coatings. The Ti sheet was cut into 1x1 cm” pieces and grit-blasted using alumina
beads with a diameter of 250 um in order to reach a Ra roughness of 1.3+0.1 um.

A 2-step biomimetic coating approach was used to prepare the coatings, as
previously described [11, 32]. Briefly, the surface of the Ti plates were coated with
a thin amorphous CaP layer by vertical immersion in a supersaturated simulated
body fluid (SBF) for 24 hours at 37°C. This solution, containing NaCl, CaCl,.2H,0,
MgCl,.6H,0, NaHCO; and Na,HPO,.2H,0 salts (Sigma, Table 1) was prepared
under mildly acidic conditions by dissolution of CO, gas. The pre-calcified Ti plates
were then immersed for 48 hours at 37°C in a calcium phosphate solution (CPS)
containing NaCl, CaCl,.2H,0 and Na,HP0,4.2H20 salts (Sigma, Table 1) that was
buffered at pH 7.4 by addition of tris-hydrozymethylaminomethane (Tris) and 1M
HCL (Sigma). A stock solution of strontium acetate (Sigma) in a Tris buffer (pH=7.4)
with concentration of 100 mM was prepared. In order to incorporate strontium
into CaP coatings, appropriate volumes of Sr** stock solution were combined with
the CPS solution to reach varying concentrations of Sr** in CPS (0, 10 and 1000
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MM). The CPS solution was refreshed after 24 hours. The coatings were then
washed three times with MilliQ water and dried overnight at 37°Cin an air oven.

Table 1. lonic content of concentrated SBF and CPS solutions used for preparation of the

coatings.
Solution Na* mg** Ca™ cr HPO,> HCos
Concentrated SBF 733.5 7.5 3205 720 5 21
CPS 140 0 4 144 2 0

4.2.2. Coating characterization

The chemistry of the mineral phase was characterized by Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000) and x-ray diffraction
(XRD, Miniflex, Rigaku). The morphology of the mineral films, and the presence
and distribution of calcium, phosphorus and strontium were investigated scanning
electron microscopy (SEM, XL-30 ESEM-FEG, Philips), coupled with energy
dispersive X-ray spectroscopy analyzer (EDS, EDAX, AMETEK Materials Analysis
Division). Quantification of the data was achieved using the TEAM™ EDS V2.2
software provided by the EDS manufacturer. The Ca/P, Sr/P, (Ca+Sr)/P and Sr/Ca
ratios were calculated upon analysis.

Additionally, the coatings were dissolved in ultrapure nitric acid and the Sr**
content of the coating was measured using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7700 ICP-MS, Agilent Technologies).

4.2.3. Cell subculture

hMSCs were isolated from bone marrow aspirates (5-20 ml) obtained from 2
donors after written informed consent. Isolation procedure and full
characterization of the cells have been described previously [33-34]. In short,
aspirates were resuspended using 20 G needles, plated at a density of 5x10° cells
per cm?, and cultured in proliferation medium (consisting of a-MEM (Gibco)
supplemented with 10% fetal bovine serum (Lonza), 2 mM L-glutamine (Gibco),
0.2 mM ascorbic acid (Sigma), 100 U mlI™* penicillin and 100 pg ml™ streptomycin

91



(Gibco) and 1 ng ml™* rhbFGF (AbDSerotec)). The medium was refreshed every 2-3
days. Cells were harvested at approximately 80% confluency for subculture until
they reached passage 3.

4.2.4, Cell culture

In the first step of cell culture, hMSCs of passage 3 from the 2 donors were seeded
on treated tissue culture plates (TCPs) at a density of 10000 cells/cm? (for DNA,
ALP and qPCR assays) or at 2500 cells/cm?® (for imaging cell morphology) in
approximately 50 pl of basic medium (a-MEM (Gibco) supplemented with 10%
fetal bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic acid
(Sigma), 100 U ml™* penicillin and 100 pg ml™ streptomycin (Gibco)). After seeding,
1 ml of either basic or osteogenic medium (basic medium supplemented with 10
nM dexamethasone (Sigma)) was added to each well. Appropriate volumes of Sr**
stock was added to each well to reach Sr** concentrations of 0, 10 and 1000 pM in
cell culture medium. The medium was refreshed every 2-3 days.

In parallel, hMSCs of 2 donors were cultured on coated Ti plates. CaP coatings
were sterilized with ethanol prior to cell culture. To sterilize, the samples were
placed in a sterile non-treated well plate and washed three times with 70%
ethanol followed by 15 min of drying inside the flow cabinet after each washing
step. In the last step of sterilization, 100% ethanol was added to the samples and
allowed to evaporate in the flow cabinet for at least 2 hours. The plates were then
washed twice with sterile PBS, followed by an overnight incubation in a 5% CO,
humid atmosphere at 37°C after the addition of 1 ml basic medium.

hMSCs of passage 3 from 2 donors were seeded on the coated Ti plates at a
density of 10000 cells/cm? (for DNA, ALP and gPCR assays) or 2500 cells/cm? (for
imaging cell morphology) in approximately 50 pl of basic medium and allowed to
attach to the coatings for 4 hours, after which 1 ml of either basic or osteogenic
medium was slowly added to each well. The medium was refreshed every 2-3
days. Cell medium was collected at each refreshment point and concentrations of
Ca and Sr in basic cell medium were then measured using ICP-MS, at each
refreshment point up to 7 days.

4.2.5. Cell morphology

At day 1 after cell seeding, the cells cultured on TCPs and CaP coatings were
washed with PBS and fixed with a buffer of 4% paraformaldehyde (pH=7.4) for 30
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minutes. The cells cultured on TCPs and CaP coatings were then permeabilized
with 0.1% Triton X-100 in PBS solution for 10 minutes, washed with PBS and
blocked for 30 minutes in a blocking solution (2% bovine serum albumin (BSA) and
0.1 v/v% Tween 20 in PBS). Subsequently, Alexa Fluor 594 antibody (Invitrogen)
diluted in blocking buffer was added to the cells to stain the cell cytoskeleton, and
incubated at room temperature in dark for 1 hour. After incubation, cells were
washed with PBS, and DAPI antibody (Sigma-Aldrich/Fluka) diluted in PBS was
added for 10 minutes. The cells were then washed with PBS and imaged using a
fluorescent microscope (E600, Nikon) (The data is not shown for cells cultured on
CaP coatings).

6 pairs of immunofluorescent images obtained in blue and red channels (for Dapi
and Phalloidin antibodies, respectively) were used for quantifying cell shape
parameters. The data was analyzed in CellProfiler software as was described
previously [35] and cell area and eccentricity parameters were selected to assess
the changes in cell morphology upon introduction of Sr**. Cell area shows the total
number of pixels located in the cell area. Eccentricity shows morphological
elongation and measures the deviation of a conic section from a circle, with
eccentricity being equal to zero for a circle and one for a parabola [36].

After fixation, the cells cultured on CaP coatings were also dehydrated by addition
of alcohol series (70%, 80%, 90% and 100%, 30 min per concentration) and dried
using a critical point drier (CPD 030, Balzers). The samples were then gold
sputtered and imaged using SEM. Two independent experiments with n=2 for
each condition were performed.

4.2.6. DNA content and ALP activity quantification

Total DNA was assessed with CyQuant Cell Proliferation Assay kit (Invitrogen).
After 3 freeze/thaw cycles at -80° C, 500 pl lysis buffer (lysis buffer provided in
the kit diluted in a buffer of NaCI-EDTA solution) was added to each well. The
samples were ultra-sonicated and incubated at room temperature for 1 hour.
After centrifugation, 100 pl of the supernatant was mixed with the same volume
of CyQuant GR dye in a 96 well micro-plate and incubated for 15 min.
Fluorescence measurements for DNA quantification were done at excitation and
emission wavelengths of 480 and 520 nm, respectively, using a
spectrophotometer (Perkin Elmer). ALP activity in the cultures was measured
using a CDP-star kit (Roche Applied Science). 10 pl of the supernatant was mixed
with 40 pl CDP-star reagent in a 96 well micro-plate and incubated for 30 min.
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After incubation, chemiluminescence measurements were completed at 466 nm.
Results of the DNA assays are presented based on average ug of DNA detected in
each condition. Results of ALP activity were normalized per DNA content of each
culture and presented as the average of normalized ALP activity per ug of DNA for
each condition. Two independent experiments with n=3 for each condition were
performed for DNA and ALP analyses, and the results of one representative
experiment are presented here.

4.2.7. RNA extraction and gene expression (qPCR) assay

Total RNA was isolated by using a NucleoSpin® RNA Il isolation kit (Macherey
Nagel) for cells cultured on TCPs and in combination with NucleoSpin® RNA I
isolation kit and Trizol method, in accordance with the manufacturer’s protocol.
RNA was collected in RNAse-free water and the total concentration was measured
using nano-drop measurement equipment (ND1000 spectrophotomer, Thermo
Scientific). The cDNA of the cultures were then prepared using an iScript kit (Bio-
Rad) according to the manufacturer’s protocol and diluted 10 times in RNAse-free
water to be used for quantitative real-time PCR (qPCR). The gPCR measurements
were completed using Bio-Rad equipment using Syber green | master mix
(Invitrogen) and the primer sequences (Sigma) which are listed in table 2.
Expression of the osteogenic marker genes were normalized to GAPDH levels and
fold inductions were calculated by using AACT method. hMSCs cultured on TCPs in
basic medium for 7 days were used as calibrator. Two independent experiments
with n=3 for each condition were performed for the qPCR analysis, and the results
of one representative experiment are presented here.

4.2.8. Statistical analysis

Statistical comparisons were performed using One-way Analysis of Variance
(ANOVA) followed by a Tukey’s multiple comparison post-hoc test. Error bars
indicate one standard deviation. For all figures, the following p-values apply: *p <
0.05.
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Table 2. Primer sequence of the osteogenic genes investigated.

Gene Primer sequences

GAPDH (housekeeping gene) 5"-CCATGGTGTCTGAGCGATGT
5’-CGCTCTCTGCTCCTCCTGTT

Alkaline phosphatase (ALP) 5'-TTCAGCTCGTACTGCATGTC

5'- ACAAGCACTCCCACTTCATC
Bone morphogenetic protein 2 (BMP2) 5'-GCATCTGTTCTCGGAAAACCT
5'-ACTACCAGAAACGAGTGGGAA

Bone sialoprotein (BSP) 5'-TCCCGTTCTCACTTTCATA
5'- CCCCACCTTTTGGGAAAAC
Osteocalcin (OC) 5'-CGCCTGGGTCTCTTCACTAC
5'-TGAGAGCCCTCACACTCCTC
Osteopontin (OP) 5'-CCAAGTAAGTCCAACGAAAG

5'-GGTGATGTCCTCGTCTGTA

4.3. Results
4.3.1. Mineral film characterization

The 2-step biomimetic technique employed for preparation of the CaP coatings
resulted in the formation of a uniform crystalline CaP layer that covered the entire
surface of the Ti plates (Figure 1.a, b and c). The SEM micrographs showed CaP
crystals with a plate-like morphology, which formed perpendicular to the surface
of the Ti plates. The morphology of the crystals was modified by addition of Sr** to
the initial CPS solution. Sr**-added CPS solution resulted in smaller and less sharp
CaP crystals (Figure 1. c).

The presence of the CaP film was confirmed by EDS spectra of the samples, in
which sharp peaks of calcium, phosphorous, and oxygen were visible (Figure 1. d-
f). EDS elemental maps also showed that Ca and P elements were homogeneously
distributed on the surface (Figure 1. g-I). EDS results showed presence of Sr** in
the CaP coatings prepared with a concentration of 1000 uM Sr*" in the CPS
solution (Figure 1. f). The EDS strontium elemental maps indicated that Sr** was
homogeneously distributed within the coating (Figure 1. m, n, o). Quantification
of the EDS results indicated an incorporation of approximately 3 at% of strontium
into CaP coatings at the highest concentration of Sr** in CPS solution (Table 3.).
EDS did not detect Sr’* in the coating with low Sr*" incorporation. However, ICP
measurements showed the presence of 0.44 and 16.49 mg/| Sr** in the coatings
with low and high incorporation of Sr** dissolved in HNOs, respectively (Table 3).
Calculation of atomic ratios indicated that the ratio of Sr/P increased from 0.021
to 0.098 by increasing the concentration of Sr** in CPS solution from 0 uM to 1000
UM. The Ca/P ratio in these conditions, however, was calculated to be 1.197 and
1.091, respectively. The (Ca+Sr)/P ratios remained constant at approximately 1.2.
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Figure 1. SEM images (a,b,c), EDS spectra (d,e,f), Ca elemental map (g,h,i), P elemental
map (j,k,I) and Sr elemental map (m,n,o0) of OCP, OCP Sr10 and OCP S1000, respectively. A
crystalline CaP layer was formed on the surface of Ti plates with a homogenous
distribution of all the elements. Presence of Sr”* in higher concentration was detected in
EDS spectrum and Sr elemental map of OCP Sr1000. Moreover, the morphology of the
coatings changed upon addition 1000 u Sr** to CPS solution resulting in smaller and less
sharp crystals.
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The results of the XRD and FTIR analyses for CaP coatings without and with Sr**
(Figure 2) were in accordance with data obtained in earlier studies when similar
biomimetic coating method was applied [37-39]. The XRD patterns (Figure 2. a) of
the coatings exhibited peaks at 26=4.7° corresponding to (010) diffraction line and
at 26=25.8° corresponding to (002) plane, both typical of triclinic octacalcium
phosphate (OCP) crystals. The peaks observed at 26=9.8° and at 26=27-28.5° can
also be attributed to the OCP structure. The broad set of peaks at approximately
26=31.5° to 32.5° are common for both OCP and apatitic structures. A small shift
of approximately 26=0.1° towards lower degrees was observed in some of the
characteristic OCP peaks, when the OCP Srl1000 coating was analyzed.
Supplementary figure 1 summarizes the position of the main peaks in the XRD
patterns of the coatings without and with Sr** incorporation.

The FTIR spectra of the coatings (Figure 2. b) exhibited sharp P-O bands at 560 cm’
! and 600 cm™. Moreover, the bands at 906 cm™ and 850 cm™ were typical HPO,*
bands in the OCP phase. Nevertheless the vibration bands observed between
1020 cm™ and 1070 cm™ were less sharp and less numerous as compared to
phase-pure OCP [38-39]. The small bands observed at 1450 cm™ and at 1480 cm™
corresponded to the carbonate group typical of A-B carbonated apatite,
suggesting that apart from the OCP, the coating comprised a carbonated apatitic
phase. The typical PO,> and HPO, bands of the coatings prepared in presence of
higher concentration of Sr** were less sharp, suggesting a decrease in crystallinity.

Table 3. Sr content measured by EDS and ICP, and atomic ratios quantified based on EDS
data in CaP coatings. The Sr content in OCP Sr1000 was approximately 3 at%, whereas the
content of both OCP and OCP Sr10 coating was within the background noise, below 1 at%.

Increasing the concentration of Sr** in CPS solution resulted in increasing in Sr/P and a
slight decrease in the Ca/P ratios, while (Ca+Sr)/P ratio constantly remained at
approximately 1.2.

Sr content Sr content

Sample (at%) (mg/1) Ca/P ratio Sr/P ratio (Ca+Sr)/P ratio
OCP Sr0 0.780 0.024 1.197 0,021 1,218
OCP Sr10 0,698 0.444 1,168 0,021 1,189
OCP Sr1000 2.964 16.490 1.091 0,097 1,189
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4.3.2. Cell morphology

Cells cultured on TCPs with 1000 uM Sr** in the basic medium appeared to have a
higher aspect ratio compared to cells cultured in basic medium without Sr**
addition, while no apparent differences were observed between the control, and
the cells treated with 10 pM of Sr** (figure 3.a-c).

Quantification of the cell parameters using CellProfiler based on
immunofluorescent images showed that the cell area was reduced dose-
dependently when Sr** was added to cell medium. The eccentricity was however
significantly increased upon addition of Sr** to cell medium in a dose-dependent
manner, confirming increase in elongation of the cells treated with Sr**.

Similar results were obtained when cells were cultured on OCP coatings. After 1
day, cells cultured on OCP Sr1000 coatings appeared more elongated in their
morphology compared to the cells cultured on OCP and OCP Sr10 coatings (Figure
3.d-f). The adhesion points were observed in the cells cultured on all the coatings
(Figure 3.g-i).

Quantification of the morphology parameters of the cells cultured on CaP coatings
based on immunofluorescent images indicated that area of the cells cultured on
OCP Sr10 was significantly higher than the area of those cultured on OCP without
strontium incorporation. The eccentricity of cells cultured on OCP Sr1000 was also
significantly higher than the one of the cells cultured on OCP and OCP Sr10
coatings.

4.3.3. DNA content and ALP activity

At 7 days, the addition of 1000 pM Sr** to the osteogenic media increased the
hMSC DNA content in both donors when cultured on TCPs, however, this increase
was only significant in cells of Donor 1. A similar trend was seen when 1000 uM of
Sr** was added to basic media in Donor 1 cultures, but not when cells from Donor
2 were cultured (Figure 4. a and b). The DNA content of the cells did not increase
between 7 and 14 days, suggesting the formation of a confluent monolayer before
the second time point analysis.
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Figure 2. XRD patterns (a) and FTIR Spectra (b) of the coatings. The XRD peaks of OCP
structure. The XRD patterns and the FTIR spectra suggested that the coatings
predeminantly consisted of OCP, with presence of some carbonated apatite. Furthermore,
the data suggested that an increase of Sr** content of the coating led to a limited decrease
in crystallinity.

While at 7 days no significant differences in ALP activity were seen among the
conditions, at 14 days, the addition of either 10 uM or 1000 UM Sr** to osteogenic
media increased the normalized ALP activity of hMSCs. This result was statistically
significant for cells of Donor 1, and for 1000 uM in Donor 2 cells (Figure 4. ¢ and
d).
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Figure 3. Fluorescent microscopy images of the cells cultured for 1 day on TCPs in basic
medium without 0 (a), and supplemented with 10 (b) or 1000 (c) uM s, guantification of
cell area (d) and eccentricity (e) of these cells, SEM images of the cells cultured for 1 day in

basic medium on OCP (f), OCP Sr10 (g) and OCP Sr1000 (h) coatings with (i), (j) and (k)

magnified images of the areas marked with dashed lines in (f), (g) and (h) images,
respectively and quantification of cell area (I) and eccentricity (m) of these cells. In
fluorescent images, the cells were stained with Dapi (in blue) and Phalloidin (in green)
showing cell nuclei and cytoskeleton, respectively.
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No differences in DNA content were seen when cells were cultured on coatings
for 7 days, however, at 14 days in Donor 2 cells, the incorporation of Sr*" into OCP
increased the DNA content, with this result being statistically significant for both
basic and osteogenic media at both incorporation concentrations. This effect,
however, was not observed in Donor 1 cells. A difference in proliferation profile
was observed between the cells from the two donors, with an increase in DNA
content between day 7 and day 14 for the cells from Donor 2 but not for the
Donor 1 cells (Figure 5. a and b).

At 14 days, the incorporation of Sr*" into OCP at the higher concentration (OCP
Sr1000) increased the ALP activity in Donor 1, with this result being statistically
significant in both basic and osteogenic media. This effect was also observed in
osteogenic medium in Donor 2 cells (Figure 5. c and d).
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Figure 4. DNA content (a, ¢) and ALP activity (b, d) of hMSCs of respectively Donor 1 and
Donor 2 cultured on TCPs. Sr** supplementation in cell culture medium slightly increased
the DNA content of the Donor 1 cells at day 7, while no differences were observed for the
other conditions. At day 14, addition of sr* to osteogenic medium resulted in increasing
ALP activity of hMSCs in a dose-dependent manner.
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4.3.4. Expression of osteogenic markers at mRNA level

While in basic medium, no significant differences in ALP mRNA expression of cells
cultured on TCPs were observed among the conditions at either time point, at 7
days, the addition of 1000 uM of Sr** to the osteogenic media significantly
increased the ALP expression in Donor 1 cells. At 14 days, the addition of Sr* to
osteogenic media increased the ALP expression, however, this effect was not
consistent between the donors (Figure 6. a-b).

At day 7, no differences among the conditions were observed in the BSP
expression when cells were cultured on TCPs in basic medium. However, at day
14, Sr** supplementation in both basic and osteogenic media resulted in an
ascending trend in expression of BSP dependent on Sr** dose, with a significant
effect in osteogenic medium in donor 1 and in basic medium in donor 2 cells
(Figure 6. c-d).
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Figure 5. DNA content (a, c¢) and ALP activity (b, d) of hMSCs of respectively Donor 1 and
Donor 2 cultured on the coatings. At day 14, an increase in DNA content of the cells of
Donor 2 was observed upon incorporation of Sr* into the coatings. At day 14, addition of
Sr** to either medium in cultures of Donor 1 cells and to osteogenic medium in cultures of
Donor 2 cells resulted in an increase in ALP activity in a strontium dose-dependent
manner.
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At days 7 and 14, the addition of Sr** to basic media only appeared to influence
BMP2 expression, however, this result was statistically significant only between 0
and 1000 pM in Donor 1, and 10 and 1000 uM in Donor 2. A similar trend was
observed in OP expression in basic media, with significant difference between 10
and 1000 uM in Donor 2 cells. The addition of 1000 UM to osteogenic media
significantly increased OP expression in Donor 1, however, this result was not
observed in Donor 2 cells (Figure 6. e-f).

No significant differences among the conditions were observed in OC expression
at 7 days in either medium. At day 14, the addition of Sr** to both basic and
osteogenic media appeared to decrease OC expression in a dose dependent
manner in donor 1, however, this result was statistically significant only in
osteogenic medium. Unlike in Donor 1 cells, the OC expression by the cells of
Donor 2 was significantly increased upon addition of 1000 uM of Sr** to basic
medium at day 14, while no effect was seen in osteogenic medium. (Figure 6. g-j).
At day 14, hMSCs of donor 1 only, cultured on OCP Sr1000 expressed slightly
higher ALP mRNA levels compared to the cells cultured on OCP and OCP Sr10 in
basic medium. A similar effect was detected in osteogenic medium, however, this
was only significant between OCP and OCP Sr1000. (Figure 7. a-b).
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Figure 6. Continues in the next page.
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Figure 6. mRNA expression of ALP (a,b), BSP (c,d), BMP2 (e,f), OP (g,h) and OC (i,j) by
respectively hMSCs of Donor 1 and Donor 2 cultured on TCPs.The results are normalized
for the mRNA level of GAPDH as a housekeeping gene and calibrated for the mRNA level

of each gene of hMSCs cultured in basic medium without supplementation for 7 days.
MRNA expression of all the osteogenic markers was altered upon addition of Sr** to cell
culture medium. Sr”* ions generally increased the expression of ALP, BSP, BMP2 and OP,
with comparable trends in both donors. Opposing trends were however, observed in the

expression of OC from Donor 1 and Donor 2 cells.

Differences in the expression of BSP of cells cultured on different coatings were
only observed for Donor 1. At days 7 and 14, incorporation of Sr** into OCP
coatings increased the expression of BSP in basic medium in a dose-dependent
manner. (Figure 7. c-d).
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While low BMP2 levels were observed for all conditions in osteogenic medium, at
day 14, hMSCs of donor 1 cultured on OCP Sr1000 coating showed higher BMP2
expression compared to the ones cultured on OCP and OCP Sr10 in basic medium.
A similar effect, however not significant, was observed in donor 2 as well (Figure

7. ef).
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Figure 7. Continues in the next page.
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Figure 7. mRNA expression of ALP (a,b), BSP (c,d), BMP2 (e,f), OP (g,h) and OC (i,j) by
respectively hMSCs of Donor 1 and Donor 2 cultured on CaP coatings. The results are
normalized for the mRNA level of GAPDH as a housekeeping gene and calibrated for the
mMRNA level of each gene in hMSCs cultured in basic medium on OCP coating for 7 days. In
general, presence of Sr* in the CaP coatings positively affected the expression of
osteogenic markers. Similar trends were observed in the two donors, with the effects
being stronger in Donor 1 cells.

Similar to BMP2, expression of OP was low in osteogenic medium in all the
conditions. At day 14, expression of OP in basic medium was higher in OCP Sr1000
coatings compared to OCP and OCP Sr10 in donor 1. A similar, but non-significant
effect was observed in donor 2 at similar conditions (Figure 7. g-h).

While at 7 days, no significant differences were observed, at day 14, in donor 1,
higher OC levels were seen in both media when cells were cultured on OCP
Sr1000 coatings compared to OCP and OCP Sr10, however, in basic medium this
effect was only significant between OCP Sr1000 and OCP Sr10. In donor 2, OC was
upregulated in osteogenic medium in the cells cultured on OCP Sr1000 compared
to the cells cultured on OCP and OCP Sr10 (Figure 7. i-j).
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4.3.5. lon concentrations in cell medium

Concentrations of Ca®* and Sr** ions in basic medium up to day 7 were measured
using ICP-MS (Table 4). Ca®* content of control cell culture medium, not containing
cells or coatings, slightly decreased after 2 days. However, this concentration
reached the original values at later time points. A major decrease of more than 1
1M in Ca®* content of cell medium incubated with CaP coatings cultured with cells
was detected after 2 days of culture. Ca** content of the medium remained
constant at this level at later time points. This effect was independent of Sr**
incorporation.

A Sr** release of approximately 12 uM was observed in cell medium conditioned
with OCP Srl000 puM after 2 days. The Sr** release was calculated as
approximately 5 and 2 uM for 4 and 7 days, respectively. The Sr** release was
negligible in the medium conditioned with OCP and OCP Sr10 samples.

Table 4. Ca®* and Sr** concentration (based on uM) of basic medium collected during the
culture of hMSCs on CaP coatings with, as a control, basic medium without materials or
cells. A decrease of Ca* concentration was observed after 2 days in all the samples, after
which a plateau at about 700 UM was reached. A release of 12, 5 and 3 uM Sr** after 2, 4
and 7 days, respectively was detected during cell culture of OCP Sr1000, suggesting
dissolution/reprecipitation events occurring on the coating surface.

Incubated medium OCP Sr0 OCP Sr10 OCP Sr1000
o Ca’ content  Sr’content Ca’ content Sr’content Ca’ content Sr’'content Ca’ content  Sr”content
0 1720.50 0.55 1720.50 0.55 172,50 0.55 1720.50 055
2 1226.97 057 790.99 033 769.39 0.48 820.54 1222
4 1373.85 061 773.75 034 707 84 040 735 46 502
7 1757 .04 0.69 769.44 0.60 71488 0.37 77047 322

4.4. Discussion

Among the trace elements within bone mineral, strontium is of particular interest
due to its reported osteogenic and anti-resorptive effects [17-18]. Pasqualetti et
al. suggested that, while absolute levels of strontium influence the embryonic
mineralization, the actual strontium-to-calcium ratio may also have an important
role in the mineralization process [40]. In addition to the chemical interplay,
strontium has been suggested to influence cellular responses by affecting the
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physicochemical properties of the mineral [11]. In this manner, strontium ranelate
is thought to prevent osteoporotic fractures via an increase in bone hardness due
to the Sr*" ionic substitution [41-42]. In order to further develop strontium-based
treatments, the exact mechanisms of strontium’s actions are yet to be fully
elucidated.

In the current study, a biomimetic approach was taken to prepare strontium-
incorporated CaP coatings on Ti substrates. The results indicated that a
predominantly crystalline OCP layer formed which was not inhibited by the lower
concentration of strontium, though the crystal morphology was influenced at
higher strontium concentrations. The presence of strontium was confirmed using
EDS and ICP The decrease in the Ca/P ratio, and increase in the Sr/P ratio, with a
constant (Ca+Sr)/P ratio (1.2) may be due to ionic substitution of Ca®* by Sr*,
however the data presented here is not sufficient to strongly confirm this. While
the calculated ratio of Ca/P of 1.2 in this study differs to the theoretical OCP value
of 1.33, this value may have been affected by the semi-quantitative nature of the
elemental analysis used. Additionally, the FTIR data indicated the presence of
carbonate bands, suggesting the coating formed was not phase-pure. Further,
when compared to the coatings formed in absence of Sr** ions, the small shift to
smaller angles that was observed in the XRD pattern of OCP Sr1000 coatings also
indicated a possible change in the lattice parameters of OCP crystals due to the
incorporation of strontium ions into the OCP lattice [43]. This however may be
due to broadening of the diffraction peaks upon addition of the Sr** or the overall
structural change towards a more apatitic phase resulting in modification of the
XRD pattern. Nevertheless, physical entrapment of strontium acetate or another
strontium salt into the coating during deposition cannot be fully excluded.
Regardless, this data proved the formation of an OCP phase with varying Sr**
content which was directly dependent on the impregnation concentration of Sr**.
The results indicated a release of strontium from OCP Sr1000 coatings into basic
cell medium at 12, 5 and 3 uM after 2, 4 and 7 days, respectively. A relatively high
release of Sr** after 2 days was accompanied by a pronounced uptake of Ca** ions
from the medium, while at the later time points, the Ca** concentration remained
constant and release of Sr** decreased. This may have been due to reprecipitation
of a new biological apatite layer formed through dissolution/reprecipitation
events occurring on the coating surface [44]. The maximum amount of strontium
in the prepared OCP coatings was approximately 8.9 % of the calcium content,
which aligns with the percentage reported for a similar method of production
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[11]. These values are also in the range reported for that of human bone, being
3.9 at% [45]. However, due to ion release via CaP dissolution, it is difficult to
relate total incorporated percentage to the actual ion concentration exposed to
the cell.

Cytoskeletal components such as actin have been reported to be involved in
mediating hMSC proliferation and differentiation toward osteogenic lineage, with
early cytoskeletal organization reportedly having a major effect on cell fate [46].
Baradas et al. [47], for example, have shown that the Ca** induced morphological
changes began to happen in the cytoskeleton after 12 hours. Therefore we have
selected a 24 hours time point for studying the early morphological organization
induced by Sr**.

The presence of strontium appeared to influence cell shape, with a more
elongated morphology observed as compared to cells cultured in absence of
strontium. In particular, a dose-dependent effect on cell eccentricity was detected
upon increasing strontium concentration. Similar changes in eccentricity have
previously been identified as important parameters for interpreting changes in
cellular responses [36]. In this study, elongated cells generally corresponded to a
higher expression of osteogenic markers at mRNA level. While changes in cell
morphology are often considered to relate to cell fate, the morphology
corresponding to specific lineages remains uncertain [47-50]. As such, while shape
differences were noted in this study, further investigation is needed to provide a
more detailed context for these results.

A different trend in the changes in cell area as a function of Sr** content was
observed on TCPs compared to the coatings. Firstly, it should be kept in mind the
released Sr** from the coating is at much lower level as compared to the ones
added to cells cultured TCPs, and it is not possible to fairly compare these two
conditions. Furthermore, the cell microenvironment provided by the CaP coatings
included the presence of other ions as well as the topographical cues of the
substrate which is substantially different from that of the cultures on TCPs, which
may have resulted in different morphological organization in the cells cultured in
these two microenvironment.

The addition of strontium appeared to influence the DNA production of hMSCs,
which is considered an indicator of cell proliferation. However, these changes
were relatively small, being less than two-fold. Sr** ions have previously shown to
increase the proliferation of human osteoblasts [51], and increase the production
of collagen matrix in murine pre-osteoblast cells [52]. Therefore, enhancing the
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proliferation and survival of bone forming cells has been proposed as a
mechanism in which Sr** favors bone formation [4,53]. While the results did not
reject this hypothesis, this study could not strongly support this statement.

ALP enzyme activity of hMSCs was generally increased upon exposure to Sr** ions
via both delivery methods, although there was some variation between donors.
This finding is consistent with previously reported data [26-28, 51-52].

The effect of strontium on the expression of osteogenic markers at the mRNA
level appeared to be dose dependent. This suggests that within the limits of this
study, a higher dose of strontium used was favorable. This result aligns with
previously published data, in which strontium was reported to have a dose
dependent effect on the ALP activity of hMSCs [28, 51, 54]. Similarly, Brennan et
al. [51] and Bonnelye et al. [17] detected the biologic effects of Sr** in the form of
strontium ranelate on osteogenic markers at a minimum concentration of 1000
UM. Therefore, strontium release and dose should be considered in future
strategies.

The expression of osteogenic markers was also highly dependent on the medium
used. Generally, expression of BMP2, OP and OC was higher in basic medium,
whereas ALP and BSP genes were more highly expressed in osteogenic medium.
The osteogenic medium used in the present study contained 10 nM
dexamethasone, a concentration previously shows to be optimal for formation of
mineralized nodules in human osteoblast precursor cell culture [55]. At this
concentration, dexamethasone has also been reported to increase the expression
of ALP and RUNX2 of human primary bone cells at mRNA and protein level [47,
55-57]. Conversely, evidence exists for the negative effects of glucocorticoids,
such as dexamethasone, on bone mineralization, which may lead to lower bone
mineral density [58]. Wiontzek et al. also demonstrated the inhibitory effects of
dexamethasone, in which intracellular Ca** concentration increased in MG63
shortly after dexamethasone treatment [59]. It appears that in this study, the
addition of dexamethasone to cell medium inhibited the regulatory effects of
Ca’*, resulting in down-regulation of Ca’*-dependent osteogenic markers including
BMP2, OP and OC [47]. Sr* ions, as a divalent cation similar to Ca**, may act on
similar cellular targets as Ca**, and similar effects are expected to occur [47].
Generally, hMSCs cultured on OCP coatings with and without Sr incorporation had
a higher expression of BMP2, OP and OC, and lower expression of ALP and BSP,
when compared to cells cultured on TCPs in strontium supplemented media. This
is likely due to the regulatory effects of Ca** ions on BMP2, OP and OC expression.
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The Ca” level in cell medium containing the different coatings was similar and
independent of Sr** incorporation, while the Sr** concentration differed, which
may explain differences in the expression of the osteogenic markers in coatings
with and without strontium and suggests the combined effects of both ions. This
is further highlighted by the fact that, while the medium concentration of
strontium was similar between the OCP Sr1000 and 10 pM Sr** supplemented
media, the hMSC response in these conditions was very different. The expression
of BMP2, OP and OC in OCP Sr1000 was substantially higher than that for the cells
cultured with 10 and 1000 uM Sr** salt, indicating a combinatory effect of
strontium and calcium ions on the osteogenic markers, which are known to be
Ca’*-dependent. As expected, such an effect was not observed on ALP and BSP
expression, even when the presence of strontium in the coatings resulted in
upregulating these genes.

It is worth mentioning that the expression of the osteogenic biomarkers at mRNA
level does not necessarily translate to production of these protein. Therefore, the
study of the effects of Sr** addition to the CaPs on production of the osteogenic
matrix proteins is highly recommended for future experiments.

It should be noted that changes in calcium content of the medium in presence of
OCP coating are expected to be accompanied by the changes in inorganic
phosphate concentration, also known to affect the hMSCs behavior [60] and this
effect needs further investigation. Furthermore, possible direct effects of changes
in crystal structure upon incorporation of strontium into the coating require
further investigation, since the cell fate can be affected by the physical properties
of the material surface [61], such as roughness, micro- and macro-porosity [62],
grain size [63] and topography [50-51, 64].

4.5. Conclusion

This study confirms that strontium promotes the osteogenic differentiation of
bone marrow derived hMSCs, when introduced to the cells as either dissolved salt
or incorporated into CaP coatings. Importantly, the positive effect of strontium
appears to synergistically increase when used in combination with CaP coatings.
Overall, this study supports the use of Sr**-incorporated CaPs as potential
synthetic bone graft substitutes.
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Supplementary data 1. Position of the main XRD peaks (based on 20) appeared in OCP
coatings without and with sr** incorporation. The results showed a small shift to smaller
20 degrees in many of the diffraction peaks upon addition of Sr** to the coatings,
especially at higher concentrations.

Position of the peak (26)

1 4.71 4.7 4.63

3 22.73 22.67 22.66

5 27.28 27.24 27.14

7 31.62 31.64 31.6

9 39.04 39.03 38.88

11 45.29 45.24 45.25

13 49.28 49.3 49.29

15 54.12 54.12 54.11

17 59.08 59.08 59.08

19 68.83 68.81 68.76
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Abstract

Bone healing requires two critical mechanisms, angiogenesis and osteogenesis. In
order to improve bone graft substitutes, both mechanisms should be addressed
simultaneously. While the individual effects of various bioinorganics have been
studied, an understanding of the combinatorial effects is lacking. Cobalt and
fluoride ions, in appropriate concentrations, are known to individually favor the
vascularization and mineralization processes, respectively. This study investigated
the potential of using a combination of fluoride and cobalt ions to simultaneously
promote osteogenesis and angiogenesis in human mesenchymal stromal cells
(hMSCs). Using a two-step biomimetic method, wells of tissue culture plates were
coated with a calcium phosphate (CaP) layer without or with the incorporation of
cobalt, fluoride, or both. In parallel, hMSCs were cultured on uncoated well
plates, and cultured with cobalt and/or fluoride ions within the media. The results
revealed that cobalt ions increased the expression of angiogenic markers, with the
effects being stronger when the ions were added as a dissolved salt in cell
medium as compared to incorporation into CaP. Cobalt ions generally suppressed
the ALP activity, the expression of osteogenic genes, and the level of
mineralization, regardless of delivery method. Fluoride ions, individually or in
combination with cobalt, significantly increased the expression of many of the
selected osteogenic markers, as well as mineral deposition. This study
demonstrates an approach to simultaneously target the two essential
mechanisms in bone healing: angiogenesis and osteogenesis. The incorporation of
cobalt and fluoride into CaPs is a promising method to improve the biological
performance of fully synthetic bone graft substitutes.
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5.1. Introduction

Approximately 69 weight% of bone is comprised of mineral that is a calcium
phosphate (CaP) in the form of AB type carbonated apatite [1]. Inspired by this
bone composition, CaP-based materials have been successfully used as synthetic
bone graft substitutes, and for improving the performance of orthopedic implants
[2]. In addition to CaP, the inorganic component of bone contains a number of
elements in trace quantities, such as magnesium (Mg>*), strontium (Sr**), copper
(Cu®), fluoride (F), etc. [1,3]. While these elements are known to play vital roles
in bone healing, formation, and remodeling [4,5], their clinical use is often the
result of serendipity, observations based on nutritional deficiencies, or genetic
disorders [5]. In comparison to growth factors and other biologics, the advantage
of such compounds is their stability, while being relatively inexpensive. Further
research is needed to explore the possibilities of these compounds when
incorporated into bone graft substitutes.

Several studies have demonstrated that the introduction of relevant bioinorganics
to bone graft substitutes may change not only chemistry, but also other
properties such as crystallinity, degradation and mechanical properties, thereby
also influencing the biological response. More recently, mechanistic studies have
shed light into how these elements function individually by altering osteogenesis
and bone formation, as summarized in previous review papers [2,4-7]. However, it
is not clear what effect the combinations of bioinorganics have on bone
regeneration, and how these combinations may affect the overall biological
response to bone graft substitutes. Therefore, this study was designed to assess
the combinatorial effects of two types of bioinorganics, being cobalt (Co*) and
fluoride (F) ions, on the osteogenic and angiogenic differentiation of human
mesenchymal stromal cells (hMSCs).

Being an integral component of vitamin B12 complex and involved in the
production of red blood cells, Co®* ion is an essential element in physiological
mechanisms in humans and other mammals [7-8]. As a main component of
cobalt-chromium metal alloys, cobalt has been commonly used in several
orthopedic applications such as total joint replacement and dentistry castings [9].
While cobalt-based alloys offer a high corrosion resistance, chemical stability and
excellent mechanical properties [9], there are issues related to the toxicity
resulting from wear debris and elevated levels of soluble Co*" ions [2,10]. Co* ion
supplementation has been shown to substantially reduce the viability of
osteoblastic cells [11-12], and was reported to reduce the expression of
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osteogenic makers, such as alkaline phosphatase (ALP) and other markers of
osteogenesis [11,13-14]. Co*" ions, in solution or incorporated into CaP, have been
shown to activate and increase osteoclast cell differentiation, which may, in part,
explain the aseptic loosening of cobalt-based implants in vivo [15]. At higher
concentrations (>10 pM), however, Co** ions may result in a reduction in
osteoclast cell number and resorption activity [11].

Several mechanisms have been proposed to describe the toxic effects of Co** at
higher concentrations, including oxidative damage to DNA, proteins and lipids,
putative inhibition of Ca** entry and Ca**-signaling, competition with Ca®* for
intracellular binding to proteins and inhibition of activity of crucial enzymes [10].
There is evidence that Co®" ions, by inducing hypoxia conditions [16], increase
expression of angiogenic genes and proteins such as vascular endothelial growth
factor (VEGF) [14,17]. It has been also shown that the addition of Co®* ions and
cells treated with Co®* ions to tissue engineered scaffolds promotes
neovascularization in animal models, which, contrary to in vitro results mentioned
above, may indirectly benefit in vivo bone formation [12,17]. Therefore,
combining Co* ions with factors, which directly promote expression of osteogenic
markers, may be a promising strategy for inducing formation of vascularized bone.
Fluoride (F) has been recognized as an essential element in mineralized tissues,
including bone and teeth [4,8], with the use of fluoride as an additive in the
formulation of toothpaste being an example of the daily use of bioinorganics
[5,19]. While F ions in the form of sodium fluoride has been used clinically for the
treatment of osteoporosis [4], in vitro results have shown a dose-dependent
effect of F ions on proliferation and osteogenic differentiation of various relevant
cell types [20-22]. These results revealed that doses lower than 100 uM promoted
osteogenic differentiation and osteoblast proliferation, whereas doses higher than
500 uM induced apoptosis and inhibition of osteogenic markers [21]. Moreover,
sodium fluoride has been reported to be involved in the initiation of osteogenesis
from the embryonic mesenchyme, and in the formation of a bone-like matrix [22].
As with other bioinorganics, the incorporation of F ions into synthetic bone graft
substitutes has been previously explored, especially in association with CaPs and
bioactive glasses [23-30]. This incorporation of F" ions has been shown to promote
the proliferation and osteogenic differentiation of different cell types, with the
cell response being substantially dependent on the fluoride concentration, the
substrate material and cell source [25-33]. In addition to these biological effects,
many studies have demonstrated significant changes in the biomaterial’s
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physicochemical properties, including crystallinity, dissolution rate, mechanical
properties and coating-substrate adhesion when F was incorporated into CaPs
[23-27].

While both Co* and F ions individually have beneficial effects that can promote
bone healing, their use in combination needs greater investigation in order to
develop improved bone graft substitutes with the ability to simultaneously induce
osteogenic and angiogenic responses. This study was set up in such a way. Firstly,
the effect of Co®* ions on the expression of angiogenic markers was investigated.
Secondly, F ions were added and proliferation and osteogenic differentiation was
studied and compared to the sole effects of fluoride and cobalt ions. This was
done in order to investigate whether the presence of Co®* ions would compromise
the effect of F ions on the proliferation and osteogenic differentiation of hMSC.

5.2. Materials and Methods
5.2.1. Preparation of Co* and F stock solutions

A Tris buffer solution was prepared by dissolving 6.05 g Tris base (Sigma), 41 ml 1
M HCI (Sigma) in pure MilliQ water to a total volume of 1L (pH= 7.4) as was
previously described [15, 32]. Co®™ and F stock solutions were prepared by
dissolving appropriate amounts of CoCl, (Sigma) and NaF (Sigma) salts in Tris
buffer to reach the concentration of 10 mM and 100 mM of Co* and F,
respectively, representing a low and high dose. For sterilization, the stock
solutions were filtered using 0.22 uM filters and kept at 4°C.

5.2.2. Coating preparation

The CaP coatings were deposited on the surface of treated tissue culture 24- well
plates (Nunc). The deposition of CaP coating was achieved via a 2-step biomimetic
coating approach, which has been previously described [15,32]. Briefly, in the first
step, a concentrated simulated body fluid solution (SBF 2.5x) was prepared with
ionic content of 733.5 mM Na*, 7.5 mM Mg*, 12.5 mM Ca”*, 720 mM CI, 5 mM
HPO,* and 21 mM HCOs". 1 ml of SBF 2.5X was added to each well, and refreshed
daily, for three days at room temperature. In the second step, a calcium
phosphate solution (CPS) was prepared consisting of 140 mM Na**, 4 mM Ca*', 2
mM HPO,” and 144 mM CI" (buffered at pH 7.4). Appropriate volumes of Co®" and
F stock solutions were added to the CPS solution to reach the desired
concentrations of ions in the CPS solutions (Table 1). According to the groups, 1 ml
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of the CPS solution with varying concentrations of ions was added to each well,
and refreshed daily, for three days at room temperature. The coatings were then
washed three times with demineralized water and dried overnight in an air oven.

5.2.3. Coating characterization

The chemistry of the mineral phase was characterized by Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000) and x-ray diffraction
(XRD, Miniflex, Rigaku).

The morphology of the mineral films was characterized using scanning electron
microscopy (SEM, XL-30 ESEM-FEG, Philips) in the secondary electron mode,
coupled with an energy dispersive X-ray spectroscopy analyzer (EDS, EDAX,
AMETEK Materials Analysis Division) at the accelerator voltage of 10 KeV and
working distance of 10 mm. The samples were sputtered with a thin gold layer
prior to imaging. Quantification of the EDS data was achieved using the TEAM™
EDS V2.2 software provided by the EDS manufacturer.

Table 1. An overview of samples with Co™ and/or F ion concentrations in cell culture
medium and in the CaP solution used for coating preparation.

g Sample label Concentration of Co®* | Concentration of Fin
2 e in cell medium (uM) cell medium (uM)
93
%E Co0 0 0
> Co 0.1 0.1 0
8o |Co20 20 0
® F 1000 0 1000
5 F1000 Co 0.1 01 1000
F1000 Co 20 20 1000
Sample label Concentration of Co®* | Concentration of Fin
E in CPS solution (uM) CPS solution (pM)
25
g % CaP Co 0 0 0
28 CaP Co 0.1 0.1 0
82 [CcaPCo20 20 0
2 [ caPF 1000 0 1000
2 CaP F1000 C00.1 0.1 1000
CaP F1000 Co0.1 20 1000
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5.2.4. Cell subculture

Human mesenchymal stromal cells (hMSCs) were isolated from bone marrow
aspirates (5-20 ml) obtained from one donor with written informed consent [34-
35]. Aspirates were resuspended using 20 G needles, plated at a density of 5x10°
cells per cm?, and cultured in proliferation medium (consisting of a-MEM (Gibco)
supplemented with 10% fetal bovine serum (Lonza), 2 mM L-glutamine (Gibco),
0.2 mM ascorbic acid (Sigma), 100 U mlI™* penicillin and 100 pg ml™ streptomycin
(Gibco) and 1 ng ml™* rhbFGF (AbDSerotec)). The medium was refreshed every 2-3
days. The cells were harvested using the standard trypsinization method at
approximately 80% confluency for subculture until passage 3.

5.2.5. Cell culture

CaP coatings were sterilized with ethanol prior to cell culture. To sterilize, the CaP-
coated wells were washed three times with 70% ethanol followed by 15 min of
drying inside the flow cabinet after each washing step. In the last step of
sterilization, 100% ethanol was added to the samples and allowed to evaporate in
the flow cabinet for at least 2 hours. The wells were then washed twice with
sterile PBS. 1 ml of basic medium (a-MEM (Gibco) supplemented with 10% fetal
bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic acid (Sigma),
100 Uml™ penicillin and 100 pg ml™ streptomycin (Gibco)) was added to each
sterilized sample, and then incubated overnight in a 5% CO, humid atmosphere at
37°C.

hMSCs (n=3) were cultured on the coated plates for the analysis of DNA amounts,
ALP activity, the expression of a set of osteogenic markers on mRNA level and
mineralization. For mineralization assessment in the trans-well set-up n=2 was
used as a sample size. All the measurements were performed twice on the same
set of samples.

hMSCs of passage 3 were seeded on treated tissue culture plates (TCPs) with and
without CaP coatings at a density of 10000 cells/cm? in approximately 50 ul of
basic medium. 2 ml of either basic, osteogenic (basic medium supplemented with
10 nM dexamethasone (Sigma)) or mineralization medium (osteogenic medium
supplemented with 0.01 M beta-glycerophosphate (Sigma)) was directly added to
each treated well with and without CaP coating. Appropriate volumes of ion stock
solutions were also added to each well without CaP coating to reach Co®
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concentrations of 0, 0.1 and 20 uM, and F concentrations of 0 and 1000 puM in cell
culture mediums (Table 1.). The medium was refreshed every 2-3 days.

A parallel cell culture in a trans-well set up was performed to investigate the
mineralization of hMSCs when exposed to ion-incorporated CaP coatings. Glass
coverslips were coated with Co** and F-incorporated CaP coatings using the
method described above. The coated coverslips were then sterilized, and
conditioned overnight in basic medium similar to the coated well plates. hMSCs
were cultured on the bottom compartment of trans-wells in either basic or
mineralization medium. The CaP-coated coverslips were placed in the top
compartment of trans-wells, sharing the medium with cells. The medium was
refreshed every 2-3 days.

5.2.6. DNA content and ALP activity quantification

Total DNA was assessed with CyQuant Cell Proliferation Assay kit (Invitrogen) at
days 7 and 14. After 3 cycles of freeze/thaw at -80° C, 500 pl lysis buffer (lysis
buffer provided in the kit diluted in a buffer of NaCl-EDTA solution) was added to
each well. The samples were ultra-sonicated and incubated at room temperature
for 1 hour. After centrifugation, the lysis buffer was collected and the DNA
content was measured in accordance with manufacturer’s protocol. Briefly, 100 pl
of the supernatant was mixed with the same volume of CyQuant GR dye in a 96
well micro-plate and incubated for 15 min. Fluorescence measurements for DNA
guantification were done at excitation and emission wavelengths of 480 and 520
nm, respectively, using a spectrophotometer (Perkin Elmer). ALP activity of the
cells was measured using a CDP-star kit (Roche Applied Science) at days 7 and 14.
10 ul of the lysis buffer used for quantifying DNA content was mixed with 40 pl
CDP-star reagent in a 96 well micro-plate and incubated for 30 min. After
incubation, chemiluminescence measurements were completed at 466 nm.
Results of the DNA assays are presented based on average pg of DNA detected in
each condition normalized for DNA content of hMSCs cultured on TCPs in basic
medium without ion addition for 7 days. Results of ALP activity were normalized
per DNA content of each culture and ALP activity of hMSCs cultured on TCPs in
basic medium without ion addition for 7 days and presented as the average of
normalized ALP activity.
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5.2.7. RNA extraction and gene expression (qPCR) assay

Total RNA was isolated by using a NucleoSpin® RNA Il isolation kit (Macherey
Nagel) for cells cultured on TCPs and in combination with NucleoSpin® RNA I
isolation kit and Trizol method for cells cultured on CaP coatings, in accordance
with the manufacturer’s protocol at days 7 and 14. RNA was collected in RNAse-
free water and the total concentration was measured using nano-drop
measurement equipment (ND1000 spectrophotomer, Thermo Scientific). The
cDNA of the cultures were then prepared using an iScript kit (Bio-Rad) according
to the manufacturer’s protocol and diluted 10 times in RNAse-free water to be
used for quantitative real-time PCR (gPCR). The qPCR measurements were
completed using Bio-Rad equipment using Syber green | master mix (Invitrogen)
and the primers (Sigma) the sequences of which are listed in table 2. Expression of
the osteogenic marker genes were normalized to GAPDH levels and hMSCs
cultured on TCPs in basic medium for 7 days, and the fold inductions were
calculated by using the AACT method.

5.2.8. Mineralization assay

Alizarin Red staining was done at day 21 in order to investigate the mineralization
of hMSCs. The cultures were washed twice with PBS after aspirating the medium,
fixed with 4% paraformaldehyde (PFA) (Sigma) in phosphate buffered saline (PBS),
buffered at pH 7.4 for 30 minutes and washed at least twice with PBS. The cells
were stained with 2% Alizarin red solution (Sigma) for 5 minutes, washed with PBS
and imaged using a stereomicroscope (SMZ-10A, Nikon).

In order to quantify the mineralization of hMSCs, 200 pL of 1M HCI (Sigma) was
added to each well and collected after 1 minute. The calcium content in the acid
was then quantified using QuantiChrom™ calcium assay kit (BioAssay Systems)
according to manufacturer’s protocol. A spectrophotometric plate-reader
(Thermo Scientific MultiscanGo) was used to read the optical density of calcium
complexes at 612 nm.
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Table 2. Primer sequence of the angiogenic and osteogenic genes investigated.

Gene

Primer sequence

GAPDH (housekeeping gene)
Vascular endothelial growth factor
(VEGF)

CD31

Alkaline phosphatase (ALP)

Bone sialoprotein (BSP)

Bone morphogenetic protein 2
(BMP2)

Osteocalcin (OC)

Osteopontin (OP)

5-CCATGGTGTCTGAGCGATGT
5-CCATGGTGTCTGAGCGATGT

5'-AGGTCTCGATTGGATGGCA
5'-AGGGCAGAATCATCACGAAGT

5-GAACGGTGTCTTCAGGTTGGTATTTCA
5-TCTATGACCTCGCCCTCCACAAA

5-TTCAGCTCGTACTGCATGTC
5-ACAAGCACTCCCACTTCATC

5-TCCCGTTCTCACTTTCATA
5-CCCCACCTTTTGGGAAAAC

5-GCATCTGTTCTCGGAAAACCT
5-ACTACCAGAAACGAGTGGGAA

5-CGCCTGGGTCTCTTCACTAC
5-TGAGAGCCCTCACACTCCTC

5-CCAAGTAAGTCCAACGAAAG
5-GGTGATGTCCTCGTCTGTA

5.2.9. Statistical analysis

Statistical comparisons were performed using One-way Analysis of Variance
(ANOVA) followed by a Tukey’s multiple comparison test. For all analyses, the
following p-value applies: * p < 0.05.

5.3. Results

5.3.1. Coating characterization

To analyze the morphology and chemical composition of the different coatings,
SEM imaging and EDS elemental analysis were performed, respectively (Figure
1.a1-f1). A homogenous crystalline mineral layer composed of globules with a
diameter of approximately 5 um, was observed in all conditions. The crystals of
CaP coatings without additives exhibited a flat plate-like morphology oriented
perpendicular to the surface of the substrate (Figure 1.a2). The presence of Co**
ions did not alter the morphology of the crystals in the coatings (Figure 1.b2-c2).
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Upon F incorporation, the size of coating globules did not change, however,
instead of a plate-like morphology, the individual crystals exhibited a rod-shaped
morphology (Figure 1.d2-f2).

EDS spectra of all the coatings showed sharp peaks of calcium, phosphorous and
oxygen (Figure 1.a3-f3), confirming the formation of a CaP layer. Sodium and
chlorine peaks were observed in the spectra of CaP coatings, suggesting
incomplete washing. Within the energy range of 0-10 KeV, the most intense peak
of cobalt appears at 0.776 KeV. In the EDS spectra of CaP and CaP Co0.1, such a
peak was not observed, whereas, a small peak at approximately 0.7-0.8 KeV was
observed in EDS spectrum of CaP Co20. Fluorine peak was observed in all the CaP
coatings with F incorporation (Figure 1.a3-f3).

Semi-quantitative analysis of EDS data (Figure 1.g) revealed a Ca/P ratio of
approximately 1.3-1.5 in all the coatings (atomic ratios are listed in
Supplementary data 1.). The mean Co content of the CaP coatings without Co**
incorporation and with low concentration of Co** was calculated to be lower than
0.05 atomic percent (at%), whereas, CaP Co20 and CaP F1000 Co20 coatings
contained 0.18+0.04 at% and 0.15+0.02 at% cobalt, respectively. The results of
fluorine quantification showed a value of 1.15+0.02 at% for F content in the
coatings without F incorporation, while addition of 1000 uM F to CPS solution
resulted in 5.10+0.66, 4.19+0.95 and 3.79+1.06 at% fluorine in the CaP F1000, CaP
F1000 Co 0.1 and CaP F1000 Co20 coatings, respectively (Figure 1.g).

The composition of the coating and the effect of ion incorporation on the
crystalline structure were further investigated by FTIR and XRD analyses (Figure
2). All the FTIR spectra were typical of CaPs prepared using the biomimetic coating
method [36-37]. The FTIR spectra of all CaP coatings exhibited phosphate peaks at
568, 605 and a set of peaks at approximately 1040 cm™. The small peaks observed
at 1410-1450 cm™ are attributed to carbonate groups, which may be incorporated
into the crystalline lattice during coating deposition. Moreover, two small bands
appeared at 860 and 910 cm™, which are typical of HPO,* bands in octacalcium
phosphate (OCP) structure. The band at approximately 1650 cm™ represents
presence of water. The broad band at approximately 3400 cm™ also belongs to
absorbed H,0 groups and the small shoulder at 3550 cm™ represents OH™ groups
[38]. Addition of Co> to CPS solution did not affect the FTIR spectra of CaP
coatings. However, upon F incorporation, the HPO,* peak at 910 cm™
disappeared and the intensity of the HPO,” peak at 860 cm™ was reduced.
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Moreover, the OH™ peak at 3550 cm™ disappeared upon addition of F to the

coatings (Figure 2.a).

Figure 1. SEM images at
low (al-f1) and high (a2-
f2) magnifications, and
EDS spectra (a3-f3) of

B3 CaP, CaP Co0.1, CaP

Intensity fa.u)

g

Intensity (a.u)

@

Intensity (a.u)

Kev

Sample Ca P Co F

CaP 21.54+1.49 15.20+0.89 0.04+0.04  1.25+0.26
CaP Co 0.1 24.37+4.70 16.53+1.75 0.01+0.01 1.004£0.22
CaP Co20 22.09+1.30 16.42£0.80 0.18+0.04* 1.190.34
CaP F 1000 17.59+1.43 13.27+1.00 0.04+0.02  5.13+0.66*
CaP F1000 Co 0.1 18.61+1.32 14.19+0.61 0.02+0.00  4.19+0.95*
CaP F1000 Co 20 25.53+8.51 16.09+2.55 0.15+0.02* 3.79+1.06*
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The XRD patterns of the coatings showed only peaks with very low intensity in the
26 range of 5-70°. A larger peak appeared at 5.6 theta, which may represent the
010 crystalline plane in the OCP structure that is expected at approximately 4°
theta. The less intense peak appearing at 25.7° theta are also observed in the XRD
pattern of OCP as a less intense peak that is attributed to plane 002. The small
peak observed at approximately 32° theta is typical for XRD patterns of both
apatite and OCP. No substantial changes were observed in the XRD patterns of the
CaP coatings upon addition of Co** and F ions to CPS solution (Figure 2.b).
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Figure 2. XRD patterns (a) and FTIR spectra (b) of the CaP coatings without and with
additives. The XRD patterns and the FTIR spectra suggested that the predominant phase
was octacalcium phosphate, with a limited presence of carbonate. Addition of F ions to

the coating solution rendered the CaP phase more apatitic.
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5.3.2. Effect of Co>* on the expression of angiogenic genes

The angiogenic effect of Co®* ions on hMSC was analyzed with qPCR, using VEGF
and CD31 as angiogenic markers (Figure 3). At day 7, no significant differences
were observed in the expression of VEGF upon addition of Co* to basic medium.
At day 14, the addition of Co” to basic medium in both concentrations led to a
significant increase in the expression of VEGF (Figure 3.al). A similar trend was
observed in the expression of CD31, however, this result was not statistically
significant at either time point (Figure 3.a2). Similar to medium conditioning with
Co” ions, Co* ions incorporated into CaP coatings did not affect the expression of
VEGF at mRNA level at day 7. At day 14, a small increase in the expression of VEGF
and CD31 was observed in the hMSCs cultured on CaP Co20, however, this
difference was not statistically significant for either marker (Figure 3.b1 and 3.b2).
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Figure 3. mRNA expression of VEGF (al,b1) and CD31 (a2,b2) in hMSCs (n=3) cultured on
uncoated tissue culture plastic and on CaP coatings, respectively. Co’* ions increased the
expression of both markers after 14-day culture via both delivery methods with the effects
being stronger when the ions were directly added to cell culture medium.
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5.3.3. Effect of Co?* and F on DNA content

When added to cell culture medium, Co** and F ions did not significantly affect
the DNA content of hMSCs at day 7. At day 14 in both basic and osteogenic
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medium, F1000 showed significantly higher DNA content compared to all the
other conditions, except F1000 Co0.1 in basic medium. Moreover, hMSCs cultured
with 20 pM Co** showed significantly lower DNA content compared to all
conditions containing F, while no differences were seen with cells cultured in
media without additives (Figure 4.al).

When Co** and F ions were incorporated into CaP coatings, no significant
differences were detected on the DNA content of hMSCs at day 7. At day 14, the
incorporation of F" into the CaP coating in general decreased the DNA content of
the cells in both basic and osteogenic media, as compared to the control and
coatings with only Co*, which was in contrast to the findings of conditioned
media (Figure 4.b1).
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Figure 4. Continues in the next page.
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Figure 4. DNA content (al, b1) and ALP activity (a2, b2) of hMSCs (n=3) cultured on
uncoated tissue culture plastic and on CaP coatings, respectively. DNA content of the cells
did not change upon exposure to Co>*, whereas F ions increased the DNA content of the
cells at day 14 when added to the medium, and decreased it when incorporated into CaP
coatings. While a slight decrease in ALP activity of hMSCs was observed upon exposure to
C02+, F ions favored the expression of ALP activity.

5.3.4. Effect of Co> and F on ALP activity

Enzymatic ALP activity of hMSCs, as an early marker of osteogenesis, was
guantified at days 7 and 14, normalized for DNA content and expressed in relation
to the ALP activity in basic medium at 7 days (Figure 4.a2-b2). ALP levels
measured in cells cultured on tissue culture plastic without coating were found to
be higher than those measured in cells cultured on CaP coatings, independent of
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the medium used. The addition of F" ions to cell culture medium (Figure 4.a2)
generally increased the ALP activity in hMSCs compared to control sample and
samples containing only Co" ions, an effect that was independent of cell medium
or time point. Co** ions, when added individually to cell medium, did not alter the
ALP activity at day 7 and reduced the ALP activity at day 14 with a dose-
dependent trend. The combination of F with Co® in higher concentration
decreased the ALP activity as compared to F™ alone, however, this activity was still
greater than that measured upon addition of only Co™".

In the CaP group, at day 7, the cells cultured in basic media on CaP F1000 had
significantly higher ALP activity than the ones cultured of CaP, CaP Co0.1 and CaP
Co20 (Figure 4.b2), though the differences were relatively small. At day 14, a
general observation was that ALP activity in all the F-incorporated samples was
higher than the one quantified in CaP, CaP Co0.1 and CaP Co20, independent of
medium type, with CaP F1000 always resulting in highest ALP activity. Individual
incorporation of Co**, however, reduced the ALP activity independent of cell
medium. In combination with F~ incorporation, Co®* incorporation also resulted in
a reduction in ALP activity, however, in this case, the ALP activity was still higher
than the one in CaP coatings without ion incorporation and with only Co*
incorporation.

5.3.5. Effect of Co’* and F on expression of osteogenic genes

Expression of osteogenic markers including ALP, BSP, BMP2, OC and OP of hMSCs
in ions-conditioned media and upon culture on coatings incorporating ions was
guantified via qPCR analysis after 7 and 14 days of culture (Figure 5.).
Addition of Co®* ions to cell culture medium resulted in a dose-dependent
reduction of ALP expression, independent of medium and time point. Addition of
F to cell medium, however, strongly enhanced expression of ALP at all the time
points, the effect which was more pronounced in osteogenic medium.
Combination of dissolved Co* and F ions decreased ALP expression when
compared to addition of F ions alone, however, the expression of ALP was still
significantly higher compared to control and Co**-added samples (Figure 5.a1).
Also in the CaP coating group, it was generally observed that expression of ALP in
hMSCs cultured on F-incorporated CaP coatings was higher than on CaP and Co*'-
incorporated CaP coatings, with this effect being stronger in osteogenic than in
basic medium. Addition of Co®* decreased the positive effect on F in a dose
dependent manner (Figure 5.b1).
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Similar to the ALP expression, BSP gene was also upregulated when F ions,
individually or in combination with Co** ions, were added to cell media at both
time points. Addition of Co* to F inhibited somewhat its effect in a dose
dependent manner, though not to the level of the control medium without
additives (Figure 5.a2).
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Figure 5. mRNA expression of ALP (al, b1), BSP (a2, b2), BMP2 (a3, b3), OC (a4, b4) and OP
(a5, b5) in hMSCs (n=3) cultured on uncoated tissue culture plastic and on CaP coatings,
respectively. Limited to no effect of Co”* was detected on the expressionl of osteogenic

genes. In contrast, introduction of F  ions to hMSCs in general substantially promoted the
expression of osteogenic genes. Combined supplementation/incorporation of both ions
had a less stimulatory effect on osteogenic differentiation than the use of F ions alone.

In the CaP group, no significant differences were detected in the expression of
BSP gene among different samples at day 7. At day 14, F-incorporated CaP
coatings generally led to a higher BSP expression in both media as compared to
coatings without or with only Co*" and the adverse effect of the addition of Co®*
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was only seen at higher concentration and only in osteogenic medium (Figure
5.b2).

Regarding BMP2 expression by cells cultured in ion-conditioned media, no
significant effect among different conditions was observed at day 7 in basic
medium. However, in osteogenic medium at day 7 and in both media at day 14,
supplementation by F ions resulted in a higher BMP2 expression, as compared to
control media, or media containing only Co®*. A decrease in the BMP2 expression
was observed in combined ion condition as compared to the condition with F only
(Figure 5.a3).

Also on CaP coatings, a positive effect of F-incorporation was observed on the
BMP2 expression, with significant differences between CaP F1000 and CaP Co0.1
and between CaP F1000 Co0.1 and CaP, CaP Co00.1 and CaP Co20 in basic medium
at 7 days (Figure 5.b3).

OC expression by cells cultured on uncoated and on coated tissue culture plastic
remained relatively low for all conditions. All F supplemented basic media
significantly increased OC gene expression compared to control basic medium and
Co”™ supplemented media at 7 days. At day 14, the F -supplemented media
showed a positive effect on OC expression, as compared to the conditions without
F, in both types of media. A decrease in the expression was observed upon
addition of Co®* to F* conditioned medium, in particular at higher concentrations
(Figure 5.a4).

The effect of ion supplementation of the CaP coating on the OC expression was
relatively small, with the only significant difference being between CaP F1000 and
CaP Co0.1 in osteogenic medium at 14 days of culture (Figure 5.b4).

While no significant differences were detected in the expression of OP at day 7
among different conditions, at day 14, a general trend was that addition of F
individually or in combination with Co®* ions increased OP expression compared to
the other samples. This effect was observed in both media even though the
expression of OP was lower in osteogenic medium. Combining Co®* ions with F’
ions reduced the expression of OP, dose-dependently. However, even in the
highest concentration of Co®*, this combination led to higher OP expression
compared to the control samples, as well as when Co®* ions were added
individually (Figure 5.a5).

Also in the case of cells cultured on CaP coatings, at day 14, a beneficial effect of F
incorporation was observed, in particular as compared to the coatings where only
Co”" was incorporated (Figure 5.b5).
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5.3.6. Effect of Co?* and F on hMSCs mineralization

Mineralization of hMSCs cultured on tissue culture plastic in basic or
mineralization medium supplemented with Co** and/or F and on CaP coated
tissue culture plastic without and with ion incorporation in basic and
mineralization medium was analyzed after a 21-day culture period by staining the
cells with Alizarin red solution.

When cultured on uncoated tissue culture plastic, h(MSCs did not show any signs
of mineralization in basic medium (data not shown). However, mineralization of
the cells cultured in mineralization medium was detected (Figure 6.a-f).
Supplementing the medium with 20 pM Co®* reduced the visible mineralized area
(Figure 6.a-c), while the mineralized area was increased when the cells were
exposed to 1000 uM F ions (Figure 6.d). Although the combination of Co* and F’
ions showed less pronounced mineralization compared to the condition where
only F ions were added, they resulted in a mineralization comparable to that
observed in the control medium and medium supplemented with 0.1 uM Co
(figure 6.e-f). Calcium content quantification confirmed these results, however,

the differences were relatively small and the only significant difference was found
between F1000 and Co20 condition (Figure 6.g).
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Figure 6. Light microscopy images of mineral formation by hMSCs (n=3) cultured in
mineralization medium without supplements (a) and with 0.1 pM Co®* (b), 20 uM Co™* (c),
1000 uM F (d), 1000 uM F and 0.1 uM co” (e) and 1000 uM F and 20 uM co” (f), and
quantification of calcium content in the cultures at day 21 (g). Presence of Co”"ions
reduced the amount of mineralization in the cultures, however, addition of F ions,
individually or in combination with C02+ions, enhanced the mineralization of hMSCs.
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Since Alizarin red staining of cells cultured on CaP coatings does not allow reliable
guantification of cell mineralization, the culture was also performed in a trans-
well set up in which the cells were cultured on the surface of the well while
sharing a medium with a CaP-coated cover slip placed in the inset of the trans-
well.

The culture in basic medium did not result in a high amount of mineralization.
Small nodules of mineralization were, however, detected in hMSCs cultured with
CaP coatings as shown by arrows in Figure 8.al. Mineralization nodules did not
form when cells were cultured with Coz+-incorporated CaP coatings (Figure 7.b1-
cl). When cultured with F-incorporated and F and Co**-incorporated CaP
coatings, the mineralization nodules were found in larger numbers, however, they
did not grow into mineralized areas (Figure 7.d1-f1). Quantification of the
mineralization showed a slight increase in the calcium level in F containing
coatings compared to the coatings without F incorporation (Figure 7.g).

In mineralization medium, cells cultured with CaP coatings showed extensive
mineralization (Figure 7.a2-f2). In CaP Co0.1 and CaP Co20 coatings, the nodules
were observed, however, they appeared dispersed over the surface (Figure 7.b2-
c2). In contrast, in CaP F1000 samples, larger dense mineralization areas were
observed (Figure 7.d2). The density of the mineralized layer reduced upon
addition of both Co®" and F ions into the coating as compared to the coating only
containing F, but the mineralized area was still larger than in the CaP Co0.1 and
CaP Co20 condition (Figure 7.e2-f2). Quantification of calcium content in the
cultures showed that indeed F-incorporated CaP coatings resulted in higher
calcium levels compared to CaP coatings with Co®* incorporation (Figure 7.g).

5.4. Discussion

The current use of bioinorganics in the field of orthopedics and dentistry ranges
from anti-osteoporotic and anti-cariogenic treatments, to their incorporation into
bone graft substitutes, with the aim of improving the properties and performance
of the latter. As single trace elements incorporated into synthetic materials have
demonstrated positive results to date, incorporating multiple bioinorganics may
further enhance the biological performance. Several attempts have been made to
incorporate multiple bioinorganics into various CaP-based materials [39-45],
revealing enhanced impact of multiple bioinorganics on bone formation
processes. In the present study, we have investigated the combined effect of Co**
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and F ions, which have been suggested to positively influence angiogenesis and
osteogenesis, respectively.
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Figure 7. Mineralization of hMSCs (n=2) in basic (al- f1) and mineralization medium (a2, -
f2) in a trans-well set-up in the presence of CaP coating prepared without and with 0.1 pM
Co”™*, 20 pM Co**, 1000 uM F’, 1000 pM F and 0.1 uM Co”* and 1000 uM F and 20 uM
Co™, respectively, and quantification of calcium content in the cultures at day 21 (g). In
mineralization medium, while presence of Co”* in the coatings decreased the mineralized
area in the coatings, incorporation of F ions in the coatings resulted in larger
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mineralization areas and higher calcium content in the cultures.

For Co*, a low (0.1 uM) and a higher (20 pM) concentration were used, above
which cytotoxic effects of the ion were reported'’. A constant F” concentration of
1000 uM was selected based on a preliminary study, at which the strongest
positive effect on ALP activity of hMSCs was observed (data not shown), while
avoiding cytotoxicity that has been reported above this concentration range [20-
21]. In parallel with studies on direct ions supplementation of the cell culture
medium, the ions were incorporated into a CaP coating using a previously
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described method [32]. Similar concentrations of cobalt and fluoride salts were
used as described for direct medium supplementation, without issues with
stability of the CaP solution. However, since the efficiency of incorporation is
never 100%, it should be noted that the amount of ions presented to the cells
upon culture on CaP coatings is always lower than that achieved through direct
supplementation of the medium. Furthermore, the concentrations selected in this
study were optimized for in vitro experiments and the optimal ion content in the
coatings may be different in the in vivo situation.

Physico-chemical characterization of the coatings revealed homogenous
deposition of a low- crystalline CaP that predominantly consisted of an OCP phase
with incorporation of some carbonate, which is in accordance with results
previously obtained by applying the same technique [36-37]. Within the applied
concentration range, the addition of Co®* ions did not have an apparent effect on
CaP coating properties, confirming the data previously presented by Patntirapong
et al. [15]. Conversely, when F ions were added to the coating solution, significant
changes were observed in the morphology of the CaP crystals, decreasing in size
and becoming more rod-shaped as shown in previous studies [32,46-48], which is
closer to apatitic crystal morphology [32]. This observation was confirmed by the
changes observed in FTIR spectra after F incorporation.

The effect of Co®* on the expression of angiogenic markers was measured as a first
test to determine whether this ion could aid angiogenesis in a bone graft
substitute. Vascularization is critical for the process of bone formation and
remodeling, both in the development stage and during repair [49-50]. The
absence of adequate blood supply, for example, in critically sized bone defects,
may result in pathological conditions during the bone formation process.

The addition of Co®* ions, both as direct supplement to the medium or
incorporated into CaP coatings, upregulated the expression of VEGF and CD31 in
hMSCs as compared to the control without Co™, although, in general, the
expression of these markers was relatively low. A low expression of CD31 of
hMSCs cultured in basic or osteogenic medium was expected based on an earlier
study [51]. Higher marker expression was found when Co* was added to cell
medium as a dissolved salt, which may be due to differences in concentration.
These results are in accordance with those previously reported in literature.
Supplementation of Co®* ions in cell medium as well as the release of Co®* from
bioactive glass was shown to result in a significant increase in VEGF gene
expression and/or protein release [14,17]. Furthermore, the implantation of Co™*-
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treated cells seeded on a collagen scaffold resulted in enhanced vascularized bone
formation [17]. Cobalt, in ionic form, has been shown to induce hypoxia
conditions by directly binding to and stabilizing hypoxia inducible factor-a [16-17].
Cells compensate for the low oxygen levels by expressing angiogenic markers and
increasing blood vessel formation, which is the suggested mechanism behind the
positive effect of Co?* ions on angiogenesis [2].

The addition of Co* ions did not significantly change the DNA content of the cells.
As DNA content can be considered an indication of cell number and growth, this
result indicated that the presence of Co* ions did not have adverse effects on the
cell viability. Although the toxic effects of Co®* on various cell types have been
reported, these effects were substantially dependent on the locally delivered
dose, as well as the cell type [11-14].

The addition of 1000 uM F ions to cell medium did not appear to affect the DNA
content of the cells at day 7 either. However, at day 14, there was a small increase
in the DNA content compared to control and Co” -containing samples. Previous
studies, however, have reported opposing results using similar concentrations of
F ions, emphasizing different responses depending on the cell type [20-21].

While no effect was observed on the DNA content upon direct addition of F to the
cell culture medium, incorporation into CaP coatings generally resulted in a
reduction of the DNA content of the cells at later time points compared to CaP
and Co**-incorporated CaP. This effect is possibly a result of the change of CaP
coating morphology upon F ions incorporation.

Regarding the effect on the osteogenic differentiation of hMSCs, Co®* ions
suppressed the ALP enzymatic activity as well as the ALP expression at mRNA
level, with the effect being more pronounced with direct addition to cell medium
condition compared to the incorporation into the CaP coating, possibly due to
differences in concentrations. Similar results were found for the expression of BSP
gene, whereas no strong effect was found on the expression of BMP2, OC and OP
using either delivery method. ALP and BSP genes are directly related to
mineralization of the cells [52-53] and it was therefore not surprising to observe
that direct addition, as well as incorporation of Co?*, reduced the mineralization of
hMSCs in terms of number and size of mineralization nodules and calcium
content. These findings are consistent with earlier studies on the effect of cobalt
on the osteogenic differentiation of osteoblastic progenitor and ligament cells.
Andrews et al. [11] also observed a reduction in ALP activity of Sa0S-2 cells upon
Co” supplementation at concentrations higher than 10 pM, and attributed this
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effect to the potential cytotoxicity of the ions observed at these concentrations.
Our data, however, did not show a reduction in cell proliferation in the examined
range of concentrations. Similarly, Osathanon et al. [13] reported reduced ALP
activity and expression of osteogenic genes including ALP, OC and RUNX2 as well
as a significant reduction in mineralization in human periodontal ligament cells
when cultured with 50 and 100 uM CoCl,. These effects were attributed to the
ability of Co* ions to maintain the stemness of the cells.

Exposure of hMSCs to F ions resulted in a strong increase in ALP activity,
expression of osteogenic markers at mRNA level, as well as the formation and
growth of mineralization nodules. Similar results have been previously obtained
for both studies with and without CaP materials [20-22,24,26-29,31-33]. Several
mechanisms have been proposed to describe the effects of fluoride on bone cells,
in which many proteins and signaling pathways are involved [54]. The effects are,
however, commonly attributed to fluoride’s anabolic role on bone metabolism
which increases the proliferation of bone cells, in addition to its potential in
stimulating osteogenic differentiation, resulting in the deposition of bone matrix
[21-22]. Besides these direct effect, the change of crystal morphology upon
incorporation of F ions into the CaP coatings may also affect the osteogenic
differentiation, as has been previously proposed by Yang et al. [32]. Regardless of
the mechanism, these results support the use of F ions as means to enhance
osteogenic differentiation of hMSCs.

Regarding the effect of the combination of the two ions on proliferation,
osteogenic differentiation and mineralization of hMSCs, the general trend
observed was that the addition of Co** weakened the positive effect of F ions,
independent of the method of delivery. Nevertheless, even at higher Co*'
concentrations, a combination of the two ions indicated a more pronounced
osteogenic differentiation and mineralization than the control without ionic
additives.

While Co* and F release into cell culture medium has not been quantified in this
study, in an earlier study, the effect of Co** ions incorporated into similar CaP
coatings as used here was studied on osteoclastic resorption. In this study a
gradual release of Co®* into cell culture medium was observed over a 9-day
culture period [15]. Similarly, we have observed the release of Sr** from similar
CaP coatings into cell culture medium (unpublished data). Therefore, it is assumed
that both Co®* and F were released into the cell culture medium during culture of
hMSCs here. This is in contrast to calcium (Ca**) and inorganic phosphate (Pi) ions,
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which are actually taken up from the medium, probably as a result of their high
concentration in the medium. Clearly, the dynamics of this ion exchange on the
surface is complex and requires further investigation.

While our results suggest that Co>* ions promote the expression of angiogenic
markers by hMSCs, and that F alone and in combination with Co** favors
osteogenesis, further investigation is needed to confirm that the combination is
also beneficial for angiogenesis. While enhanced expression of VEGF has been
reported in rats upon treatment with F [55-56], the possibility of some
antagonistic effects on vascularization from the combination of Co®* and F
remains, and further investigation is justified.

5.5. Conclusion

This study investigated the combined effects of two bioinorganics, Co** and F
ions, as a means to stimulate both angiogenesis and osteogenesis. While Co** can
stimulate angiogenesis, its detrimental effects on osteogenesis can be overruled
by the addition of F. The combination of Co®* and F resulted in higher expression
of osteogenic markers and mineralization compared to the controls without ionic
additives. This effect was obtained by direct addition of the ions to the cell culture
medium, as well as through incorporation into CaP. Such approaches can be used
to improve the performance of the bone graft substitutes.

Supplementary data 1. Atomic ratios in CaP coatings measured by EDS.

sample Ca/P Co/Ca F/Ca
CaP 1.41 0.0019 0.05
CaP Co0.1 1.47 0.0004 0.04
CaP Co20 1.34 0.0081 0.05
CaP F1000 1.32 0.0022 0.29
CaP F1000 Co0.1 1.31 0.0010 0.22
CaP F1000 Co20 1.58 0.0058 0.14
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Chapter 6

Stimulatory effect of cobalt ions incorporated into
calcium phosphate coatings on neovascularization in

an in vivo intramuscular model in goats
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Abstract

Rapid vascularization of bone graft substitutes upon implantation is one of the
most important challenges to overcome in order to achieve successful
regeneration of large, critical-size bone defects. One strategy for stimulating
vascularization during the regeneration process is to create a hypoxic
microenvironment by either directly lowering the local oxygen tension or by
applying hypoxia-mimicking factors. Cells compensate for the hypoxic condition
by releasing angiogenic factors and forming new blood vessels. In the present
study, we explored the potential of cobalt ions (Co**), known chemical mimickers
of hypoxia, to stimulate vascularization inside a bone graft substitute in vivo. To
this end, Co®* ions were incorporated into calcium phosphate (CaPs) coatings
deposited on poly(lactic acid) (PLA) particles and their effect on the formation of
new blood vessels was studied upon intramuscular implantation in goats. PLA
particles and CaP-coated particles without Co®* ions served as controls.
Pathological scoring of the inflammatory response following a 12-week
implantation period showed no significant differences between the four types of
materials. Histological and immunohistochemical analyses revealed higher values
for both blood vessel area and number of blood vessels in CaP-coated PLA
particles containing Co** as compared to the uncoated PLA particles and CaP-
coated PLA particles without Co*. Analysis of blood vessel size distribution
indicated abundant formation of small blood vessels in all the samples, while large
blood vessels were predominantly found in PLA particles coated with CaP
containing Co”" ions. The results of this study supported the use of CaPs
containing Co* ions to enhance vascularization in vivo.
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6.1. Introduction

Angiogenesis plays a pivotal role in skeletal development and regenerative
fracture repair [1-2]. It has been shown that inadequate or abnormal
vascularization negatively affects the bone healing process, leading to inferior
bone formation or formation of fibrous tissue in the bone defect area [2-3].
Therefore, establishment and maintenance of vasculature remains an important
challenge in bone regenerative strategies, especially when large, critical-size bone
defects are considered.
Surgical approaches such as induced membrane and distraction osteogenesis have
been traditionally used as methods for increasing the vascularization of natural or
synthetic bone graft substitutes. Although such techniques have shown some
successes, their use is associated with important drawbacks including the need for
a second surgery, pain, extended surgical procedure and recovery time, etc. [4].
Bone regenerative strategies based on biomaterials and tissue-engineered
constructs have offered a number of interesting solutions to couple processes of
angiogenesis and osteogenesis, as in detail reviewed by Mercado-Pagén et al. [4],
Laschke and Menger [5], Lovett et al. [6] and Nguyen et al. [7]. A common strategy
to improve vascularization in bone graft substitutes revolves around tuning of the
scaffold properties such as chemical composition, porosity and mechanical
strength [4-5, 8]. Functionalization of scaffolds by growth- and other stimulatory
factors such as vascular endothelial growth factor (VEGF) [9-11] and fibroblast
growth factor (FGF) [12] and incorporation of blood vessel forming cells such as
endothelial cells and pericytes [4,13-15] are typical tissue engineering approaches
to achieve angiogenesis and establish vascularization of bone graft substitutes.
Complementary techniques such as mechanical [16-18] and electrical stimulation
[19], and microfabrication techniques [20] have also been investigated.
Alternatively, induction of angiogenesis by lowering the oxygen tension or
incorporating the hypoxia mimicking factors into the scaffold has also been
recognized as a promising approach [21]. It has been shown that cells respond to
hypoxia by producing higher levels of pro-angiogenic factors such as VEGF and
erythropoietin (EPO) and forming more blood vessels in order to compensate for
the low oxygen tension [22]. For example, Doorn et al. showed that a small
molecule phenanthrolin, a hypoxia-mimicking factor, upregulated the expression
of hypoxia-target genes in human mesenchymal stromal cells. Furthermore, they
showed that the release of phenanthrolin from Matrigel plugs resulted in
induction of blood vessel formation in vivo in a mouse model [21].
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Cellular response to low oxygen tension can be mimicked by cobalt ions (Co*), a
process sometimes referred to as chemical hypoxia [23-24]. Being a transition
metal, Co®* can replace Fe®* from the catalytic sites of the Hypoxia Inducible Factor
(HIF) prolyl-hydroxylases (PHDs), leading to inhibition of its enzymatic function
[25]. As a result, the continuous destruction of HIF1-a, a key transcription factor is
stopped and HIF-responsive gene expression is upregulated [26]. Co®* has
previously been shown to induce the in vitro angiogenesis in 3D scaffolds [27], as
well as to promote neovascularization in vivo, upon direct addition to or after
treatment of cells by Co*" in bone tissue-engineered constructs [28-29].

Calcium phosphates (CaPs) are the most widely used family of biomaterials in the
field of bone regeneration, owing to their chemical resemblance to the mineral
portion of bone [30]. CaP ceramics are, however, intrinsically brittle, which is why
they are often combined with other materials, like polymers, which are more
versatile in terms of mechanical properties [31-32]. CaPs and CaP-based hybrid
systems are biocompatible, osteoconductive and, in some cases, even
osteoinductive [33-34], and they have the advantage of being relatively
inexpensive and available in large quantities, however, they are still not
considered a full alternative to the golden standard for bone regeneration, i.e.
autograft [35]. One of the promising methods to improve the bioactivity of CaPs,
while retaining their synthetic character, is the use of bioinorganics [36] such as
Mg, Zn**, Sr**, etc. Many of these elements are present in bone mineral, often in
trace amounts, and are known for their role in bone formation and remodeling
processes [36-38]. Few studies have also explored the possibility of incorporating
Co” into CaPs and investigate their effect in vitro [39-40].

In an attempt to develop bone graft substitutes that stimulate angiogenesis, in
the current study, we have deposited CaP coatings with or without Co®* on
particles of poly(lactic acid) (PLA), a widely used aliphatic polyester in biomedical
application [41], by employing the previously described biomimetic method [39,
42]. The constructs were implanted intramuscularly in 9 goats, and formation of
new blood vessels was assessed using histological and immunohistochemical
techniques.
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6.2. Materials and Methods
6.2.1. Material production

CaP-coated poly(D,L-lactic acid) (PLA) particles without and with Co*
incorporation in the CaP phase were used in this study, and uncoated PLA
particles served as a control.

A low molecular weight PLA (Purasorb PDLO5, Purac, MW: 59000 g/mole) was
used to produce polymeric particles by means of extrusion as described previously
[43]. In short, PLA was extruded using a twin-screw extruder with conical non-
converging screws (Artecs BV, Enschede, the Netherlands) at 150 °C and the screw
rotation speed of 100 rpm. After 5 minutes, the rod-shaped polymer was allowed
to flow out of the extruder. The rods were ground and sieved to obtain particles
with the size in the range 0.5-1 mm.

The PLA particles were coated with a CaP layer by applying a two-step biomimetic
procedure as described earlier [39, 42]. In short, the particles were first immersed
in a 2.5 times concentrated Simulated Body Fluid (SBF 2.5x) with ionic content of
733.5 mM Na*', 7.5 mM Mg, 12.5 mM Ca**, 720 mM CI', 5 mM HPO,” and 21
mM HCOs’, while stirring at 37 °C for three days with daily refreshment. In the
second step, the particles were incubated with a calcium phosphate solution (CPS)
consisting of 140 mM Na**, 4 mM Ca**, 2 mM HPO,” and 144 mM CI" (buffered at
pH 7.4), under stirring at 37 °C for three days with daily refreshments. A stock
solution of cobalt chloride (Sigma) in a Tris buffer (pH=7.4) with concentration of
10 mM was prepared. In order to incorporate the ion into CaP coatings,
appropriate volumes of Co”" stock solution were combined with the CPS solution
to reach varying concentrations of Co”* in CPS (0, 0.1 and 20 uM). The Co*
concentration was selected based on an earlier in vitro study [39] on hypoxia-
mimicking by Co to investigate the effect on osteoclastic resorption that showed a
successful incorporation of the ion into CaP using a similar technique. The coated
PLA particles were washed three times with MilliQ water and dried at least
overnight in an air oven.

PLA particles were prepared using the same extrusion procedure and served as
control in all the experiments.

6.2.2. Material Characterization

The surface morphology and the presence of calcium, phosphorous carbon and
cobalt were investigated on gold-sputtered PLA and CaP-coated PLA particles
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without Co®* (CaP-PLA), with low Co** concentration (CaP C00.1-PLA) and with
high Co®* concentration (CaP Co20-PLA) using scanning electron microscopy (SEM,
XL-30 ESEM-FEG, Philips) in the secondary electron mode, coupled with energy
dispersive X-ray spectroscopy analyzer (EDS, EDAX, AMETEK Materials Analysis
Division) at the accelerator voltage of 10 KeV and working distance of 10 mm. The
chemical composition of the particles was characterized using Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000) in transmission mode.
Furthermore, the total amount of Co, as well as Ca/P ratio in CaP-PLA, CaP Co0.1-
PLA and CaP Co20-PLA (n=3) were determined using ICP-MS analysis (Agilent 7700
ICP-MS), upon dissolution of the CaP coating in ultra-pure nitric acid. Briefly, 1 ml
ultra-pure nitric acid (10 v/v%) was added to approximately 100 pl of particles of
each of the four types for approximately 5 minutes. The solution was then diluted
10 times using MilliQ water, prior to the ICP-MS analysis.

6.2.3. Implantation

Prior to implantation, approximately 1 ml of particles of each PLA, CaP-PLA, CaP
Co0.1-PLA and CaP Co20-PLA were sterilized inside histological tissue bags by
using ethylene oxide (Isotron Nederland BV). The animal study was approved by
the animal ethical committee of the University of Utrecht, Utrecht, the
Netherlands (DEC 2012. 111.04.040). In total, 10 Dutch milk goats were used for the
study. One animal died of pneumonia before the implantations started, and the
remaining animals received one implant of each type (n=9). The animals also
received other implants, both intramuscularly and on the transverse processes of
the lumbar spine. These implantations were not related to this study, and their
results will be published separately. The surgical procedures were performed
under general anesthesia of the animals, which was achieved and maintained by
isoflurane under sterile condition. Before surgery, the skin of the back of animals
was shaved and disinfected with a 10% povidone-iodine solution. A longitudinal
incision followed by a blunt separation was made in the paraspinal area to expose
the muscles. Fascia incisions were created in the muscles. Intramuscular pockets
were created bilaterally by blunt dissection, and each pocket was filled with about
1 ml of the material by using an open syringe. A randomization scheme was used
to minimize location-induced effects. Then, fascias were closed with
nonresorbable sutures to facilitate implant localization at explantation. The skin
was closed in two layers. All animals received a subcutaneous injection of

154



Albipen® (7.5 ml/50kg, Intervet BV, Boxmeer, The Netherlands) for five
consecutive days after surgery to eliminate the risk of post-operative infections.

6.2.4. Implant retrieval, histological and immunohistochemical evaluation

Twelve weeks after the implantation, the animals were sacrificed by an overdose
of Nembutal® (Apharmo, Arnhem, The Netherlands) and the samples with
surrounding tissue were harvested. The explants were stored in 4% formaldehyde
at 4° C for at least one week. They were then trimmed to remove the surrounding
muscle tissue and each sample was cut into two equal parts, one of which was
used for histological and immunohistochemical evaluation of blood vessel
formation. For histology, the samples were first decalcified in 125 gr/l
ethylenediaminetetraacetic acid solution (EDTA, Sigma) for one week and then
dehydrated using a series of ethanol solutions (70%, 80%, 90%, 96%, 100%) for at
least 5 days per step. They were then placed in polymeric holders, kept in melted
paraffin overnight and embedded in paraffin using an automatic embedding
apparatus (Excelsior ES, Thermo Scientific). The paraffin blocks were then cut in 5-
8 um thick sections using a microtome (HM355, Microm, Belgium) and dried
overnight at room temperature on objective glasses.

Immunohistochemical staining of actin fibers in smooth muscle cells was
performed on 4 sections per sample. Briefly, the sections were deparaffinized and
rehydrated in xylene and ethanol series, respectively. After washing with milliQ
water, the sections were blocked for 1 hour with a blocking solution (0.5 W/V%
bovine serum albumin (BSA) and 0.1 v/v% Triton X-100 in PBS). Subsequently, 100
ul Monoclonal Mouse Anti-Human Actin Smooth Muscle antibody (asma, Clone
1A4, Dako, Belgium) diluted in blocking buffer (1:200) was added to each section,
and incubated overnight at room temperature in dark. After incubation, the
sections were washed with blocking solution, and the anti-goat secondary
antibody diluted in blocking solution (1:1000) was added for 1 hour. The sections
were then washed twice with PBS and dried in dark in a fume hood for few
minutes. The slides were then mounted using a mounting medium containing
DAPI to stain the nuclei (VectaShield, Vector Laboratories, Burlingame, USA) prior
to imaging using the NanoZoomer both in brightfield mode (data not shown) and
in fluorescent mode in DAPI- (data nor shown) and FITC channels.

Hematoxylin and eosin (H&E, Sigma) staining was performed on 2 sections per
sample. In short, the sections were first deparaffinized in xylene (Klinpath) and
then rehydrated in a series of ethanol solutions (100%, 96%, 90%, 80% and 70%)
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and stained with hematoxylin solution for 5 minutes, rinsed with tap water,
counterstained with eosin solution for 2 minutes and fixed in xylene. Masson’s
trichrome (MT, Merck chemicals) staining was performed on 6 sections per
sample. After deparaffinization and rehydration, the sections were stained
according to the manufacturer’s protocol. The H&E and the MT stained sections
were then mounted on coverslips and dried overnight in a fume hood. The slides
were imaged using a NanoZoomer (NanoZoomer 2.0 RS, Hamamatsu, Japan) in
the brightfield mode.

The extent of the inflammatory response was evaluated by an experienced
pathologist. Randomly selected H&E-stained slides of each sample type from all
animals were used for scoring the presence of inflammatory cells in the
connective tissue between the material particles as well as in the connective
tissue around the implant. When 40-60% of the connective tissue contained
inflammatory cells, the sample received score 2. Samples with inflammatory cells
present in less than 40% of the connective tissue area received score 1, and above
60%, score 3.

Number of blood vessels and blood vessel area were quantified on 6 MT-stained
slides per sample selected from different areas (2 from the top, 2 from the middle
and 2 from the bottom). Quantification of the blood vessel area per sample area
was performed using Adobe Photoshop CS6 by first determining the sample area
(per pixel) and then manually selecting and quantifying the red-stained area (per
pixel). Quantification of the vessel number was done semi-automatically by using
Image) 1.48 by first adjusting the color thresholds to eliminate the noise of the
background and then quantifying the number of cells. The results were then
normalized for the sample area and presented as number of vessels per 1000
pixels area.

6.2.5. Statistical analysis

For the statistical analysis of the scores for inflammatory response to the four
material types, the Kruskal-Wallis test was performed. Histomorphometrical data
on blood vessel area and blood vessel number were analyzed by using the One-
way Analysis of Variance (ANOVA) followed by a Tukey’s multiple comparison
post-hoc test. Differences were considered statistically significant at p<0.05.
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6.3. Results
6.3.1. Material characterization

The extrusion-grinding technique used for the production of implants resulted in
the formation of irregularly shaped dense PLA particles with a diameter of 0.5-
1mm (Figure 1l.al-d1, insets). Upon the two-step biomimetic coating process, a
uniform mineral layer was formed on the surface of PLA particles, covering it
completely. Addition of Co* to the CPS solution did not prevent the formation of
the mineral coating on the particles. Microscopically, while the PLA particles
exhibited a relatively smooth surface, the CaP-coated particle surface appeared
rougher and more porous. The coating consisted of mineral globules with a
diameter below 1 um that were built of small plate-shaped crystals. The presence
of Co* in CPS solution did not have an obvious effect on the size or the
morphology of the crystals (Figure 1.a1-d2). The EDS analysis showed a decrease
in the intensity of the carbon peak on the surface of the coated PLA particles as
compared to the uncoated PLA. This was accompanied by the appearance of the
calcium and phosphorous peaks and an increase in the intensity of oxygen,
suggesting the formation of a CaP phase on the surface of PLA particles. A small
peak of Co could be detected only at higher concentrations, i.e. in CaP Co20-PLA
sample. Appearance of sodium and chlorine peaks in the EDS spectra of CaP-
coated PLA particles indicated the presence of residual NaCl in the coating,
suggesting incomplete washing (Figure 1.a3-d3).

FTIR analysis of the PLA particles without coating (Figure 1. e) showed typical
spectrum of pure PLA including the bands at approximately 1000-1100 cm™ that
corresponded to the stretching mode of C-O bond, at 1370-1450 and 1950-2000
cm™ corresponding to bending and stretching modes and at 1750 cm™ that is
attributed to stretching mode of C=0 bond [44-46].

Similar peaks were observed in the FTIR spectra of all CaP-coated PLA particles.
The C-O band at 1000 cm™ was however modified in these samples due to the
presence of PO,” peak at similar wavelength [43, 46]. The bands at 560 and 604
cm™ in the FTIR spectra of all CaP-coated PLA particles also corresponded to the P-
O bond. The small shoulder at 3565 cm™ formed on H,O band at approximately
3500 cm™ is attributed to the hydroxyl group. These results confirmed the
presence of a CaP coating on the surface of PLA particles independent of the
concentration of Co* in the CPS solution.
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Figure 1. SEM images at low (al-d1) and high (a2-d2) magpnification, EDS spectra (a3-d3)
and FTIR spectra (e) of PLA, CaP-PLA, CaP C00.1-PLA and CaP Co20-PLA particles,
respectively. The SEM images showed the presence of a CaP layer consisting of small
plate-like crystals, which uniformly covered the surface of the PLA particles. The EDS
results confirmed the presence of Ca and P in the CaP-coated samples. The presence of Co
was detected by EDS in the CaP Co20-PLA particles. Presence of a CaP phase was further
confirmed by the FTIR analysis.

ICP-MS analysis of the coatings dissolved in nitric acid indicated that the amount
of Co in the CaP-coated PLA was below 0.01 mg/L, whereas in the CaP C00.1-PLA
and CaP Co20-PLA, the amount was 0.39 * 0.02 mg/L and 2.76 + 0.21 mg/L,
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respectively. The Ca/P ratio of CaP Co0.1-PLA and (Ca+Co)/P ratios of CaP Co0.1-
PLA and CaP Co20-PLA were 1.27 £ 0.01, 1.29 £ 0.01 and 1.28 + 0.01, respectively.

6.3.2. Histological and immunohistochemical analyses

No surgical complications occurred and all animals showed an uneventful
recovery from the surgery. At implant retrieval, no visual signs of inflammation or
infection, such as redness or swelling, were observed. Representative images of
H&E stained tissue sections from one animal (goat #1), showing the overall
histological appearance of the implants and the newly formed tissue are
presented in Figure 2. Newly formed soft tissue was observed between the
materials particles in all cases, with normal cell distribution. No apparent bulk
degradation of any of the particles occurred and the size of the particles remained
in the range of 0.5-1 mm.

al

Figure 2. Micrographs of H&E stained histological slides at low (al-d1), middle (a2-d2) and
high (a3-d3) magnification for PLA, CaP-PLA, CaP Co0.1-PLA and CaP Co20-PLA particles,
respectively, after 12 weeks of implantation in goat #1. P, S and | indicate particles, soft

tissue and inflammatory cells respectively.
The results showed the formation of fibrous tissue among the particles while there were
no sign of major degradation of the material. No difference between the inflammatory
response to the particles of different types was detected.

Pathological analysis of the inflammatory response indicated presence of
macrophages, plasma cells and T-cells, suggesting a mild chronic inflammatory
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response. The majority of inflammatory cells were observed in the connective
tissue surrounding the implants, close to blood vessels, while fewer inflammatory
cells were observed in the connective tissue that was formed between individual
particles. The scores of the extent of inflammatory response are shown in Table 1.
No significant differences in the extent of inflammatory response were found
between the four material types (p=0.714).

Table 1. Scores of the inflammatory response to the four materials following 12 weeks of

implantation
PLA CaP-PLA CaP0.1Co-PLA CaP20Co-PLA
Inflammatory
(number of (number of (number of (number of
response score
animals) animals) animals) animals)
1 (<40%) 1 2 4 3
2 (40-60%) 5 5 2 5
3 (>60%) 1 0 2 0

Immunohistochemical analysis was performed to locate actin fibers that are
present in the smooth muscle cells cytoskeleton. The representative results of this
analysis for 3 animals (goats #1, #2 and #3) are shown in Figure 3. Because of the
autofluorescence of the materials, especially at the interface with soft tissue, the
immunohistochemical analysis could not be reliably used for the quantification of
blood vessel parameters. Nevertheless, the images clearly illustrated the presence
of blood vessels with high fluorescence intensity and a hollow circular or elliptical
morphology. Cell nuclei were detected in DAPI channel at the same location and
were arranged in the same circular or elliptical shape (data not shown). The
results of the immunohistochemical analysis showed presence of small blood
vessels in low numbers in PLA and CaP-PLA samples. On the other hands, the
blood vessels found around CaP Co0.1-PLA and CaP Co 20-PLA particles were in
general larger in size and appeared in larger amounts.

Figure 4.al-d3 exhibits representative results of the MT staining for one animal
(goat #1), with host muscle tissue surrounding the implant and newly formed
fibrous tissue infiltrating the space between material particles. The formation of
blood vessels inside the tissue was confirmed by the presence of erythrocytes.
Qualitative analysis of the MT-stained sections were in accordance with the
results of immunohistochemical analysis and indicated that in general, fewer, and
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smaller blood vessels were formed around the PLA and CaP-PLA particles in most
animals. On the other hand, in CaP Co 0.1-PLA and CaP Co20-PLA samples, the
blood vessels density was higher and the average size of the vessels larger.

These qualitative observations were confirmed by the quantification of the
average number of blood vessels and their area, normalized for the sample area,
that was performed on all samples (Figure 4. e and f). In detail, the normalized
blood vessel area was significantly higher in CaP-coated PLA particles containing
Co” as compared to PLA and CaP-PLA particles. Similar trend was observed for
blood vessel number. While significantly higher number of blood vessels was
observed in Co0.1-PLA and Co20-PLA samples as compared to PLA-CaP, the only
significant difference with PLA was with Co0.1-PLA.

al b1

Figure 3. Continues in the next page.
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Figure 3.Micrographs showing immunohistochemical staining for a-actin protein in
smooth muscle cells found in tissue surrounding PLA (al-a3), CaP-PLA (b1-b3), CaP Co00.1-
PLA (c1-c3) and CaP Co20-PLA (d1-d3) particles, after 12 weeks of implantation in goats
#1, #2 and #3 respectively. Blood vessels are indicated with white arrows. A larger number
of blood vessels with varying sizes was formed in tissue surrounding Co™ containing
particles, whereas fewer, and predominantly smaller blood vessels were formed in PLA
and CaP-coated PLA particles

The distribution of the blood vessel size for each sample is shown in figure 5.
Small vessels (vessel area<0.01 mm?) were found in similar numbers in all the
samples. A clear difference in frequency of occurrence of intermediate size blood
vessels (0.01 mm’<vessel area<0.05 mm?) was observed between samples with
and without Co”. Extra-large vessels (vessel area>0.05 mm?) were rarely present
in PLA (Figure 5. a) and CaP-PLA (Figure 5. b) samples, while they were frequently
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observed in Co® incorporated samples (Figure 5. c-d), especially at higher Co**
concentration (Figure 5. d).
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Figure 4. Micrographs of Masson’s trichrome stained histological slides at low (al1-d1),
middle (a2-d2) and high (a3-d3) magnification for PLA, CaP-PLA, CaP Co0.1-PLA and CaP
Co20-PLA particles, respectively, after 12 weeks of implantation in goat #1, and
quantification of blood vessel area (e) and vessel number (f) normalized for sample area
for all particle types in all the animals. Quantitative data are presented as mean +/- SD. P
and S indicate particles and soft tissue, respectively. The vessels are indicated with black
arrows. In accordance with the results of immunohistochemical analysis, the histological
results showed formation of small blood vessels in all samples, though in larger numbers
in Co™* containing ones. Larger vessels were detected in CaP Co0.1- and CaP Co20-PLA
particles. The quantification of vascularization parameters showed that while there was
no difference in vascularization parameters between PLA and CaP-coated PLA particles, a
higher number of blood vessels and a larger normalized blood vessel area were detected
in CaP Co0.1- and CaP Co20-PLA particles as compared to the samples not containing Co™.
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6.4. Discussion

The focus of this study was localized delivery of Co*" ions to stimulate new blood
vessel formation in vivo. Co®* ions are known as chemical mimickers of hypoxia
and the application of this ion has previously been shown to result in higher
expression of angiogenic genes [47-48]. Indeed, hypoxic conditions stimulate
angiogenesis, with HIFs playing an important role in this mechanism [49-50]. The
upregulation of the expression of angiogenic factors such as VEGF and
osteoprotegerin (OPG) and enhancement of vascularization are known biological
responses to hypoxic condition [22]. Furthermore, hypoxia also affects other
aspects of angiogenesis such as vessel pattern, maturation and function [50]. With
this important role in mind, hypoxia has been investigated as a strategy to
improve angiogenesis in bone graft substitutes [51-52].

Building up on the previously shown effect of Co®* on angiogenesis, we
hypothesized that combining CaPs, being widely used synthetic bone graft
substitutes, with Co* ions is a promising approach to simultaneously stimulate
both osteogenesis and angiogenesis during bone regeneration. A CaP coating with
or without Co”* was applied on a polymeric substrate. The rationale behind the
combination of a polymeric substrate and a ceramic coating was the strategy to
improve mechanical properties of the ceramic while retaining the bioactivity, a
topic that will be discussed separately.

In the current study, paraspinal muscles of goats were used as implantation site to
first deliver evidence for an effect and select the right conditions, before moving
to a bone defect, the number of which is limited in such an animal model. The
intramuscular environment is obviously different than the microenvironment in a
bone defect, and the response to the materials tested here may be different in
bone. Nevertheless, assessment of newly developed materials in vivo in a large
animal model provides valuable information that is complementary to in vitro
studies or studies in smaller animals, owing to a closer resemblance of larger
animals to human skeletal structure and metabolism. Furthermore, based on an
earlier study in which cobalt-substituted CaP was tested in osteoporotic bone in
vivo [28], a positive effect of Co** ions on blood vessel formation in bone is
expected as well.

The method used to incorporate Co®* ions into CaP coating is based on
precipitation of the mineral from a CaP solution to which the ion was added, at
near physiological conditions, in order to obtain the incorporation throughout the

coating and not only on the surface, like, for example, in the case of adsorption-
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based methods [39,42]. This approach has been previously shown to result in a
more controlled release of incorporated compounds, such as Bone
Morphogenetic Protein-2 [53].
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Figure 5. A histogram showing size distribution of blood vessels in PLA (a), CaP-PLA (b),
CaP Co0.1-PLA (c) and CaP Co20-PLA (d) particles. Small blood vessels were equally
abundant in all the samples, while larger vessels were more frequently observed in Co™*-
containing particles. Extra-large blood vessels were rarely found in PLA and CaP-PLA
samples while they were more frequently observed around CaP Co0.1- and CaP Co20-PLA
particles, resulting in the formation of more hierarchical vascular structure in these
samples.

Here, we successfully deposited a homogenous mineral layer on the surface of

PLA particles, both in the absence and in the presence of Co*. Patntirapong et al.

[39] coated the surface of tissue culture well plates with CaP with or without Co**

to study the effect of Co®* on osteoclastic resorption of the mineral, and their

results showed the formation of a CaP coating with a similar crystal morphology,

which was shown to predominantly consist of octacalcium phosphate (OCP). In
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our study, the difference in Co?* concentration between the two Co* containing
coating solutions was 200 times. Nevertheless, the Co content of CaP Co20-PLA
was only 7 times higher than that of CaP Co0.1, which suggests that there is a
maximum amount of the ion that can be incorporated into the CaP coating.
Nevertheless, the Ca/P ratio of the coating without and the (Ca+Co)/P ratios of
the coating with Co®" indicated that the nucleation and growth of the crystals
were not affected by the presence of Co®*, which was also confirmed by the SEM
and FTIR analyses. Partial Co-for-Ca substitution has been previously shown in B-
tricalcium phosphate [54], however, based on our data it is difficult to conclude
whether all the incorporate Co was actually substituted into the CaP lattice or
partially physically entrapped into the coating.

After 12 weeks of intramuscular implantation, the formation of fibrous tissue was
detected in the pores between the particles. The results further evidenced that
there was no major bulk degradation of the PLA particles with or without the CaP
coating, as opposed to the results by Danoux et al. [43] where a substantial
degradation of PLA plates prepared using similar technique was observed after 12
weeks of intramuscular implantation in dogs. This difference could be attributed
to the physiological differences between the two species as well as the difference
in the implant shape. Because the materials were decalcified after explantation,
we could not determine the level of degradation of the CaP coating. In a study by
Barrere et al., it was shown that an OCP coating that was deposited on titanium
plates did not dissolve after 4 weeks of subcutaneous implantation in rats, but
instead transformed into a more stable carbonated apatite phase [55]. Although
useful, these data cannot be directly extrapolated to our study, because of the
difference in animal model and in implantation period. It was also not possible to
measure the release profile of Co* in vivo. Nevertheless, the in vitro study by
Patntirapong et al. [39] showed that in cell culture medium, a burst release of Co™*
was observed from CaP coatings deposited on cell culture plastic. After 3 days,
about 50% of total Co®* was released, and after 6 days another 5% release was
measured. Although the environment of a cell culture dish is very different from
that in vivo, this may suggest that the majority of the ions are released relatively
soon after implantation.

Both histological and immunohistochemical analyses showed the formation of
small blood vessels, with a size below 0.01 mm? in low numbers in the tissue
formed around PLA and CaP-PLA particles, while in CaP Co0.1- and CaP Co20-PLA
samples both small and larger vessels were frequently found. In accordance with
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these results, quantification of blood vessel area and number of vessels showed
higher values for both parameters for Co** containing materials as compared to
both controls. Fan et al. [29] demonstrated that treating bone marrow stromal
cells (BMSCs) with Co®* ions resulted in a more pronounced vascularization of
collagen scaffolds in which the cells were incorporated upon a 2-week
subcutaneous implantation in mice. Subsequent implantation of these scaffolds in
an orthotopic site resulted in enhanced neovascularized bone formation.
Ignjatovic et al. [28] also analyzed the effect of paramagnetic cobalt-substituted
hydroxyapatite (HA) nanoparticles on osteoporotic alveolar bone regeneration
and blood vessel formation in rats. The results showed an active angiogenesis
process and young bone formation 6 and 24 weeks after the implantation of the
nanoparticles containing Co®*. The in vitro studies showed that treatment of
BMSCs with Co®* ions increased the expression of VEGF both at mRNA and protein
level [27, 29]. In a more recent study, Quinlan et al. [56] demonstrated that the
incorporation of cobalt in bioactive glass significantly enhanced the production
and expression of VEGF by endothelial cells. Furthermore, they observed that
exposing endothelial cells to cell medium conditioned with cobalt incorporated-
bioactive glass/collagen glycosaminoglycan scaffold enhanced the tubule
formation. In accordance with these previous studies, our findings also indicated
that while there was no difference in vascularization between the PLA and CaP-
coated PLA particles, incorporation of Co”™ in the CaP coatings enhanced the
vascularization in terms of number of blood vessels and their area.

Because for this study, a relatively long implantation time was selected, early
events that may explain the positive effect of Co*" on vascularization cannot be
determined. While we hypothesize that local hypoxic environment may be a
reason for increased vascularization, short-term implantation is needed to analyze
the HIF-1a expression in the surrounding tissue. Furthermore, besides the effect
of hypoxia, increased inflammatory response to the Co**-containing materials may
be a reason for the enhanced vascularization. Although the pathological analysis
after 12 weeks indicated presence of mild chronic inflammatory response in the
connective tissue surrounding all materials, no significant differences between the
four implant types were observed. While these findings suggest that increased
vascularization was not a result of increased inflammatory response, it is
important to, on one hand, analyze early events upon implantation of such
materials and release of Co®* from them, and, on the other hand, the effects on
tissue when Co”> release is maintained for a longer period of time. This is
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particularly important from the safety perspective, as in vitro studies have shown
a negative effect of viability upon prolonged exposure of cells to cobalt-
substituted hydroxyapatite [28].

The results of this study also showed that incorporation of Co®* not only increased
the number of blood vessels and their area, but also their size distribution. Blood
vessels of different sizes ranging from very large ones with the area larger than
0.05 mm?” to small vessels with an average area below 0.01 mm? were formed
when Co** was present in the CaP coating. In contrast, in the samples without
Co*, with or without CaP, very large vessels did not form and large vessels were
less frequent. Similar to this observation, Ignjatovi¢ et al. [28] detected the
formation of a properly structured vascular network containing both large blood
vessels and small capillaries in HA nanoparticles with Co** incorporation implanted
in rats. The importance of the size of blood vessels is evident considering that
natural bone is highly vascularized from the intramedullary cavity to the
periosteal mineral, with a hierarchical vascular structure containing large vessels
which further branch out internally into small capillaries [4].

Based on the previously published work, hypoxic environment induced by Co**
may have an important effect on the vascular pattern and lumen size of the newly
formed blood vessels. It is known that local metabolic and mechanical changes in
cell microenvironment including the presence of hypoxic condition substantially
influences the formation, maturation, function and remodeling of the vessels of
different sizes [50,57]. Stoeltzing et al. [58] studied the effects of inhibition of HIF-
la activity on angiogenesis in human gastric cancer in vivo and observed the
formation of blood vessels with much smaller lumen size in the tumor cells in
which the HIF-1a activity was inhibited compared to those expressing increased
level of HIF-1a. They suggested that HIF-1a provided a complex proangiogenic
microenvironment that influences vessel morphology and function. Based on this
argument, the upregulation of HIF-1a in the muscle tissue as a result of Co**-
induced hypoxia may indeed plausibly be the reason for larger lumen size and
different vascular structure in the presence of these ions.

6.5. Conclusion

This study showed that incorporation of Co* into a CaP coating resulted in the
formation of more and larger blood vessels upon intramuscular implantation in
goats. Also a wider distribution in size of blood vessels is achieved in presence of
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Co®

*. As such, the results support the use of Co**-containing CaPs as a means to

stimulate vascularization of synthetic bone graft substitutes.
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Chapter 7

Poly(lactic acid) microspheres for local delivery of

bioinorganics for applications in bone regeneration
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Abstract

Bioinorganics are a family of relatively simple and inexpensive inorganic
compounds, which, although often present only in trace amounts, are known to
play an important role in the normal functioning of organs and tissues, including
bone. Bioinorganics can potentially be used for improving the clinical performance
of synthetic bone graft substitutes, as an alternative to growth factors and other
biologics. To this end, it is imperative to fully understand their mechanism of
action. Currently, bioinorganics are usually incorporated into calcium phosphate
and bioglasses. During degradation, these materials release a cocktail of ions,
making the study of the effect of the bioinorganic of interest difficult, if not
impossible. To overcome this issue, in the present study, we attempted to
develop a delivery system for bioinorganics based on polymeric microspheres.
Calcium chloride, as a model for bioinorganics, was incorporated into poly(lactic
acid) (PLA) microspheres, using a single emulsion-solvent evaporation technique.
These microspheres were used to study the effect of the released calcium ions on
the proliferation and osteogenic differentiation of human mesenchymal stromal
cells (hMSCs) in a trans-well culture system. The results showed that it was
possible to incorporate calcium into the microspheres and that the efficiency of
incorporation could be increased by increasing the initial amount of PLA, and by
using sonication instead of mechanical force during the emulsification step.
Furthermore, the release profile of calcium from the microspheres was also
dependent on the emulsification method. Cell culture experiments revealed no
effect on cell proliferation or ALP activity as a consequence of calcium release,
however, the gene expression of Bone Morphogenetic Protein 2 (BMP2) and
Osteopontin (OP) was increased when cells were cultured in the presence of
calcium containing microspheres. In conclusion, this study demonstrates that it is
possible to use the developed polymeric delivery system to study the individual
chemical effects of bioinorganics on the cells behavior.
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7.1. Introduction

The search for successful synthetic alternatives to natural bone grafts has
intensified in the past decade as a consequence of an increasing demand for bone
regenerative strategies, resulting from a continuous ageing of the population in
the developed countries. Synthetic bone graft substitutes, which are available as
calcium-phosphate ceramics, bioglass, composites, etc. [1], can be produced in
large quantities against acceptable cost, overcoming the most important issues
related to the use of auto- or allograft [2]. Nevertheless, the clinical bone
regenerative performance of these synthetic bone graft substitutes is in general
considered inferior to that of their natural counterparts.

A widely investigated strategy to improve the biological performance of synthetic
bone substitutes is the addition of biological compounds such as growth factors
(e.g. osteoinductive Bone Morphogenetic Protein-2 and 7) that affect processes
related to bone formation directly or indirectly [3]. The use of growth factors is
however associated with issues related to their limited stability, and high
production and storage cost [4-5]. Therefore less expensive alternatives are
sought for.

The inorganic phase of natural bone consists of carbonated-hydroxyapatite [6].
Further elements such as sodium, fluoride, chloride, magnesium, strontium, zinc,
copper and iron can also be found in the mineral portion of bone in lower or even
trace amounts [7]. The biological roles and effects of these bioinorganics in the
human body and, more specifically, in bone metabolism, have been described
previously [8-9]. However, the first interest in using bioinorganics as potential
therapeutics was based on knowledge obtained from changes in systemic ion
levels, such as deficiencies of essential micronutrients, epidemiological studies,
nutritional studies of food, animal and tissue health during disease or
pharmaceutical treatments [9]. Application of strontium ranelate as anti-
osteoporotic agent is an example of a successful clinical application of
bioinorganics. Strontium (Sr**) intake has shown an increase in bone matrix
density and reduced bone fracture occurrence in osteoporotic women [10-11].
The addition of fluoride as an anti-cariogenic agent (F) to toothpaste formulation
is one of the well-known examples of the every-day use of bioinorganics [12].
These examples emphasize on the potential of bioinorganics as therapeutic agents
in applications related to bone regeneration or bone-related diseases. Indeed, a
number of in vitro and in vivo studies have demonstrated the effect of various
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inorganic ions on processes related to bone formation, such as osteogenesis,
osteoclastogenesis and angiogenesis [13-15].

Currently, common approaches for using bioinorganics as therapeutic agents
include their introduction into either calcium phosphate-based ceramics or
bioactive glasses, which are two widely used classes of synthetic bone graft
substitutes. In such a way, a carrier or scaffold material is combined with a
bioinorganic, which is similar to growth factor based constructs [8, 13, 16].
Delivery of bioinorganic ions from ceramic or bioglass carriers usually relies on the
carrier degradation. However, this process is complex, featuring release of a
number of ions, and a change of other physico-chemical properties of the carrier,
which makes it difficult to evaluate the effects of a single bioinorganic and
understand its mechanisms of action.

Delivery systems based on polymers used in biomedical applications are
potentially more suitable for studying biological effects of bioinorganics .
Polymeric microspheres, for example, are used as carriers and delivery vehicles of
growth factors [17] and antibiotics [18], allowing minimally-invasive delivery.
Polymeric microspheres have been tested for application as three-dimensional
support for cell expansion and differentiation [19-22]. They have also been used
for developing composite materials in order to tune the degradation and
mechanical properties of bioceramics such as calcium phosphate ceramics [23]. To
date, very few studies have explored the possibility of incorporating bioinorganics
into polymeric matrices [24].

In the present study, calcium salt was used as a model bioinorganic compound to
develop a delivery system based on poly(lactic acid) (PLA) microspheres.
Polylactides belong to poly(a-ester) family which is one of the widely studied
classes of biodegradable polymers [25]. They are potentially suitable as delivery
vehicles, as they degrade hydrolytically due to an ester bond in their backbone
[25]. The degradation product of PLA is lactic acid which, is further broken down
into water and carbon dioxide in biological systems, hence, it is considered as bio-
resorbable [25, 26]. For microsphere preparation in the present study, a single
emulsion-evaporation technique was used. Emulsion- solvent evaporation
techniques are widely used for microsphere preparation [27, 28]. In both single
and double emulsion techniques, microspheres are formed in a two-step process
[29]. In the first step, the polymer is dispersed into microdroplets by applying
mechanical or ultrasonic shear stress. The second step includes solvent
evaporation and polymer precipitation, resulting in microsphere hardening. In this
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study, calcium salt was added to the polymer-solvent solution before
emulsification. Calcium-containing microspheres were used to study proliferation
and osteogenic differentiation of human mesenchymal stromal cells (hMSC) in-
vitro.

7.2. Materials and methods

7.2.1. Preparation of PLA microspheres

PLA microspheres were prepared using a single (oil-in-water) emulsion-
solvent evaporation technique. Calcium chloride dihydrate (Merck) was
used as model salt to test the incorporation potential into PLA
microspheres.

To optimize the process of microsphere preparation, varying amounts of
amorphous poly(D,L-lactic acid) (PLA, Purasorb PDLO5, Purac, MW: 59000 g/mole)
were dissolved in dichloromethane (DCM) (LiChrosolv®, Merck) to reach
increasing concentrations of 4, 6, 8 and 10% w/v PLA that served as the oil phase.
Calcium chloride was added to the PLA solution to reach a concentration of 200
g/L and stirred magnetically for 30 minutes to prepare a slurry. 25 ml of this
mixture with the PLA concentration of 4 or 6% w/v or 20 ml of the mixture with
PLA concentrations of for 8 or 10% w/v were added to 25 ml of 1.5% w/v
Poly(vinyl alcohol) (PVA) (ACROS ORGANICS) aqueous solution. Ultra-turrax (T25
basic, IKA, Germany) was used to emulsify the mixture for 40 seconds at 8000 rpm
before poring it into 125 ml 1.5% w/v PVA solution. In a parallel experiment, a
formulation of 4% w/v PLA was emulsified using an ultra-sonicator (Labsonic M,
50W, Braun) for 90 seconds. A formulation without addition of Ca** salt served as
a control for every produced batch of microspheres.

Solvent evaporation and microsphere hardening occurred during magnetic stirring
for 2 hours at room temperature. Microspheres were then collected by
centrifugation (3900 rpm, 10 minutes, 4°C) and washed 3 times with cold milliQ
water. Microspheres were then resuspended in 10 ml milliQ water, freeze-
shocked in liquid nitrogen, and stored for at least 30 minutes at -20°C before
freeze-drying for at least 48 hours.

7.2.2. Characterization of PLA microspheres

The morphology of the microspheres was analyzed using an environmental
scanning electron
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microscope (SEM; XL30, ESEM-FEG, Philips) in the secondary electron mode with
an acceleration voltage of 10 kV after gold-sputtering for 40 seconds at 30 mA
(Cressington sputter coater). To determine the diameter of microspheres from
various batches, both SEM images and dynamic light scattering (DLS) equipment
(Zetasizer nano ZS, Malvern Instruments, Germany) was used. For the latter
analysis, microspheres were re-dispersed in milliQ water in an ultrasonic water
bath prior to the measurements.

7.2.3. Calcium content and release

1021 mg of PLA microspheres without or loaded with calcium chloride were
completely dissolved in 750 pul DCM under shaking at 80 rpm, for 2h at 37°C. To
extract the calcium ions, 150 pl milliQ water was added to the polymer solution
and incubated overnight at 37°C. The water phase was then collected and
analyzed using a calcium assay kit (QuantiChrom™, BioAssay Systems, USA) to
qguantify the calcium content of the microspheres. A spectrophotometric plate-
reader (Thermo Scientific MultiscanGo) was used to read the optical density of
calcium complexes at 612 nm.

Simulated physiological solution (SPS) buffered at pH 7.3 (137 mmol/L Na*, 177
mmol/L CI, 50 mmol/L HEPES in MilliQ water) was used to study the release
profile of calcium ions from the microspheres. 10+1 mg of calcium-incorporated
microspheres containing varying concentrations of PLA (4, 6, 8, and 10% w/v)
were precisely weighed and placed in 500ul tubes. 150 pl of SPS was added to
each sample. Triplicates of each sample were then placed in a waterbath at 37°C
while shaking at 80 rpm. At dedicated time points between 4 hours to 15 days,
three tubes of each condition were removed and centrifuged. The supernatant
was collected and calcium content was quantified using the calcium assay kit as
was described above.

7.2.4. In vitro characterization of PLA microspheres

Human mesenchymal stromal cells (hMSCs) were isolated from bone marrow
after written consent as described previously [30-31]. In short, bone marrow
aspirates were resuspended in cell culture medium, plated at a density of 5*10°
cells per cm? and cultured in proliferation medium (a-MEM (Gibco) supplemented
with 10% fotal bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic
acid (Sigma), 100 U ml™ penicillin and 100 pg ml™ streptomycin (Gibco) and 1 ng
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ml™ rhbFGF (AbDSerotec)). The medium was refreshed every 2-3 days. Cells were
harvested at approximately 80% confluency for subculture until passage 3.

In vitro cell culture experiments were performed using hMSCs and microspheres
containing 8% or 10% w/v PLA prepared using mechanical emulsification and
microspheres containing 4% w/v PLA prepared using ultrasonic emulsification.
Polymeric microspheres without the salt served as controls.

42.5+0.5 mg microspheres were placed in 24-well plates (NUNC) and sterilized
using isopropanol (Assink Chemie), followed by a three-hour evaporation step.
The samples were subsequently washed twice with sterile PBS. Sterilized
microspheres were then incubated overnight in 1 ml of basic medium (a-MEM
(Gibco) supplemented with 10% fetal bovine serum (Lonza), 2 mM L-glutamine
(Gibco), 0.2 mM ascorbic acid (Sigma), 100 U ml™ penicillin and 100 pg ml*
streptomycin (Gibco)) overnight at 37° C in a humidified atmosphere with 5% CO,.
To study the effects of products released from the microspheres, cell culture was
performed using trans-wells (24-well, Corning) with two compartments. The cells
were seeded in the bottom compartment of the trans-wells at a density of 20.000
cells/cm?® and the microspheres were placed in the top compartment. Cells were
cultured for 7 days in either basic or osteogenic medium (Basic medium
supplemented with 10 nM dexamethasone (Sigma)) with refreshment every 2-3
days. hMSCs cultured on tissue culture plate, without introducing the
microspheres, served as controls. After 7 days, the medium was aspirated, cells
were washed with PBS, and DNA content of the cells was quantified using
CyQuant Cell Proliferation Assay kit (Invitrogen) according to the manufacturer’s
protocol. Alkaline phosphatase (ALP) activity, as an early marker of ostegenic
differentiation, was assessed and normalized for DNA amounts using CDP-star kit
(Roche Applied Science) as per the manufacturer’s protocol.

Expression of markers of osteogenesis at the mRNA level was determined using
guantitative real-time PCR (QPCR). Total RNA of the cells was isolated by using a
combination of TRIzol® (Life technologies) method and NucleoSpin® RNA isolation
and purification kit (Macherey-Nagel) according to the manufacturer’s protocol.
Total RNA content was then measured using a NanoDrop® ND-1000
spectrophotometer. The cDNA of the cultures were then prepared using iScript kit
(Bio-Rad) according to the manufacturer’s protocol and diluted 10 times in RNAse-
free water. The gPCR measurements were performed on a Bio-Rad equipment
using Syber green | master mix (Invitrogen). The primer (Sigma) sequence of the
selected genes (Bone Morphogenetic Protein 2 (BMP2), Osteopontin (OP) and
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Osteoclalcin (OC) is listed in table 1. Expression of all genes was normalized for
the levels of the housekeeping gene GAPDH and corrected for gene expression of
hMSCs cultured on tissue culture plastic in basic medium. Induction folds of the
target genes were calculated using AACT method.

During cell culture, medium was collected at every medium refreshments (2, 4
and 6 days) and its calcium content was measured using calcium assay kit as
described above in order to determine the calcium release profile in cell culture
medium.

7.2.5. Statistical analysis

Statistical analysis was performed using one-way Analysis of Variance
(ANOVA) with Tukey’s multiple comparison post-hoc test with a significance
level of p<0.05. For all figures the following applies: * p<0.05, ** p<0.01, ***
p<0.001.

Table 1. Primer sequences of osteogenic markers and housekeeping gene used for gPCR

Gene Primer sequences

GAPDH (housekeeping gene) 5’-CCATGGTGTCTGAGCGATGT
5’-CGCTCTCTGCTCCTCCTGTT

Bone morphogenetic protein 2 (BMP2)  5'-GCATCTGTTCTCGGAAAACCT
5'-ACTACCAGAAACGAGTGGGAA

Osteocalcin (OC) 5-CGCCTGGGTCTCTTCACTAC
5’-TGAGAGCCCTCACACTCCTC
Osteopontin (OP) 5’-CCAAGTAAGTCCAACGAAAG

5-GGTGATGTCCTCGTCTGTA

7.3. Results
7.3.1. Microsphere characterization

SEM imaging (Figure 1.a-f) demonstrated formation of microspheres in all

conditions tested. No morphological differences were observed between

microspheres with and without calcium salt incorporation. Microspheres

containing 4% w/v PLA prepared by either mechanical or ultrasonic emulsification
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presented small pores with approximate diameter of 0.5-1 um on the surface,
whereas microspheres with higher PLA concentrations showed a smooth surface
structure.

Average particle size and size distribution of microspheres (data not shown) with
different PLA concentrations (4-10% w/v), without and with calcium chloride
incorporation were analyzed using DLS technique. The particles, however,
appeared to be polydisperse (which is in accordance with SEM results) and the
particle size exceeded the maximum measurable size of 2 micron of the available
DLS equipment. In order to get an approximation of the microsphere size, the
average particle size of the microspheres obtained from DLS analysis compared
with measurements obtained from SEM images. As shown in Figure 1.g, PLA
microspheres had an average diameter of 4-6 um. Increasing the polymer
concentration led to a slight increase in average microsphere size. No effect of the
emulsification technique was observed on the average microsphere diameter, as
both mechanically and ultrasonically prepared microspheres containing 4% PLA
possessed a comparable size.

7.3.2. Efficiency of calcium incorporation into and release profile from
PLA microspheres

The amount of calcium chloride salt incorporated into PLA microspheres was in
the range of 0.5 to 2.2 pug/mg of microspheres (Figure 2.a). No calcium was
detected in microspheres without salt incorporation. A direct positive correlation
between PLA concentration and level of calcium was found in the sample
prepared by mechanical emulsification; the higher the PLA content the higher the
amount of calcium. Interestingly, method of emulsification had a strong effect of
the incorporation efficiency. Calcium content of microspheres containing 4% w/v
PLA prepared using ultrasonic emulsification was more than four times higher
than that of microspheres with the same PLA content prepared using mechanical
emulsification.

The calcium release profile of microspheres was investigated in SPS for 15 days.
The results are presented as a ratio between Ca®* released and the total calcium
content (M,/M..) (Figure 2.b). A burst release was observed for all samples
prepared using mechanical emulsification, with approximately 80% of the ions
released within 4 hours. After 2-4 days the calcium release profile reached a
plateau in these conditions, which corresponded to approximately 90% of the
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total calcium content. However, the release profile of 4% PLA microsphere
prepared using ultrasonic emulsification showed a more sustained release with
approximately 5% released after 1 day, increasing to approximately 17 after 10
days in SPS.
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Figure 1. SEM images showing morphology of microspheres prepared by single emulsion
technique and mechanical emulsification without calcium incorporation and with a PLA
concentration of 4 (a) and 10% (b) w/v PLA, with calcium incorporation and PLA
concentration of 4 (d) and 10% (e) w/v PLA and without (c) and with (f) calcium
incorporation and a PLA content of 4% w/v prepared by sonication (scale bar=20 pum).
Average diameter of microspheres prepared with various PLA concentrations and
emulsification techniques (g). All microsphere batches showed spherical structures with a
smooth surface and an average size of 4-6 um.
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Figure 2. Calcium content of microspheres prepared with either mechanical or ultrasonic
emulsification, and with varying PLA concentrations (a) and calcium release profile of 4-
10% w/v PLA microspheres in SPS during 15 days (b). In mechanically emulsified
microspheres, increasing PLA concentrations correlated with increased calcium
incorporation. Ultrasonic preparation of microspheres with 4% w/v PLA resulted in the
highest calcium content. All mechanically prepared microspheres showed a burst release
of approximately 80% within the first 4 hours while ultrasonically prepared microspheres
showed a more sustained release with 17% calcium release after 10 days of immersion.
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7.3.3. In vitro characterization of PLA microspheres

A trans-well cell culture system (Figure 3.a) was used to study the effect of
compounds released form the microspheres on the proliferation and osteogenic
differentiation of hMCS.

As is depicted in Figure 3.b, no significant differences in DNA content were
observed among cells cultured on different batches of hMSCs, independent of the
medium used. Similarly, there were no differences between cells cultured in
presence or in absence of the microspheres.

Also ALP activity was not significantly different among different conditions; only
the osteogenic medium seemed to mildly increase the ALP activity (Figure 3.c).
QPCR data showed that both BMP2 and OP genes were upregulated in cells
cultured in the presence of calcium chloride containing microspheres as
compared to their unloaded counterparts and controls, both in basic and in
osteogenic medium (Figure 4.a,b). A significant difference was observed in the
expression of BMP2 when hMSCs where cultured with calcium containing 10%
w/v PLA microspheres in basic medium compared to other conditions. In
osteogenic medium, the expression of BMP2 was significantly higher in Ca**
containing 4% w/v and 10% w/v PLA microspheres compared to the control. ca™
containing 8% w/v and 10% w/v PLA microspheres resulted in higher expression of
OP in basic medium in comparison with non-loaded microspheres (4% w/v and
10% w/v PLA). OP gene was also upregulated in osteogenic medium when hMSCs
were cultured with 10% w/v PLA microspheres compared to non-loaded
microspheres (8% w/v and 4% w/v) and control. In contrast to the expression of
BMP2 and OP, no significant differences were observed in the expression of OC
among different conditions (Figure 4.c)

The calcium ion release profile of calcium chloride-loaded microspheres in basic
culture medium after 2, 4, and 6 days is shown in Figure 5. a-MEM contains 1.8
mM Ca*ions and the FBS added to the medium also contains additional ions. The
level of Ca** in the medium was measured using the kit and used as the basic Ca**
levels of all the conditions (day 0). After two days of culture in basic medium, Ca**
content of the medium increased by 0.5 mM and 0.2 mM in the 8% and 10% w/v
PLA conditions, respectively. After 4 and 6 days, a slight decrease of
approximately 0.2 mM was observed. A continuous increase of the calcium ion
concentration of approximately 0.2 mM at each time point was observed for
microspheres with 4% w/v PLA produced using ultrasonic emulsification.
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Figure 3. A schematic of cell culture trans-well set up in which the microspheres and the
cells were placed in top and bottom compartments, respectively (a), DNA content (b) and
ALP activity normalized for DNA (c) of hMSCs cultured in presence of microspheres for 7
days. No significant differences were observed in either DNA content or ALP activity
among different conditions.

7.4. Discussion

In this study, we have investigated the possibility of incorporation of bioinorganics
into and their release from polymeric microparticles. Microparticles were made
from PLA, and calcium chloride served as model bioinorganic. Lactic acid, the
degradation product of PLA, is a natural metabolite and therefore does not elicit
toxic effects [25]. Furthermore, due to the synthetic nature of PLA, batch-to-batch
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uniformity of the polymer is high [25]. Calcium was selected as it is one of the
constituents of calcium-phosphates, a widely used synthetic bone graft substitute.
The microsphere based delivery system as developed here would in the first place
allow for studying biological effects of a single bioinorganic on cell behavior since
they exclusively release the ions incorporated in them. In contrast, current
carriers of bioinorganics, including calcium phosphate and bioactive glass, release
a cocktail of ions, making analysis of the effect of individual ions difficult, if not
impossible.

The surface morphology of microspheres prepared in this study did not vary upon
incorporation of calcium salt. In PLA microspheres containing 4% PLA, a porous
surface was observed to be independent of salt incorporation and emulsification
technique. Both, spheres with and without salt exhibited a smooth surface
structure at higher PLA concentrations. Increasing PLA concentrations from 4 to
10 w/v% increased the average diameter of microspheres from 4 to 6 um in a
relatively linear manner. Nevertheless, the results of SEM imaging and DLS
measurements showed polydispersity for all the microsphere batches. Controlling
the physical properties of microspheres including particle size and surface
roughness was not within the scope of this study, but are obviously properties
that can be further modified in order to better control the efficiency of
incorporation and release profiles.

Various strategies exist for incorporating inorganic materials into polymer
matrices.  Inorganics-incorporated  interpenetrating  polymer  networks,
incorporation of bioinorganic groups via chemical bonds to the polymer backbone
and dual inorganic-organic hybrid polymer are examples of these different
strategies [32]. However, different physical and chemical polymer-salt interactions
are involved in each of these strategies. In the present study, the inorganic salt is
expected to be either adsorbed on the surface, or physically embedded into
polymer matrix.

Incorporation of 0.5 - 2.2 pg calcium chloride per mg was achieved in
microspheres prepared with 4-10% w/v PLA and mechanical homogenization. It
was shown that the calcium incorporation was directly related to the PLA
concentration.
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Figure 4. Expression of BMP2 (a), OP (b) and OC (c) genes by hMSCs cultured in presence
of different microspheres in trans-wells for 7 days. Generally, higher expression of BMP2
and OP was observed in calcium salt-loaded microspheres compared to non-loaded
spheres and control in basic culture medium. Expression of OC gene was similar in all the
conditions.
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Polymer concentration is known to critically influence the inner porosity and
consequently the density of microspheres when a single emulsion technique is
used for preparation [33], which correlated to the results of the present study
where calcium incorporation increased with increasing PLA content. An absence
of micro- and nanopores on the surface of microspheres prepared with higher
concentrations of PLA is also due to an increase in the density of the polymer
matrix. Density and inner pore structure of microspheres are considered
important parameters for achieving a higher incorporation efficiency [33, 34].
Indeed, a maximal salt incorporation and release over longer periods is expected
to be achieved by dense microspheres with poorly interconnected pores. Other
parameters that play a critical role in incorporation of drugs into microspheres are
comprehensively studied by Kumari et al., Kim et al. and O'Donnell et al. [35-37].
The highest efficiency of calcium incorporation into microspheres achieved in this
study was approximately 0.2 wt.% for microspheres prepared with 10% w/v PLA
using mechanical emulsification and for microspheres containing 4% w/v PLA and
ultrasonically emulsified. Although these amounts are relatively low, certainly in
comparison with calcium levels found in body fluid, they may be sufficient to
mimic the amounts of other trace elements in, for example, bone tissue.
Efficiency of incorporation was strongly affected by the method of emulsification,
as was demonstrated by microspheres containing 4% of PLA, which were
produced using either mechanical or ultrasonic emulsification methods. Calcium
content of 4% w/v PLA microspheres was approximately four times higher when
emulsification was achieved by sonication compared to mechanical
homogenization. The effects of different emulsification techniques on
incorporation of bovine serum albumin (BSA) in poly(lactic-co-glycolic acid) (PLGA)
matrix using a double emulsion technique was previously studied [38], however,
no significant differences between different techniques were observed. The fact
that BSA molecules are much larger compared to calcium chloride salt used here,
possibly resulting in a higher viscosity of the BSA-polymer mixture, may explain
opposing observations in the two studies. An increase in viscosity may limit the
shear forces applied to the emulsion in the homogenization step.

Calcium-containing microspheres emulsified mechanically showed a burst Ca**
release with approximately 80 wt.% of total calcium content released after 4
hours of immersion in SPS, independent of the initial PLA concentration. However,
microspheres prepared by probe sonication showed a Ca** release of only 5 wt.%
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of the total amount within the first day, increasing to 17% after 10 days.
Comparable results regarding release of BSA were observed in an earlier study
[34], where the mechanically homogenized samples released approximately 60%
w/v BSA within 24 hours, an amount that was decreased to 14% w/v when
sonication of the first emulsion was used [38].

—e—PLA 4%+Ca-Ultrasound

—=—TCPs
—+—PLA 8%+Ca
—a—PLA 10%+Ca
3

=

s 2

s —

SE 1 I

S )

O

5 E

O L

:‘ %)

8 8

0 1 2 3 4 5 6 7

days

Figure 5. Calcium levels in basic medium during hMSCs culture in the presence of
microspheres in trans-well inserts. In the presence of calcium salt-loaded microspheres
prepared by mechanical homogenization, Ca” levels were elevated after 2 days,
decreasing at the later time points. Ca”"levels of cultures containing microsphere
prepared by ultrasound showed a gradual increase over time.

Different effects of processing technique including sonication and mechanical
homogenization on microsphere characteristics observed here can be explained
by differences in efficiency of homogenization, stability of the formed emulsion
and polymer density. Microsphere preparation using emulsification techniques is
mainly a two-step process [29]. In the first step the polymer solution is dispersed
into micro-droplets by either mechanically- or ultrasonically-applied shear stress.
The second step is characterized by hardening of the microspheres through
evaporation of the solvent and precipitation of the polymer. Homogenization by
probe sonication is more effective in micro-droplet formation which consequently
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leads to a higher compound distribution throughout the microsphere [38]. The
process of solvent elimination and shrinkage of the microsphere critically
determines the morphology, compound incorporation and release profile. A
homogenous compound distribution results in less salt leaching during harvesting
and washing steps of microspheres [29, 38], resulting in a higher inorganic
content.

Emulsions prepared by probe sonication are more stable than mechanically
homogenized or magnetically stirred ones, as was previously observed [38]. It is
critical to limit phase separation of micro-droplets after the emulsification step.
This phase separation may occur during the time between homogenization of the
sample and pouring and diluting the emulsion in PVA. Separation of micro-
droplets in the emulsion decreases the efficiency of mechanical homogenization
even more, and consequently the compound distribution in the spheres becomes
less homogeneous [38]. Similar to polymer concentration, the emulsification
technique can influence the density of the formed microspheres based on the
shear forces employed to the bioinorganic-polymer mixture.

Based on the facts mentioned above, adsorption of bioinorganics on the polymer
surface is expected to be dominant polymer-bioinorganic interaction when
mechanical emulsification is employed. In the case of sonication, the homogenous
and stable salt distribution into PLA may result in improved embedding of the
bioinorganic into the bulk of the microsphere, leading to a more sustained release
of the ions which is controlled by the degradation of the polymer.

The in vitro cell culture study was used to investigate whether the delivery system
presented here indeed can be used to study the biological effects of a sole ion.
Ca’* ions were selected here as one of the constituents of calcium phosphate
ceramics, and for their earlier demonstrated effects on the osteogenic
differentiation of hMSCs [13, 39]. A trans-well system was selected to study the
effect of the released ions, independent of the physical contact with the
microspheres. Microspheres with the highest calcium content were selected for
cell culture experiments.

DNA quantification after 7 days of culture revealed no effect of microspheres,
with or without calcium, on cell proliferation. The calcium concentration of the
cell culture medium for calcium-loaded microspheres prepared using mechanical
homogenization was approximately 2-2.4 mM after 2 days, which is in accordance
with the burst release observed upon immersion of microspheres in SPS. At later
time points, a plateau was reached at approximately 1.5 mM. The slight decrease
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in Ca®* level in cell medium at 4 and 6 days is plausibly due to (local)
supersaturation of the medium with calcium, that may lead to precipitation of, for
example a calcium-phosphate phase on the surface of microspheres, as was
previously observed by Barradas et al. [40]. The ultrasonically emulsified samples
showed a gradual release of Ca** from polymer matrix, similar to the observation
upon immersion in SPS. It was previously shown that a Ca®* concentration of 7.8
mM led to a significantly higher cell proliferation [39], which was not observed in
the present study, plausibly because of the lower calcium ion levels in the
medium. Quantification of ALP activity did not show significant effects of any of
the conditions tested, which is in accordance with an earlier study suggesting that
calcium is not involved in the pathway that regulates ALP gene expression and
protein activity [39].

In an earlier study using hMSCs, in which standard cell culture was performed
with medium containing elevated Ca”* levels (7.8 mM), increased levels of BMP2,
OP and OC were observed as compared to control medium condition [39]. hMSCs
cultured in the presence of calcium-containing microspheres generally showed an
upregulation of BMP2 and OP in the present study, in comparison to microspheres
without the salt. This was not the case for OC, which could be explained by the
fact that OC is a late osteogenic marker [41], possibly not yet expressed after 7
days of culture.

It should be emphasized that this study was meant as the development step of a
system to study the effects of individual ions on cell behavior. Additional
experiments, with microspheres offering distinct release profiles, and extended
cell culture study over a longer time period, and including other assays of
proliferation, differentiation and mineralization are required to obtain a complete
picture of the effects of calcium ions released from PLA microspheres.

5. Conclusion

The results of the present study demonstrated that the bioinorganics-containing
polymeric microspheres can be used for studying biological effects of individual
ions. In conventional cell culture set-ups using ceramics or bioglass, a combination
of a number of parameters, including chemical and topographical features is
studied simultaneously, making it difficult to study the effect of a single
parameter. However, a combination of bioinorganics-containing polymer
microspheres and a trans-well cell culture set up offers a platform in which
studying the chemical effects of a single bioinorganic independent of other
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physico-chemical parameters is possible. Further optimization of the system is

needed in terms of incorporation efficiency and release profile, as well as

validation of the platform using other bioinorganics.
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Chapter 8

General discussion and future perspectives

Bone graft substitutes with bioinorganic modification
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8.1. Introduction

Despite major scientific efforts in the past decades to develop a comprehensive
substitute for the autograft, known as the gold standard for bone regeneration
[1], our knowledge about the contributing factors including cells, biological factors
and biomaterials, and about their interactions, is still incomplete. As a result,
regeneration of bone tissue to a high quality level and with proper functionality,
as well as the development of advanced tools for long-term characterization of
the regenerated bone, remain an important challenge [2].

As discussed in Chapter 2 of this thesis, various strategies based on combinations
of carrier materials with cells and growth factors, physico-chemical modifications
of biomaterials and application of external stimuli, have been employed with the
aim to develop tissue engineering constructs and synthetic bone graft substitutes
with enhanced bone regenerative capacity [1-3]. The basic research into
optimization of these strategies and mechanistic studies to unravel the underlying
biological processes is ongoing.

This thesis focused on the use of bioinorganic compounds to enhance the
bioactivity of synthetic bone graft substitutes, particularly calcium phosphates
(CaPs), while retaining their synthetic character. This chapter discusses the results
obtained in the experimental chapters in the perspective of the strategies aiming
to develop comprehensive synthetic alternatives to natural bone, and gives an
outlook toward future developments.

8.2. Calcium phosphate-based biomaterials as bone graft substitutes

The work described in this thesis was based on the assumption that an optimal
biomaterial intended for bone regeneration should meet a number of
requirements as described in Table 1. Besides biocompatibility in an osseous
environment, bone regeneration potential through osteoconductivity,
osteoinductivity, osteogenesis or osteointegration as well as the ability to initiate
and facilitate blood vessel formation, are among the most important
requirements for resuming natural bone function. (Temporary) mechanical
support and degradability further aid the performance of such a biomaterial. It
should be emphasized that all these properties are intertwined, as they are all
dependent on physico-chemical and structural properties of the biomaterial [3-7].
CaP bioceramics, having many chemical and structural similarities to bone
mineral, are among the most widely used materials as bone graft substitutes and
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they naturally fulfill many of the requirement mentioned before. Nevertheless, in
general, the clinical performance of CaP bone graft substitutes is considered
inferior to that of the autologous bone [3, 8]. Hence, many attempts have been
undertaken to add biological functionality to such bone graft substitutes, for
example via immobilization of growth factor [9, 10] or incorporation of synthetic
compounds [8, 11, 12]. Therefore, the ability of bone graft substitutes to act as
carriers or delivery vehicles of (synthetic) growth factors is often considered an
added value. Furthermore, CaPs suffer from lack of ductility, which may result in a
brittle fracture under tensile load. As a result, CaP-based bone graft substitutes
are not suitable for the most load-bearing applications and therefore,
combinations with other materials that offer more versatility in mechanical
properties (i.e. CaP composites and CaP-coated biomaterials) are extensively
researched [13, 14]. Finally, clinical requirements of easy handling, availability and
low cost of production and storage need to be taken into account when
developing such bone graft substitutes.

The experiments in this thesis were thus based on the requirements for successful
bone graft substitutes described above, taking into account the known limitations
of the available CaPs. As one of the basic techniques applied throughout the
thesis was a previously developed and characterized biomimetic process for
depositing CaP coatings on surfaces of other biomaterials [15]. This a relatively
simple technique that is based on immersion of the substrate of interest into
aqueous solutions containing calcium and inorganic phosphate, that leads to
precipitation of a CaP layer on the substrate surface.

Many other techniques exist, that have been successfully employed to produce
different CaP coatings on surfaces of biomaterials including various plasma
spraying techniques, pulsed laser deposition (PLD), ion-beam-assisted deposition
(IBAD) and radio-frequency (RF) magnetron sputtering [13]. These techniques are,
however, often associated with the use of high levels of energy and high
temperatures, limiting their use to a few CaP phases and thermally stable
substrates.

Conversely, the biomimetic method employed here is conducted at near-
physiological conditions and low temperatures, enabling its use for any type of
material including polymers sensitive to higher temperature. Considering that the
process takes place in an aqueous solution, geometrically complex and porous
substrates can be coated, which is in contrast to line-of-sight methods like plasma
spraying. Furthermore, it is also possible to add drugs, growth factors and
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inorganic compounds such as bioinorganic salts to the solution. This facilitates the
immobilization of the drugs and proteins, and ionic substitutions into the CaP
coatings for further improvement of their biological properties [12, 16].

Table 1. Required properties of bone graft substitute biomaterials.
Properties of bone graft substitute

Basics Biocompatibility
Bone regeneration
- Osteoconductivity
- Osteoinductivity
- Osteogenesis and osteointegration
Vascularization
Degradability
Mechanical support

Pros Ability to deliver biofactors

Clinical aspects Economical

(Off-the-shelf) availability
Easy handling during surgery

The precipitation of CaPs coating from the solution containing calcium and
inorganic phosphate ions is largely dependent on the thermodynamic conditions.
This means that by changing the ionic condition, temperature or pH, different CaP
phases with distinct properties can be produced [16].

Owing to these advantages of the biomimetic technique used for the
experiments, it was possible to produce CaP coatings predominantly composed of
octacalcium phosphate (OCP), a phase that has a higher solubility than, for
example hydroxyapatite (HA), thus releasing higher levels of calcium and
phosphate ions upon hydrolysis. The coatings were successfully applied on
different substrates including titanium (Ti) implants with rough microporous
surface (in Chapter 4), flat polystyrene substrate (in Chapter 5) and on three-
dimensional poly(lactic acid) (PLA) particles (in Chapters 3 and 6).
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The biomimetic CaP coatings prepared using a similar method were previously
tested in in vitro experiments [17, 18], which showed their compatibility with
cultures of both osteoblastic and osteoclastic cells. In order to assess different
ways of combining the CaP ceramic with a polymer, to develop a bone graft
substitute with improved mechanical properties and an optimal carrier for
bioinorganics, PLA particles coated with OCP were compared to conventional
PLA/HA composites for their support of proliferation of human mesenchymal
stromal cells (hMSCs). The PLA/HA composite used here was previously shown to
increase the osteogenic differentiation of hMSCs and induce new bone formation
in in vivo models [19, 20]. While containing lower amounts of the CaP mineral
compared to PLA/HA composite, the OCP coatings supported the osteogenic
differentiation of the hMSCs at the same level as the composite, plausibly due to
their higher solubility and availability of the CaP phase (Chapter 3). Based on this
result, the coating method was used to further improve the bioactivity by
incorporation of bioinorganics of interest.

8.3. Calcium phosphate-based bone graft substitutes functionalized with
bioinorganics

Chemical functionalization of CaPs is a widely used approach for enhancing their
bioactivity in vitro and in vivo. Two common categories of chemical cues that can
be added to CaPs for this purpose include biological growth factors [9, 10] and
bioinorganics or synthetic growth factors [8, 11, 12]. While the use of proteins and
growth factors in combination with CaPs has shown great promise in
development of functional biomaterials for bone regeneration, bioinorganics,
being synthetic, offer the off-the-shelf availability and lower cost.

In terms of biological properties, numerous studies have shown that bioinorganics
are involved in many signaling pathways and chemical cascades in human body
and, alone or released from bone graft substitutes, can alter the bone
regeneration-related mechanisms [11, 21].

In the context of bone regeneration, the first route through which bioinorganics
may modify the biological response is by altering the osteogenesis process.
Strontium (Sr*) ions, administered as strontium ranelate or incorporated into
CaPs, were shown to enhance the attachment and proliferation of pre-
osteoblastic cells resulting in higher activity of functional osteoblasts and
secretion of matrix proteins. Furthermore, by inducing the expression and
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production of osteogenic proteins in osteoblast precursor cells, Sr** ions were
shown to modify the osteogenic differentiation program and increase matrix
mineralization [22-25]. In this thesis, in Chapter 4, it was reported that Sr** ions
have a direct chemical effect on the osteogenic differentiation of the hMSCs,
known to be the progenitors of the osteoblasts. Their positive effect on
osteogenic differentiation was intensified when Sr** ions were released from
CaPs, plausibly due to additional presence of the calcium and inorganic phosphate
ions in the medium.

Similar to the effect of Sr**, in previous studies it has been observed that fluoride
(F) ions addition to CaPs also substantially increased the expression of the
osteogenic markers and the production of mineralized matrix [18, 26, 27]. The
results presented in Chapter 5 are in accordance with these findings. F addition to
biomimetic CaP coatings had a major effect on osteogenic differentiation of
hMSCs. Furthermore, enhanced mineralization of the cells cultured on CaPs
containing F ions was demonstrated.

While the topic of osteoclastogenesis and osteoclastic resorption was not the
focus of this thesis, other studies have shown that a number of bioinorganics
exists that interfere with the osteoclast-related processes at different levels
including osteoclast attachment, growth, differentiation and resorptive activity.
Pharmacological effects of Sr** ions, for example, on reducing osteoclast
differentiation and mineral resorption were previously observed in vitro.
Mechanistic studies showed that these effects were due to disruption of the actin
containing sealing zone, inhibiting osteoclast attachments and modulating
signaling pathways related to the osteoclastic differentiation [22, 23].

Cobalt (Co®") ions, used direct as supplement to cell culture medium or combined
with CaP coatings also showed to increase the number of attached osteoclasts
and their resorptive activity, with certain ranges of concentrations favoring these
effects [17]. It was shown that this effect was a result of the hypoxia-mimicking
role of Co* ions.

A major challenge in bone regeneration is vascularization of the newly formed
tissue, considering that natural bone itself is highly vascularized. The role of
vasculature in bone tissue is to provide a platform for the transfer of essential
nutrients and 0,-CO, exchange and to keep the close spatial and temporal
connection between the formed vessels and bone cells to maintain skeletal
integrity [28]. A few bioinorganics were found to be pro-angiogenic including Co™,
copper (Cu®) and magnesium (Mg*) ions [21]. As extensively discussed in
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Chapters 5 and 6, the induction of hypoxic conditions at cellular level by Co** ions
acts as a stimulator for the cells to produce more pro-angiogenic factors and
promote the neo-vascularization to compensate for the O, loss [21]. In these two
chapters it was first observed that direct supplementation of the medium with
Co” ions resulted in an increase of the expression of angiogenic factors such as
vascular endothelial growth factor. Then it was demonstrated that incorporation
of Co®* ions into CaP-coated PLA particles resulted in the formation of more blood
vessels with proper hierarchical structure in an intramuscular model in vivo.
Considering the extensive number studies showing promising results with
application of bioinorganics in bone regeneration, the question arises why there
are only few bone graft substitutes with bioinorganics approved for clinical use.
The answer lies, at least partly, in the fact that an optimal formulation of
bioinorganics has not been found, yet.

Several parameters need to be considered in the search for such optimal
bioinorganics-functionalized bone graft substitutes, being the properties of the
bioinorganic, the properties of the carrier and the method of incorporation
(Figure 1). The significance of these different parameters will be discussed in the
following sections.

8.3.1. Choice of bioinorganics

Bone tissue is a complex microenvironment, which is composed of different cell
types, proteins and mineral that, besides CaP, contains several bioinorganics.
Inspired by such microenvironment, a combination of different bioinorganics in
conjunction with CaP carriers can elicit combined, or even synergistic effects on
the processes related to bone regeneration [29]. In Chapter 5 for example, an
attempt was undertaken to simultaneously induce osteogenesis and angiogenesis
by incorporating a cocktail of Co*" and F ions into CaP coatings. It was observed
that by using the right concentration of both compounds in the cocktail, it was
possible to maintain the osteogenic effect introduced by F ions, while adding the
angiogenic stimulus by the Co? ions. Combinations of bioinorganics, very much
like cocktails of biological growth factors, offer a promising approach to provide
CaP bone graft substitutes with a complex biofunctionality.

There is no doubt that the cell response to the bioinorganics-functionalized
biomaterials is dose dependent, and that wrong doses can lead to a complete
absence of an effect on one, or to adverse, cytotoxic event on the other side.
Hence, the concentration of bioinorganics used for preparing the biomaterials and
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the release profile of bioinorganics are other crucial parameters that still need to
be optimized in order to obtain the optimal formulation in a given application.

8.3.2. Choice of the carrier biomaterial and its physicochemical properties

The physicochemical properties of the host material are the main determinant
factor in the final cell and tissue response as discussed above and summarized in
table 1. Furthermore, the release profile of the bioinorganics and the physico-
chemical properties of the carrier during and after the release are of great
importance for the final outcome of the treatment.

As is discussed in Chapters 3-6, CaP-based biomaterials are the first choice for
developing synthetic bone graft substitutes along with bioactive glasses, owing to
their intrinsic bioactivity in a bony environment. However, in Chapter 7, the
potential of polymeric materials (in this case PLA) as delivery vehicles of
bioinorganics was demonstrated. Such a system provides a simpler platform to
study the effect of bioinorganics, without interference of other ions that are
commonly simultaneously released from CaP carriers. Furthermore, such system
is promising for controlled and localized delivery as bioinorganics, similar to what
is used for biological growth factors.

8.3.3. Incorporation method

The availability and release profile of bioinorganics from bone graft substitutes
are also largely dependent on the methods of their incorporation into
biomaterials. Simple adsorption of bioinorganics from a solution on the surface of
the carrier substrate is very simple, however, this method only allows for
superficial binding and therefore, limited amount of compounds of interest can be
loaded, which are usually released in a short period of time following a burst
release profile. Incorporation of bioinorganics into CaPs during their production,
by either physical entrapment or by substitution into the crystal lattice can be
used if sustained release is required [17]. In this thesis, the biomimetic coating
method was used for incorporation, but a variety of other methods exist that
would allow incorporation of bioinorganics, since they are stable compounds. The
possibility of adding bioinorganics into polymers is interesting for developing
polymer-ceramic composites, with, in general improved mechanical properties as
compared to the ceramic alone.
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Choice of biomaterial and its
physicochemical properties
Carrier Biomaterial

. Combination of bioinorganics
Incorporation method
Bioinorganics

Incorporated concentrations

Figure 1. Schematic overview of a system based on bone graft substitute biomaterials as
carrier and bioinorganics as synthetic growth factors. On the bioinorganics side, optimized
formulation used for functionalization of the carrier including combination and doses of
the bioinorganics are important. On the carrier side physicochemical properties of the
biomaterial and incorporation method are crucial in defining the profile of local delivery of
the bioinorganics and the biological effect of the system.

8.4. Future perspectives

The research presented in this thesis is a valuable contribution to the knowledge
of the role of bioinorganics in processes related to bone formation and
remodeling as well as the methods to incorporate these compounds into carrier
materials to develop improved bone graft substitutes. Despite this scientific
advancement, we are still far from defining the optimal synthetic bone graft
substitute based on bioinorganics.

Optimizing the selection of bioinorganics formulations and optimizing the
properties of the carrier material should be the priorities for further development
of bioinorganics-functionalized CaP-based bone graft substitutes having superior
biological performance. In this context, a large number of bioinorganics which are
known or suspected to be relevant along with a family of potential CaPs and CaP-
based carriers result in a massive number of possible combinations. To be able to
investigate these great numbers of combinations in a reliable manner, it will be
important to develop platforms that are suitable for high-throughput screening of
material properties and material-cell interactions. Such platforms should not only
identify the hits with excellent performance or remove poorly performing
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combinations at the early stage of research, but should also provide insight in the
mechanisms governing a cell or tissue response to the material.

In the context of clinical translation of the potentially relevant bioinorganics-
functionalized bone graft substitutes, in vivo experiments or experiments able to
reliable replace animal research are needed to confirm the long-term safety of the
bioinorganics, along with their functionality. In particular compromised animal
models, representing challenging cases of diseased bones are of great interest.

References

1. R. Dimitriou, E. Jones, D. McGonagle, P.V. Giannoudis, Bone regeneration: current concepts
and future directions. BMC Medicine, 9 (2011) 1-10.

2. A.R. Amini, C.T. Laurencin, S.P. Nukavarapu, Bone Tissue Engineering: Recent Advances and
Challenges. Critical reviews in biomedical engineering, 40 (2012) 363-408.

3. M. Bohner, L. Galea, N. Doebelin, Calcium phosphate bone graft substitutes: Failures and
hopes. Journal of the European Ceramic Society, 32 (2012) 2663-2671.

4.  A. Beswick and A.W. Blom, Bone graft substitutes in hip revision surgery: a comprehensive
overview. Injury, 42 Suppl 2 (2011) S40-6.

5. I. Denry and L.T. Kuhn, Design and characterization of calcium phosphate ceramic scaffolds for
bone tissue engineering. Dental Materials, 32 (2016) 43-53.

6.  B.F. Ricciardi and M.P. Bostrom, Bone graft substitutes: Claims and credibility. Seminars in
Arthroplasty, 24 (2013) 119-123.

7. D. Tang, R.S. Tare, L.-Y. Yang, D.F. Williams, K.-L. Ou, R.O.C. Oreffo, Biofabrication of bone
tissue: approaches, challenges and translation for bone regeneration. Biomaterials, 83 (2016)
363-382.

8. L. Yang, B. Harink, P. Habibovic, 1.118 - Calcium Phosphate Ceramics with Inorganic Additives
A2 - Ducheyne, Paul, in Comprehensive Biomaterials. 2011, Elsevier: Oxford. p. 299-312.

9. T.N. Vo, F.K. Kasper, A.G. Mikos, Strategies for controlled delivery of growth factors and cells
for bone regeneration. Advanced Drug Delivery Reviews, 64 (2012) 1292-1309.

10. S.Bose and S. Tarafder, Calcium phosphate ceramic systems in growth factor and drug delivery
for bone tissue engineering: A review. Acta Biomaterialia, 8 (2012) 1401-1421.

11. P. Habibovic and J.E. Barralet, Bioinorganics and biomaterials: bone repair. Acta Biomater, 7
(2011) 3013-26.

12. E. Boanini, M. Gazzano, A. Bigi, lonic substitutions in calcium phosphates synthesized at low
temperature. Acta Biomaterialia, 6 (2010) 1882-1894.

13. R.A. Surmenev, M.A. Surmeneva, A.A. lvanova, Significance of calcium phosphate coatings for
the enhancement of new bone osteogenesis — A review. Acta Biomaterialia, 10 (2014) 557-
579.

14. H. Zhou, J.G. Lawrence, S.B. Bhaduri, Fabrication aspects of PLA-CaP/PLGA-CaP composites for
orthopedic applications: a review. Acta Biomater, 8 (2012) 1999-2016.

15. F. Barrere, P. Layrolle, C.A. Van Blitterswijk, K. De Groot, Biomimetic coatings on titanium: a
crystal growth study of octacalcium phosphate. ) Mater Sci Mater Med, 12 (2001) 529-34.

16. X. Lin, K. de Groot, D. Wang, Q. Hu, D. Wismeijer, Y. Liu, A review paper on biomimetic calcium
phosphate coatings. Open Biomed Eng J, 9 (2015) 56-64.

17. S. Patntirapong, P. Habibovic, P.V. Hauschka, Effects of soluble cobalt and cobalt incorporated
into calcium phosphate layers on osteoclast differentiation and activation. Biomaterials, 30
(2009) 548-55.

204



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

L. Yang, S. Perez-Amodio, F.Y. Barrere-de Groot, V. Everts, C.A. van Blitterswijk, P. Habibovic,
The effects of inorganic additives to calcium phosphate on in vitro behavior of osteoblasts and
osteoclasts. Biomaterials, 31 (2010) 2976-89.

C.B. Danoux, D. Barbieri, H. Yuan, J.D. de Bruijn, C.A. van Blitterswijk, P. Habibovic, In vitro and
in vivo bioactivity assessment of a polylactic acid/hydroxyapatite composite for bone
regeneration. Biomatter, 4 (2014) e27664.

D. Barbieri, A.J. Renard, J.D. de Bruijn, H. Yuan, Heterotopic bone formation by nano-apatite
containing poly(D,L-lactide) composites. Eur Cell Mater, 19 (2010) 252-61.

S. Bose, G. Fielding, S. Tarafder, A. Bandyopadhyay, Understanding of dopant-induced
osteogenesis and angiogenesis in calcium phosphate ceramics. Trends in Biotechnology, 31
(2013) 594-605.

E. Bonnelye, A. Chabadel, F. Saltel, P. Jurdic, Dual effect of strontium ranelate: stimulation of
osteoblast differentiation and inhibition of osteoclast formation and resorption in vitro. Bone,
42 (2008) 129-38.

Z. Saidak and P.J. Marie, Strontium signaling: Molecular mechanisms and therapeutic
implications in osteoporosis. Pharmacology & Therapeutics, 136 (2012) 216-226.

F. Yang, D. Yang, J. Tu, Q. Zheng, L. Cai, L. Wang, Strontium enhances osteogenic
differentiation of mesenchymal stem cells and in vivo bone formation by activating
Whnt/catenin signaling. Stem Cells, 29 (2011) 981-91.

M. Schumacher and M. Gelinsky, Strontium modified calcium phosphate cements - approaches
towards targeted stimulation of bone turnover. Journal of Materials Chemistry B, 3 (2015)
4626-4640.

J. Li, Y. Song, S. Zhang, C. Zhao, F. Zhang, X. Zhang, L. Cao, Q. Fan, T. Tang, In vitro responses of
human bone marrow stromal cells to a fluoridated hydroxyapatite coated biodegradable Mg—
Zn alloy. Biomaterials, 31 (2010) 5782-5788.

H. Qu and M. Wei, The effect of fluoride contents in fluoridated hydroxyapatite on osteoblast
behavior. Acta Biomaterialia, 2 (2006) 113-119.

J.M. Kanczler and R.O. Oreffo, Osteogenesis and angiogenesis: the potential for engineering
bone. Eur Cell Mater, 15 (2008) 100-14.

S. Bose, G. Fielding, S. Tarafder, A. Bandyopadhyay, Trace element doping in calcium
phosphate ceramics to Understand osteogenesis and angiogenesis. Trends in biotechnology,
31 (2013) 10.1016/j.tibtech.2013.06.005.

205



Summary

Bone tissue is naturally able to regenerate when damaged. However, in many large
defects caused by fractures due to aging or osteoporosis, trauma, tumor removal, etc., the
natural regenerative ability of bone is not sufficient to fully heal the defect. In such cases,
a graft is required to support the process of regeneration. While natural bone grafts,
especially autografts, are widely applied in such conditions, their use is associated with
important disadvantages, limited availability being the most prominent one. To overcome
these limitations, a wide range of natural and synthetic alternatives has been developed,
which are available off-the-shelf in large quantities. However their clinical performance
has always been considered inferior to that of autografts. Therefore, in the past decades,
extensive research efforts have been invested in developing bone graft substitutes with
improved properties and clinical performance.

In Chapter 1 of this thesis, the Introduction, the concept of advanced biomaterials and
strategies for enhancing the functionality of bone graft substitutes was described. One of
these strategies includes chemical modification of the existing bone graft substitutes with
bioinorganics such as strontium (Sr**), magnesium (Mg”"), zinc (Zn®"), etc. Chapter 2 was
dedicated to reviewing and analyzing different aspect of this strategy, when used in
association with calcium phosphate (CaP)-based bone graft substitutes.

In Chapter 3, a biomimetic method for producing CaP coatings on polymers, that allows
the incorporation of bioinorganics, was introduced and the resulting materials were
compared to the conventional polymer/ceramic composites. It was shown that the CaP-
coated-materials, similar to the conventional composite, are able to trigger the
differentiation of human mesenchymal stromal cells (hMSCs) towards the osteogenic
lineage.

Although a variety of bioinorganics has been used as a strategy to improve properties of
CaPs and their biological performance, the mechanisms of actions of bioinorganics are still
not fully understood. Therefore, in Chapters 4 and 5, the effects of Sr**, cobalt (Coz+) and
fluoride (F) were evaluated on the osteogenic differentiation of hMSCs. The results of
these studies showed that cells might be influenced directly by the presence of the
bioinorganics in their microenvironment, or indirectly through changes in the
physicochemical properties of the CaPs, caused by the incorporation of bioinorganics into
their structure. It was also shown that using cocktails of different bioinorganics might be
an interesting strategy to affect different biological processes simultaneously.

Although the in vitro cell-based tests provide a screening tool for assessing the safety and
the initial bioactivity of bioinorganics and bioinorganics-containing bone graft substitutes,
in vivo models are required to validate this data and bring the treatment a step closer to
the clinical application. Therefore, in Chapter 6, the effects of Co** ions incorporated into
CaP coatings on vascularization were evaluated in an intramuscular goat model. The
results showed that the presence of Co®* in CaP coatings enhanced the new blood vessel
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formation and maturation, which in itself is considered beneficial in the process of bone
regeneration.

CaPs are complex functional materials, with a multitude of properties, which are often
intertwined, and this complexity is further increased by the incorporation of bioinorganics
into CaPs. This further impedes the full understanding of the mechanisms of action of the
incorporated ions. Therefore, in Chapter 7, we developed a model biomaterial based on
polymer microspheres, to act as a carrier for bioinorganics. This simplified platform was
successfully tested in vitro for screening direct effects of bioinorganics on hMSCs,
independent of the properties of the carrier material.

Finally, in Chapter 8 some concluding remarks were given as well as a summary of the
important parameters that can be tuned to achieve an optimum formulation of
bioinorganics-modified bone graft substitute.
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Samenvatting

Botweefsel bezit het natuurlijke vermogen te regenereren wanneer het beschadigd is. In
veel grote botbreuken, die een gevolg kunnen zijn van ouder worden of osteoporose, en
bij trauma’s of verwijdering van bottumoren, faalt dit natuurlijke herstelmechanisme. In
deze gevallen is het nodig een bottransplantaat te gebruiken om het proces van
regeneratie te ondersteunen. Terwijl natuurlijk bottransplantaten, en in het bijzonder
patiént-eigen bot standaard worden gebruikt in dit soort situaties, wordt hun gebruik vaak
geassocieerd met grote nadelen, waarvan de schaarste de belangrijkste is. Dit heeft de
ontwikkeling van een groot aantal natuurlijke en synthetische botsubstituten
gestimuleerd, die gemaakt kunnen worden in onbeperkte hoeveelheden en direct
beschikbaar zijn. Echter worden de klinische resultaten van deze botsubstituten altijd als
inferieur gezien ten opzichten van natuurlijke bottransplantaten.

In de afgelopen decennia is er uitgebreid onderzoek gedaan naar de mogelijkheden om
nieuwe botsubstituten te ontwikkelen met betere eigenschappen, die in de kliniek betere
resultaten leveren. In Hoofdstuk 1 van dit proefschrift, de inleiding, is het concept van
geavanceerde materialen geintroduceerd, en zijn verschillende strategieén bediscussieerd
om botsubstituten met verbeterde functionaliteit te ontwikkelen. Een van deze
strategieén maakt gebruik van de zogenaamde bioinorganics, zoals strontium (sr’™),
magnesium (Mg2+), zink (Zn2+), etc. die toegevoegd kunnen worden aan botsubstituten. In
Hoofdstuk 2 is een overzicht en een analyse gegeven van verschillende aspecten van deze
strategie, in het bijzonder wanneer het gebruikt wordt met calciumfosfaat (CaF) keramiek
botsubstituten.

In Hoofdstuk 3 is een biomimetische methode geintroduceerd voor het maken van dunne
laagjes CaF op polymeer botsubstituten. Met deze methode is het vrij eenvoudig
bioinorganics in zo’n CaF coating op te nemen. De gecoate polymeren zijn in deze studie
vergeleken met conventionele polymeer-CaF composieten. De resultaten hebben laten
zien dat het stimuleren van humane mesenchymale stromale cellen (hMSCs) richting de
osteogene (bot) lijn, even efficiént is voor beide soorten materialen.

Hoewel verschillende bioinorganics gebruikt worden om de functionaliteit van
botsubstituten te verbeteren, zijn de achterliggende mechanismen nog steeds niet
volledig bekend. Om dit nader te onderzoeken zijn in Hoofdstukken 4 en 5, de effecten
van Sr2+, kobalt (C02+) en fluoride (F’) op osteogene differentiatie van hMSCs geévalueerd.
De resultaten van deze studies hebben laten zien dat de cellen direct beinvloed kunnen
worden door de aanwezigheid van bioinorganics in hun micro-omgeving, maar ook
indirect, door de veranderingen aan fysisch-chemische eigenschappen van CaF
dragermateriaal, als gevolg van de toevoeging van bioinorganics aan hun structuur. Deze
hoofdstukken hebben ook laten zien dat cocktails van bioinorganics gebruikt kunnen
worden om verschillende belangrijke processen van botregeneratie tegelijkertijd te
beinvioeden.
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Hoewel de in vitro cel testen nuttig zijn om de veiligheid en bioactiviteit van bioinorganics
en bioinorganics-houdende botsubstituten initieel te testen, is het belangrijk deze
resultaten in vivo te valideren, om ze zo een stap dichterbij de klinische toepassing te
brengen. Daarom zijn in Hoofdstuk 6 de effecten van Co”™ ionen-houdende CaF coatings
op vascularisatie getest in een intramusculair model in geiten. De resultaten van deze
studie hebben laten zien dat de aanwezigheid van Co™ ionen in CaF coatings de groei en
maturatie van bloedvaten bevordert, wat als een voordelig effect wordt gezien in de
regeneratie van bot.

CaF zijn complexe functionele materialen met veel eigenschappen, die vaak met elkaar
vervlochten zijn, en deze complexiteit wordt verder vergroot wanneer bioinorganics
worden toegevoegd. Dit alles maakt het moeilijk om de exacte effecten van bioinorganics
in botsubstituten volledig te begrijpen. Daarom zijn in Hoofdstuk 7 nieuwe
modelmaterialen ontwikkeld op basis van polymere microbolletjes, die als
dragermateriaal kunnen dienen voor een of meerdere bioinorganics. In vitro testen van dit
vereenvoudigd systeem hebben laten zien dat het inderdaad mogelijk is de eigenschappen
van bioinorganics te bestuderen, onafhankelijk van de eigenschappen van het
dragermateriaal.

Hoofdstuk 8 bevat een aantal belangrijke overkoepelende conclusies en een samenvatting
van belangrijke parameters die aangepast kunnen worden om de optimale samenstelling
van bioinorganics-houdende botsubstituten te ontwikkelen.
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“Look deep into nature, and then you will understand
everything better.”
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