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Chapter 1

WE HAVE COME A LONG WAY

Around 300,000 years ago, the earliest known populations of our species, Homo Sapiens
(Latin: “wise man”), inhabited the African continent[1]. In the period between 120,000
- 12,000 years ago, our early ancestors dispersed to regions all over the planet. First
along the southern coast of Asia and in Oceania, then settling in Europe and eventually
The Americas[2]. Although at least nine other human species have lived on our planet,
some even alongside us, we have survived as the only species of the Homo genus[3].
The reason for this has been an ongoing topic of debate. For instance, we were not larger
or stronger in anatomy compared to other hominins, nor the first or only species to use
tools, clothes, or fire[4-6]. Homo Sapiens also did not have the largest brain of all human
species, nor were we significantly more intelligent[7-9]. One proposed explanation of why
our species has thrived is because of an exceptional ability to innovate and adapt under
the stress of changing environments[10]. This may be a consequence of our tendency to
socialize and share information amongst ourselves, not only in the spatial domain, i.e.
between geographical regions, but also in the temporal domain, i.e. across generations.
As knowledge was passed down generations by our early ancestors, this formed the
foundation of a cultural and intellectual revolution that is still ongoing today.

Ever since agriculture encouraged humans to settle in a permanent habitat, the surplus
production of food has allowed a portion of the population to focus on non-agricultural
professions. This created free time for contemplative, creative and abstract thinking, which
led to the emergence of the disciplines of script, mathematics, astronomy, philosophy,
medicine and many more. Whereas ancient medical practice was largely based on magical
or spiritual rituals and beliefs, over centuries it evolved to become a physical and rational
science. Early treatments that aimed to relieve pain and restore rudimental function using
tools available at hand, developed into advanced molecules, biomaterials, and surgical
techniques of modern medicine, which are successfully used to treat a wide range of
injuries and diseases each day.

Recent advances in the field of biomedical science are considered a hallmark of human
civilization. For example, the discovery of anesthesia and antiseptic and aseptic methods
during the 19t century, which revolutionized the field of surgery [11,12]. Likewise, the first
vaccines were developed in the 1880s, a technology that is still in use today for protection
against numerous diseases[11,12]. At the turn of the 19" century, Réntgen discovered
X-rays which formed the foundation for the field of noninvasive medical imaging [11,12].
Another great milestone is the discovery of the double helix structure of deoxyribonucleic
acid (DNA) by Franklin, Watson and Crick in 1953, which gave rise to modern molecular
biology and genetics [11,12]. In line with these great discoveries, the second half of the
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20™ century continued to see an exponential increase in scientific knowledge on human
biology, pharmacology and biomaterials. Among the latest developments is the emergence
of the field of regenerative medicine, which aims to ‘replace or regenerate human cells,
tissue or organs, to restore or establish normal function'[13]. The restoration of bone
tissue is a topic that is extensively studied in current times, as bone tissue gives our body
its essential structure, facilitates movement and protects our vital organs such as the
heart and the brain. Interestingly, the origins of bone restoration go back hundreds, even
thousands of years.

A history of bone surgery and the first use of graft materials

Considering the recent revolutionary developments in medicine and surgery, it is striking to
realize that the first surgeries on humans were already performed in prehistoric times. The
oldest surgical procedure that we know of is trepanation - the creation of a full-thickness
defect in the intact skull by surgically excising a piece of the cranial vault. Substantial
evidence in the form of thousands of trepanned human skulls from various geographical
regions, with the oldest examples over 7,000 years old, indicates that the practice of
trepanation was widespread in many different civilizations since prehistory[14]. While the
exact reasons for trepanation in these early times remain mysterious, it possibly included
treatment of mental illness, epilepsy, headaches, or the release of evil spirits. Surprisingly,
estimated survival rates of the procedure were relatively high (40-90%)[15], especially
when considering the lack of modern surgical tools and aseptic techniques. The ancient
practice of trepanation also records the earliest use of medical implants for cranioplasty.
Evidence from roughly 2,000 BC in the ancient Americas indicates that cranioplasty after
trepanation, using plates of gold, silver or even nutshells was not uncommon [16]. This
qualifies as the first documented use of biomaterials for restoration of bodily function.
Further testimony of the prehistoric use of medical implants was found in a female skull
from 2,000 BC Armenia, in which a small traumatic cranial defect was treated with a plug
of animal bone [17], a treatment that we now call xenografting. Another ancient example of
the use of medical implants is from around 800-700 AD in the Maya civilization. A mandible
fragment of a 20-year-old woman was discovered, which contained three dental implants
crafted from Nacre shell in place of the three lower incisors. Radiographic assessment
of the mandible fragment revealed that the shell implants were solidly integrated in the
alveolar bone[18,19]. Recent assessment of nacre shell indeed confirmed that this material
has good biocompatibility with bone tissue and can enhance osteogenic activity of bone
cells in vitro and in vivo[20,21].

While the disciplines of medicine and surgery underwent great developments during the
Classical and Middle ages, there are limited records on the use of implant materials from
this period, besides literature on tooth replacements using cadaver teeth or animal bone
fragments[22]. In the early 16" century (1505 AD), an Ottoman surgeon named lbrahim
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Figure 1. Evidence of trepanation and cranioplasty in ancient times.

The image on the left shows a bronze age skull from 2,200 BC that was excavated in Jericho, Israel
which has several trepanation holes (Science Museum, London). The holes show evidence of healing,
which indicates the patient survived the surgery. The image on the right shows the result of a frontal
cranioplasty on a Peruvian skull using a gold plate, with signs of osteointegration (National Museum
of Archeology, Anthropology and History of Peru, Lima).

bin Abdullah described in a surgical textbook how bone graft from goats or dogs could be
used to repair traumatic skull defects. Similarly, in the beginning of the modern age (1,668
AD), a Dutch surgeon named Job van Meekeren described a story of a Russian nobleman
who had a traumatic defect in his cranium following a sword fight, which was repaired
using bone graft from the skull of a dog (i.e. xenograft). However, the nobleman was then
excommunicated because the Church forbid that tissue of an animal would reside inside
the body of a Christian. Upon return to the surgeon for removal of the graft, it was found
impossible to remove the bone graft since it had healed well and was fully integrated with
the patient’s cranial bone[23]. Roughly 150 years later in 1821, the German surgeon Philipp
von Walther performed the first surgery with autograft bone, again on a cranial trepanation
defect, which reportedly healed well despite a wound infection [24]. In the following years,
research into bone graft surgery gained more and more traction. In 1867, the term 'bone
graft (“greffe osseuse”) was first used by the Frenchman Leopold Ollier, who avidly studied
autografts and xenografts in various animal models [25]. Another great milestone was the
first successful human allograft in 1879, transplanted to the humeral shaft of a 3-year-old
boy who had lost it due to osteomyelitis. The Scottish surgeon William MacEwan removed
over two thirds of the afflicted humeral shaft and subsequently replaced it with three
consecutive tibial grafts from a child with rickets[26]. From here on, the bone grafting
field developed rapidly, with influential works on principles and criteria of bone grafting
published by Vittori Putti and F.H. Albee in the 1910s[27,28]. Developments in the use of
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autologous bone grafts were also fueled by the need for treatments of the many casualties
of during World War 1[29]. Not long after, by now over a century ago, the use of autograft
would become adopted as the ‘gold standard’ in bone graft surgery.

Bone grafts in the 21°* century: Reasons and requirements of bone graft
substitutes

Bone graft surgeries are a common procedure in today's clinical practice, being second only
to blood transfusion in the list of most frequently transplanted tissues in the world[30]. It
has been estimated that an annual 1.3-1.5 million bone graft procedures are performed in
bone and joint surgery in the United States alone, and that bone grafts are used in over 2.5
million dental implant procedures worldwide each year [31,32]. The use of bone grafts is
expected to continue to rise in the coming decades due to aging of the population in modern
Western societies. Spinal fusion surgery and maxillary sinus floor augmentations are
common procedures in which bone grafts are used in orthopedic and maxillofacial surgery,
respectively. Due to ease of accessibility and large quantities of available cancellous
bone, the iliac crest is often used as donor site for autograft harvesting. Alternatively,
autograft bone can be obtained from local sites, such as the lamina in spine surgery, or
intra-oral sites in maxillofacial surgery. Autograft is traditionally considered the ‘gold
standard’ treatment in bone graft surgery in terms of efficacy, due to being osteoconductive,
osteoinductive and osteogenic[33] (Table 1). Nevertheless, certain disadvantages to the
use of autograft have been recognized. First of all, the available quantity of autograft
may not be sufficient for certain procedures, especially when only locally obtained bone
is used [34-36]. Secondly, there are extended operating time and costs related to the
harvesting procedure, in particular when a secondary harvesting site is required [37,38].
Furthermore, the quality of autograft bone is donor dependent and may be compromised
in diseased or aged patients[39]. Lastly, autograft harvesting has been associated with
risks of complications and donor site morbidity, including wound complications, persistent
donor site pain, sensory disturbances and even functional limitations[40-42].

Table 1. Definitions of bone graft properties

Graft property Definition*

Osteoconductive When bone is promoted to appose and grow along the surface and into the
pores of a graft (or implant) when placed into a bony site, by virtue of its
composition, macro- and microstructure.

Osteoinductive When a stimulus is provided for recruitment, stimulation and induction
of differentiation of osteoprogenitors cells and/or multipotent stem cells
into functional osteoblasts or preosteoblasts; the initial cellular phase of a
bone-forming lineage, which may result in de novo bone formation even in
ectopic, non-bony sites.

Osteogenic When viable osteogenic cells are provided that can form bone or are
capable of differentiating into bone-forming cells, i.e. osteoblasts,
preosteoblasts, osteoprogenitors and mesenchymal stem cells.

*Adapted from Di Silvio and Jayakumar (2009)[43]

"
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Anatomically, bone tissue consists of a dense, shell-like outer layer called cortical bone
and an inner porous core called cancellous or spongious bone[44]. The function of cortical
bone is to provide strength and structure, whereas cancellous bone allows the absorption
of loads by deformation due to its high porosity (75-85%)[45,46]. Cancellous bone has
a higher metabolic activity and harbors the bone marrow, which is the stem cell niche
of hematopoietic and mesenchymal stem cells[47]. In overall composition, bone tissue
consists of 90% matrix with a cellular component of 10%[44,48]. The matrix consists
of 60-70% inorganic calcium phosphate, 20-30% organic matrix and 10-15% lipids and
water, where the organic part is pre-dominantly type | collagen (90%) and the remainder
consists of non-collagenous proteins[44,48]. Among these proteins are the transforming
growth factor 8 superfamily members, including the osteoinductive bone morphogenetic
proteins (BMPs) and many others[44]. As for the cellular component, besides the earlier
mentioned bone marrow niche, bone is home to osteoblasts, the ‘bone-makers’, osteoclasts,
the ‘bone-resorbers’, and osteocytes, the ‘bone-regulators’[45]. These three cell types are
in continuous communication with each other to control the formation, remodeling and
maintenance of the bone matrix.

To overcome the drawbacks of the use of autograft for orthopedic and maxillofacial surgery,
various alternative bone graft materials have been developed during the past century.
These ‘orthobiologics’, or bone graft substitutes, are graft materials made from or based
on biological components and can be used as extenders or substitutes of autograft in
bone surgery. In the design and evaluation of these orthobiologics, the ‘triad’ of bone
graft properties is considered (Table 1). In theory, the ideal bone graft substitute is
osteoconductive, osteoinductive and osteogenic, like autograft bone. Different categories
of orthobiologics based on the origin of the substitute, include allogeneic bone grafts
(allografts), bone grafts from another species (xenografts), synthetic graft materials,
growth factors (BMPs) and cell-based matrices. While each of these orthobiologic solutions
have an underlying scientific rationale and meet at least one of the essential properties of
autograft, none of them provides a perfect alternative to autograft bone in terms of efficacy.

Bone graft substitutes based on growth factors and cell-based matrices are the most
recent solutions that have become available in the clinic[49,50]. Growth factor-based
bone substitutes consist of the earlier described BMPs, which are osteoinductive and can
induce bone formation by upregulating osteogenic differentiation of cells. While BMPs were
initially widely used in spinal fusion in the 2000s after their introduction to the market
and they demonstrated high efficacy, their use has more recently strongly reduced due
to reports of serious complications in certain indications[50]. As for cell-based matrices,
these are allografts processed to contain viable (stem) cells from the donor, which are
thought to contribute to bone formation after implantation. Although their adoption has
grown in recent years, the evidence for their efficacy is mixed and does not justify their
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use over conventional allografts[51,52]. Both BMPs and cell-based allograft are a costly
solution compared to other orthobiologics, and both have a frozen supply chain, which
reduces their ease of use.

Synthetic graft materials have received increasing interest because of their relatively
simple manufacturing method, low cost, unlimited availability and ‘off-the-shelf’ supply.
Moreover, because of their synthetic nature, the material properties can be controlled
during the manufacturing process, which allows for ongoing optimization of these materials
to improve their efficacy. Of the available synthetic bone grafts, calcium phosphate ceramics
and cements have been traditionally the most well-known and studied.

Calcium Phosphate Bone Graft Materials

In parallel with the historical developments in medical science and surgery, significant
progress was made in the field of biology and chemistry. By the end of the 18™ century,
research into composition of bone resulted in the discovery of calcium (ortho)phosphates
and their basic chemical characterization. In 1769, the two renowned Swedish chemists
Gahn and Scheele were the first to discover that phosphate of lime, also known as
tricalcium phosphate (TCP), could be extracted from bones [53]. This discovery laid the
groundworks for a vast body of research focusing on calcium phosphates, including their
characterization, manufacturing and their utility as biomaterials.

Calcium (ortho)phosphates are minerals that consist of the three chemical elements:
Calcium, Phosphorus and Oxygen, established in an atomic crystal arrangement around
a network of orthophosphate groups (POA)[54]. By this definition, more than 10 different
forms of calcium phosphates have been identified[55,56]. Pure calcium phosphate crystals
have a white color and are the main component of all biological calcified tissues, including
bones, teeth, shells and antlers[54]. It is due to their chemical similarity to native bone
mineral that both natural and synthetically manufactured calcium phosphates have good
biocompatibility and inherent osteoconductive capacity, making them suitable as bone
graft materials[54]. Calcium phosphate materials can be derived from natural sources by
isolating the inorganic phase of animal bone or coral, or can be synthetically produced.
Synthetic calcium phosphate bone grafts exist as ceramics, manufactured by sintering of
calcium phosphate at high temperatures, or cements, that harden in situ when combined
with an aqueous solution.

The emergence of calcium phosphate ceramics as bone graft substitutes

In 1920, F.H. Albee was the first to evaluate TCP as bone graft material in the repair of bone
defects in an animal model. He reported faster bone healing in rabbit bone defects that
were grafted with TCP compared to an untreated control[57]. Around the 1950s, the first
clinical use of animal- and coral-derived bone graft materials was reported and the first

13
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‘bone banks' were established to supply them. Clinical use of synthetic calcium phosphates
began around 1975 in maxillofacial surgery, with reports on the use of TCP ceramics as
fillers of periodontal defects and use of HA cylinders as dental root replacements[58,59].
Soon after, wide-scale commercialization of calcium phosphate bone graft materials took
off during the 1980s[60]. Following the initial use of calcium phosphates in maxillofacial
surgery, their use in orthopedic surgery for treatment of bone defects and as bone grafts
for spinal fusion emerged at the end of the decade[61-65]. From that time on, the use
of calcium phosphates as bone graft materials for maxillofacial and orthopedic surgery
was increasingly adopted. While the early calcium phosphate materials were merely
osteoconductive, the later discovery of osteoinductive calcium phosphates significantly
increased the potential of these materials as bone graft substitutes.

Relevant physicochemical properties of calcium phosphate bone graft
materials

Composition

The various types of calcium phosphates have different molecular structure and associated
properties, such as Ca/P molar ratio, crystal structure, crystallinity and density[56]. The
difference in these chemical properties leads to different behavior in vivo, including their
behavior as bone graft materials[66]. Overall, HA and TCP are the most common phases
used in calcium phosphate bone graft materials. While HA has a relatively high Ca/P ratio
( Ca,,(P0O,),(0H),) and low solubility, TCP has a lower Ca/P ratio ( Ca,(P0,),) and higher
solubility[56]. The solubility of calcium phosphates affects their behavior after implantation,
as a higher solubility will lead to increased in vivo degradation through phagocytosis by
multinucleated giant cells and resorption by osteoclasts [66,67]. A balanced degradation
rate is deemed to be ideal, as a lack of degradation of HA as well as expedited degradation
of TCP may lead to suboptimal healing outcomes[68-70]. For this reason, HA and TCP
phases are commonly mixed to obtain a biphasic calcium phosphate (BCP) that has a
controllable resorption rate, depending on the mixing ratio[71,72].

Macrostructure

The macrostructure of calcium phosphates comprises their macroscopic form (e.g. block vs
particulate) geometry (e.g. flat/smooth vs uneven/rough structure) and macroporosity (i.e.
porous volume, pore size and interconnectivity). These macrostructural features control
material-tissue interactions as they affect surface area and the extent of tissue ingrowth,
including capillaries that are essential for exchange of oxygen, nutrients, cells and metabolic
waste[73-75]. Porosity is arguably the most important macrostructural feature of calcium
phosphates, as overly dense materials allow limited circulation of body fluids and tissue
ingrowth required for integration and regeneration[76]. A macropore size of between
100-500 pym has been reported to be optimal for ingrowth of bone tissue[77]. It should be
noted that for particulate materials, the interparticle space can also be considered a form

14
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of porosity, so a particulate of a dense material may still provide sufficient porosity. Besides
having influence on the biological response, macrostructural features affect mechanical
strength. Indeed, particulate materials and materials with higher porous volume have been
shown to have lower compressive strengths compared to blocks and denser materials,
respectively[78,79]. Lastly, another aspect related to macrostructure are the handling
properties. While pre-formed calcium phosphate blocks are ideal for filling of defects
with predefined shape and size (e.g. burr hole, periodontal socket), particulate materials
allow for filling of defects of variable dimensions, albeit with poorer handling properties
in larger defects. To improve handling of calcium phosphate bone grafts, various carriers
have been developed to provide putties/pastes that can be manually shaped or extruded
from a syringe to accommodate implantation into a defect[80,81].

Microstructure

Microstructural properties of calcium phosphate bone grafts include microporosity,
surface topography and their associated specific surface area. For calcium phosphates,
microporosity implicates the presence of micropores of <10 um in diameter, which can be
created by sintering the material[82]. Research outcomes suggested that despite their
small diameter, cells may invade micropores to form bone inside them, although this is
controversial[83,84]. Various studies have demonstrated that calcium phosphates with
microporosity exhibit enhanced bone healing characteristics in vivo, corresponding with
the formation of greater volumes of bone after implantation in bone defects. [84-90]. It has
been shown that even in absence of macroporosity, some microporous calcium phosphates
can be resorbed and replaced by new bone[91].

The shape, size and distribution of features on the surface of a material is defined as
its surface topography. The type of surface topography has been shown to influence the
biological response against a biomaterial. For example, submicron needle-like pillared
surface topographies have been shown to influence adhesion, mechanics and osteogenic
differentiation of murine and human stem cells, as well as evoke a favorable pro-healing
response from immune cells (i.e. macrophages)[92-94]. Calcium phosphates materials
with a surface topography of microcrystals of plate-like, net-like, needle-like or grain-like
morphology have been described in literature [95]. Alternatively, by means of fabrication,
calcium phosphates with defined surface patterns, such as micro-grooves, -pillars and
-holes have been manufactured[95]. Lastly, surface roughness has been used as a
parameter of calcium phosphate topography. A large variety of in vitroand in vivo studies
have determined a relation between surface topography, biological response and ultimately
bone healing capacity of calcium phosphate materials[96-99]. Besides structure, the size of
surface features has been shown to affect healing outcomes. In general, both the presence
of microporosity and surface topography increase the surface area of a material, leading
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to enhanced surface reactivity, including dissolution/reprecipitation events and protein
adsorption[100].

Osteoinductive calcium phosphate

Although all calcium phosphate bone grafts are generally osteoconductive, a subset of
calcium phosphates has been found to be capable of osteoinduction. The first reports
describing osteoinduction by calcium phosphate-based materials were published during the
early 90s[86-90]. These studies demonstrated that selected calcium phosphate materials
were able to induce de novo bone formation in ectopic sites, without the addition of cells
or growth factors.

Decades earlier, Marshall Urist had described the process of osteocinduction and had
defined Bone Morphogenetic Proteins (BMPs) as the sole trigger[101,102]. However, later
discoveries that synthetic materials, such as polyhydroxyethyl methacrylate (poly-HEMA)
sponges, titanium and different ceramics could also be osteoinductive challenged this view
of Urist[103]. In all cases, osteoinduction by these materials was preceded by precipitation
of a calcium phosphate surface layer, which hinted at a role of calcium phosphate.

Osteoinduction by calcium phosphates has been demonstrated numerous times by means of
ectopic implantation (intramuscular or subcutaneous) in different animal models, including
dogs, goats, sheep, pigs, monkeys, baboons, rabbits, rats and mice[103-107]. Various
types of calcium phosphate ceramics have been found to be osteoinductive, including
HAs, TCPs, BCPs, as well as calcium phosphate cements and coatings[108-111]. Being
both osteoconductive and osteoinductive, osteoinductive calcium phosphates meet 2 of
the 3 characteristic properties of autograft (Table 1). Not surprisingly, osteoinductive
calcium phosphates have demonstrated enhanced performance compared to their
merely osteoconductive counterparts as bone graft materials in pre-clinical bone graft
models[96,106,112-114]. Osteoinductive calcium phosphates are therefore considered
promising bone graft materials.

Physicochemical properties associated with osteoinductive calcium
phosphates

Research on osteoinductive calcium phosphates has been aimed at identifying the
specific material properties responsible for osteoinductive capacity, including chemical
composition, macrostructure and microstructure.

Chemical composition has been shown to play a role in osteoinduction by calcium
phosphates, with a general tendency of enhanced osteoinduction by more resorbable
materials [103,115]. However, not all resorbable calcium phosphates have inherent
osteoinductive capacity, while also non-resorbable HA and even insoluble materials such
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as titanium have been shown to be osteoinductive, indicating that chemistry is not the only
factor critical for osteoinduction.

The influence of macrostructural properties such as the presence of pores and specific
geometries such as concavities or channels that create “protected” spaces for bone
formation, have been suggested to be prerequisites for osteoinduction[103,116-119].
However, osteoinductive bone formation has also been reported on the surface of
completely flat and dense (i.e. non-porous) calcium phosphate [120], suggesting that
macrostructure may be an important, but not an essential factor for osteoinduction.

Considerably stronger links have been established between osteoinductive capacity
and microstructural surface features of calcium phosphate materials. Indeed, calcium
phosphates ceramics that were manufactured to have surface micropores and/or
submicron surface topography, i.e. surface structures smaller than 1 um in size, have
been repeatedly demonstrated to have osteoinductive capacity, while experimental controls
without such surface features did not, or only to a lesser extent [90,113,114]. Even though
the physicochemical properties of materials are intertwined and difficult to evaluate in
isolation, mounting evidence suggests that microstructural surface features are the
dominant factor that dictates the osteoinductive potential of calcium phosphates.

Mechanism of osteoinduction by calcium phosphates

Although the phenomenon of osteoinduction by calcium phosphate (and other) materials
has been abundantly reported in literature, the biological mechanism that underlies it is
not entirely understood. It is clear that cells in the ectopic intramuscular or subcutaneous
environment close to the surface of the material eventually undergo osteogenic
differentiation, leading to de novo bone formation. A study by Song et al. demonstrated
that bone marrow stromal cells can migrate from the bone marrow, through the vascular
network, to intramuscular calcium phosphate implants, and contribute to ectopic bone
formation there[121]. Other studies have suggested that stem-like cells present in the
local vascular niche, such as pericytes and myoendothelial cells, may play a role in
osteoinductive bone formation by calcium phosphates[122]. However, while the origin of
these stem cells may be understood, an unanswered question is how they are induced to
undergo osteogenic differentiation into bone-forming osteoblasts. During the past decades,
various theories have been proposed on the mechanism by which osteoinductive calcium
phosphates with their specific material features can induce ectopic bone formation (Table
2).
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Table 2. Theories of osteoinduction by calcium phosphate materials

Theory Explanation

Surface mineralization[123] Surface mineralization in the form of a biological apatite layer on the surface of
osteoinductive materials may be an osteoinductive stimulus for mesenchymal
stem cells.

Endogenous BMPs[124] Accumulation of endogenous BMPs on the surface of osteoinductive calcium
phosphates through adsorption or co-precipitation induces osteogenic
differentiation.

Physical surface cues to Osteogenic differentiation of stem cells is triggered through direct physical
MSCs[95] cues from the microstructural surface features (e.g. micropores, submicron
topography) of osteoinductive materials.

Osteoclastogenesis[120] Osteoinductive ceramics promote the formation of osteoclast-like
multinucleated giant cells on their surface, which communicate towards MSCs
to undergo osteogenic differentiation.

M2 macrophage Submicron surface topography on osteoinductive materials induces the
polarization[115,125] polarization of macrophages towards the pro-regenerative M2 phenotype,
which promotes angiogenesis and osteogenic differentiation of stem cells.

Calcium phosphates and other materials have been demonstrated to undergo surface
mineralization after implantation in vivo and in in vitro assays using simulated body
fluid [126-128]. This mineralization consists of the formation of a biological carbonated
apatite layer on a material's surface, and is influenced by the composition and structure
of materials[126,127]. For calcium phosphates, release of Ca?", PO,* and HPO,> from
the material surface has been thought to cause local supersaturated concentrations of
ions, resulting in the precipitation of the apatite layer [103]. However, a recent theory
by Bohner and Miron (2019) [129] proposes that biological apatite formation in implants
does not result from local supersaturation due to ion release, but instead the opposite
occurs: apatite precipitation consumes physiological Ca?* and PO, *and thereby depletes
local ion concentrations. Nevertheless, the ability to form an apatite layer has been
used to determine the ‘bioactivity’ of materials, and has been correlated with their bone
healing potential in vivo [130,131]. Calcium phosphates that have a rougher surface and
therefore a larger surface area, as is the case with osteoinductive ceramics, were shown
to enhance the formation of an apatite layer[127]. For these reasons, together with the
fact that osteoinductive polymers and titanium have also demonstrated mineralization,
it has been speculated that the formation of an apatite layer, which preferentially occurs
on osteoinductive materials, may play a role in inducing osteogenic differentiation[103].
Indeed, it is thought that the bone-like biological apatite may function as a physicochemical
trigger for the osteogenic differentiation of cells, since it mimics the matrix of bone
tissue[123].

Because osteoinduction by BMPs and calcium phosphates have a similar biological
outcome, i.e. ectopic bone formation, another theory suggests that endogenous BMPs and
other growth factors accumulate on the structured surface of ceramics through adsorption
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or co-precipitation in the carbonated apatite surface layer. These growth factors are held
responsible for the induction of osteogenic differentiation of (stem) cells on osteoinductive
ceramics. Materials with specific structure, such as microstructural surface features that
increase the surface area, or ‘protective concavities’, are believed to accumulate higher
concentrations of endogenous growth factors, which may trigger the osteoinductive
response once they cross a certain threshold concentration (Figure 2)[123,124].
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Figure 2. Flow chart of the proposed mechanism of osteoinduction by biomaterials through biological
apatite formation and coprecipitation of BMPs. Adapted from Habibovic et al. [123]



Chapter 1

Another view is that osteoinduction is triggered by the direct effect of surface features
on cells that interact with them. Many studies have shown that surface features of
biomaterials can influence behavioral responses in cells, such as promoting osteogenic
differentiation of adherent stem cells[98]. Therefore, an alternative theory of osteoinduction
is that instead of apatite layers or growth factors, the physical, microstructural surface
features of osteoinductive materials give direct cues to cells and instruct them to undergo
differentiation towards the osteogenic lineage. This can be achieved through morphological
and adhesion changes in cells in contact with surface structured materials, which are
translated to a functional response through mechanotransduction pathways[142,143].
Indeed, several studies have demonstrated enhanced osteogenic differentiation in cells
cultured on the surface of osteoinductive calcium phosphates with submicron surface
features [144-147].

An alternative perspective poses that prior to osteogenic differentiation of MSCs into
bone-forming osteoblasts, osteoclasts first arise on the surface of osteoinductive materials
and form a trigger for bone formation. Indeed, large multinucleated giant cells have been
consistently associated with osteoinductive calcium phosphates after implantation in vivo.
Although these cells are similar in phenotype to inflammatory foreign body giant cells,
they have a different function and exhibit osteoclast-like properties[148]. Osteoclasts
have been shown to promote osteogenic differentiation of MSCs[149], and therefore it
has been theorized that early osteoclast formation on structured calcium phosphates
(osteoclastogenesis) is a trigger for osteoinduction. Several studies have supported this
hypothesis. For example, Davison et al. associated tartrate-resistant acid phosphatase
(TRAP)-positive osteoclasts with osteoinductive calcium phosphate with a microstructured
surface in vivo, whereas osteoclast depletion using liposomal clodronate could inhibit
osteoinduction[150,151]. Furthermore, in vitro, microstructured calcium phosphate was
demonstrated to upregulate osteoclast formation, proliferation, survival and size, as well as
the secretion of factors that could induce osteogenic differentiation of human mesenchymal
stem cells[120,151,152].

Interestingly, foreign body giant cells and osteoclasts are known to form through the
fusion of immune cells, called macrophages. In recent years, the biomaterials field has
recognized that besides osteogenic cells, the response of the immune system to materials
is another relevant target of investigation. The relatively new field of ostecimmunology,
which studies the relationship between the immune system and bone tissue, has provided
new insights on bone formation by osteoinductive materials. Indeed, a pro-regenerative
immune cell called the M2 macrophage has been associated with bone formation, and
recent evidence has pointed towards a role of these cells in the mechanism of material-
induced bone formation[115,125,153].
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Osteoimmunology and its relevance to bone graft materials

While developments in the fields of bone biology and immunology were independently
well underway during the 19™ and 20" century, it was only at the turn of the 215t century
that these fields converged into a novel scientific area: osteoimmunology. The field of
osteoimmunology studies the cross-talk between our bone and immune systems[154].
Research performed in the last 20 years has established that there exists an intricate
relationship between these two systems, which is very important in the context of bone
homeostasis and healing. For example, the healing of a bone fracture occurs through a
tightly regulated cascade of events, with defined steps and phases that involve various
types of immune cells, including neutrophils, monocytes, macrophages, T cells and B cells,
which secrete a plethora of different biochemical factors throughout the process [155]. This
relationship is so essential, that bone healing is delayed in situations where the immune
function is compromised, such as during administration of immunosuppressant medication
or in HIV-positive patients [156-158].

During the healing of tissue injury and following biomaterial implantation, the innate
immune response plays an essential role. After tissue injury, initial blood coagulation
and haemostasis is followed by an influx of neutrophils that elicit an acute inflammatory
response. Next, circulating monocytes are recruited to the wound bed where they
differentiate into macrophages, which are the key regulators during the various phases
of the healing cascade [159,160]. Macrophages are a heterogeneous population of immune
cells that perform a plethora of functions, including clearance of invading pathogens and
cellular debris, promoting and resolving inflammation, and communicating with local cells
for tissue repair and remodeling[161,162]. Macrophages can be derived from monocytes,
but also reside permanently in local tissues as so-called tissue-resident macrophages[163].
As first described in a groundbreaking work by Charles Mills et al. in the year 2000,
macrophages have the unique ability to adopt distinct functional phenotypes in response
to their microenvironment[164]. The phenotypes are categorized into those with a pro-
inflammatory role and those with an anti-inflammatory role. The pro-inflammatory
phenotype, also known as the ‘classically’ activated or ‘M1’ phenotype, promotes
inflammation by release of pro-inflammatory cytokines and produces reactive oxygen
species to clear pathogens, debris and foreign materials. The anti-inflammatory phenotype,
known as the ‘alternatively’ activated, ‘M2’ or pro-healing phenotype, resolves inflammation
through release of anti-inflammatory factors and promotes regeneration and remodeling
by signaling to local stem- or progenitor cells that are involved in tissue repair[165,166].
During normal tissue healing, an early phase of M1 macrophage dominance is generally
followed by upregulation of pro-healing M2 macrophages[153]. Macrophages can shift
between the M1 and M2 phenotypes in response to environmental cues, in a process called
macrophage “polarization”[165,167].
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Macrophages and bone metabolism

Macrophages have an essential role in bone regeneration and homeostasis. For example,
tissue-resident osteal macrophages, termed OsteoMacs, were shown to directly regulate
osteoblast survival and bone matrix deposition in vivo [168,169]. Macrophages have also
been demonstrated to exhibit crosstalk with mesenchymal stem cells (MSCs) that leads
to osteogenic differentiation[170,171]. Furthermore, in a mouse tibial fracture model,
depletion of macrophages using liposomal clodronate resulted in delayed union and
impaired callus mineralization as compared to healthy controls [172]. Although both M1
and M2 macrophage subtypes are important in bone healing, the M2 phenotype has been
associated with the regenerative phase in bone healing. Some studies have suggested that
a high M1/M2 macrophage ratio is associated with bone catabolism, i.e. bone resorption,
while higher M2/M1 ratios is bone-anabolic, leading to regeneration and healing. For
example, M1-dominant macrophage populations have been associated with bone resorption
in different situations, including osteoporosis[173], orthodontic tooth movement[174,175],
periodontitis[176] and bisphosphonate-related osteonecrosis of the jaw [177-179]. In
contrast, M2 macrophages have been associated with bone regeneration. A recent study
by Zhang et al. reported a correlation between accelerated fracture healing and higher
M2/M1 ratios in human fracture calluses [38]. Similarly, impaired bone fracture healing in
aged rats has been associated with impaired M2 macrophage function [180]. Furthermore,
various strategies to upregulate M2 macrophages during bone repair resulted in enhanced
healing outcomes, associated with higher M2/M1 ratios [181-186].

Potential role of M2 macrophages in osteoinduction by calcium phosphates

Besides the ample evidence of macrophage involvement in bone metabolism and
regeneration, studies have also demonstrated a clear role for macrophages in pathologic
ectopic bone formation, also known as heterotopic ossification[187-189]. This phenomenon
describes the formation of bone in soft tissues following trauma (nerve injury, blast/
burn injury) or due to disorders such as fibrodysplasia ossificans progressiva (FOP), and
shares similarities with ectopic bone formation by osteoinductive materials. Recently, a
sub-population of M2 macrophage-like cells have been associated with early heterotopic
ossification[190]. Due to the clear association between M2 macrophages and bone
regeneration, and the apparent involvement of M2 macrophage-like cells in heterotopic
ossification, it is probable that M2 macrophages also play a role in the process of bone
formation by osteoinductive calcium phosphates (Table 2). In fact, previous studies have
already demonstrated an important role for macrophages in ectopic bone formation by
materials. In an earlier mentioned study, Davison et al. implanted osteoinductive TCP in
subcutaneous pockets of mice and proceeded to give local, weekly injections of liposome-
encapsulated clodronate, which is known to deplete macrophages[150]. The authors
reported that clodronate treatment attenuated ectopic bone formation by osteoinductive
calcium phosphate, indicating the importance of macrophages in material-induced
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bone formation. Although macrophage phenotypes were not assessed in the study by
Davison et al., it was demonstrated that clodronate treatment more selectively depletes
M2 macrophages than M1 macrophages, resulting in a shift towards an M1 dominant
macrophage population [191-193]. The latter may suggest that downregulation of M2
macrophages may have had a role in the attenuation of ectopic bone formation observed by
Davison et al. In fact, two recent studies have demonstrated that murine M2 macrophages
are upregulated by calcium phosphate materials with osteoinductive capacity in vitroand
in vivo, prior to ectopic bone formation[115,125].

RESEARCH AIM AND THESIS OUTLINE

Osteoinductive calcium phosphates are promising bone graft substitutes because of their
ability to induce bone formation in sites distant from host bone tissue. Microstructural
surface features, including topography, have been shown to be the dominant material
factor that dictates this osteoinductive potential.

The overall objective of this thesis is to determine if and how topography of calcium
phosphates can be improved for increased efficacy as bone graft materials for maxillofacial
and orthopedic surgery.

To achieve this goal, the following research questions will be answered in this work:

« Can the osteoinductive potential of calcium phosphate bone graft substitutes be
improved by optimizing their topographical features?

- Does an optimized surface topography translate to enhanced efficacy with regard to
bone formation compared to conventional non-osteoinductive synthetic bone graft
materials?

- Is osteoinductive calcium phosphate an effective alternative to autograft and other
synthetic bone graft substitutes for common orthopedic and maxillofacial bone grafting
indications?

- Does osteoinductive calcium phosphate affect the innate immune response (i.e.
macrophage polarization) and could this response play a role in bone formation by
these materials?

The work presented in this thesis is divided in four parts:
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Part I: Improving the surface topography of calcium phosphates to enhance
their osteoinductive potential

The aim of part | is to determine how size and morphology of topographical features on
calcium phosphates affect their osteoinductive potential, and to identify which surface
topography correlates with the highest osteoinductive capacity.

Topographical features of calcium phosphates have been shown to affect osteoinductive
potential and their ability to regenerate orthotopic defects. Chapter 2 presents an
investigation of the role of specific surface properties on the osteoinductive potential of
calcium phosphates at a more challenging ectopic location. The osteoinductive potential
of four calcium phosphate bone graft substitutes with different surface topographies are
compared using a canine intramuscular implantation model. The material with the highest
osteoinductive potential, i.e. with a needle-shaped submicron surface topography, was
selected for further evaluation in the following parts of this thesis.

Part II: Efficacy of osteoinductive calcium phosphate as bone graft material
in spinal fusion

The aim of part Il is to evaluate whether osteoinductive calcium phosphate is an effective
alternative to autograft and other bone graft substitutes for spinal fusion.

Spinal arthrodesis, or spinal fusion, is one of the most frequently performed bone grafting
procedures in orthopedic surgery. In this section, a calcium phosphate with needle-
shaped submicron topography is evaluated in different animal models of posterolateral
spinal fusion. In chapter 3, its use as an autograft extender is compared with autograft
in a validated rabbit model of posterolateral fusion. In chapters 4 and 5, the material,
as standalone bone graft substitute, is evaluated in a clinically-relevant sheep model of
instrumented posterolateral fusion. In more detail, in chapter 4, the efficacy of this material
is compared with autograft at various timepoints, while chapter 5 describes a comparison
with two other bone graft materials that are clinically used in spinal fusion. Additionally,
chapters 3 and 4 investigate the effect of a polymeric carrier designed to improve handling
properties on the efficacy of osteoinductive calcium phosphate.

Part lll: Efficacy of osteoinductive calcium phosphate in maxillary sinus
floor augmentation

The aim of part Il is to evaluate the efficacy of osteoinductive calcium phosphate compared
with autograft and other bone graft substitutes in maxillary sinus floor augmentation.

Maxillary sinus floor augmentation (MSFA) is a procedure in maxillofacial surgery that

involves the use of bone grafts to facilitate dental implant placement. In chapter 6, calcium
phosphate with needle-shaped submicron topography is evaluated as a bone grafting
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material for this procedure. Firstly, the material is evaluated in a pre-clinical sheep model
of sinus floor augmentation, compared to autograft and a calcium phosphate bone graft
with different surface features. Secondly, this chapter includes results of a randomized
controlled clinical study of maxillary sinus floor augmentation, in which osteoinductive
calcium phosphate was evaluated versus autograft.

Part IV: The response of macrophages to osteoinductive calcium phosphate
The aim of part IV is to explore the potential relation of the macrophage response to
calcium phosphates, to their osteoinductive and bone healing capacity

Macrophages are key regulators of the healing response and have an intricate relation
with bone tissue. In particular, upregulation of the M2 macrophage phenotype during bone
healing has been associated with enhanced healing outcomes. Chapter 7 describes an in
vitro investigation of the polarization response of primary human macrophages to different
calcium phosphate bone graft substitutes, including osteoinductive calcium phosphate
with submicron needle-shaped topography. This chapter also assesses downstream
regenerative effects of macrophages using in vitro angiogenic and osteogenic assays.
Chapter 8 is a translational analysis of the relevance of the innate immune response to
calcium phosphate bone substitutes and other biomaterials to bone healing. It describes
original results from studies from the benchtop to the clinic, which are placed in perspective
of the recent literature on macrophage response to biomaterials with specific structural
and topographical properties.
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ABSTRACT

Osteoinductive calcium phosphate (CaP) bone grafts have been shown to have equivalent
performance to autograft in repairing critical-sized bone defects. The osteoinductive
potential of CaP has been linked to the size of surface topographical features. We performed
a study in which two novel biphasic calcium phosphate (BCP) bone grafts were synthesized
with either submicron (BCP_, ) or micron-scale (BCP,_ ) needle-shaped surface topography
and compared to dimensionally similar tricalcium phosphate with grain-shaped surface
structures (TCP<|Jm and TCPum). To clarify the possible function of surface morphology
(needle-like vs. grain-like) in initiating bone formation, the four CaP test materials were
physicochemically characterized and implanted in the dorsal muscle of beagles for 12
weeks. The submicron needle-shaped topography of BCP_,  triggered earlier bone formation
(3 - 6 weeks) compared to the grain-shaped surface topography of TCP<um which formed
bone at 6 - 9 weeks. After 12 weeks, the amount of induced bone formation in both materials
was equivalent based on histomorphometry. The micron-sized needle-shaped surface
topography of BCPum led to limited formation of new bone tissue, whereas its counterpart,
TCP,, with grain-shaped surface topography, failed to trigger de novo bone formation.
We found that the relative strength of effect on CaP-driven bone induction is as follows:
surface feature size > surface feature morphology > substrate chemistry. BCP materials
with needle-shaped submicron surface topography gave rise to accelerated bone formation
and a slower rate of resorption than a comparable TCP in this intramuscular implantation
model. These characteristics may translate to improved bone healing in orthotopic defects.



Accelerated bone formation by biphasic calcium phosphate with a novel sub-micron surface topography

1. INTRODUCTION

Owing to their similarity to the inorganic component of bone, their bioactivity, biocompatibility
and osteoconductivity, calcium phosphate (CaP) materials are used clinically as bone void
fillers[1,2]. However, because they have historically lacked osteoinductivity, their efficacy
has been perceived as being lower than that of the gold standard bone graft, autologous
bone, in repairing critical-sized bone defects[3,4].

Unless osteogenic agents were added to the graft material pre-implantation, osteoinduction
of CaP bone grafts on their own was not reported until the beginning of the 1990s. Since
then, initiation of bone formation by various CaP bone grafts with specific physicochemical
properties has been observed in studies of non-skeletal defect sites (e.g. subcutis and
muscle) [5-8].

Studies comparing osteoinductive versus non-osteoinductive CaP in orthotopic skeletal
sites have demonstrated the benefits of osteoinductivity in bone regeneration [9].
Osteoinductive CaP bone grafts not only trigger ectopic bone formation, but also enhance
orthotopic bone formation via inducing osteogenic differentiation of mesenchymal stem
cells (MSCs) [10]. One such osteoinductive CaP bone graft substitute has been shown
to have equivalent performance to autograft, considered the gold standard bone graft,
in repairing critical-sized bone defects [11]. Having now established a link between
osteoinductivity and bone-forming potential in orthotopic sites, researchers are focused
on developing osteoinductive CaP bone grafts that can trigger high quality bone formation
as early as possible after implantation.

It has been proven that osteoinduction by CaP bone grafts is material-dependent, and
the osteoinductive potential varies with their physicochemical properties [12,13], such as
chemistry (i.e. the ratio HA/ TCP) [14], microporosity (i.e. the volume percentage of pores
< 10 uym in the material) [15,16], surface architecture and geometry [17-19]. Among them,
the presence of a microporous structure has been shown as essential. For example, one
study demonstrated that microporous hydroxyapatite (HA) induced ectopic bone formation,
while a non-microporous HA did not [20]. Furthermore, it has been shown that reducing
the size of features on a microporous surface is critical to endowing CaP materials with
osteoinductive properties. For instance, submicron scale surface structured TCP could
induce ectopic bone formation, while an equivalent but micron scale surface structured
alternative failed [18,21]. The influence of surface feature size was also seen in biphasic
calcium phosphates (BCP), where materials with smaller grain crystals initiated ectopic
bone formation, while materials with larger structures did not[19,22]. This research
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confirms that the size of surface features plays an important role in initiating bone
formation by CaP materials in ectopic defect sites.

Nowadays, there is still limited knowledge regarding the molecular mechanism underlying
surface topography induced differentiation of MSCs. It has been reported that geometrical
features can enhance the actomyosin contractility and facilitate osteogenesis via
enhancement of c-Jun N-terminal kinase and with the activation of the extracellular related
kinase in conjunction with elevated wingless-type (Wnt) signaling [23]. Furthermore,
Zhang et al. reported that the surface topography of CaPs can tune MSCs with respect to
morphology, primary cilia length and TGFBR recruitment to the cilium, all of which have
been associated with osteogenic differentiation in vitro and bone formation in vivo [24].

Next to the size of features on the surface structure, the morphology is another
characterization of surface topography which has been reported to evoke specific cellular
responses in vitro [25-29]. For example, Kolhar et al. found that rod-shaped nanoparticles
had higher affinity with endothelial cells in in vitro and in vivo experiments compared
with their spherical counterparts[25]. Similarly, Agarwal et al. reported that elongated
nanoparticles exhibited higher efficiency for the adhesion of cells and facilitated the
multivalent interaction between cells and surface, compared to spherical nanoparticles
[26]. Dasgupta and co-workers observed that the elongated particles with higher aspect
ratio had extensive cellular uptake compared to spherical particles with the average
diameter [27]. Furthermore, In vitro studies have indicated that surface morphology
changes modulate adhesion, cytokine release, and gene expression of osteogenic cells
[28,29]. Based on the data above, we hypothesize that, besides the surface feature size, the
morphology of the surface structure may play a crucial role in triggering bone formation
in CaP materials.

We investigated the relative influence of surface feature size, surface morphology and
substrate chemistry on osteoinductivity of CaP bone grafts by employing a hydrothermal
treatment to obtain two needle-shaped surface structures on BCP at submicron and micron
scale, and by comparing their in vivo bone-forming potential to submicron and micron
grain-shaped TCP counterparts.
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2. MATERIALS AND METHODS

2.1. Engineering the surface morphology

Submicron grain-like-surface-structured osteoinductive CaP (TCP_, , positive control) and
micron grain-like-surface-structured non-osteoinductive CaP (TCPum, negative control)
were prepared in granular format (1 - 2 mm) as previously described.

The two novel CaP materials were manufactured by Kuros Biosciences B.V. (the
Netherlands). Briefly, BCP powder was synthesized using a wet precipitation of apatite
powder, followed by foaming with H,0, (1 % in distilled water, Merck, Darmstadt, Germany),
and sintering at either 1125 °C or 1200 °C for 6 h respectively to obtain BCP plaques.
After crushing the plaques and sieving, BCP granules (1 - 2 mm) were then prepared and
autoclaved at 135 °C for 99 min to form novel CaP materials with either submicron (BCP(um]
or micron scale (BCPum] surface topography. All materials were sterilized with gamma
irradiation (dose 25 - 40 kGy, Isotron Nederland B.V., Ede, the Netherlands) prior to use.

2.2. Physicochemical characterization of CaP materials

The chemical composition of the CaP materials (n=1 per material) was identified by X-ray
diffraction (XRD; Miniflex Il, Rigaku, Tokyo, Japan) using a scanning range of 25 - 45 deg.,
step size of 0.01 deg., and a scanning rate of 1 deg. per min. The amount of HA phase was
determined by using an internal calibration system.

The surface structure of the CaP materials was analyzed with scanning electron microscope
(SEM; JEOL JSM-5600, JEOL Ltd, Tokyo, Japan). The surface grain size (i.e. the vertical
length crossing the center of each grain) and the shortest axis of the needles were
measured with AxioVision LE (Carl Zeiss Microlmaging, Inc., Breda, the Netherlands) for at
least 100 random grains or needles visualized from 10 SEM images (magnification: 5000x).

The microporosity and the specific surface area were determined with mercury intrusion
porosimetry (n=1 per material; Micromeritics Autopore 9600 Mercury Porosimeter,
Norcross, USA) with a mercury temperature of 18.36 °C, and Hg contact angle of (1) 130.00°,
(E) 130.00°.

2.3. In vitro assay: dissolution rate

Calcium ion release was evaluated by soaking 0.5 mL of CaP granules (n=5 per material) in
100 mL of simulated physiological saline (SPS; 0.8 % NaCl, 50 mM HEPES, 0.4 mM NaN_; 37
°C; pH = 7.3) solution for 200 min. While carefully stirring at 150 rpm to avoid the contact
between the stirring bar and granules, the calcium ion concentration in SPS was recorded
every minute using a calcium electrode (Metrohm, Herisau, Switzerland).
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2.4. In vitro assay: protein adsorption

Protein adsorption was measured for two types of protein solutions. Sterile CaP granules
(0.2 mL, n = 5 per material) were added to 2 mL of 1 % vol. fetal bovine serum (FBS)
solution or 2 mL of 400 pg/mL bovine serum albumin (BSA) solution at 37 °C and 5 % CO, for
1 week. Protein adsorption was measured after 12 h, 1, 4 and 7 d using a micro BCA assay
kit (Micro BCA Protein Assay Kit, Thermo Scientific, Rockford, IL) and a spectrophotometer
with an absorbance filter of 595 nm. The amount of proteins adsorbed by the samples
(expressed in mg/mL for FBS, and in ug/mL for BSA) was estimated via internal calibration
protein curves and was then reported per 1 mL which corresponds to the volume of
material implanted in vivo.

2.5. In vivo assay: intramuscular implantation

All surgeries were performed following ethical approval by the local animal care committee
(i.e. the management committee of experimental animals of Sichuan province, China) and in
accordance with the local laws and institutional guidelines. To evaluate their osteoinductive
potential, the four CaP materials (n = 8 for each group) were implanted in the dorsal
muscles of healthy beagles (n = 8, 2 - 4 years, 10 - 15 kg), for 12 weeks as described
previously [9,18]. Briefly, under general anesthesia by intravenous injection of sodium
pentobarbital (30 mg/kg body weight) and in sterile conditions, 1 mL of each test group
was implanted into paraspinal muscle pockets created by blunt dissection. The pockets
were kept isolated from each other to prevent contact between the samples. Subsequently,
the muscle wound was closed with non-resorbable sutures and the skin incisions were
closed layer by layer. Following the surgeries, buprenorphine (0.1 mg per animal) was
injected intramuscularly for 2 d to relieve pain, while penicillin (40 mg/kg) was injected
intramuscularly for 3 consecutive days to prevent infection. Animals were allowed to
undertake full activity and received a normal diet immediately after surgery. To determine
the time of onset for bone formation, we utilized three fluorescent histological labels
to indicate osteogenesis at: 1 - 3 weeks (calcein; green staining); 3 - 6 weeks (xylenol
orange; red staining), and 6 - 9 weeks (tetracycline; yellow staining). Fluorochromes
were intravenously injected at 3 weeks (calcein, Sigma, Louis, USA, 5 mg/mL 2% NaHCO,
solution, pH=7.41, injection volume: 2 mL/kg body mass), 6 weeks (xylenol orange, Sigma,
50 mg/mL 1% NaHCO, solution, pH=7.38, injection volume: 2 mL/kg body mass) and 9
weeks (tetracycline, Sigma, 10 mg/mL 0.9% NaCl solution, pH=7.41, injection volume: 2
mL/kg body mass) after implantation.

2.7. In vivo assay: implants harvest and histological processing

Twelve weeks after implantation, animals were sacrificed by intravenous injection of
an excessive dose of sodium pentobarbital and the implants were harvested with their
surrounding soft tissue, trimmed and then fixed in 4 % buffered formaldehyde solution (pH
= 7.4) at 4 °C for at least 1 week. Following fixation, the samples were dehydrated using a
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series of gradient ethanol solutions and embedded in methyl methacrylate (MMA, K-plast,
LTI, Bilthoven, the Netherlands). Consecutive histological sections (10 - 20 um) of non-
decalcified samples were obtained by sectioning the whole samples using a diamond saw
blade microtome (SP-1600, Leica, Wetzlar, Germany). The sections were alternately not
stained and stained with 1 % methylene blue (Sigma-Aldrich, Louis, USA) and 0.3 % basic
fuchsin (Sigma-Aldrich) after etching with acidic ethanol (Merch, Darmstadt, Germany). The
stained sections were analyzed with light microscopy (Nikon Eclipse E200, Tokyo, Japan)
and histomorphometry. Non-stained sections were used for fluorescence microscopy using
a FITC Texas Red filter (Nikon, Tokyo, Japan) at bandpass mirror wavelengths of 510 - 555
nm and 585 - 665 nm.

2.8. In vivo assay: histology and histomorphometry

Stained histological sections were scanned with a slide scanner (Dimage Scan Elite
540011, Konica Minolta Photo Imaging Inc, Tokyo, Japan) to obtain overview images for
histomorphometric analysis (i.e. the area percentage of de novo bone formation and
residual material). The amount of multinucleated osteoclast-like cells was counted from
40 randomly selected histological images (magnification 20x) and expressed as number
of cells per mm?. Histomorphometric analysis was performed using Adobe Photoshop
Elements 4.0 software (CS5, v12, Adobe Systems Benelux BV, Amsterdam-Zuidoost, the
Netherlands) as follows. First, the area encompassing the whole sample was selected
as a region of interest and the corresponding number of pixels was read as ROI. Then
the bone tissue and residual material areas were pseudo-colored, and their respective
pixels were counted as B and Me respectively. The percentage of bone in the available
space was determined as B % = B*100/ (ROI - Me), while the percentage of residual
material was calculated as Me % = Me*100/ ROI. The percent area of material resorbed
(M %) was calculated as M % = (MO - Me) *100/ MO, where M0 was the mean pixel area of
similarly embedded, sectioned, and pseudo-colored materials (1 mL, n = 8) that had not
been implanted.

Unstained histological sections were observed using fluorescence microscopy (Nikon
Eclipse E600, Japan; camera Nikon FDX-35) to determine the time of onset of bone
formation and material biomineralization. The incidence (for total animals operated) of
three fluorescent labels in the explants was recorded, while the number of xylenol orange
staining spots (6 weeks, red color) in the samples was counted. A quantitative index (X, ),
which indicates early bone formation (< 6 weeks), was calculated as the ratio between the
total spots counted in all animals and the incidence of fluorescent labels.

2.9. Statistical analysis

Normality of the data was assessed using the Shapiro-Wilk test (p > 0.05 for normally
distributed data), and statistical comparisons were carried out by one-way ANOVA and
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Tukey's post hoc tests, where a p-value smaller than 0.05 was considered statistically
significant.

3. RESULTS

3.1. Physicochemical characterization of materials

X-ray diffraction analysis confirmed that the two novel CaP materials were BCP (i.e. BCP_,;
25 % HA/ 75 % TCP, BCP, :22% HA/ 78 % TCP), while both the positive and the negative
controls were pure -TCP (Fig. 1a and Table 1).

SEM imaging revealed that the two novel CaP materials had either submicron (median, 0.60
um) or micron-scale needles (median, 1.52 um) on their surface, comprising an epitaxial
polygon surface structure. Both TCP_ _and TCP  possessed grain-shaped surface features,
at the submicron scale for TCP<um (median, 0.70 pm) and micron-scale for TCPij (median,
1.96 um) (Fig. 1b, 1c and Table 1).

Mercury intrusion porosimetry indicated that BCP_, and BCP  had lower microporosity (9.0
% and 5.1 % respectively), compared to TCP_, and TCP, _(22.0% and 23.0 % respectively).
By volume, TCP_, had a slightly larger surface area (2.02 m?/mL) than BCP__(1.78 m?/
mL), followed by TCP, (0.72 m2/mL) and BCP,, (0.65 m2/mL) (Table 1).

Table 1. Physicochemical properties of the calcium phosphate ceramic implants. @ as determined
by X-ray diffractometry; ® as determined by quantitative measurements on scanning microscopic
images (5000x); © as determined by mercury intrusion.

Materials BCP TCP, BCP TCP,

<um <um um um
Chemistry® 25 % HA/ 0% HA/ 22 % HA/ 0% HA/
75 % TCP 100 % TCP 78 % TCP 100 % TCP
Grain/needle size (um)® 0.33-0.90 0.10-1.20 1.01-2.28 1.30-2.45
Median 0.60 Median 0.70 Median 1.52 Median 1.96
Microporosity (< 10 ym)° 9.0% 220% 5.1% 23.0%
by weight (m?/g)- 2.77 1.71 1.21 0.79
Specific surface o lume (m?/mL): 1.78 2.02 0.65 0.72
area
Ca?" ion released (ppm, after 200 min) 9.5+0.8 18.0+ 1.8 52+0.9 1M1£1.7
Proteins BSA (ug/mL) 1722.9 £ 1045 1796.5 £ 172.7 786.3 £ 48.1 920.5 £ 62.5
adsorbed after g (10 /mi) M49%37  127.6+72  498+41 60.6%3.9

7d
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Fig. 1. Physicochemical properties of CaP materials. a: XRD pattern showing the chemistry of the
CaP materials; b: distribution plots of the dimension of shortest axis of the needle of BCP(ij and
BCP,,; c: SEM images showing the surface structure of the CaP materials.

3.2. In vitro assays: dissolution rate

After soaking in SPS solution for 200 minutes, the amount of calcium ion released from
the CaP materials into SPS solution varied between test groups. TCP_, released most
calcium ions, followed by TCP, , BCP_, and BCP__(Fig. 2a and Table 1).




Chapter 2

Carelease in SPS 7.3
=8-BCP<pum =&=TCP<pm =#=BCPum =¢=TCPum

Ca concentratiol

0 50 100 150 200
Time (minute)
b Serum protein adsorption c Serum protein adsorption
from 2 mL of 1 % FBS solution from 2 mL of 400 pg/mL BSA solution
M BCP<pm M TCP<pm M BCPum M TCPum EBCP<ym ETCP<pm MBCPpm ETCPum

__ 2200 -
E 2000
D
51800

= 1600

Serum protein adsorption (mg/mL)
adsorptiol
Boe e
~N Q¥ O N B
1 888838
© o © © © © ©

Serum protein
B
8
o

12 hours lday _ 4 days 7 days 12 hours lday _.
Time Time

4 days 7 days

Fig. 2. a: calcium ion release from the materials into SPS over 200 min; b, c: percentage of proteins
adsorbed from 2 ml 1 % FBS and 2 ml of 200 ug BSA ml" solution onto 0.2 cc CaP granules for up
to7d (* p<0.05).

3.3. In vitro assays: protein adsorption

As shown in Fig. 2b and 2c, BCP_, and TCP_, adsorbed similar amount of proteins
from BSA but TCP_, absorbed more protein from FBS. Both TCP _and BCP _absorbed
significantly less protein from BSA and FBS than their submicron counterpart test materials
(Table 1).

3.4. Histology and histomorphometry

After 12 weeks intramuscular implantation, all explants were encapsulated by a thin
layer of connective tissue which was also infiltrated into the CaP materials. De novo bone
formation was observed in 8 out of 8 BCP(um and TCP(um (positive control) explants, 7 out
of 8 BCP_ explants and 0 out of 8 TCP_ (negative control) explants (Fig. 3a, Table 2). As
shown in the detailed histological images (Fig. 3b, 3c), osteoid with a seam of cuboidal
osteoblasts lying on its outer surface as well as osteocytes entrapped in lacunae of lamellar
and woven bone were clearly observed in BCP_, , TCP_ _and BCP_explants. In addition,
multinucleated osteoclast-like cells phagocytizing small fragments of CaP were localized
on the surface of the test CaP material for BCP, (22 + 7 cells/mm?) and TCP,. (146
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A0 |
Fig. 3. Histological images of BCP_, and TCP_, after 12 weeks implantation. a: histological overviews
showing the bone regeneration and material resorption of CaP materials; b, c: detailed histological
images showing bone formation and remodeling as well as degradation of CaP substrates (non-
decalcified sections stained with methylene blue and basic fuchsin, B: bone; M: material; black arrow:
osteoblast; yellow arrow: osteocytes; red arrow: phagocytic cells).

cells/mm?) groups. In contrast, the multinucleated osteoclast-like cells were sporadically
present in BCP (4 = 3 cells/mm?), and scarcely present in any of the non-osteoinductive
TCP, (0 cells/mm?) (Fig. 4). More condensed collagen fibrils, bone marrow and blood
vessels were observed in BCP_,_and TCP_, implants, which were less compact in BCP .
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Table 2. A summary of the explants from muscle of beagles after 12 weeks.

Explants BCP<pm TCP<pm BCPum TCPpm

3 weeks (green color) Calcein incidence 8/8 8/8 8/8 0/8
Xylenol orange incidence 5/8 2/8 0/8 0/8

6 weeks (red color) X(spots) 21 2 0 0
Xfluor 4.2 1.0 0 0

9 weeks (yellow color)  Tetracycline incidence 8/8 8/8 0/8 0/8
Bone incidence 8/8 8/8 7/8 0/8
Bone area in available space (B%) 24.5%4.3 239%63 2117 0

12 weeks
Material resorption (%) 28.1+4.1 538%57 93+24 4721

Looser connective tissue, with very limited presence of blood vessels, was detected in
TCP, .
Under the fluorescent microscopy (Fig. 5, Table 2), xylenol orange was detected in 5 out
of 8 BCP_, and in 2 out of 8 of TCP__explants. Calcein and tetracycline were observed
in all the BCP_,and TCP_ explants. Only calcein was found in BCP_explants, and no
fluorescent signal was seen in any of the TCP _explants. Xylenol orange was detected in
the bone inside the BCP<um implants, indicating that the marked bone formed between 3-
and 6-weeks post-implantation. Whereas, tetracycline was the predominant fluorophore
observed in the bone formed in TCP(um, revealing that it formed between 6 and 9 weeks.
No xylenol orange or tetracycline fluorophores were detected in BCPum, indicating that any
bone found in these defects was formed after 9 weeks post-implantation. These qualitative
observations were corroborated by the quantitative data. In fact, the X, _index and the
xylenol orange incidence (Table 2) indicate that much more bone was formed between week
3 and week 6 in BCP_, ‘as compared to the positive control (TCP(um). In sharp contrast,
BCP , and TCP  showed no xylenol orange incidence (Table 2).

BCP_,, led to faster bone formation, but by the time of sacrifice at 12 weeks BCP_,
and the positive control, TCP(um, led to similar amounts of bone tissue, as measured by
histomorphometry: 24.5 + 4.3 % and 23.9 + 6.3 % respectively, followed by BCPurn (2117
%). No bone formed in TCP (Fig. 6a). In addition, the percent area of resorbed material
(by histomorphometry) profoundly varied among the four materials: TCP_, underwent
the most material resorption (53.8 + 5.7 %), followed by BCP.,. (28.1 £ 4.1 %), BCP,, (9.3

+2.4%) and TCP_ (4.7 2.1 %) (Fig. 6b).
um

56



Accelerated bone formation by biphasic calcium phosphate with a novel sub-micron surface topography

Fig. 4. Histological images of BCP, and TCP, after 12 weeks implantation. a: histological overviews
showing the bone regeneration and material resorption of CaP materials; b, c: detailed histological
images showing bone formation and remodeling as well as degradation of CaP substrates (non-
decalcified sections stained with methylene blue and basic fuchsin, B: bone; M: material; black arrow:
osteoblast; yellow arrow: osteocytes; red arrow: phagocytic cells).
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Fig. 5. Fluorescent images showing the mineralization of materials and onset time of bone formation
within CaP materials intramuscularly implanted in dogs for 12 weeks (Green, calcein, 3 weeks; Red,
xylenol orange, 6 weeks; Yellow, tetracycline, 9 weeks; M:materials; B: bone).
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Fig. 6. Quantitative histomorphometry data on (a) the area percentage of bone tissue in the available
spaces, and (b) the material resorption at 12 weeks post-operatively (* p < 0.05). The Shapiro-Wilk
normality test gave p > 0.05 indicating normal distribution with a negative skewness of all data sets.
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4. DISCUSSION

In the present study, a hydrothermal treatment was employed to promote the growth of
a layer of epitaxial crystals on the surface of BCP materials, leading to a novel needle-
shaped surface topography. By adjusting the sintering temperature (i.e. 1125 °C or 1200
°C) of the BCP materials, needle-like crystals at either the submicron or micron scale
were achieved (Fig. 1). In vivo, the novel CaP with submicron needle-shaped topography
(BCP., ) triggered earlier bone formation (3 - 6 weeks) compared to TCP with a submicron
grain-shaped surface topography (TCP(um) which mainly formed bone at 6-9 weeks (Fig.
5). By 12 weeks post-implantation, the amount of bone formed by the positive control,
TCP_, , was equivalent to the amount formed by the novel needle-like surface topography
of BCP_ (Fig. 6a). Similarly, BCP ,, with a micron scale needle-shaped surface topography
underwent in vivo biomineralization and gave rise to ectopic bone formation, while its
counterpart TCP  with micron-scaled grain-like crystals did not (Fig. 5, 6a).

In agreement with previous reports, the feature size of the surface structure greatly affected
the osteoinductive potential of CaP materials[9,11,18,19,21,30]. As expected, inductive
bone formation occurred in greater amounts for the submicron surface structured BCP_ |
and TCP_,  grafts but very limited bone formed in BCP, and no bone formed in TCP |
with a micron-scale surface topography (Fig. 3, 4, 5 and 6). The strength of the observed
effect suggests that the scale of topography influences osteoinductivity independently from
chemistry and surface morphology. Based on the available data for grain size, surface area
and protein adsorption for BCP_,_and TCP_,_versus BCP _and TCP  this could either be
due to a direct or an indirect effect of the smaller surface feature size on bone formation.

Let us first consider whether the specific surface topography could exert a direct effect
on bone formation by affecting attached cells. In the absence of chemical factors, surface
topographies ranging from nano- to micron scale have been reported to evoke specific
cell attachment, orientation, proliferation and guide their differentiation towards various
lineages[31-36]. At the micron scale, surface structure has been shown to enhance
adipogenic differentiation of MSCs, while submicron scaled surface structures favored
osteogenic differentiation [9,35,37]. More recently, research has demonstrated that
submicron surface topographies can preferentially direct early wound healing toward
the bone-forming pathway by influencing macrophage polarization [30,38-40]. The role of
macrophages as either mediators of a pro-inflammatory response or mediating a wound-
healing and angiogenic response is well-understood [38]. The key to successful bone
healing, that is to promote osteogenesis and avoid the formation of scar tissue, is to
tip the balance of wound healing toward the M2, or deactivated, macrophage response
following an initial phase of inflammation [39,40]. CaP materials with a submicron surface
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topography have been shown to direct the transition of macrophages to the M2 phenotype,
as shown by the higher production of TGF- and CCL18 from cells cultured on CaP with
sub-micron surface structures[30]. At the same time, CaP materials with micron surface
topography displayed more M1 macrophages formation as indicated by an enhanced TNF-
and IL-1B secretion[30]. The conditioned media harvested from THP-1 cells cultured on
CaP with submicron surface topography enhanced tube formation by human umbilical vein
endothelial cells (HUVECS) in vitro. Furthermore, submicron surface topography enhanced
angiogenesis and triggered bone formation in ectopic defect sites[30].

Let us next consider whether the specific surface topography could exert an indirect effect
on bone formation. Protein adsorption is often suggested as crucial in inductive bone
formation [41-43], where osteoinduction of CaP materials is thought to be a secondary
response following the adsorption of growth factors/ cytokines from body fluids in vivo [44-
46]. Since the function of growth factors/cytokines is dose-dependent[47,48], theoretically
the more proteins concentrated in the implants should lead to higher osteoinductive
potential. In this study, TCP_ adsorbed significantly more proteins from FBS per implant
than BCP_ | (Fig. 2b, 2c and Table 1), while the latter triggered earlier bone formation than
the former. Similarly, BCP  adsorbed similar or little more proteins than TCP_, but the
former triggered bone formation, the latter did not (Fig. 2b, 2c and Table 1). Therefore, we
conclude that the initiation and enhancement of inductive bone formation in BCP_, and
TCP_, is less likely to have been due to a higher surface area (and associated increased
protein adsorption) but, more likely, instructed by the possible physical cues created by
the smaller features in the surface topography.

It is important to consider which of the other effects of chemistry and surface feature
morphology is most dominant in driving earlier bone formation in ectopic defects, as
observed for BCP, (3 - 6 weeks), compared to TCP__(6 - 9 weeks). Firstly, BCP_ consists
of 25 % HA/ 75 % B-TCP, while TCP_, is phase-pure B-TCP. Although the role of chemical
composition appears, according to some literature, not to be an essential material factor to
trigger inductive bone formation in CaP materials [21], it is generally thought that a higher
content of TCP can affect the dissolution of CaP and thus the ion release (e.g. calcium and
phosphate) from its surface. This increased ion release may, in turn, enhance inductive
bone formation [14,49-52]. However, in this study, BCP_,, released less calcium ions in
vitro than TCP_  (Fig. 2a) and resorbed at a slower rate than TCP_ in vivo (Fig. 6b).
Therefore, the earlier trigger or enhancement of bone formation observed in our study for
BCP_,, seems not to be attributed to the rate of calcium ion release.

Both BCP test materials had resorption rates between those observed for TCP_, and TCP

in vivo (Fig. 6b), contrary to the general view that a higher TCP content would lead to faster
resorption. Since BCPum had the lowest dissolution in vitro (Fig. 2a) but a faster rate of
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resorption compared to TCP _in vivo, it indicates that cell-mediated resorption played the
major role in the in vivo resorption for the BCP test articles. This is further corroborated
by the histological analysis (Fig. 3b, 3c), in which multinucleated osteoclast-like cells
were observed on the surface of the materials. Could chemistry dictate the mechanism
of resorption and indirectly drive earlier bone formation for BCPW? We suggest this
is not a dominant factor, since abundant resorption by multi-nucleated giant cells was
also observed using histological analysis for TCP_, (Fig. 3c). The slower resorption we
observed for BCP compared to BCP_, corroborates the findings of Davison et al. that
CaP ceramic with submicron scaled surface structures favored the formation of osteoclasts
from mononuclear cells and facilitated material resorption as compared to its micron scale
structured counterpart [53]. Therefore, if the presence of multinucleated osteoclast-like
cells is a driver for osteoinductive potential, according to our research, the size of feature
in the surface topography is more likely to be the dominant factor than the chemistry.

It is worth noting that the BCP and TCP families contained a different level of microporosity
(Table 1). Microporosity is often suggested to determine the osteoinductive potential of CaP
materials because it creates an ideal microenvironment for protein adsorption and/or cell
attachment, differentiation and proliferation [9,11,15,16,18,21], where higher microporosity
has been reported to lead to higher osteoinductive potential [15]. Since lower microporosity
was detected in the BCP family than in the TCP family, the trigger of earlier inductive bone
formation observed in BCP_, is not likely to be linked to microporosity.

Based on our data and the supporting literature, we conclude that the most dominant
secondary factor (after surface feature size) for CaP driven osteoinductivity is the surface
feature morphology of the substrate. In the case of this study, we found that needle-
shaped surface features gave rise to earlier bone formation than grain-shaped surfaces. As
chemistry is still likely to have a certain level of influence in osteoinductivity, we propose
the strength of effect to be as follows: surface feature size > surface feature morphology
> substrate chemistry. The improved bone formation outcomes for BCP<urn and BCPurn in
this intramuscular model indicates that they have higher osteoinductive potential than
TCP_, and TCP  respectively. Previous studies have shown that osteoinductive materials
facilitated bone regeneration in orthotopic skeletal sites compared to non-osteoinductive
materials [9,11], and that a higher osteoinductive potential correlates with faster bone
repair in orthotopic defects [49]. Therefore, of all the articles tested in this study, BCP,,,
may be expected to have good bone regeneration potential in clinical applications.

Using the current settings, the superiority of BCP_,  to other 3 materials in the study was
seen. However, besides the histological and histomorphometrical data, more analyses such
as quantitative uCT, biochemical assays of bone forming signals and immunohistostaining
of bone markers would make the conclusion stronger. Fluorescent labeling was used to
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monitor the onset of bone formation at different timepoints, without the need to include
more animals in the study. Another approach could have been to use animal cohorts at
each time point, which would allow for a more precise analysis and include bone quantity
assessment at each time point. Finally, a clinically relevant animal study (i.e. orthotopic
implantation) would be required to more accurately predict the potential clinical efficacy
of these materials.

5. CONCLUSIONS

Evaluation of ectopic bone formation by two novel CaP materials with a needle-like surface
topography showed that they can give rise to earlier and accelerated bone formation as
compared to their counterparts with grain-like surface structures. Our data suggests that
the relative strength of effect on osteoinductive potential is as follows: surface feature
size > surface feature morphology > substrate chemistry. Of all materials tested in this
study, BCPW with a needle-shaped surface topography is expected to have the best bone
regeneration potential in clinical applications, although the performance of this material
still needs to be evaluated in an orthotopic implantation site.
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ABSTRACT

Posterolateral spinal fusion (PLF) is a common procedure in orthopaedic surgery that is
performed to fuse adjacent vertebrae to reduce symptoms related to spinal conditions.
In the current study, a novel synthetic calcium phosphate with submicron scale surface
topography was evaluated as an autograft extender in a validated rabbit model of PLF.

Fifty-nine skeletally mature New Zealand white rabbits were divided into three groups and
underwent single-level intertransverse process PLF at L4-5 using (1) autologous bone graft
(ABG) alone or in a 1:1 combination with the (2) calcium phosphate granules [ABG/BCPgranules)
or (3) granules embedded in fast-resorbing polymeric carrier (ABG/BCPpuny). After 6, 9 and
12 weeks, animals were sacrificed and spinal fusion was assessed by manual palpation,
X-rays, micro-CT, mechanical testing (12 weeks only), histology and histomorphometry.

Based on all endpoints, all groups showed a gradual progression in bone formation and
maturation during time, leading to solid fusion masses between the transverse processes
after 12 weeks. Fusion assessments by manual palpation, radiography and histology were
consistent and demonstrated equivalent fusion rates between groups, with high bilateral
fusion rates after 12 weeks. Mechanical tests after 12 weeks indicated substantially lower
range of motion for all groups, compared to non-operated controls. By histology and
histomorphometry, the gradual formation and maturation of bone in the fusion mass was
confirmed for each graft type.

With these results, we describe the equivalent performance between autograft and a novel
calcium phosphate material as an autograft extender in a rabbit model of PLF using an
extensive range of evaluation techniques.
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INTRODUCTION

Spinal fusion is a frequent procedure in orthopaedic surgery which is performed to fuse
adjacent vertebrae of the spine to improve symptoms resulting from spinal trauma,
degenerative conditions, scoliosis or tumor resections. The posterolateral fusion (PLF)
technique is commonly performed in the lumbar spine and involves bilateral implantation
of bone graft between the transverse processes of adjacent vertebrae. Although autologous
bone is the gold standard graft for spinal fusion procedures, pseudoarthrosis and non-
unions are still frequently reported complications of this treatment [1-6]. Moreover, the
required harvesting of large autograft volumes, usually obtained from the iliac crest, leads
to morbidity [7, 8] and persistent post-surgical pain in up to 60% of patients [2].

In order to improve the fusion rate of PLF procedures and to reduce the amount of bone
autograft to be harvested, there has been an increasing interest in calcium phosphate
materials that can support spinal bone formation as autograft extenders [9, 10]. Synthetic
calcium phosphates are generally osteoconductive and highly biocompatible, making them
suitable biomaterials for use in bone surgery. As mere osteoconductive materials, their
regenerative potential is limited and the presence of an osteogenic or osteoinductive
adjunct is favored for bone growth to occur. However, a subset of calcium phosphates
with optimized physicochemical properties was demonstrated to have exceptional bone-
inducing properties on its own [11, 12, 13], showing enhanced regenerative performance
in pre-clinical studies [11-14]. Specifically, the presence of a submicron surface topography
was related to the enhanced bone-inducing potential of these calcium phosphates [11, 13-
15]. Interestingly, studies have demonstrated that surface properties of biomaterials can
influence the phenotype of macrophages [16-18], immune cells that govern the foreign
body response and wound healing response [19]. An increase in anti-inflammatory M2
macrophages following an initial inflammatory phase has been shown to be beneficial
for bone formation [20] and vascularization [21] and recently, macrophages cultured on
calcium phosphates with submicron surface topography were demonstrated to adopt the
M2 phenotype [22]. This suggests a connection between surface topography, macrophage
phenotype and the enhanced vascularization [22] and bone formation observed with
submicron surface structured calcium phosphates in vivo.

The current study describes the evaluation of a novel synthetic calcium phosphate with
surface topography consisting of submicron polygon crystals in a validated rabbit model
of PLF, which is well-described for studies of autograft extender efficacy [23-26]. Either in
granular form or as granules embedded within a fast-resorbing polymeric carrier material
designed to improve handling properties, the calcium phosphate was combined with iliac
crest-derived bone graft in a 1:1 ratio, after which the graft composites were implanted.
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Study outcomes included fusion rate by manual palpation, radiography, micro-computed
tomography and histology at 6, 9 and 12 weeks post-surgery. Furthermore, biomechanical
analysis of the spines and histomorphometry of bone and material in the fusion mass were
performed.

MATERIALS AND METHODS

Graft materials

Calcium phosphate granules. Commercially-available biphasic calcium phosphate (BCP)
bone graft (MagnetOs; Kuros Biosciences) was provided in granule and putty formulations.
Both formulations contained 1-2 mm granules of bioactive bone graft comprising 65-75%
Tri-Calcium Phosphate (TCP-Ca3(P04)2) and 25-35% Hydroxyapatite (HA-Ca10(P04)é
(OH)2). The granules were manufactured from_porous BCP blocks produced by use
of calcium orthophosphate powder, foaming agent and porogen. Blocks were dried,
sintered and crushed to obtain granules (1-2 mm) which were subsequently exposed
to a hydrothermal treatment to create submicron-scale surface topography (Fig.1 A).
Submicron size of surface crystals was confirmed by scanning electron microscopy (SEM,
JEOL JSM-5600, JEOL Ltd, Tokyo, Japan), revealing an average crystal diameter of 0.58
+0.21 ym.

Polymeric carrier. For the putty formulation, a tri-block copolymer was synthesized from
polyethylene glycol (PEG, 80-90 mol%) and L-lactide monomer (10-20 mol%), with a
molecular weight of 2-3 kDa. The resulting polymer is water-soluble and dissolves near
body temperature, leading to rapid dispersion after implantation (<48h). The BCP granules
and binder were combined to obtain a mouldable putty. The materials were sterilized by
gamma irradiation (25 kGy).

Autologous bone graft and graft composites. The iliac crests were exposed from the
caudal aspect of the midline incision used to approach the spine. Corticocancellous bone
was harvested from both iliac crests using a Miltex Rongeur. Volume and weight of the
autologous bone graft (ABG) particles (< 5 mm in size) was measured in a 3 ml syringe (tip
removed) and a laboratory balance (Fig.1 B). A volume of 1 cc (~ 0.8 g) of autograft particles
was blended with 1 cc of the BCP granules (ABG/BCPgranules] (Fig. 1 C,D). Likewise, 1 cc of
autograft particles was blended with 1 cc of putty (ABG/BCP_, ) (Fig. 1 E,F). Volumes of
2 cc of ABG, ABG/BCPgranules and ABG/BCPputty were determined for implantation on each
side of the spine (4 cc total per level). The volume of 2 cc autograft per side is the standard
amount of autograft that facilitates fusion in the rabbit spine, as is reported in literature
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|

Fig. 1. Graft materials used in PLF model, including (A) surface of submicron epitaxial polygon
crystals observed on BCP granules by SEM, (B) iliac crest-derived autologous bone graft particles
(ABG), (C,D) ceramic granules and autograft particles combined in a 1:1 ratio (ABG/BCP__ ) and
(E,F) granules embedded in polymeric carrier combined with autograft particles in a 1:1 ratio (ABG/
BCP )

putty””

[27]. Furthermore, a volume of 1 cc of autograft was reported to be unable to achieve
fusion in this model [28].

Animal model and surgical procedure

After approval of the Institutional Animal Care and Ethics Committee (ACEC approval
14/110A, UNSW, Australia), fifty-four adult New Zealand white rabbits underwent single-
level bilateral posterolateral intertransverse process spine arthrodesis at L4-5. Skeletal
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maturity was confirmed prior to being enrolled in the study by radiographic confirmation
of the closure of the growth plates of the proximal tibia. The animals were sedated with
a mixture of midazolam (5 mg/ml at 0.3-0.5 mg/kg) and buprenorphine (0.326 mg/ml at
0.03-0.05 mg/kg) intramuscularly. Anesthesia was applied and maintained via isoflurane
inhalation (2-3%) with oxygen. Once the rabbits were anesthetized, the skin was incised
from the L3-L5 levels. The intermuscular plane between the multifidus and longissimus
muscles was separated in a blunt fashion to expose the transverse processes as well as the
intertransverse membrane. A pneumatic burr (Midax Rex) was used with an M8 matchstick
burr to prepare the host bone between the levels by decortication. The transverse
processes were carefully decorticated for a distance of 10 mm from the vertebral body
and pars to a level where bleeding bone beds were visually present to the surgeon.

The animals were divided into 3 groups: (1) ABG, (2) ABG/BCPgranules, and (3) ABG/BCPpuny.
For each group, a total volume of 2 cc graft material per side (4 cc per level) was implanted
between the L4-5 transverse processes in the paraspinal bed. After implant placement,
the muscle layers were allowed to return to their native position and the fascial incisions
were closed with 3-0 absorbable sutures and the skin approximated using 3-0 sutures.
Post-operative pain was managed using a non-steroid anti-inflammatory drug (Carprofen,
50 mg/ml, dose 2-4 mg/kg) for the first 2-3 days. The animals were housed in individual
cages, fed ad libitum and monitored daily for the first 7 days following surgery and weekly
thereafter. Animals were euthanized at 6 (n=5), 9 (n=5) and 12 (n=8) weeks after surgery,
and spinal fusion was determined by manual palpation, radiography (Faxitron and micro-
CT), mechanical testing (range of motion testing at 12 weeks only) and histology (decalcified
and undecalcified). For the mechanical testing, 5 non-operated animals were included as
baseline controls. For determining BCP material percentage in the implantation bed after
surgery at time-point zero, 12 animals were used.

Radiographic analysis

Faxitron Radiography. After harvest, the spines were immediately radiographed in the
posteroanterior plane using a Faxitron (Faxitron Bioptics LLC, Arizona, USA) and digital
plates (Agfa CR MD 4.0 cassette, Agfa, Germany). An Agfa Digital Developer and workstation
was used to process the digital images (Agfa CR 75.0 Digitizer Musica, Agfa, Germany). The
DICOM data was converted to bitmap images using DICOM Works (ezDICOM medical viewer,
2002). Radiographic status of the posterolateral spinal fusion was evaluated on the post-
sacrifice anteroposterior faxitron radiographs utilizing the Lenke four-point grading scale
[29]. A grade A was given to a fusion where it was deemed definitely solid with bilateral
robust bridging bone. A grade B was given to a fusion where it was deemed probably solid
with unilateral robust bridging bone and contralateral thin fusion mass. A grade C was
given to a fusion where it was deemed probably not solid with a thin unilateral fusion mass
and a probable pseudarthrosis on the contralateral side. A grade D was given to a fusion
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where it was deemed definitely not solid with thin fusion masses bilaterally with obvious
pseudarthrosis or bone graft dissolution bilaterally. The occurence of each grade (A-D)
was determined based on faxitron image review by two independent observers blinded
to treatment group and time-points.

Micro-computed tomography (CT). Micro computed tomography (UCT) scanning was
performed on all animals following radiography using an Inveon in-vivo micro computed
tomography scanner (Siemens Medical, PA, USA) to obtain high-resolution radiographic
images of the spinal fusions in three planes. Spines were scanned and the raw images
reconstructed to DICOM data using Siemens software at a resolution of 53 microns. Images
were examined in the axial, sagittal and coronal planes to assess the overall quality of
the fusion mass from transverse process to transverse process in a similar manner to
the other radiographic data. Anterior and posterior 3D models were also created for each
animal. The uCT reconstructions were assessed for fusion between the treated levels by
two trained and experienced observers who reviewed the coronal and sagittal planes in
a blinded manner to treatment groups and time-points. The uCTs were graded using the
four-point Lenke radiographic grading score [29] as described above.

Manual palpation

Immediately after harvest, the stability of the lumbar spine of all animals was assessed by
manual palpation according to Boden et al. [23]. Two trained and experienced observers
assessed the treated motion segment in a blinded manner in lateral bending and flexion/
extension and compared it to the proximal and distal motion segments. The motion
segments at L4-5 were graded as either fused (rigid, no detectable movement at the disc
space) or not fused (not rigid, movement detected at the disc space).

Biomechanical testing

Non-destructive range of motion testing was performed at 12 weeks to provide a kinematic,
multidirectional flexibility analysis of the rabbit lumbar spine. Spines were tested with pure
moments using a Denso robot (simVITRO; Cleveland Clinic BioRobotics Lab, Cleveland,
OH) to avoid off axis moments and spurious loading. After fixing the spines in custom
molds with resin, moments as per Grauer et al. [30] (270 N-mm) were applied in axial
rotation (AR), flexion-extension (FE) and lateral bending (LB). Moments of 270 N-mm were
applied at a rate of 33.3 N-mm per second to a maximum of 300 N-mm, and was held for
15 seconds. A total of 4.5 load - unload cycles were run in each profile. The last 3 cycles
were analysed and a mean value at 270 N-mm was taken for each cycle and averaged.
Range of motion testing was performed using robotic testing and intact, non-operated
skeletally mature female rabbit spines (n=5) that had no previous surgery were evaluated
to provide a comparison.
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Histology and histomorphometric analysis

All spines were immediately fixed for a minimum of 96 hours in 10% formalin in 0.145 M
phosphate buffered saline under gentle rotation, following mechanical testing. The spines
were cut in the sagittal plane through the middle of vertebral body using a hacksaw
and one side was randomly processed for decalcified paraffin histology and the other
side processed for undecalcified polymethyl methacrylate (PMMA) histology. Decalcified
histology was used to determine general tissue response and the presence of histological
fusion. Undecalcified histology was used for the quantitative determination of bone
formation and graft resorption.

Decalcified histology. The portion of the spines allocated for paraffin histology was
decalcified in 10% formic acid in phosphate buffered formalin at room temperature for
3 to 4 days prior to further processing. The decalcified spines were then sectioned to
provide detailed histology from the entire fusion mass from medial to lateral, which
resulted in to at least 4 blocks from the treated spinal unit from transverse processes in
the posterolateral fusion space. The blocks (~3 mm in thickness) were then embedded
in paraffin and sectioned (5 microns) using a Leica Microtome (Leica Microsystems Pty
Ltd, North Ryde, Australia). A minimum of three sections were cut from each paraffin
block and stained with hematoxylin and eosin (H&E). Stained sections were examined in a
blinded fashion (to treatment groups and time-points) using an Olympus light microscope
(Olympus, Japan) with a DP72 high-resolution video camera (Olympus, Japan). Examination
included qualitative assessment of general tissue response, the presence of inflammatory
cells or tissue necrosis, evidence of graft resorption, new bone formation, marrow space
development and bony fusion between both transverse processes. In addition, Rallis’
Tetrachrome [31] staining was performed on decalcified sections in order to visualize
bone maturation.

Undecalcified histology. The portion of the spines allocated for histomorphometric analysis
was dehydrated through a series of ethanol and embedded in PMMA. A Leica SP1600 saw-
microtome (Leica Microsystems Pty Ltd, North Ryde, Australia) was used to cut ~15 micron
thick sections in the sagittal plane that were stained with methylene blue (Sigma, 1% in 0.1
M borax buffer, pH 8.5) and basic fuchsin (Sigma, 0.3% in water) [13]. Three sections were
cut from each PMMA block, with a ~2 mm interval to evaluate the entire fusion mass from
medial to lateral. Low magnification images were used for histomorphometric analysis.

Histomorphometry. Three low magnification images (1.25%, 1 mm scale bar) taken from
the transverse process, the middle of the fusion and the other transverse process were
used for quantitative analysis. The region-of-interest (ROI) was determined by an observer
blinded to treatment groups or time-points, using a polygon technique and graft material
or bone tissue (mineralized bone and bone marrow elements) was identified by pixel color
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and morphology assessment. Their respective area was determined as a percentage of the
ROI, and a mean value was obtained for each animal based on the three PMMA sections.

Statistical analysis

SPSS for Windows (SPSS, Chicago, IL) was used for statistical analysis. Fusion grading
data were analyzed using a Kruskal Wallis analysis of variance. Biomechanical testing
data was analyzed using a 1-way analysis of variance followed by a Games Howell post-
hoc test when appropriate. Analysis of variance followed by a Games Howell post hoc test
was performed on the histomorphometry data. Statistical significance was set at p < 0.05.

RESULTS

Surgery

Surgery was uneventful and no post-operative complications were observed. All animals
ambulated normally throughout the study and were euthanized at their allocated time-
points.

Radiographic analysis

Post-operative radiographs demonstrated proper implantation position for all animals,
which was maintained for all graft types for the entire study duration. No migration of BCP
granules from the implantation site was observed for ABG/BCPgranules and ABG/BCPPthty
on radiographs and by micro-CT. For all groups, a progression in healing was observed
during time. Radiographs showed the progression of a fusion mass with autograft and
BCP particles with well-defined borders at 6 weeks towards a more homogeneous mass
by 12 weeks for all groups (Fig. 2, A-C). By micro-CT, evidence of bone formation on the
decorticated host bone transverse processes was observed at 6 weeks with all groups.
During time, the autograft and BCP particles coalesced by new bone formation and bone
remodeling, leading to solid fusion mass by 12 weeks for all groups (Fig. 2, D-F). Fusion
grading was performed according to the Lenke scale on radiographs (Fig. 3, B) and micro-
CT (Fig. 3, C). Grading distributions were similar between all groups at each time-point,
with no statistically significant differences. A high occurrence of solid bilateral fusion
(grade A) was determined after 12 weeks, corresponding to fusion rates of 75%, 87.5%
and 75% by radiography and 87.5%, 100% and 87.5% by micro-CT for ABG, ABG/BCP
and ABG/BCP__, respectively.

granules

putty’

Manual palpation
Fusion assessment by manual palpation revealed a similar fusion distribution across
groups at each time-point (Fig. 3, A). At 6 weeks, bilateral fusion was determined in only
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Fig. 2. Radiography. (A-C) Examples of Faxitron radiographs taken after 12 weeks for (A) ABG, (B),
ABG/BCP___ .. and (C) ABG/BCPputt . (D-F) Examples of 3D micro-CT reconstructions taken after
12 weeks for (D) ABG, (E), ABG/BCPW‘ules and (F) ABG/BCPplmy. Faxitron radiographs and micro-CT
reconstructions show the presence of graft material bridging the intertransverse process space of
the treated levels in all groups.

1 of 5 spines for both ABG/BCPgranules and ABG/BCPpmy, while no fusion was observed for
ABG. During time, fusion had increased to 3 of 5 at 9 weeks and 6 of 8 at 12 weeks for all
groups, corresponding to a fusion rate of 75% for the latest time-point. No statistically

significant differences were determined between treatments.

Biomechanical testing

Results of range-of-motion (ROM) analysis measured after 12 weeks are presented in Table
1. Non-operated control spines had a ROM of 18.8 + 1.9 in LB and 20.7 + 2.9 FE, indicating
baseline ROM. With a difference of £50% or more as compared to the controls, the ROM of
treated spines in LB and FE after 12 weeks was significantly lower for all groups (p<0.001).
Between treatments, ROM of ABG and ABG/BCP__ .. were equivalent in both measuring
movements, with no significant differences. Also, ROM between ABG/BCPgranules and ABG/
BCPputty was similar in LB. For ABG/BCPp ROM was slightly higher than other treatments

utty’
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Fig. 3. Diagrams presenting the fusion rate as determined by (A) manual palpation, (B) X-Ray, (C)
Micro-CT and (D) histology. For A and B, only the percentage of treated levels that achieved solid
bilateral fusion (Lenke grade A) are shown. For all assessment methods, no significant differences
in fusion rate between treatments were determined at all time-points.

Table 1. Mean range of motion (°) of treated spine levels in response to pure moment loading after
12 weeks

Parameter Control ABG ABG/BCP,,,.,  ABG/BCP,,
Lateral bending 188 1.9°(*) 53+22° 7.7+3.9° 10.7 £ 2.1° (#)
Flexion extension 207 £ 2.9° () 8.02.2° 7.9+2.8 11.6 £ 2.0° (%)

Data presented in mean # sd.

* significantly different from all other groups, p<0.001
# significantly different from ABG, p<0.001

T significantly different from all other groups, p<0.001
u significantly different from ABG, p<0.05
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in LB (ABG p<0.001) and FE (ABG p<0.05, ABG/BCPgranules p<0.05). There was no significant
difference (p>0.05) in axial rotation between the negative control (un-operated spine) and
the positive control (autograft). Furthermore, there were no differences between the BCP
treatments and either control.

Histology and histological grading
Histological observations are presented in examples of low-magnification overviews (Fig.
4) and high magnification micrographs (Fig. 5, 6). On the histological overviews, fusion was

Fig 4. Histological panel overviews (H&E) of fusion masses of spines treated with (A) ABG, (B) ABG/

BCP, . @nd (C) ABG/BCP_, at 12 weeks post-surgery. All these fusion masses were determined
to be fused, as indicated by the continuous bone mass (dashed line) between the adjacent transverse
processes (yellow asterisks). The presence of ceramic granules in the fusion mass was observed in

the autograft extender groups (black arrows).
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Fig 5. Histological micrographs (H&E) of the fusion masses of (A,B) ABG/BCP_, .. and (C,D) ABG/

BCP_,,, at (A,C) 6 weeks and (B,D) 12 weeks. At 6 weeks, bone tissue was characterized by woven

bone and fibrous tissue and was observed at the material surface and inside of the pores. After 12
weeks, bone tissue had developed towards mature bone phenotype as determined by the presence of
hematopoietic bone marrow spaces. Osteoblasts were observed depositing new bone matrix (yellow
asterisks) and large, multi-nucleated cells were seen at the material surface resorbing material
(black arrows). Legend: m ceramic material; b bone; f fibrous tissue; bm bone marrow.

determined in case of a bridge of bone tissue in the fusion mass connecting the adjacent
transverse processes. By this method, fusion rates of 0-20% at 6 weeks, 40% at 9 weeks
and 75-87.5% at 12 weeks were determined, with no significant differences between graft
types (Fig. 3, D).

Histological micrographs showed the presence of residual particles, BCP granules and
new bone formation with typical bone cells (Fig 5, 6). After 6 weeks, the formation of new
bone on and between the BCP granules and the residual autograft particles was observed
(Fig 5 A,C; Fig. 6 A, B, D, E). New bone tissue at 6 weeks had infiltrated the BCP pores and
was characterized by early, woven bone phenotype and fibrous tissue. Histology at 9 and
12 weeks showed healing progression by new bone formation and remodeling of bone into
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and (D-F)
at (A,D; frames B,E) 6 weeks and (C,F) 12 weeks. After 6 weeks, newly formed woven
bone (blue) was observed growing from autograft particles, forming a direct connection between
ceramic granules and autograft particles. After 12 weeks, bone maturation was evident from the
development of mature bone matrix (red) between granules as well as the presence of large bone
marrow spaces. Legend: a autograft particle; m ceramic material; nb new bone; bm bone marrow;
mb matured bone.

Fig 6. Histological micrographs (Tetrachrome) of the fusion masses of (A-C) ABG/BCP,
ABG/BCP

ranules

putty

lamellar bone in and around the BCP material, as well as the development of bone marrow
spaces with hematopoietic cells (Fig 5 B,D; Fig. 6 C, F).

Osteoblasts were observed typically lining the surface of new bone in the process of bone
formation (Fig 5) as well as osteocytes residing in lacunae. Multi-nucleated cells were
present on the surface of the BCP material (Fig. 5), indicating foreign body giant cell- and
osteoclast-mediated resorption of the material.

Histomorphometric analysis

Quantitative histomorphometry results of bone tissue and material in the fusion mass
are presented in Figure 7. At all time-points, bone percentage was between 30% and 40%
with no significant differences between groups and no trends being apparent over the
different time-points. Regarding the percentage of BCP material, a gradual reduction in
material percentage during time was apparent for both BCP__ . and BCP_, . However,
the percentage of material for ABG/BCPMty was significantly higher than for ABG/BCP
at all time-points except time-point zero.

granules
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Fig. 7. Diagrams presenting the results of histomorphometrical analysis, showing percentage of
bone in available space (A) and material (B) in the fusion mass over time (means * sd). Symbols:
* significantly different from material, ABG/BCPputt , 6 weeks p<0.01; - significantly different from
material, ABG/BCP 9 weeks p<0.001; # significantly different from material, ABG/BCPpmy, 12
weeks p<0.001

putty’

DISCUSSION

The objective of this study was to evaluate the performance of a novel BCP bone graft
with submicron scale surface topography as an autograft extender against autograft alone
in a validated model of PLF in rabbit. The BCP was applied either as granules or as
granules embedded in a fast-dissolving polymeric carrier, both in combination with an
equal volume of autologous iliac crest bone. Outcomes were determined by an extensive
range of assessment methods, including manual palpation, X-ray, micro-CT, mechanical
testing, histology and histomorphometry at endpoints of 6, 9 and 12 weeks post-surgery.

Based on all endpoints, all the three groups (ABG, ABG/BCPgranules, ABG/BCPPU‘W) showed
a gradual progression in bone formation and maturation during time, leading to solid
fusion masses between the transverse processes after 12 weeks. Results of fusion
assessment by manual palpation, radiography (X-ray, microCT) and histology revealed
equivalent fusion rates between all groups at all time-points, with satisfactory fusion rates
after 12 weeks corresponding to literature [23,32]. Previous research has demonstrated
that certain methods of fusion assessment (e.g. micro-CT) are more sensitive than other
techniques (e.g. manual palpation, X-ray) [23,33], although each technique has advantages
and disadvantages. Manual palpation and X-ray assessments are of a more subjective
nature and allow global assessment of the fusion mass as compared to the high level of
detail offered by micro-CT and histology. However, while histology is an excellent method
to show bone formation, it is suboptimal for the assessment of fusion status as it may
give false non-union results. A histological slide provides a 2-dimensional representation
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of a more complex 3-dimensional fusion mass and apparent non-contiguity between bone
islands in a 2-dimensional histological slide could still be contiguous in another plane.
A disadvantage of fusion assessment by micro-CT (and X-ray) is that bone mineral and
calcium phosphate-based graft materials have similar radiopacity, which can limit the
ability to differentiate these components in a fusion mass. Despite all this, an advantage
of preclinical investigation compared to the clinic is that multiple descriptive methods for
fusion characterization can be used concurrently to develop a robust overall comparison
between treatment outcomes. As expected, we noted variation in fusion rate depending on
the analytical technique used, but our hypothesis that there would be no difference between
autograft and BCP treatments was corroborated by each of the four analyses conducted.

In accordance with the fusion assessment results, mechanical testing of the spines after 12
weeks showed a substantially lower ROM (~50%) in LB and FE in all groups as compared
to non-operated controls, indicating successful spinal fusion. There was no significant
difference (p>0.05) in ROM in LB or FE between the BCP treatments. There was more laxity
for ABG/BCPputty compared to ABG, but this did not correspond with a lower fusion rate
using radiographical or histological methods. Moreover, there was no difference between
groups when characterizing the volume of new bone formation by histomorphometry.
Furthermore, a recent study in a sheep PLF model in which BCPgranules and BCPputty were
implanted as stand-alone grafts and compared to an autograft positive control reported
no difference in any mode of flexibility analysis [34]. We found no difference between the
positive control, autograft, and the negative control, an un-operated spine, when tested in
axial rotation in this study. This could be attributed either to the low sensitivity of the test
method in this mode of flexibility or the possibility that more time was required to reach
a complete fusion.

In line with the above results, histology and histomorphometry of the fusion mass showed
the formation and maturation of bone tissue in the fusion mass during time in all groups,
with typical bone morphology and bone-related cell types. Osteoclast-like, multinucleated
cell-mediated were observed resorbing the BCP material, which are thought to play a role
in the unique bone forming ability of calcium phosphates with submicron scale surface
topography [15].

Although the fusion rate evidently increased between 6 and 12 weeks post-surgery,
the percentage of bone tissue in available space in the fusion mass as determined by
histomorphometry remained stable (30-40%) in all groups during this period. This suggests
that bone formation had reached an equilibrium at 6 weeks and thereafter, as new bone
formation was in balance with ongoing bone resorption and remodeling. Between 6
and 12 weeks, this process resulted in consolidation and maturation of the grafts into a
stable fusion mass at 12 weeks. In retrospect, addition of an earlier time-point at 3 weeks
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post-surgery would have provided insight in the progress of bone formation before the
equilibrium was reached. With regard to the calcium phosphate material in the fusion
mass, the higher percentage of material in the ABG/BCPputty group is likely the result of a
higher density of granules in the implant bed related to implantation within the polymeric
carrier, whereas granules implanted without carrier might become slightly more dispersed.
However, this does not seem to have influenced fusion efficacy, as shown by the other
assessment methods.

For the proper evaluation of autograft extender performance in this rabbit PLF model,
the amount of autograft used in combination with the extender material is a critical
factor. Indeed, several studies have noted the positive correlation between the amount
of implanted autograft and the fusion rate [27,28,35]. By using a low quantity of autograft
that is unable to achieve fusion by itself (* 1 cc), the effect of an autograft extender on
fusion success can be reliably evaluated (bone paucity model [27]). We have determined
previously that 1cc of autograft alone was not able to achieve spinal fusion [unpublished
data], a finding that has also been reported by others [27, 28]. However, almost all studies
on calcium phosphate autograft extenders that have claimed equivalence to autograft in
this model have used quantities of autograft considerably larger than 1 cc combined with
the extender [36-39]. This may lead to a significant overestimation of the effect of these
materials because the volume of autograft might be sufficient to achieve fusion by itself,
as was clearly demonstrated in a study by Miller et al. [28]. In contrast, by use of 1cc of
autograft combined with 1cc of BCP in the current study, we have unequivocally shown that
this material with submicron scale surface topography is an effective autograft extender,
since it enhanced the fusion success of 1 cc of autograft up to the level of the positive
control (2 cc of autograft). These results suggest that calcium phosphates with submicron
topography are highly effective bone graft materials for use in spinal fusion procedures.

It has been demonstrated that biomaterial surface properties can alter the phenotype
of macrophages[16-18], which are key modulators in the tissue response to medical
implants. These plastic cells are known to differentiate into various subtypes in response
to environmental cues. Typically, they are classified into two main subpopulations that
have different functionality: the M1 macrophage, which is microbicidal and promotes
an inflammatory response that can contribute to tissue injury, and the pro-healing,
anti-inflammatory, M2 macrophage, which is involved in tissue repair and healing [40].
Although having opposing functions, the presence of both subpopulations is important
for normal wound repair and also for the integration and healing of bone grafts [40].
Studies have suggested that an upregulation in anti-inflammatory M2 macrophages after
a transient phase of inflammation dominated by M1 macrophages is crucial for enhanced
vascularization and osteogenesis[20, 21]. Recently, it has been shown that calcium
phosphates with submicron surface topography promote naive macrophages to adopt the
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M2 phenotype in vitro[22]. The promotion of M2 macrophages on submicron topographies
might be the underlying mechanism behind the enhanced angiogenesis and bone healing
observed with calcium phosphates with submicron topography in vivo [11, 14, 22].

It should be mentioned that all pre-clinical studies are limited in the attempt to represent
a model of a human scenario. The rabbit PLF model provides a biological bed to evaluate
the in vivo performance of bone grafting options that may facilitate fusion. This model
is limited in the anatomical and physiological differences between rabbit and human as
well as the lack of fixation by instrumentation compared to human PLF. Although this
study investigated calcium phosphates with submicron topography, no calcium phosphates
without submicron topography were included as control. This would have allowed a more
critical evaluation of the effect of submicron topography on bone graft performance in this
model. Also, inclusion of additional time-points would have provided valuable information
on the healing process, like the progression of bone formation early in the healing process
(i.e. 3 weeks) and also the amount of remaining BCP material after a longer term of
implantation (i.e. 26 weeks). A recommendation for future studies in this model is to
include calcium phosphates with submicron topography as stand-alone grafts instead of
autograft extenders, in order to evaluate the performance of these materials in the absence
of autograft. However, recently, these materials have already shown potential as stand-
alone grafts in an Ovine model of instrumented PLF [34].

CONCLUSIONS

This study shows equivalent fusion rates between autologous bone graft and a novel
synthetic BCP with submicron surface topography when used as a 1:1 graft extender in
a single-level rabbit PLF model. Using an extensive range of evaluation techniques, a
gradual progression of bone formation was determined, leading to high fusion rates after
12 weeks, with consistency between groups. Implantation of the BCP material within a fast-
resorbing polymeric carrier did not affect treatment outcomes, indicating that the carrier
did not inhibit the bone forming-ability of the material. By these findings, we can conclude
that this novel BCP is a promising bone graft material for clinical spinal fusion procedures.
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ABSTRACT

As spinal fusions require large volumes of bone graft, different bone graft substitutes
are being investigated as alternatives. A sub-class of calcium phosphate materials with
submicron surface topography has been shown to be a highly effective bone graft substitute.
In this work, a commercially available biphasic calcium phosphate (BCP) with submicron
surface topography (MagnetOs™; Kuros Biosciences) was evaluated in an Ovine model
of instrumented posterolateral fusion. The material was implanted standalone, either as
granules (BCP__ ) or as granules embedded within a fast-resorbing polymeric carrier
(BCP, ) and compared to autograft bone (AG). Twenty-five adult, female Merino sheep
underwent posterolateral fusion at L2-3 and L4-5 levels with instrumentation. After 6, 12
and 26 weeks, outcomes were evaluated by manual palpation, range of motion (ROM), micro-
computed tomography, histology and histomorphometry. Fusion assessment by manual
palpation 12 weeks after implantation revealed 100% fusion rates in all treatment groups.
The three treatment groups showed a significant decrease in lateral bending at the fusion
levels at 12 weeks (p<0.05) and 26 weeks (p<0.001) compared to the é week time point.
Flexion-extension and axial rotation were also reduced over time, but statistical significance
was only reached in flexion-extension for AG and BCPpuny between the 6 and 26 week time
points (p<0.05). No significant differences in ROM were observed between the treatment
groups at any of the time points investigated. Histological assessment at 12 weeks showed
fusion rates of 75%, 92% and 83% for AG, BCP__ . and BCP_, , respectively. The fusion
rates were further increased 26 weeks post-implantation. Similar trends of bone growth
were observed by histomorphometry. The fusion mass consisted of at least 55% bone for
all treatment groups 26 weeks after implantation. These results suggest that this BCP
with submicron surface topography, in granules or putty form, is a promising alternative
to autograft for spinal fusion.
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INTRODUCTION

The annual number of spinal fusion procedures in the US for the treatment of degenerative
spine conditions has risen rapidly over the past two decades to >770,000[1]. The most
commonly used spinal fusion technique is posterolateral fusion (PLF), which is either
performed as an individual procedure (19%) or in combination with interbody cage fusion
(45%)[2]. Because these procedures require large volumes of bone graft (12- 36 cc)[3],
bone graft substitutes are frequently employed to reduce or avoid morbidity related to the
harvesting of autologous bone[4]. Calcium phosphate-based bone grafts have been widely
investigated because of their excellent biocompatibility, osteoconductivity and controllable
resorption rates[5]. A commonly addressed disadvantage compared to autologous bone
is their lack of osteogenic and osteoinductive capacity. However, efforts to modify the
physicochemical properties of calcium phosphates (i.e. composition, porosity and, most
recently, surface properties) have resulted in materials with bone-inducing properties. In
particular, submicron surface topographies have been reported to enhance angiogenesis
and bone healing properties following in vivo implantation[5-8].

Surface properties of biomaterials have been shown to influence the phenotype of
macrophages[9-11], that are key modulators in the foreign body and wound healing
responses[12,13]. For promotion of bone repair, an increase in anti-inflammatory
macrophages following an initial phase with pre-dominantly pro-inflammatory macrophages
has been suggested to be important[14,15]. Recently, calcium phosphates with submicron
surface topography have been shown to promote the transition of macrophages to the pro-
healing, anti-inflammatory M2 phenotype in vitro[8], which has been linked to enhanced
angiogenesis and superior bone healing properties observed with these materials[6,7].

In the current study, a clinically relevant[16-18] Ovine model of instrumented PLF
was used to compare treatment outcomes of a biphasic calcium phosphate (BCP) with
submicron surface topography to bone autograft as a stand-alone treatment. The bone
graft was implanted as granules alone and as a putty, with granules embedded in a fast-
resorbing polymeric binder designed to improve handling properties. Study endpoints
included fusion rate (FR) by manual palpation (MP), range of motion (ROM), histology and
histomorphometrical analysis of bone in the fusion mass (FM) after 6, 12 and 26 weeks.
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MATERIAL AND METHODS

Calcium phosphate:

Commercially-available BCP bone graft (MagnetOs™; Kuros Biosciences B.V., the
Netherlands) was provided as granules (BCP_, ) and putty (BCP_, ). Both formulations
contain 1-2 mm granules of bioactive bone graft comprising 65-75% Tri-Calcium Phosphate
(TCP-Ca,(PO,),) and 25-35% Hydroxyapatite (HA-Ca, (PO,), (OH),). The carrier in the putty
formulation is a tri-block copolymer synthesized from polyethylene glycol (PEG) and
L-lactide monomer. The resulting polymer is water-soluble and dissolves at near body
temperature, leading to rapid dispersion after implantation (<48h)[19]. Scanning electron
microscopy (SEM; JSM-5600, JEOL) was used to characterize the submicron surface
topography. Bioactivity of the BCP surface was evaluated in vitro using the validated
assay described by Kokubo et al.[20] Briefly, the materials were submerged in simulated
body fluid (SBF) for 2, 4, 7 and 10 days and subsequently analysed for presence of an
apatite-like-layer using SEM. The materials for the animal study were provided sterile
having been sterilized by gamma irradiation (25 kGy).

Animal Study:

The study design was based on a previously reported sheep model of PLF[18,21,22]
and approved by the local Animal Care and Ethics Committee (ACEC). The surgery was
performed on 25 adult, female Merino sheep (4-5 years, 80-90 Kg, at the University of New
South Wales (UNSW), Australia). Animals were randomly distributed into 3 groups for the
6, 12 and 26-week time-points, with an n of 8, 9 and 8, respectively. Pre-operative, animals
were administered fentanyl (2 pg/kg/hr, t.d.), buprenorphine (0.006 mg/kg, s.c.) and
Carprofin (4 ml, s.c.) for pain relief and Zoletil (8-12 mg/kg, i.m.) for induction. Anesthesia
was achieved and maintained by isoflurane (2-4% in 100% 02). Surgery consisted of multi-
level instrumented spinal PLF procedure at levels L2-L3 and L4-L5. In short, facet joints
and transverse processes (TPs) were exposed followed by destabilization of the motion
segments and excision of the facet joints, spinous processes and ligaments. TPs were
decorticated after which the operative levels were bilaterally instrumented with polyaxial
pedicle screws (@ 5.0mm x 35mm) and titanium rods (@ 5.5mm, Wiltrom, Co Ltd Taiwan).
Subsequently, 20cc of graft material was equally distributed to the bilateral arthrodesis
sites in direct apposition with each of the TPs (10cc per side). The three graft materials
were iliac crest- and proximal tibia-derived (1:1) autologous bone graft (AG), BCP__ ..
and BCPPUW, randomly allocated to the fusion levels (n=5 for 6 and 26 weeks, n=6 for 12
weeks). Post-surgery, the animals were housed at the laboratory animal facility where
they were monitored and received proper post-operative care. After 6, 12 and 26 weeks,
animals were euthanized by IV injection of Lethotarb (1 mL/2kg i.v., 325 mg/ ml) for
analyses of endpoints.
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Manual palpation:

After euthanasia, harvesting of the spines and removal of pedicle rods, the L2-L3 and L4-L5
segments were manually subjected to flexion — extension (FE) and lateral bending (LB) to
assess spine mobility. All levels were graded as either fused (low mobility), partially fused
(one-sided mobility) and not fused (high mobility) under FE and LB. The fisher-Freeman-
Halton Exact Test was performed for statistical analysis (p<0.05).

Micro-computed tomography
Micro-computed tomography (micro-CT) was performed using an Inveon Scanner (Siemens,
USA) at a slice thickness of 50 micron.

Biomechanical analysis

The treated levels were separately mounted on a robotic six degree of freedom
musculoskeletal simulator, simVITRO (Simulation Solutions and Cleveland Clinic, Ohio).
A 7.5 Nm pure moment was applied to the segments in FE, LB and axial rotation (AR).
Each loading profile was repeated three times for every specimen and the mean angular
deformation was recorded. Data were analysed with a two-factor analysis of variance
(ANOVA) with a significance level of p<0.05 using dedicated software (Graphpad version
5). Normal distribution of data was confirmed by Kolmogorov-Smirnov normality test.

Histology & Histomorphometry

The treated spine levels were fixed in 4% phosphate-buffered formalin for 1 week at 4
degrees Celsius. After fixation, samples were dehydrated through a series of increasing
ethanol concentrations and were subsequently embedded in methylmethacrylate. A Leica
SP1600 saw-microtome was used to cut sagittal cross-sections (10-20 micron) from the
region between TPs of each contralateral fusion mass. From each sample, three sections
were obtained across the fusion mass for evaluation. Sections were stained with 1%
methylene blue and 0.3% basic fuchsin to visualize bone tissue (bone matrix: pink, fibrous
tissues: blue). Sections were visualized under a Leica microscope (Eclipse 50i, Nikon) for
histological observation and were imaged using a slide scanner (DiMage scan 5400 Elite II,
Konica Minolta) to obtain overviews for fusion assessment followed by histomorphometrical
analysis. Each section was evaluated for histological fusion. Histological fusion was scored
when a continuous presence of bone was observed between the TPs, connecting the
adjacent spine segments. From each fusion mass, the most representative section was
used for histomorphometry. Histomorphometry of the fusion mass was performed by
pseudo-coloring pixels representing bone and remaining implant material in a region of
interest (Adobe Photoshop Elements 2.0). Values were expressed in mean and standard
deviation. For statistical evaluation, a two-factor ANOVA was performed (p<0.05). Normal
distribution of data was confirmed by D’Agostina-Pearson normality test.
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RESULTS

Material characterization

Surface structure analysis of the porous BCP granules (fig. 1a) by SEM demonstrated a
surface topography of submicron-scale polygon crystals (fig. 1b). Average surface crystal
diameter was determined to be 0.58 = 0.21 pym. Surface mineralization, evident from the
development of an apatite-like-layer of globules, was observed in an increasing manner
with time following submersion in SBF (fig. 1b-1f). These results confirm the bioactivity
of the BCP surface.

Figure 1. (a.) Porous BCP granule of 1-2 mm in size with (b.) submicron surface topography of
epitaxial polygon crystals. Submersion in SBF resulted in the progressive formation of an apatite-
like mineral layer on the material surface as shown by SEM after (c.) 2 days, (d.) 4 days, (e.) 7 days
and (f.) 10 days.
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Micro-CT

Surgery and recovery proceeded without adverse events or adverse reactions to the
implant materials. After 6, 12 and 26 weeks, animals were euthanized and the spine and
surrounding tissues were harvested. Imaging by micro-CT showed that all graft materials
were well-contained at the implantation sites and there was progression to a solid fusion
mass between the spine segments over time (Figure 2). At 26 weeks, mature fusion masses
were evident and were indicated by incorporation of the graft materials with host bone,
and the inability to discriminate individual BCP particles. Evaluation of fusion masses
suggested higher fusion mass volumes in the BCP groups at 12 and 26 weeks than with
AG, indicating higher graft volume stability with the BCP treatments.

Manual palpation

Results of fusion assessment by palpation in a blinded manner are presented in Table 1.
The data indicate a 100% fusion rate in each group from 12 weeks onwards. No partially
fused spines were found by manual palpation. No statistically significant differences in

Figure 2. Examples of transversal micro-CT slices of the treated spine levels for AG (a-c) and BCP
(d-f) at 6 (a,d), 12 (b,e) and 26 (c,f) weeks. During time, consolidation of the fusion mass was evident
for all treatments and gradual integration of graft materials with the underlying host bone was
observed. Graft volume at 12 and 26 weeks appear higher for BCP treatments than for AG, suggesting
a higher graft volume stability for BCP.
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Table 1: Fusion rate by manual palpation

Time-point AG BCPWules BCP . p value*
6 weeks 3/5 1/5 1/5 0.50
12 weeks 6/6 6/6 6/6 0.99
26 weeks 5/5 5/5 5/5 0.99

*Fisher-Freeman-Halton Exact Test

fusion between treatments at each time-point were determined (Fisher-Freeman-Halton
Exact Test, P » 0.5).

Biomechanical evaluations

ROM testing was performed to determine whether treatment resulted in a reduction in
mobility between the segments and thus a higher stability, which is the primary goal
of spinal fusion. Results of ROM tests are presented in Figure 3. These results show
decreasing trends in ROM in lateral bending (LB), flexion-extension (FE) and axial rotation
(AR) with no differences between treatment groups. The decrease was strongest in LB
for all materials, with an average decrease of 5.50° + 1.59 between 6 and 26 weeks and
statistical significance between 6 weeks and the later time-points (Two-Factor ANOVA,
P<0.05). In FE, the average decrease was 3.60° + 1.65 between 6 and 26 weeks, with
significance for AG and BCPPUW, but not for BCPgranules. Although the data for AR show a

slight decrease in ROM of an average 1.67° = 1.03 between 6 and 26 weeks, statistical
significance was not reached. No statistical differences between graft materials were seen

a. I A b. c.
141 l:l granules 147 141
12- (= 124 12
101 __ 107 __ 107
< gl < gl < gl
S [t 3 S
2 6 —— 2 6 o Q 6
44 44 44
24 21 24
0 : . : 0 T : : 0
6 12 26 6 12 26
Time (weeks) Time (weeks) T|me weeks

Figure 3. Diagrams presenting ROM data of treated segments in LB (a), FE (b) and AR (c). Decrease
in ROM over time was evident for each loading direction, with no significant differences between
groups. Symbols: # significantly different from AG, é weeks (p<0.05); T significantly different from
BCP,,eer & WeEKS (p<0.01); £ significantly different from BCP ooy & WEEKS (p<0.05); all significantly
different from 6 weeks (p<0.001); = significantly different from AG, 6 weeks (p<0.01); § significantly
different from BCP__, 6 weeks (p<0.05).

putty
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in any loading direction at any timepoint, indicating equivalent spinal stability between the

positive control, autograft, and the treatment groups, BCPIDuty and BCP

t granules”

Histology and histomorphometry

All further evaluations were performed by histology. Presence of a bony fusion between
the segments was assessed on sagittal cross-sections of the fusion mass, as presented
in Figure 4. The fusion scores are given in Table 2. As the data show, fusion was rarely
observed at 6 weeks. However, a steep increase was observed for all treatments at 12
weeks, with fusion rates of 75%, 92% and 83% for AG, BCPgranulesand BCPpuny, respectively.
Specimens of the 26-week endpoint showed a further increase in percentage of segments
fused with 90%, 100% and 90% for AG, BCPgranulesand BCPpuw, respectively. Differences in
fusion rate between treatments were not of statistical significance, indicating equivalent
performance between the three graft materials (Fisher-Freeman-Halton Exact Test, P »

0.05).

Table 2: Fusion rate by histology

Time-point AG BCPgmmles BCPputty p value*
u B FR u B FR u B FR

6 weeks 1/5 0/5 10% 0/5 0/5 0% 0/5 0/5 0% 0.99

12 weeks 1/6 4/6  75% 1/6 5/6  92% 2/6 4/6  83% 0.85

26 weeks 1/5 4/5  90% 0/5 5/5  100% 1/5 4/5  90%  0.99

U: unilateral fusion; B: bilateral fusion; FR: fusion rate; *Fisher-Freeman-Halton Exact Test

High and low magnification histological sections were examined to evaluate tissues within
the fusion mass (Figure 4 and 5). Fibrous tissue and blood vessel infiltration was complete
in the central region of the fusion at week 6 in all implants. In addition, bone formation was
observed near the host bone bed after 6 weeks in all groups. During the healing period,
progression of bone tissue throughout the fusion mass was observed, with an increased
proportion of bone at 12 weeks and bone tissue occupying the full range of the fusion mass
after 26 weeks. Bone tissue was observed growing directly on BCP material surface, with
cuboidal osteoblasts colonizing the material surface and secreting osteoid. Maturation of
bone tissue in the fusion mass was indicated by the transition from an early bone phenotype
with abundant osteoid, woven bone and fibrous tissue towards a mature bone phenotype
at 26 weeks, characterized by a large proportion of lamellar bone and bone marrow.
Osteoclast-like multinucleated phagocytes were observed phagocytosing the BCP material
indicating the cell-mediated resorption of the implanted material. Gradual degradation of
BCP granules was evident by the presence of small particles of BCP separated from larger
granules up to the 26-week time point.
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6 weeks 12 weeks 26 weeks

BCP

Figure 4. Sagittal histological sections (basic fuchsin-methylene blue) of spine levels grafted with
AG or BCP, taken from the region between the TP's. These sections were used to score spinal fusion,
i.e. the presence of a continuous bone bridge between the adjacent transverse processes. The 6
weeks sections shown on the left were scored as “not fused” whereas 12 and 26 weeks shown in
the center and right side were scored as “fused”. Fusion by histology was frequently observed from
12 weeks onwards.

Figure 5. High magnification histology (basic fuchsin-methylene blue) of the grafts of levels treated

with BCP__ .. (a,c.e) and BCP ey (b,d,f). Images show the progression and maturation of bone tissue
from 6 weeks (a,b) to 26 weeks (c,d). Less mature bone tissue is at 6 weeks is recognized by the
presence of abundant fibrous tissue (FT), osteoid (0) and woven bone (WB). New bone tissue was
observed forming around the BCP particles (BCP). At 26 weeks, more mature bone was recognized
by the presence of lamellar bone (LB) and bone marrow (BM). Cuboidal osteoblasts were observed
depositing osteoid directly on the BCP granule surface (e, arrows, 6 weeks). In addition, large
multinucleated cells were observed resorbing the BCP material, with internalized fragments of

material being apparent (f, arrows, 6 weeks).
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Histomorphometry data, represented in Figure 6, are consistent with the general
histological observation of the fusion mass. In all groups, the proportion of bone in the
fusion mass steadily increased over time in a significant trend (P<0.007), leading up to
over 55% of bone after 26 weeks. Between groups, at the 6-week time-point, a higher
proportion of bone was determined in the AG group (25.2% * 5.0) compared to BCP__ ..
(14.8% = 7.1, P<0.01) and BCPputty(14.8% + 7.1, P<0.01), which can be explained by the
presence of autologous bone chips that were implanted at the fusion site. After healing
periods of 12 and 26 weeks, no differences in bone volume were observed between all

treatments (P>0.05).

The proportion of BCP graft in the fusion mass was determined for BCPgranules and BCPputty
(Figure 6)_As is evident from the graph, a decrease in material volume was determined
over time. In both BCP groups, the amount of material in the fusion mass decreased by
25% in the healing period from 6 weeks to 26 weeks, which was confirmed by statistical
analysis (P<0.0017). No significant difference in material decrease between 6 and 12 weeks
was determined for BCPgranules and BCPputty' A slightly higher proportion of BCP graft in the
fusion mass was seen for BCPputty compared to BCPgranules at 6 weeks (39.7 + 4.1 %vs 33.2

+ 5.7%, P<0.01) and 26 weeks (29.9% + 3.2 vs 24.9 £ 5.0%, P<0.05).
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Figure 6. Diagrams presenting histomorphometry results of bone tissue (a) and BCP material (b) in
the FM of the treated spine segments. Data are presented as percentage of the available space in a
region of interest. A linear increase of bone tissue in the fusion mass during time is evident for all
treatments (a). At 6 weeks, a slightly higher percentage of bone is shown for AG, but no differences
were observed at later time-points. A decrease in material percentage during time was observed for
both BCP treatments (b). A slight difference between BCP__ . and BCP_, is apparent at 6 weeks
and 26 weeks. Symbols: * p<0.01; ** p<0.001; # all significantly different from 6 weeks, p<0.001; t all
significantly different from 12 weeks and 6 weeks, p<0.001; £ significantly different from BCP
6 weeks, p<0.01; - significantly different from BCP 26 weeks, p<0.05.
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DISCUSSION

The posterolateral spine environment is known to be challenging for bone graft substitute
materials because it provides very limited contact with host bone from which bone growth
can progress. In fact, a successful lumbar arthrodesis is achieved by controlled bone
formation through the paraspinous soft tissues in between adjacent TPs[23]. Because of
this, materials with physicochemical properties designed to beneficially control the foreign
body and wound healing responses may be more effective bone graft substitutes for PLF, as
these can promote bone formation in sites distant from native bone through mechanisms
other than osteoconduction alone.

Although most commercially available bone grafts have undergone testing in lapine
posterolateral fusion studies, only a handful have been tested in higher-order animals
such as sheep using posterior pedicle screws and rods. Wheeler et al.[24] compared
BCP (Mastergraft; 15% HA / 85% B-TCP) and autograft, and reported 57.1% and 100%
fusion respectively at 16 weeks. Bone proportion in the fusion mass at 16 weeks was also
significantly lower for the BCP (36.2 * 3.95) than for autograft (55.1 * 7.59). In another
work, that studied macroporous BCP (MBCP; 65% HA / 35% TCP), Guigui et al.[25] reported
that this material achieved fusion after 12 months while fusion by autograft was already
observed after 6 months, as was confirmed by biomechanical testing. A third study by
Baramki et al.[26] reported high fusion rates for autograft and interconnected porous
HA after 20 weeks, but mechanical tests revealed poorer outcomes for the HA group.
In the absence of posterior fixation, B-TCP alone has also shown inferior performance
to autograft[27]. Other studies have reported more favorable outcomes for ceramics
compared to autograft in this model[28-30], although certain limitations to those studies
are evident when compared to the current work. First of all, fusion assessment by
radiography (i.e. X-ray and pCT) for evaluation of calcium phosphate grafts is inconclusive
and leads to overestimations, because the high radiopacity of calcium phosphate limits
the ability to distinguish bone from material[31-33]. Since the formation of bone tissue is
crucial for a successful spinal fusion, fusion assessment by histology is a more accurate
and reliable indicator than radiographic assessment. Moreover, studies described in the
prior art lacked internal references for mechanical testing (e.g. multiple time-points) and
reported equivalent spinal fusion with autograft or ceramics at 16 weeks or later. Lastly,
the age of the animal is often reported as ‘skeletally mature’ rather than the specific age
or range. This is important, as fusion rates drop considerably for 5 year old ewes[34] as
compared to 2-3 year old ewes[35], both of which are skeletally mature. The 4-5 year old
sheep used in the present study present an additional relevant challenge for the graft to
overcome.
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In the current work, by a combination of histological fusion data and mechanical data (i.e.
manual palpation and ROM testing) at multiple time-points, we demonstrated high spinal
fusion success and equivalence to autograft as early as 12 weeks post-surgery by this BCP
with submicron surface topography in both granule and putty form. Both BCP formulations
showed equivalent and sustained efficacy for each endpoint, which indicates that the
polymeric binder did not inhibit bone-healing performance of the granules. This is in line
with expectations, since the binder was designed to rapidly dissolve after implantation and
consists of a biologically inert composition. Although By histomorphometry at 6 weeks,
levels treated with autograft showed a slightly but significantly larger proportion of bone
tissue in the fusion mass, which may be explained by grafted autologous bone chips being
included in the measurement of newly formed bone. Although manual palpation results
suggest a higher fusion rate with autograft at 4 weeks (non-significant), the ROM and
histological fusion data indicate similar healing progress between BCP treatments and
autograft at the earliest time-point.

In comparison to previous studies, which show either an inferiority of calcium phosphates
compared to autograft or equivalence evidenced through weaker endpoints, we
demonstrate equivalent performance of AG, BCPgranulesand BCPputty by an array of strong
assessment methods. In clinical literature, we can find conflicting evidence about the
efficacy of calcium phosphate materials as bone graft materials for spine fusion[36,37].
Physicochemical properties of biomaterials are rarely discussed in clinical literature
and it is often overlooked that these properties strongly influence the performance of
calcium phosphate bone graft materials. Indeed, during preclinical in vivo studies, grafts
with optimized physicochemical properties have presented better outcomes than those
with suboptimal properties. For instance, calcium phosphate phase composition[38-43],
macro-porosity[44-50] (i.e. macro-pore size and interconnectivity) and bioactivity[51] have
been directly related to the in vivo tissue response, neovascularization and bone-forming
potential in ectopic and orthotopic sites[40-43]. Moreover, presence of a submicron surface
topography and micro-porosity has been linked to substantially enhanced bone-inducing
properties of calcium phosphates[6,7].

One of the current hypotheses on the effectiveness of calcium phosphates with
submicron topography involves the polarization of macrophages. Macrophages play a
key role in the foreign body response and their reaction to medical implants is pivotal
for the success or failure of an implant after implantation[52]. Being of a plastic nature,
uncommitted macrophages can polarize towards a pro-inflammatory phenotype (M1)
or anti-inflammatory phenotype (M2) in response to external triggers, including tissue
damage or the implantation of a biomaterial [13,53]. Studies have suggested that an
increase in anti-inflammatory M2 macrophages following an initial phase of M1-dominated
inflammation results in enhanced vascularization and osteogenesis[14,15]. Moreover,
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the surface properties of biomaterials have been demonstrated to influence macrophage
phenotype after implantation[9-11] and recently, calcium phosphates with a submicron
surface topography were shown to promote the transition of macrophages to the M2
phenotype in vitro[8]. The upregulation of M2 macrophages by submicron structured
calcium phosphates may explain the enhanced angiogenesis and superior bone healing
properties observed with these materials in vivo[6-8], including as well as the results
obtained in the current work. However, the techniques used in the current study to assess
bone formation and spinal fusion were not designed for macrophage characterization.
The proposed mechanism remains to be further experimentally verified in future studies.

A limitation of the current study is that no materials with different surface topographies
were compared. Therefore, a recommendation for future studies in this model is to include
materials with no surface topography or with surface topographies of different geometries
and dimensions (i.e. supermicron scale), in order to isolate the role of material surface
topography on efficacy. In addition, with regard to mechanical testing, inclusion of a sham
or “empty” control (i.e. no graft material) and baseline measurements immediately after
surgery would provide more insight on the effect of spinal fusion by these graft materials
on spine ROM.

We may conclude that this study provides solid evidence of the adequate performance of a
BCP with tailored physicochemistry as stand-alone alternative to autograft in the clinically
relevant Ovine model of PLF. By application of reliable fusion assessment by histology and
supporting analyses at relevant time-points, we demonstrated a high fusion rate after 12
weeks for this material, with overall equivalence to autograft in fusion rate, mechanical
integrity and bone formation over the entire healing period of 26 weeks. These findings
support the premise that calcium phosphates with a submicron surface topography are
highly effective bone graft substitutes for PLF and this justifies further clinical investigation
of these materials.
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ABSTRACT

Study Design
A multi-endpoint analysis of bone graft substitutes implanted as a standalone graft in a
clinically relevant Ovine model of instrumented posterolateral spinal fusion.

Objective

To obtain high quality evidence on the efficacy of commercial bone graft substitutes
compared to autograft in instrumented posterolateral fusion (PLF) using a state-of-the-art
model with a complete range of assessment techniques.

Summary of Background Data

Pre-clinical and clinical data on the quality of spinal fusions obtained with bone graft
substitutes is often limited. Calcium phosphates with submicron topography have shown
promising results in PLF, as these are able to induce bone formation in tissues distant from
host bone, which facilitates bony union.

Methods

Nine female, skeletally mature sheep (4-5 years) underwent posterior pedicle screw/
rods instrumented posterolateral fusion at L2-3 and L4-5 using the following bone graft
materials as a standalone graft per spinal segment: (1) biphasic calcium phosphate with
submicron topography (BCP_, ), (2) 45S5 Bioglass (BG) and (3) collagen-B-tricalcium
phosphate with a 4555 Bioglass adjunct (TCP/BG). Autograft bone (AB) was used as
positive control treatment. Twelve weeks after implantation, the spinal segments were
evaluated by fusion assessment (manual palpation, X-ray, micro-CT, histology), fusion mass
volume gquantification (micro-CT), range of motion (ROM) testing, histological evaluation
and histomorphometry.

Results

Fusion assessment revealed equivalence between AB and BCqu by all fusion assessment
methods, while BG and TCP/BG led to significantly inferior results. Fusion mass volume was
highest for BCP__ , followed by AB, BG and TCP/BG. ROM testing determined equivalence
for spinal levels treated with AB and BCP(um, while BG and TCP/BG exhibited higher ROM.
Histological evaluation revealed substantial bone formation in the intertransverse regions
for ABand BCP_, , while BG and TCP/BG grafts contained fibrous tissue and minimal bone
formation. Histological observations were supported by the histomorphometry data.

Conclusions

This study reveals clear differences in efficacy between commercially available bone graft
substitutes, emphasizing the importance of clinically relevant animal models with multi-
endpoint analyses for the evaluation of bone graft materials. The results corroborate the
efficacy of calcium phosphate with submicron topography, as this was the only material
that showed equivalent performance to autograft in achieving spinal fusion.
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INTRODUCTION

Spinal fusion procedures involve the use of bone grafts to mechanically and biologically
conjoin two or more consecutive spinal segments. Posterolateral spinal fusion (PLF) is
one of the more challenging bone grafting indications performed clinically, because it
requires the formation of a large, consolidated bone mass through the paraspinous soft
tissues with limited host bone contact. To avoid adverse effects related to harvesting of
iliac crest-derived bone graft[1], synthetic bone graft materials are used as extenders
or substitutes of autograft bone. Numerous synthetic bone grafts are available on the
market, of which many are based on calcium phosphate and bioactive glass[2,3]. Calcium
phosphate materials are suitable bone graft materials due to their similar composition and
structure to mineralized inorganic bone matrix, which facilitates excellent osteoconductive
and bone-bonding properties[4]. Besides this, specific surface characteristics of calcium
phosphates have been shown to strongly affect bone regeneration in vivo. Submicron size
and morphology of calcium phosphate surface features have been linked to an ability to
induce bone formation in tissues distant from host bone without the addition of stem cells
or growth factors, resulting in enhanced performance in orthotopic sites[5-9]. Bioactive
glasses have been shown to release ionic dissolution products that can stimulate the
activity of osteogenic cells in vitro[10-12], termed osteostimulation. Bioactive glasses have
also been shown to elicit deposition of a crystalline calcium phosphate surface layer in
simulated body fluid[13,14], which has been related to osteoconduction and strong bone-
bonding in vivo[15,16]. Although different types of bioactive glass have been studied in
recent years, 4555 bioactive glass (i.e. Bioglass) developed by Hench et al. has been most
well-known as a bone graft substitute material[3].

The selection of the most appropriate bone graft for PLF may be challenging for surgeons,
because preclinical studies on these materials have mostly been performed in non-clinically
relevant models. Only few studies have compared materials from different classes of
synthetic bone grafts (e.g. calcium phosphate, Bioglass) in spinal fusion models in vivo.
However, side-by-side comparison of such materials in well-designed, clinically relevant
animal models could provide valuable insights that could aid surgeons in the selection of
treatment options for spinal surgery.

Recently, this research team demonstrated equivalent performance between a calcium
phosphate with submicron topography and the gold standard, autograft, in clinically
relevant animal models of posterolateral spinal fusion[17,18]. One of these studies involved
a challenging Ovine model of instrumented PLF with implantation as a standalone bone
graft. In the current work, this Ovine PLF model was again utilized to compare three
commercially available bone grafts based on calcium phosphate and 45S5 Bioglass. The
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groups included were (1) a putty formulation of BCP (biphasic calcium phosphate) with
submicron surface topography, previously shown to have equivalent performance to
autograft in this model[17,18], (2) a putty formulation of 45S5 bioactive glass, (3) a collagen-
B-tricalcium phosphate (BTCP) composite with a 45S5 bioactive glass adjunct. Autograft
bone (AB) was included as the “gold standard” reference treatment. Twelve weeks
following implantation, the treated segments were evaluated by a range of assessment
methods, including fusion assessment (manual palpation, X-ray, micro-CT and histology),
biomechanical range of motion (ROM) testing, fusion mass volume quantification (micro-
CT), histological evaluation of tissue responses and histomorphometry of bone tissue and
residual graft material.

METHODS

Materials

Three commercially available bone grafts were examined in this study . The submicron
structured biphasic calcium phosphate bone graft was provided in putty formulation
[BCP(um; MagnetOs Putty, Kuros Biosciences BV, NL). This formulation contained 1-2
mm calcium phosphate granules with a submicron surface topography[é] and a phase
composition of 65-75% BTCP and 25-35% hydroxyapatite (HA), embedded in a fast-
resorbing polymer carrier. The polymer carrier consisted of polyethylene glycol (PEG)
and L-lactide monomer and occupied the granule pores and intergranular space. MagnetOs
Putty is currently not labeled for use as standalone bone graft in spinal fusion surgery in
the United States.

The bioactive glass-based bone graft was a putty formulation (BG; Novabone Putty,
Novabone Products LLC, USA) and consisted of 70 v/v% bioactive glass (45S5) particles
of 32-710 ym in a water-soluble carrier of PEG and glycerine. 45S5 bioactive glass is
composed of + 45% silica (Si0,), 24.5% calcium oxide (Ca0), 24.5% sodium oxide (Na,0)
and 6% phosphorous pentoxide (P,0,) (wt%)[15].

The collagen-BTCP composite with 45S5 Bioglass (TCP/BG; Vitoss BA2X Foam pack,
Orthovita, Inc) was comprised of a bovine type | collagen carrier containing BTCP particles
(»95-100% BTCP) of 1-4 mm, with a separate vial of 1.5 g 4555 bioactive glass particles
of 90 - 150 um. The implant was prepared according to the instructions for use. In short,
the bioactive glass particles were loaded onto the collagen-BTCP composite, after which
physiological saline was added and the composite was thoroughly mixed. The final
composition of the graft was * 55% BTCP, 27% 45S5 and 18% collagen (wt%).
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Animal study

A previously described Ovine model of two-level instrumented posterolateral spinal fusion
(PLF) was used in this study[18]. Nine (9) female, skeletally mature sheep (Ovis Aries,
Border Leicester Merino Cross, 4-5 years, 80-90 kg) were used at the University of New
South Wales, Australia following approval from the local Animal Care and Ethics Committee
(ACEC). The animals were randomly allocated treatments at levels L2-L3 and L4-L5
according to a randomization scheme, with n=6 for AB, n=6 for BCP(um, n=3 for BG and n=3
for TCP/BG. After administration of appropriate antibiotics, analgesics and anaesthetics,
surgery was performed as previously described[18]. In brief, the animal was positioned in
sternal recumbency and draped using sterile technique. The correct levels were identified
and marked pre-operatively using fluoroscopy. A skin incision was made in the dorsal
midline, after which facet joints and transverse processes (TPs) for the relevant levels were
exposed and decorticated. The two operative levels (L2-L3 and L4-L5) were instrumented
bilaterally with polyaxial pedicle screws (@ 5.5mm x 25 mm) and solid titanium rods
(@ 5.5mm). Thereafter, two single-level posterolateral arthrodeses were performed
at the exposed levels. For each graft material, 10 cc of material was placed into both
posterolateral gutters (20 cc total per level) at the appropriate level in direct apposition
with the decorticated TPs, spanning the intertransverse process space. Corticancellous
autograft was obtained from the bilateral Os Illiums using rongeurs. after removal of the
cortex. Autograft was reduced to 2-5 mm bone chips which were mixed to obtain a 1:1 ratio
of both donor sites. The surgical sites were closed in layers. Post-operatively, the animals
were monitored and received proper post-operative care, antibiotics and analgesics. At
12 weeks follow-up, animals were anaesthetized and euthanized by lethal injection of
Lethobarb (325 mg/2 kg i.v.). The lumbar spines were excised and harvested for endpoint
analyses.

Manual Palpation

Directly after harvesting of the spines and removal of the pedicle rods two trained
observers assessed fusion rigidity of the treated spinal levels in a blinded manner by
manual palpation, as previously described[19]. All levels were graded as fused (rigid, low
mobility) or not fused (not rigid, high mobility) in lateral bending (LB) and flexion-extension
(FE), with an untreated level used as a relative comparison.

Radiography

Faxitron

Harvested spines were radiographed in the posteroanterior plane using a Faxitron (Faxitron
Bioptics LLC, Arizona, USA) and digital plates (Agfa CR MD 4.0 cassette, Agfa, Germany).
An Agfa Digital Developer and workstation was used to process the digital images (Agfa
CR 75.0 Digitizer Musica, Agfa, Germany). Radiographic status of the spinal arthrodesis
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was evaluated by two experienced observers in a blinded manner on anteroposterior
radiographs using the Lenke four-point grading scale[20] (Table 1).

Table 1. Fusion grading scale for X-ray and micro-CT assessment based on the Lenke classification?’

Grade Definition

A Bilateral robust bridging fusion masses (definitely solid)

B Unilateral robust bridging fusion mass and contralateral thin fusion mass (probably solid)

C Unilateral thin bridging fusion mass and probable pseudarthrosis on the contralateral aspect
(probably not solid)

D Bilateral]thin fusion masses with obvious pseudarthrosis or bone graft resorption (definitely
not solid

Micro Computed Tomography

Micro Computed tomography (micro-CT) was performed on the spines using an Inveon
Scanner (Siemens Medical Solutions USA, Inc., Knoxville, TN, USA). Scans were made
with a slice thickness of 53 uym and were stored in DICOM format. Three-dimensional
reconstructions were generated from the scans. Status of the spinal arthrodesis was
evaluated by two experienced observers in a blinded manner in three orthogonal planes
(i.e. axial, sagittal, coronal) and anterior and posterior 3D reconstructions. As per for the
radiographs, the Lenke four-point grading scale was used to grade fusion status.

Quantification of fusion mass volume

Fusion mass volume quantification was performed on TIFF stacks generated from the
DICOM scans of the treated spinal levels using dedicated image computing software (3D
Slicer 4.10 [21]). This was achieved by performing manual, intensity-based selection of
the separate left and right fusion masses on interspersed axial slices (53 um) throughout
the micro-CT files, taking care to exclude the host vertebrae and transverse processes.
Subsequently, interpolation of boundaries between adjacent scan layers was performed
using a contour interpolation algorithm[22], resulting in segmentations of the fusion mass.
The total volume of each fusion mass in cm?® was derived from the number of voxels in
each segmentation, including both (new) mineralized bone and residual graft material.

Biomechanical analysis

Non-destructive biomechanical ROM testing was performed to obtain a multidirectional
flexibility profile of the treated spinal levels. After removal of pedicle rods, each of the
spinal levels was mounted onto a six axis simVITRO robotic musculoskeletal simulator
(Simulation Solutions Ltd., Stockport, UK and Cleveland Clinic Biorobotics Lab, Cleveland,
OH, USA). A + 7.5 Nm pure moment was applied to the spinal levels in lateral bending (LB),
flexion-extension (FE) and axial rotation (AR). Each loading profile was repeated 3 times
and a mean value for LB, FE and AR was recorded in range of motion degrees (°).
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Histology and histomorphometry

Following mechanical testing, spines were fixed at room temperature in 10% formalin in
0.145 M phosphate buffered saline under gentle rotation for at least 96 hours. Subsequently,
specimens were processed for poly-methylmethacrylate embedding. A Leica SP1600 saw
microtome was used to cut sections in the sagittal plane from the region between TPs
lateral of the spine at both sides. From each side, a minimum of three sections separated by
300 pm was obtained. A histological staining of methylene blue (Sigma, 1% in 0.1 M borax
buffer, pH 8.5) and basic fuchsin (Sigma, 0.3% in demi water) was performed to visualize
bone tissue (bone matrix: pink, fibrous tissues: blue). Sections were examined under a Leica
microscope (Eclipse 50i, Nikon) and were scanned with a slide scanner (DiMage scan 5400
Elite II, Konica Minolta, Tokyo, Japan) to obtain low magnification overviews.

Histological evaluation and fusion assessment

Histological evaluation included qualitative assessment of the tissue response, including
evidence of inflammation, evidence of graft resorption, new bone formation and bone
marrow space development. Low magnification overviews of each section were used for
fusion assessment and histomorphometry. Fusion assessment by histology was performed
by two trained observers in a blinded manner on three sections from each lateral side
of the treated spinal level, resulting in two scores per level. Each section was scored as
histologically fused if a continuous bridge of bone tissue was observed between the TPs
of L2-L3 or L4-L5, thus connecting the adjacent spinal levels. When at least one out of the
three sections was scored as fused, the sample was considered ‘fused’ on that side of the
spine. If no fusion was determined in any of the three slides, the sections were digitally
stacked and re-evaluated for fusion.

Histomorphometry

Histomorphometry of the fusion mass was performed on three sections from each side
of the treated spinal level. Pixels representing bone (B) and remaining implant material
(M) in a region of interest (ROI) were pseudo-colored using image editing software (Adobe
Photoshop 5.0). Next, the number of pixels for B, M and ROl was recorded and the area
percentage of bone in the available space was calculated by the formula: B/(ROI-M) x
100%. In addition, the area percentage of remaining implant material was calculated by
the formula: M/ROI x 100%.

Statistical analysis

Statistical analysis of data was performed using dedicated software tools (GraphPad Prism,
San Diego, USA; SPSS, Chicago, USA). Fusion grading data from manual palpation, X-ray,
Micro-CT and histology were analyzed by the Fisher-Freeman-Halton Exact Test. Data from
micro-CT volume quantification, biomechanical ROM testing and histomorphometry were
analyzed by Analysis of Variance (ANOVA) followed by Tukey's Honest Significant Difference
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test for post-hoc analysis. Normal distribution of data was assessed by the Shapiro-Wilk
normality test. For all statistical tests, a significance level of P < 0.05 was utilized.

RESULTS

Surgery

All surgeries and study procedures proceeded as planned. All graft materials handled well,
as they were moldable and easy to implant into the posterolateral gutters. No adverse
events occurred in any animal during surgery and the 12-week follow-up period.

Manual palpation

Results of fusion assessment by manual palpation are presented in Table 2. Successful
arthrodesis was confirmed in all levels treated with AB, with 100% of specimens graded as
rigid in both LB and FE. Results varied between treatment groups. While BCP_, showed
a similar fusion rate to AB with all specimens scored as rigid, both bone grafts (BG and
TCP/BG) containing bioactive glass were graded as rigid in only 1 out of 3 treated levels.
All fusion grades by manual palpation were coherent between reviewers and between the
different modes LB and FE. The difference between groups was confirmed by statistical
analysis.

Table 2. Outcomes of fusion assessment per evaluation method.

AB BCP<um BG TCP/BG Sig.®
Manual palpation  6/6 6/6 1/3 1/3 p<0.013
X-Ray A 4/6 A:5/6 B:2/3 C:1/3 P<0.008
B:2/6 B:1/6 D:1/3 D:2/3
Micro-CT A:3/6 A:5/6 B:2/3 C:1/3 P<0.010
B:3/6 B:1/6 D:1/3 D:2/3
Histology 9/12 10/12 0/6 0/6 P<0.001

2 Fisher-Freeman-Halton Exact Test

Radiographic evaluation and fusion assessment

Faxitron radiographs (Figure 1) were evaluated for evidence of bone formation and
residual graft material in the posterolateral regions in between TPs of L2-L3 and L4-L5.
In the AB group (Fig. 1, A), a consolidated mass of mineralized bone was observed in the
bilateral intertransverse process regions. Individual autogenous bone particles could
not be discriminated. In the BCP<um group (Fig. 1, B), a large, radiopaque fusion mass
was evident in the region between the bilateral TPs. Although individual BCP_, particles
could still be discriminated, the grafts had consolidated into a dense, continuous fusion
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Figure 1. Representative examples of faxitron radiographs of the spinal levels treated with AB (A),
BCP_ (B), BG (C) and TCP/BG (D), after removal of instrumentation.

<um

mass between the TPs. At levels treated with BG (Fig. 1, C), thin masses of radiopaque
material, which were of variable intensity and continuity, were observed between TPs. In
the TCP/BG group (Fig. 1, D), there was a significant lack of radiopaque substance in the
intertransverse regions of all treated levels. The TCP/BG grafts had a low radiopacity
with a granular appearance and did not form a consolidated mass at the treated levels.

On Micro-CT reconstructions (Figure 2), a bony fusion mass forming a bridge between L2-3
or L4-5, was commonly observed in the AB group (Fig. 2, A). In many cases, the fusion
masses were well-developed, showing a smooth, continuous bone mass with a de novo
cortex. Occasionally, fusion masses were not yet completely consolidated and matured,
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Fusion Mass Volume
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Figure 2. Representative examples of 3-dimensional micro-CT reconstructions (A-D) of spinal levels
treated AB (A), BCP(um(B], BG (C) and TCP/BG (D). The host spinal bone (off-white) and fusion mass
(grey) including (new) bone and residual implant material are shown as individual segmentations.
For each treatment group, unilateral fusion mass volume (bone + graft material) was determined
by performing voxel-based quantification (E). Data shown as mean and SD.

* significantly different from AB, BG and TCP/BG (P<0.001)

« significantly different from BCP, , BG and TCP/BG (P<0.001)

<um’
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as an outer cortex had not yet developed, and autograft chips could be distinguished in
the developing bone mass.

The BCP<um grafts (Fig. 2, B) formed uniform, solid and continuous fusion bridges between
the TPs. The center of the BCP<urn grafts were compact and individual BCP particles could
be hardly distinguished on axial, sagittal and transversal slices, indicating bone formation
between the granules. New bone growth into the calcium phosphate grafts could be
observed in the regions near host bone.

The spinal levels treated with BG (Fig. 2, C) presented thin, underdeveloped fusion masses
versus AB and BCP<um as observed by Micro-CT. The radiopaque mass in the region between
TPs (if present), had a fine, granular appearance with localized, dense regions in the center
or in apposition with TPs. A continuous mass between TPs was lacking and Bioglass
granules were few and dispersed.

None of the treated levels presented a consolidated fusion mass in between TPs with TCP/
BG (Fig. 2, D). A small amount of dispersed, granular material was occasionally observed
in the intertransverse regions. In some cases, regions of minor osteoconductive bone
growth were observed near the host bone.

Results of fusion grading on radiographs and micro-CT according to the Lenke scale are
presented in Table 2. Both AB and BCP_, obtained high fusion scores, with either unilateral
or bilateral robust bone bridging in all treated levels. Radiographic fusion scores were
lower in the other groups, while the BG group obtained more favourable grades than
TCP/BG. The differences in radiographical fusion grades reached statistical significance,
although no between-group comparisons were analyzed.

Fusion mass volume

Micro-CT quantification (Fig. 2, E) revealed the levels treated with AB had an average
unilateral, mineralized fusion mass volume of 5.70 + 1.59 cm®. The volume in the BCP_
group was significantly higher at 9.60  0.45 cm?®. Volumes were significantly lower in BG
and TCP/BG, at approximately 3 cm?3. Statistical significance was reached for all group
comparisons, except for BG versus TCP/BG.

Biomechanical testing

Functional treatment efficacy was quantified by use of biomechanical ROM testing
(Figure 3). The BCP_,, group revealed an equivalent ROM to AB in all modes, while ROM for
levels treated with BG and TCP/BG was evidently higher in LB and FE. Statistical analysis
revealed equivalence between AB and BCP_, in all modes, while ROM in these groups was
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Figure 3. Diagrams of non-destructive biomechanical ROM testing results, as performed in LB (A),
FE (B) and AR (C). Data are presented as ROM degrees in mean and SD.

* significantly different from AB and BCP_, (P<0.005)

* significantly different from AB and BCP (P<0.05)

» significantly different from AB and BCP_, (P<0.005)

significantly lower in LB and FE compared to BG and significantly lower in FE compared
to TCP/BG. No significant difference in AR ROM was determined between all treatments.

Histological evaluation and fusion assessment

Histology of the spinal levels treated with AB (Fig. 4, A) revealed the presence of abundant
new and remodeling bone tissue in the intertransverse process space. The implanted AB
particles had been remodeled into uniform bone mass in the intertransverse process space.

In BCP_, specimens (Fig. 4, B; Fig. 5, A-D), a large area consisting of calcium phosphate

granules integrated in trabecular bone was observed throughout the implant sites (Fig. 4,
B). Bone was of mature, lamellar morphology including new bone marrow spaces (Fig. 5,
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Figure 4. Representative, low-magnification micrographs of sagittal histological sections (methylene
blue/basic fuchsin) taken from the intertransverse process regions of spinal levels treated with AB
(A), BCP{um[B], BG (C) and TCP/BG (D). Bone matrix is shown in pink, soft tissues in blue, residual
calcium phosphate material in black and Bioglass particles are translucent. The low magnification
micro-graphs were graded for fusion, evident from a continuous bone bridge between adjacent TPs.

A-C) and evidence of a pseudo-cortex in some specimens (Fig. 5, D). The bone matrix was
in direct apposition with the BCP_, material. Typical bone cells, including osteoblasts lining
regions of new bone formation, osteoclasts and osteocytes were observed throughout the
specimens (Fig. 5, C) Multinucleated cells were observed resorbing the calcium phosphate
material on granule surfaces not covered by bone (Fig. 5, C).

Histology of the BG specimens (Fig. 4, C; Fig. 5, H-K) presented as fibrous tissue with
dispersed Bioglass particles and absence of bone tissue throughout the implant site
(Fig. 4, C). Residual Bioglass particles were contained in fibrous tissue and commonly
contained cracks, sometimes having a hollow center, or were fragmented (Fig. 5, H).
Occasional osteoconductive bone formation was observed in the vicinity of host TPs (Fig.
5, E). However, sometimes no osteoconductive bone formation was observed even when
bioglass was in direct apposition with the host bone (Fig. 5, G). In 5 out of 6 specimens,
a foreign body reaction was observed around Bioglass particles throughout the implant
sites, characterized by encapsulation by granulatomous inflammatory tissue with presence
of lymphocytes and foreign body giant cells (Fig. 5, I-K). Moreover, 3 out of 6 specimens
contained dense regions of Bioglass of variable dimensions, which upon further inspection
revealed to be areas of severely fragmented material and evidence of foreign body reaction
(Fig. 5, J).

For TCP/BG (Fig. 4, D; Fig. 5, L-P), most sections had to be obtained from regions very

medial to the spinal body, since graft material or bone in the regions between TPs was
largely absent (Fig. 4, D). The implantation sites contained fibrous tissue with sparse
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Figure 5. Representative micrographs from histological sections of the spinal levels treated with
BCP_ (A-D), BG (E-K) and TCP/BG (L-P). Micrographs were obtained from regions near the host TP

<um

(A, E-G, L-M) and the intertransverse central region (B-C, H-K, N-P). A pseudo-cortex on the outside of
the fusion mass was observed in specimens treated with BCP(um (D - blue arrows). High magnification
images show cellular processes observed near the graft materials, including osteoblasts (C, F,
M-black arrows) depositing osteoid and cell-mediated resorption of materials by multinucleated
cells (C, 0, P - yellow arrows). Inflammatory foreign body reaction was observed in BG and TCP/
BG specimens, as evidenced by encapsulation of material (1), high numbers of lymphocytes (I,P) and
foreign body giant cells (I-K, P - yellow arrows). HB: host bone; NB: new bone; BM: bone marrow;
O: osteoid; FT: fibrous tissue.

calcium phosphate particles, which were commonly in the process of disintegration due
to cell-mediated resorption (Fig. 5, N-0). The Bioglass particles were very small and could
only be observed by high magnification, with a similar appearance to those observed in
the BG group (Fig. 5, L-P). An inflammatory reaction around the bioglass particles was
generally not observed. Newly formed bone tissue was absent in the central region of the
implants, although some specimens exhibited new bone formation in the vicinity of TPs.
Calcium phosphate and Bioglass particles were occasionally observed being integrated
in the bone matrix (Fig. 5, L-M). One specimen presented a region with graft material
enclosed by granulatomous tissue that contained high numbers of lymphocytes and
resorbing multinucleated giant cells, indicating a foreign body granuloma (Fig. 5, P).
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Results of fusion assessment by histology are presented in Table 2. Histological fusion
scores in the AB and BCP_,  groups were significantly higher than in the BG and TCP/
BG groups. For levels treated with AB, the positive control, fusion was reported in 9 out
of 12 samples, corresponding to a fusion rate of 75%. In the BCP_ group, 10 out of 12
samples were scored as fused, which translates to a fusion rate of 83%. For the BG and
TCP/BG groups, a bony fusion between TPs was not reported in any of the specimens, thus
corresponding to a fusion rate of 0%. Statistical analysis revealed that the differences in
histological fusion rate were statistically significant (P<0.05).

Histomorphometry

As determined by histomorphometry (Figure 6), the fusion masses of levels treated with
AB and BCP_,  contained a substantially higher percentage of bone as compared to the
BG and TCP/BG groups (Fig. 6, A). Bone proportions were similar for AB and BCP_,, with
over >40% of bone in available space in both groups. This percentage was significantly
lower for the other groups, the lowest being BG, followed by TCP/BG. Statistical analysis
confirmed equivalence for AB vs BCP(Um and BG vs TCP/BG, while all other comparisons
were significantly different. Area percentage of remaining graft material (Fig. 6, B) was
highest for BCP_, implants, followed by BG, with the TCP/BG graft the lowest. Statistical
significance was reached for all group comparisons in material percentage.
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Figure 6. Histomorphometry diagrams of (A) bone and (B) residual material, performed on low
magnification micrographs of histological sections. Data is presented as area%, in mean and SD.

* significantly different from BG and TCP/BG (P<0.001)

* significantly different from BG (P<0.005) and TCP/BG (P<0.001)

= significantly different from BCP_, (P<0.005) and TCP/BG (P<0.001)
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DISCUSSION

The posterolateral spine environment is a challenging biological and biomechanical
environment, as it provides limited host bone contact and significant exposure to soft
tissues. Even with use of the “gold standard” of autograft, surgeons commonly deal
with revision surgery rates of = 10-20%[23-26]. Considering this, it is important that the
selection of graft materials is based on preclinical evidence obtained in studies of high
methodological quality, using clinically relevant animal models and multiple evaluation
techniques. A large number of bone grafts are commercially available for clinical use, which
makes selection of the most appropriate challenging for the surgeon community. Most
reports on commercial graft materials in literature are of preclinical studies performed
in rabbits, and involve the repair of small, cancellous bone defects with a high ratio of
bone surface to defect volume[27-33]. Although critically-sized, i.e. they won't completely
spontaneously heal without the use of a graft, such defects are less challenging than, and
do not properly model, the posterolateral spine environment. This limits extrapolation
of results from these models to PLF indications. Moreover, many studies have been of
poor methodological design, e.g. no use of critical-sized defects, lack of proper positive
and/or negative controls, use of limited endpoints and assessment methods with low
sensitivity[27-29,34]. Clinical reports for the use of synthetic bone grafts are limited in
number and often of low methodological strength (i.e. observational studies). Furthermore,
outcomes can only be determined using techniques with low sensitivity and/or specificity,
such as radiographical evaluation and patient-reported outcomes.

Of the available animal models of PLF, the instrumented Ovine PLF[35] model is among
the most translational, since bone remodeling properties and spine biomechanics of sheep
are similar to those of humans and the model allows the use of relevant graft volumes and
pedicle instrumentation[36-39]. For comparison, the Boden rabbit PLF model[19], which
is used to obtain market approval for bone graft materials in the US, is noninstrumented
and differs in anatomy, biomechanics and bone turnover rate from the clinical reality in
human[40]. Note, the current study used aged sheep (4-5 years old) which challenges the
model due to age[41].

With regard to assessment techniques used for fusion evaluation, it is important that a
range of different methods is applied, since they may individually give limited information
and vary in sensitivity. Classically, fusion assessment in pre-clinical models was performed
by the less sensitive techniques of manual palpation and plain film radiography[19].
Recently, more sensitive techniques have been added, including micro-CT, histology and
biomechanical testing. For synthetic bone grafts, fusion evaluation by radiography (e.g.
X-ray, CT) may lead to an overestimation of fusion, since bone mineral and radiopaque
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implant materials cannot easily be distinguished by these methods. Histology provides
a unique insight and accurate accurate representation of a fusion mass at the tissue and
cell level, allowing investigators to differentiate bone, graft material and to evaluate tissue
and cellular responses. Lastly, biomechanical testing is an important quantitative method
performed in conjunction with the other techniques to determine whether fusion outcomes
also have a functional significance, i.e. reduction of mobility between spinal segments.
Here, a robotic musculoskeletal simulator was used to apply controlled loading regimens
to the spinal segments.

Using this validated, multi-endpoint, clinically relevant, Ovine model of instrumented PLF,
three commercially available bone grafts implanted as a standalone graft were compared
against autograft bone, the current gold standard for bone grafting. Of the evaluated
synthetic bone grafts, BCP_,  was the only material that presented substantial, solid fusion
masses between TPs that contained mature bone, resulting in similar fusion scores to AB
by all assessment methods and equivalent biomechanical ROM. These outcomes were
corroborated by all assessment techniques and were in line with previous results[17,18]. In
contrast to BCP(um, spinal levels treated with BG and TCP/BG significantly underperformed
to the positive control by all evaluation methods. Although by biomechanical testing no
significant differences between treatments were determined in AR, it is recognized that
flexibility testing in AR has a lower sensitivity than the other modes[42,43].

These results confirm the limitations of fusion evaluation by radiographical techniques
when synthetic bone graft materials are used in PLF. While spinal levels treated with
BG obtained a moderate fusion grade B of the Lenke scale in two out of three specimens
by both X-ray and Micro-CT, histology revealed that all apparent fusion bridges did not
contain any bone tissue. These results show that the option to use histology is a significant
advantage of pre-clinical models over clinical investigation. Histology also allows the
evaluation of local tissue reactions as the materials resorb and participate in the bone
repair and remodeling process, which is not possible by other techniques.

Fusion mass volume quantification is a more novel method for evaluation of PLF outcomes
that assists in further differentiation of radiographic endpoints. It should be noted that
the use of micro-CT, which is not available clinically, provides a level of detail beyond
traditional radiographs or clinical CT. The technique can provide meaningful information
on graft volume stability, as too fast or too severe resorption of a graft may potentially
result in atrophic pseudarthrosis[44]. Here, clear differences in fusion mass volumes were
determined between groups. While the same starting volume of 10 cc was implanted in
each posterolateral gutter for all groups, the mineralized volume after 12 weeks was
around 3 cc for BG and TCP/BG grafts, while for BCP_,, it was just under 10 cc. Although
the initial radiopaque volume of the grafts was not determined and the data represent
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the volume of both new bone and residual graft material, we may still assume that BG
and TCP/BG have undergone substantial resorption after implantation. This notion was
supported by histological observations and histomorphometry results. The finding that
spinal levels treated with AB had lower fusion mass volumes compared to BCP_, may be
potentially related to a lower initial radiopaque volume, but could also suggest resorption.
Indeed, autograft bone has been reported to undergo resorption and remodeling after
implantation in the posterolateral spine, leading to a volume loss of up to +35% during
the first year[45-47].

The above findings demonstrate a clear difference in performance of commercially available
synthetic bone grafts in instrumented PLF in sheep. Correlation of performance outcomes
to specific bone graft factors is challenging due to the many physicochemical differences
between the grafts that could affect bone regeneration potential, e.g. composition,
surface properties, carrier materials, particle size and graft-to-carrier ratio. However,
the submicron surface topography of BCP_, seems to play a leading role in bone graft
performance[48] and may explain its enhanced efficacy in this PLF model.

In recent years, research has consistently demonstrated that calcium phosphates with a
submicron topography show enhanced performance to conventional calcium phosphates,
following from their ability to induce bone formation in regions far from host bone or with
minimal bone contact[7-9,48]. This property is particularly desirable for use in PLF, in which
bone formation should occur in the paraspinous soft tissues with limited host bone surface
contact. A suggested mechanism underlying the enhanced efficacy of calcium phosphates
with submicron topography is the upregulation of anti-inflammatory M2 macrophages at
the material surface, which have been associated with bone regeneration[49-52].

Bone induction by the TCP component of the TCP/BG group has been evaluated in two
previous studies[48,53]. Both studies demonstrated the absence of submicron topography
correlated with the lack of ectopic bone induction, even in the presence of Bioglass[53].
Furthermore, the TCP component in TCP/BG reportedly consists of 100% phase pure BTCP
and has a porosity of 78%[53]. A calcium phosphate with these properties is expected
to have a high resorption rate, with potentially detrimental effects on bone healing[54].
This notion is in agreement with the findings of the current study as well as other
works([32,33,53,54].

The presence of 4555 Bioglass in BG and TCP/BG grafts, resulting in enhanced osteoblast
activity and osteogenic differentiation of stem cells in vitro[10-12,55-57], did not promote
spinal fusion in this | PLF model. To our knowledge, there is no literature on use of Bioglass
as standalone graft in PLF models and beneficial effects of osteostimulation have not been
demonstrated in other in vivo models. We may therefore conclude that osteostimulative
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Bioglass, whether used alone or as an adjunct to calcium phosphate, has little biological
relevance to use of bone graft materials in spinal fusion. Moreover, the inflammatory
foreign body reaction observed around Bioglass particles, which has also been reported
in other studies[58-60], is presumably not beneficial for bone formation. However, foreign
body reaction against Bioglass particles was not in observed in TCP/BG, which contained a
lower content of Bioglass than BG (25% vs 100%), suggesting that only larger proportions
of Bioglass may induce such reactions.

CONCLUSION

Using a challenging, clinically relevant, Ovine model of instrumented PLF, this study reveals
clear differences in performance between commercially available bone graft materials
implanted as a standalone graft, after evaluation by a full range of assessment techniques.
The results demonstrated favorable outcomes with a putty formulation of BCP_ , that has
a submicron topography, versus two other bone grafts materials, being a putty formulation
of 45S5 Bioglass and a collagen-BTCP with a 45S5 Bioglass adjunct. Through all outcomes,
the BCP_,  reached equivalence to the positive control, autograft, in achieving functional
spinal fusion, while the other two materials significantly underperformed, showing an
inability to form a solid, bony fusion between the spinal segments during the 12-week
follow-up period. These results corroborate previous findings on the efficacy of BCP_, with
submicron topography in spinal PLF models, following from its ability to promote bone
formation in soft tissues distant from host bone. These findings emphasize the importance
of side-by-side comparison of commercial bone graft materials in clinically relevant, multi-
endpoint animal models in determining spinal fusion efficacy.
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ABSTRACT

Objectives:

The aim of this study was the preclinical and clinical evaluation of osteoinductive calcium
phosphate with submicron surface topography as bone graft substitute for maxillary sinus
floor augmentation (MSFA).

Material and methods:

A preclinical sheep model of MSFA was used to compare a calcium phosphate with
submicron needle-shaped topography (BCPN] to a calcium phosphate with submicron
grain-shaped topography (BCP,) and autologous bone graft (ABG) as control. Secondly,
a 10-patient, prospective, randomized, controlled trial was performed to compare BCP,
to ABG in MSFA with two-stage implant placement (Netherlands Trial Register, NL6436).

Results:

The pre-clinical study demonstrated that both BCP, and BCP were highly biocompatible,
supported bony ingrowth with direct bone apposition against the material and exhibited
osteoinductive bone formation as early as 3 weeks, post-implantation. However, BCP,
demonstrated significantly more bone formation than BCP, at the study endpoint of 12
weeks. Only BCP, reached an equivalent amount of bone formation in available space and
a greater proportion of calcified material (bone + graft material) in the maxillary sinus
compared to the ‘gold standard’ ABG after 12 weeks. These results were validated in the
clinical study, in which BCP, was found equivalent to ABG in implant stability, bone height,
new bone formation in trephine core biopsies and in overall clinical outcome.

Conclusion:

This translational work demonstrates that osteoinductive calcium phosphates are promising
bone graft substitutes for maxillofacial surgery involving dental implants, whereas their
bone forming potential depends on the design of their surface features.



Calcium phosphate with submicron topography in maxillary sinus floor augmentation

INTRODUCTION

Endosseous dental implants are frequently employed to achieve esthetic and functional
restoration of missing teeth and molars. Rehabilitation of the posterior maxilla using
dental implants is often challenging, due to prevalence of inadequate quality and quantity
of alveolar bone as a result of post-extraction bone resorption and sinus pneumatization
[1,2]. Maxillary sinus floor augmentation (MSFA) is performed for almost 40% of posterior
maxillary implants to restore bone mass required for implant insertion and integration
[3,4]. In general, the procedure has been associated with favorable short- and long-term
outcomes in terms of implant survival [5]. Autologous bone grafts (ABGs), which may
be harvested from the iliac crest, calvarium or from local sites, i.e. chin or intra-oral
bone, is considered the ‘gold standard’ graft material for MSFA due to its osteogenic,
osteoinductive and osteoconductive properties [6]. However, ABG harvesting from the iliac
crest or calvarium donor sites is associated with donor site morbidity, extended operating
time and costs [7,8]. Also, some donor sites provide for limited availability of bone [9].
Furthermore, significant early graft resorption has been reported with the use of ABG for
maxillary bone augmentation [10,11].

A variety of bone graft substitutes has been developed to overcome these limitations
for MSFA, including allografts, xenografts and alloplastic or synthetic bone substitutes,
which all consist of calcified matrices that comprise or mimic the mineral phase of bone
[6,12]. An important benefit of such bone substitutes is that they can be used off-the-shelf,
surpassing invasive harvesting procedures of ABG. However, while the use of bone graft
substitutes in MSFA is generally recommended, variable outcomes have been reported
when compared to ABG in clinical settings [12,13]. As developments in the field of bone
graft substitutes continue to advance, screening of novel bone graft substitute materials
as treatment option for MSFA remains an important research aim.

A disadvantage of most bone substitutes is that they are predominantly osteoconductive,
and thus rely on bone ingrowth from the bone surrounding the defect [6]. However,
recent efforts to improve the efficacy of calcium phosphate bone graft substitutes have
resulted in materials with substantial osteoinductive capacity, as demonstrated by their
ability to induce bone formation in non-osseous soft tissues, i.e. intramuscularly [14-19].
Harboring both osteoconductive and osteoinductive properties, these calcium phosphates
meet 2 out of 3 of the essential properties that autologous bone grafts possess [6]. These
materials have been reliably demonstrated to enhance bone healing when compared to
materials with mere osteoconductive capacity, as well as equivalence to ABG in orthotopic
defects [14-16,20-22]. Moreover, excellent results have been achieved with clinical use
of osteoinductive calcium phosphates, such as their use for alveolar cleft reconstruction
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in patients with cleft lip and palate and related craniofacial anomalies [23,24], and in
extraction sockets in anterior maxilla regions [25]. Osteoinductive materials also have
potential for use in MSFA, as they may promote faster and more extensive bone formation
than conventional materials, which could ultimately benefit implant osseointegration.

The biocompatibility and performance of bone substitute biomaterials, including calcium
phosphates, is dependent on their physicochemical properties, which include phase
composition, micro- and macroporosity and surface topography. Osteoinductive capacity
has been shown to vary strongly between different calcium phosphate-based materials. It
has been repeatedly demonstrated that a critical factor for osteoinductive capacity is the
presence of a submicron surface topography, i.e. a topography of elongated surface crystals
smaller than 1 um in diameter [14-18]. Moreover, we have recently demonstrated that
besides dimension, also the needle-like shape of submicron surface crystals can influence
osteoinductive capacity [18].

The aim of the present work was to evaluate osteoinductive calcium phosphate with
submicron surface topography as bone graft substitute for MSFA, performing a study in
a pre-clinical sheep model as well as a prospective, randomized, controlled, clinical trial.

In the pre-clinical study, two different biphasic calcium phosphate materials with submicron
topography were compared to the ‘gold standard’ iliac crest-derived ABG. The synthetic
bone substitutes exhibited either needle-shaped (BCPN] or grain-shaped (BCPG] submicron
surface crystal morphology. MSFA treatment outcomes were assessed using micro-
computed tomography (micro-CT) and histology after 3, 6 and 12 weeks of healing. The
clinical study was a prospective, open-label, randomized, controlled trial in which the BCP,,
bone substitute was compared to ABG in a cohort of 10 patients receiving lateral window
MSFA with two-stage implant placement. Outcome measures during 17 months of follow-up
included implant stability, bone height by radiography, histology and histomorphometry
of trephine bone core biopsies, and clinical outcomes.

MATERIALS AND METHODS

In vivo evaluation in a sheep MSFA model

Bone graft substitutes

Two commercially available, calcium phosphate bone substitute materials were evaluated
in this study. Both materials were used as porous granules, featuring a submicron
topography (Fig. 1), i.e. a surface crystal diameter <1 pm and were of biphasic composition,
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i.e. consisting of f-tricalcium phosphate (3TCP or Ca,(PO,),) and hydroxyapatite (HA-
Ca,(PO,),(OH),).

In brief, the first formulation, BCPN (MagnetOs™, Kuros Biosciences BV, the Netherlands),
had a surface topography of submicron needle-shaped crystals and a phase composition of
70% BTCP and 30% HA. The granule size range was 0.25 - 1 mm. The second formulation,
BCP,, (MBCP™, Biomatlante, France), had a topography of submicron grain-shaped crystals,
a composition of 60% BTCP / 40% HA and a granule size of 0.5 - 1 mm. Both materials
were sterile and used according to the manufacturer’s instructions for use. Figure 1 shows
the surface features of BCP, and BCP, as observed by scanning electron microscope. The
material properties of BCP and BCP, are detailed in supplementary Table 1.

Figure 1. SEM micrographs of the submicron topography on BCP, and BCP. The different
morphologies of submicron surface crystals are evident, with needle-shaped crystals on BCP, and
grain-shaped crystals on BCP,.

Animals

Following approval of the study protocol by the Central Authority for Scientific Procedures
on Animals (Dutch national CCD, under AVD115002015344), twenty-four sheep (Ovis Aries)
were admitted in the study. All animals were female, had reached maturity (age 3-6 years),
and weighed between 60-100 kg. The animals were randomized into 3 groups for 3-, 6- and
12-week follow-up periods, with 6, 9 and 9 animals per group, respectively. No animals were
excluded. Animals were housed at the ‘Gemeenschappelijk Dierenlaboratorium’ in Utrecht.
Animal housing and care was compliant with the national guidelines and regulations. A
weight loss of >20% (checked weekly), severe wound abscess (checked daily) or strongly
reduced mobility (checked daily) were used as humane endpoints. An experimental timeline
of the study is shown in Figure 2A. This study was compliant with the ARRIVE guidelines.

Surgical procedure

Bilateral MSFA in this sheep model was performed following the lateral window approach,
as previously described [26]. Prior to surgery, animals were pre-medicated with analgesics
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Figure 2. Study timelines. (A) Experimental timeline for the sheep MSFA study. (B) Study timeline
of the clinical MSFA trial.

buprenorphine (t.d. 5 pyg/hr) and meloxicam (i.v. 0.5 mg/kg) and antibiotic amoxicillin/
clavulanic acid (i.v. 10 mg/kg). Anesthesia was initiated with detomidine (i.m. 0.05 mg/
kg) and propofol (i.v. 5-7 mg/kg) and was maintained using propofol (i.v. 10 mg/kg/h) and
sufentanil (i.v. 0.003 mg/kg/h). Animals were connected to an inhalation ventilator and
positioned in sternal recumbency. Operation sites were washed, shaved, disinfected and
sterile drapes were applied. Corticocancellous ABG was harvested from the iliac crest and
was reduced to 2-5 mm particles. The maxillary sinuses were approached via the facial
lateral wall, which was exposed by sharp and blunt dissection. Using a high-speed dental
burr, a bony window of £ 1 x 1 cm? was created under continuous irrigation, taking care not
to perforate the underlying Schneiderian membrane. After removal of the bony window, the
Schneiderian membrane was carefully elevated with blunt dissectors, to expose the bony
surface of the maxillary sinus floor and walls. Next, 2 cc of either ABG, BCP,, or BCP was
implanted on the exposed maxillary sinus floor. Both BCP, and BCP,were mixed with 1-2 cc
of local blood prior to implantation, to improve handling. Each animal received a bilateral
implantation and the three graft/substitute materials were assigned in a randomized
manner for each timepoint (3 weeks (n=4), 6 weeks (n=6) and 12 weeks (n=6)). The soft
tissues at the surgical site were closed in layers using resorbable sutures (Vicryl 3-0,
Ethicon, Brussels, Belgium). After surgery, animals received meloxicam (s.c. 0.5 mg/kg,
1x/day for 3 days) for pain management and penicillin-neomycin (0.05 mg/kg, 1x/day for
3 days) as antibiotic, in addition to standard care and monitoring.
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Calcium-binding fluorochrome labeling

Polychrome sequential labeling with calcium-binding fluorochromes was performed on the
12-week group, in order to visualize active sites of mineralization during bone formation.
Treatment with three different fluorescent calcium-binding labels was performed, one
at each time point. The sequentially injected fluorochrome labels used were calcein at 3
weeks (CN, 10mg/kg, i.v. - green), xylenol Orange at é weeks (X0, 90 mg/kg, i.v. - red)
and oxytetracycline at 9 weeks (OTC, 20 mg/kg, i.m.-yellow), respectively.

Sample harvesting and processing

After reaching the experimental endpoint, animals were euthanized by pentobarbital. The
maxillary sinuses were excised, trimmed and fixed in 4% formaldehyde solution for 1
week at 4° C. The samples were then dehydrated through a series of increasing ethanol
concentrations (70-100%) and subsequently embedded in polymethyl-methacrylate
(PMMA).

Micro-computed tomography

PMMA-embedded samples were scanned in Micro-CT scanner (QuantumFX, Perkin Elmer)
with a voxel size of 59 x 59 x 59 um3, voltage at 90 kV and a tube current of 180 pyA. On TIFF
stacks derived from the scans, vertical bone height was measured in the bucco-palatal
plane at the center of each graft, in a straight line from lowest level of the sinus floor to
the highest level of the graft, using dedicated software (3D Slicer 4.10).

Histology

A Leica SP1600 saw microtome was used to cut ~ 15-micron thick sections from the
center of each graft in bucco-palatal direction. On these sections, a histological staining
of methylene blue (Sigma; 1% in 0.1 M borax buffer, pH 8.5) and basic fuchsin (Sigma; 0.3%
in demi water) was performed to visualize bone tissue (bone matrix: pink, fibrous tissues:
blue). Sections were examined under a Leica microscope (Eclipse 50i; Nikon) and were
scanned with a slide scanner (DiMage scan 5400 Elite II; Konica Minolta, Tokyo, Japan).

A fluorescence microscope (BX51, Olympus) was used to visualize fluorochrome label
deposition in otherwise unstained sections. Fluorescent signals in each section were
captured using appropriate excitation and emission wavelength filters for CN (ex:436-
495, em:517-540), X0 (ex:377-570, em:610-615) and OTC (ex:365-490, em:520-570). The
polychrome fluorescent signals were then digitally merged with a transmission light
microscopy image (15% opacity) using software (Adobe Photoshop CS5) to visualize the
deposition of each label in the sections.
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Histomorphometry

Histomorphometry of methylene blue/basic fuchsin-stained PMMA sections was performed
on digitalized scans by pseudo-coloring of pixels representing bone (B; mineralized +
osteoid) and bone graft material (M, only for bone graft substitutes) in the entire area
of new bone formation as region of interest (ROI). The examiners were blinded for the
treatments. The number of pixels for B, M, and ROl were used to calculate the area
percentage of bone in the available space using the following formula: B/(ROI-M)=100. In
addition, the area percentage of remaining implant material was calculated by the following
formula: M/ROIx100. Lastly, the combined proportion of bone + material was calculated
by: (B+M)/RO0I=100.

Evaluation in a clinical MSFA study

Study Design

This was a single-center, prospective, open-label, randomized controlled trial conducted
at a university hospital in the Netherlands, at the department of Oral and Maxillofacial
Surgery. Ethical approval was provided by the Medical Research Ethics Committee Utrecht
(NL61242.041.17), in accordance with the principles of the Declaration of Helsinki (version
October 2008) and the Medical Research Involving Human Subjects Act. Each participant
provided written informed consent after receiving adequate verbal and written explanation
prior to inclusion in the study. Based on computerized block randomization (1:1), patients
were allocated to the parallel treatment arms of the test group, BCP,, or the control group
ABG. Study investigators were blinded for the treatment allocation, apart from the treating
clinicians and study coordinator. A timeline of the study presented in Figure 2B.

Study inclusion criteria

The most important inclusion criteria were age between 18 and 75 years and participants
qualifying for MSFA with two-stage implant placement. Indications for surgery were
presence of a unilateral or bilateral (partial) atrophic posterior maxilla in the premolar/
molar areas, with a residual vertical bone height between 2 and 6 millimetres. The full
inclusion and exclusion criteria of the study are presented in the appendix, Table 2.

Intervention

MSFA was performed using the lateral-window technique with trapdoor approach to access
the sinus and elevate the Schneiderian membrane. Depending on the treatment arm, the
thus created sub-Schneiderian void was implanted with BCP, granules of 0.25-1 mm or
morselized autograft harvested locally (i.e. mandibular ramus) or from the iliac crest. The
amount of graft or material used depended on the individual's sinus volume, the desired
vertical height, and the number of planned implants per side. The surgery was ended by
replacement of the mucoperiosteal flap and primary wound closure.
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Primary implant placement was performed after 5 months of healing. During osteotomy of
the implant bed a trephine core bone biopsy was harvested using a trephine burr (2 mm
internal / 3 mm external diameter, Meisinger, Neuss, Germany). The trephine core biopsies
were preserved in 10% formalin and stored until histological processing. After implant
insertion (OsseoSpeed® EV, Astra Tech Implant System, Dentsply Sirona Implants, Mélndal,
Sweden), cover screws were installed on the fixtures and primary wound closure was
attained. After another 6 months of healing, at 11 months follow-up, patients were invited
to the outpatient clinic for installation of healing abutments. The prosthetic restorations
were installed after the soft tissues had healed. Following another 6 months, at 17 months
follow-up, the patients were invited to the outpatient clinic for a final visit during which
clinical assessment of peri-implant health was performed. At all study visits throughout
the follow-up period, a cone beam computed tomography (CBCT) scan was made.

Outcome Measures

Implant stability

Implant stability quotient (ISQ) of dental implants in the posterior maxilla was measured
by resonance frequency analysis (RFA) using the using the Penguin®™ system (Integration
Diagnostics AB, Gothenburg, Sweden). Primary stability was recorded immediately after
implantation (T0, 5 months) and secondary stability was measured prior to installation
of the healing abutments (T1, 11 months). The intra-implant difference in primary and
secondary stability was calculated using the formula AISQ = ISQ,,-ISQ,,.

Bone height
Bone height of the maxillary sinus floor was measured by CBCT pre-operatively (baseline),
post-operatively and at 5 months, 11 months and 17 months of follow-up.

New bone formation

Formalin-fixed trephine core biopsies were decalcified in EDTA, dehydrated using an
ethanol series and embedded in paraffin for histology. Specimens were sectioned using a
microtome and subsequently stained with hematoxylin and eosin. Sections were examined
under a Leica microscope (Eclipse 50i; Nikon) and were scanned with a slide scanner
(DiMage scan 5400 Elite II; Konica Minolta, Tokyo, Japan).

Histomorphometry of biopsy sections was performed on the digitalized scans by pseudo-
coloring of pixels representing bone (B) and remaining material (M, only for BCP,,) in the
region of interest (ROI) using Photoshop (Photoshop CS5). The area percentage of bone
and remaining implant material was calculated as described for the sheep study.
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Clinical outcomes

Clinical outcomes included implant survival rate, adverse events and pain by visual analog
scale (0-100) recorded on all visits throughout the follow-up period. Moreover, peri-implant
health was assessed after 17 months of follow-up using the gingival index [27], supra-
gingival plaque index[28] and dichotomous bleeding index. Lastly, probing depth of the
implants in the posterior maxilla was also measured after 17 months of follow-up (buccal,
palatal, mesial, distal).

Statistical analysis

For the animal study, sample size was determined based on a statistical power of 80%, a
p-value of 0.05 and detectable effect size of £30%, considering one-way ANOVA. For the
clinical study, sample size was determined for a non-inferiority parallel group trial, using
a-error probability of 2.5% and power at 80%. All data are presented as mean * standard
deviation. Quantitative data were analyzed using statistical analysis software, Graphpad
Prism (version 7, Graphpad, San Diego, CA). Normal distribution of the data was confirmed
by the Shapiro-Wilk normality test. In the preclinical and clinical study, vertical bone height,
histomorphometry and implant stability data were analyzed using Analysis of Variance,
followed by the Holm-Sidak test for post hoc analysis. All other data in the clinical study
were analyzed using Mann-Whitney U test (for non-normal data) or Fisher's exact test (for
categorical data). A significance level of P < 0.05 was used. The following notation was
used to indicate statistical significance: * p<0.05, ** p<0.01, *** p<0.001.

RESULTS

Sheep MSFA model

All MSFA surgeries and graft implantations were completed uneventful. The animals
recovered without complications and all reached the final endpoint in healthy condition.
In all groups, no adverse reactions to the graft materials were observed.

Micro-CT

On micro-CT scans (Fig. 3 A,B), the implanted bone substitutes were localized beneath the
Schneiderian membrane in direct contact with the bony floor of the maxillary sinus and
walls.. In all groups, the implants were contained at their implantation sites and there
was no evidence of graft migration. Over time, the ABG particles remodeled and fused to
one another and onto the host bone surfaces, resulting in a solid trabeculated bone mass
at 12 weeks. For the synthetic bone substitutes, progressive mineralized growth into the
implants could be observed over time. For both bone substitutes, mineralized matrix
gradually invaded the intergranular space, resulting in compact, consolidated grafts at the
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Figure 3. Evaluation of MSFA by micro-CT. (A) Representative 3D reconstructions of bone grafts
(yellow) implanted beneath the Schneiderian membrane on the bony floor the maxillary sinus after
12 weeks of healing. The bone grafts can be observed in contact with the host bony sinus floor and
walls (off-white). (B) Representative micro-CT slices from the center of the implanted grafts at 12
weeks. Radiodense calcium phosphate granules and mineralized bone matrix can be observed. The
more homogeneous regions in BCP, and BCP, specimens represent integration of calcium phosphate
in new mineralized bone matrix. (C) Vertical bone height, as measured by micro-CT in the center of
the grafts at week 3, 6 and 12. Blue asterisks indicate significance for BCP, vs ABG, red asterisks
for BCP, vs ABG.
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12 week timepoint. Some specimens of BCP, and BCP, showed regions without mineralized
ingrowth after 12 weeks, often located near the lateral window or in the superior aspect of
the graft, i.e. regions most distant from the host bone surfaces. Overall, the augmentations
with the synthetic grafts appeared to have more volume compared to ABG implants.

Vertical augmentation height (Fig. 3 C) of the different graft types was measured on micro-
CT scans to determine MSFA success and graft stability during the follow-up period. The
augmentation height range was 5.31-11.52 mm for ABG, 8.67-16.98 mm for BCP, and
8.97-14.46 mm for BCP_. At each timepoint, augmentation height of BCP, and BCP, was
significantly higher than that of ABG, while the two synthetic bone substitutes did not result
in significantly different height from each other. After 12 weeks follow-up, the difference in
mean augmentation height between the synthetic bone substitutes [BCPN: 11.88 £2.17 mm ;
BCP, 11.40 £ 1.75 mm) and ABG (7.73 + 2.05 mm) was * 4.0 mm, corresponding to roughly
1.5-fold greater augmentation height for the synthetic implants versus ABG. All graft types
demonstrated a decreasing trend in augmentation height between 3 and 12 weeks, being
the largest for BCP,, (2.75 mm), followed by ABG (1.22 mm) and BCP, (1.08 mm).

Histology

Histological analyses were performed to complement the micro-CT data and further
investigate new bone formation in the implants. On low magnification histological overviews
(Fig. 4 A) of ABG specimens, individual ABG segments could still be clearly distinguished
at the 3-week timepoint, while embedded in a matrix of fibrous tissue. The initiation of new
bone formation on the surface of the ABG particles as well as on the sinus floor and walls
could be observed. After 6 weeks, the individual bone pieces were more interconnected
as a result of new bone formation. By 12 weeks, the ABG implants had consolidated into
a single, interconnected bone mass and were fused to the bony floor of the sinus. The
proportion of newly formed and remodeled bone had increased, although original ABG
fragments could still be recognized. Regions of fibrous tissue could still be discerned in
the graft area after 12 weeks.

For the synthetic bone graft substitutes, calcium phosphate granules could be recognized
on the histological sections (Fig. 4 A). On low magnification histological overviews of
3-week specimens, the graft materials were entirely embedded in soft tissue and early
osteoconductive bone ingrowth originating from the host bone could be observed with
both materials. Interestingly, 2/3 implants of BCP, and 1/4 of BCP, exhibited regions
with new bone that were suspected to originate from osteoinductive bone formation, in
areas at the center of the implants or near the Schneiderian membrane (Fig. 4 B). Further
progression of both osteoconductive and osteoinductive bone formation was observed at
6 weeks while at 12 weeks, mineralized bone was bridging between granules throughout
the grafts, resulting in a trabeculated, interconnected mass of bone and calcium phosphate
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Figure 4. Histology of bone grafts implanted beneath the maxillary sinus floor (basic fuchsin-
methylene blue). (A) Representative sections of ABG, BCP, and BCP at time-points 3, 6 and 12 weeks
are presented. ABG particles and calcium phosphate granules can be observed in direct contact with
the bony sinus floor under the elevated Schneiderian membrane. Progressive bone formation and
graft consolidation with time is evident. (B) Regions of osteoinductive bone formation observed in
BCP,, and BCP,, often near the Schneiderian membrane, are shown in higher magnification (blue
dashed frames a-c, panel A). pink: bone matrix, black/brown: calcium phosphate granules, sc: sinus
cavity, lw: lateral window, black arrowheads: Schneiderian membrane, blue arrowheads: sinus floor,
red arrowheads: osteoinductive bone formation, N: BCP,, G: BCP,.

155



Chapter 6

particles. As with ABG, specimens of either synthetic material presented local regions with
fibrous tissue after 12 weeks.

High magnification microscopy of BCP, and BCP, specimens (Fig. 5) revealed new bone
formation around and directly against BCP particles at 3 weeks. Presence of ample
osteoblasts actively depositing osteoid as well as a woven bone morphology were indicative
of ongoing primary osteogenesis. No adverse tissue reactions to the synthetic implants
were observed. A lamellar bone phenotype was observed at 6 weeks, demonstrating that
the woven bone matrix was remodeled into mature, secondary bone tissue. BCP granules
were progressively engulfed by the ongoing bone formation process that incorporated them
in the mineralized bone matrix. After 12 weeks, sites of new bone deposition were less
frequently observed. By this time, the regions between BCP granules were predominantly
occupied by dense lamellar bone matrix that bridged the adjacent granules. Overall, the
bone tissue that had formed around both synthetic materials had all characteristics of
normal, healthy bone tissue, including bone marrow spaces, concentric lamellae, osteocytes
and capillaries. Large, phagocytosing multinucleated cells were frequently observed on
the exposed surfaces of either BCP material at all timepoints. Degraded BCP material
was commonly observed in the cytoplasm of these cells, indicating their ability to actively
resorb the BCP material (Fig. 5 G,H).

Histomorphometry

Histomorphometry performed on histological sections allowed the quantitative analysis
of bone formation in the implants over time (Fig. 6). Morphometry of bone matrix (Fig.
6 A) revealed a higher area percentage of bone in available space for ABG compared to
the synthetic grafts at 6 weeks. It must be noted that the percentage of bone in the ABG
specimens includes the implanted autograft particles as well as newly formed bone, while
for the synthetic materials it only includes newly formed bone. At the study endpoint at
12 weeks, bone formation in BCP, (38.3 £ 9.8%) was comparable to the ABG control (44.0
+ 8.5%). However, with BCP the percentage of bone formation at 12 weeks (26.8 + 11.4%)
was 11.4% lower than BCP, and 17.2% lower than ABG. This corresponded to approximately
one third less bone formation in the available space for BCP_ than with ABG and BCP,. Area

Figure 5 (right). High magnification histology (basic fuchsin-methylene blue). Representative sections
of BCP, (A,C,E,G) and BCP, (B,D,F,H) are presented at 3 weeks (A,B), 6 weeks (C,D) and 12 weeks
(E,F) post-surgery. Bone matrix is observed between and in direct contact with calcium phosphate
granules. Maturation of bone tissue over time can be appreciated, with early bone characterized
by woven bone morphology and sites of osteoid deposition, while mature bone is characterized by
lamellar phenotype. Aligned, cuboidal osteoblasts and osteocytes can be observed at all time-points.
Active phagocytosis of calcium phosphate material by large multinucleated cells was observed at all
timepoints (G,H). B: bone, O: osteoid, C: capillary, black arrowheads: osteoblasts, white arrowheads:
phagocytosing multinucleated cells, yellow arrowheads: osteocytes.
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Figure 6. Histomorphometry of graft tissue. (A) Percentage of bone matrix in available space for ABG,
BCP, and BCP,. (B) Percentage of bone and graft material in graft tissue for ABG, BCP, and BCP,.. (C)
Percentage of residual graft material for calcium phosphate bone graft substitutes BCP, and BCP,.

percentages occupied by BCP, and BCP, bone graft substitute materials were equivalent
at all timepoints (Fig. 6 B). The area percentages of both graft materials did not follow a
negative trend with time, which could have indicated material resorption. When combining
bone and calcium phosphate graft material (Fig. 6 C), the area percentage for the bone
substitutes was greater than for ABG at 3 and 6 weeks. After 12 weeks, area percentage
of combined bone and graft material was only higher in BCP, (60.3% * 5.5%) versus ABG
(44.0% * 8.5%).

Fluorochrome label analysis

Intra-animal bone formation dynamics were analyzed by observation of the deposition of
sequentially injected calcium-binding fluorochrome labels using fluorescence microscopy
(Fig. 7). Presence of the fluorochrome label CN (3 weeks, green) in the majority of BCP, and
BCP, specimens indicated that the onset of new bone formation had occurred by 3 weeks.
The calcein label was mostly present in regions near the host bone surfaces (Fig. 7 A,B)
but was also observed in isolated sites of osteoinductive bone formation more distant from
host bone. However, in the central regions of the implants (Fig. 7 C,D), the labels XO (red, 6
weeks) and OTC (yellow, 9 weeks) were dominant, indicating that osteogenesis had mostly
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Figure 7. Histology of fluorochrome labels. Calcium-binding fluorochrome labels CN (3 weeks, green),
X0 (red, 6 weeks) and OTC (yellow, 9 weeks) indicate sites of active bone matrix mineralization at
the respective time-points. Representative sections of BCP, (A,C,E,) and BCP, (B,D,F) are shown
from regions nearby host bone (A,B) and from the center of the grafts (C,D). Sequential deposition
of the labels shows that bone formation originated against the surface of the graft materials and
progressed outwards (E,F).
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started there between week 3 and week 6. Evaluating the sequential deposition of the
labels, progression of bone formation with time could be clearly observed. Bone formation
was observed to commonly originate at the surface of the calcium phosphate granules, with
the fluorochrome label CN, in regions near host bone, and X0, in the core of the implants,
being deposited directly against BCP, and BCP,. 0TC was less frequently observed in direct
contact with the calcium phosphate surface, indicating that most granules were already
incorporated into mineralized bone matrix between 6 and 9 weeks.

Clinical MSFA study

Participants, treatment and baseline data

A total of ten participants were enrolled in the trial, of which five were allocated to the
ABG group and five to the BCP, group. Sociodemographic and treatment information of the
patient cohort are presented in Table 1. Participants in the two treatment arms were not
significantly different in age and gender. Likewise, there were no significant differences
between treatment characteristics of the cohorts, including unilateral or bilateral MSFA,
number of implants per patient and implant dimensions. Residual vertical bone height
in the atrophic posterior maxilla was similar for both treatment groups. Except for one
participant in the BCP, group who missed the final visit at 17 months, all patients completed
follow-up.

Implant stability

Results of implant stability measurements are presented in Table 2. Although mean
ISQ was higher for BCP, in all instances, there were no significant differences between
the treatment groups in primary or secondary stability, on either the bucco-lingual and
mesio-distal axes. Similarly, no significant differences were determined for AISQ. Mean
AISQ values were close to zero for both treatment groups, indicating a minimal difference
between primary and secondary implant stability overall.

Bone height

Bone height was not significantly different between the ABG and BCP, groups during
the entire study follow-up (Fig. 8). For both treatment groups, bone height after MSFA
procedure was significantly greater versus baseline, indicating successful sinus floor
augmentation. After MSFA, a trend of decreasing bone height was apparent over time for
both groups, albeit only significant for ABG at 17 months.

New bone formation

Histology of trephine core biopsies was used to evaluate new bone formation in the
augmented maxillary sinus floor. Low magnification histological overviews (Fig. 9) revealed
new bone formation throughout the biopsies for both ABG and BCPN, whereas BCPN
specimens presented residual calcium phosphate particles. ABG biopsies appeared to
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Table 1. Participants, treatment and baseline data

Total ABG BCPN p-value*

Participants 10 5 5

n

Age (years) 56.7 (11.2) 55.8 (14.7) 57.6 (9.7) 0.794

Mean (SD), [min-max] [33-74] [33-74] [46-72]

Gender

n (%)

Female 3(30) 2 (40) 1(20) >0.999

Male 7 (70) 3 (60) 4(80)

MSFA procedure

n (%)

Unilateral 4 (40) 1(20) 3(60) >0.999

Bilateral 6 (60) 4 (80) 2 (40)

Residual bone height (mm) 3.1(1.1) 3.4(1.3) 2.6(0.8) 0.323

Mean (SD), [min-max] [2.0-5.8] [2.0-5.8] [2.0-4.0]

Number of implants 23 (100) 12 (52.2) 11 (47.8)

n (%)

Implants per patient 2.4 (1.6) 2.4(1.1) 2.2(2.2) 0.476

Mean (SD), [min-max] [1-6] [1-4] [1-6]

Implant size (mm)

Mean (SD), [min-max]

Diameter 4.2 (3.7) 4.2(3.1) 4.4 (4.5) 0.175
[3.6-4.8] [3.6-4.8] [3.6-4.8]

Length 10.3(1.3) 10.4 (1.0) 10.3(1.7) 0.783
[8.0-13.0] [9.0-11.2] [8.0-13.0]

* Mann-Whitney U test or Fisher’s exact test

Table 2. Implant stability
Bucco-lingual Mesio-Distal
ABG BCPN p-value* ABG BCPN p-value*

ISQ TO (Primary 57.0 (12.3) 60.2(17.7)  0.820 61.9 (12.44) 67.0(13.0) 0.657

stability) [43.0-79.0] [30.0-79.0] [43.7-79.0] [45.6-80.0]

Mean (SD), [min-

max]

ISQT1 56.1 (10.4) 65.4 (10.7) 0.306 59.6 (13.1) 70.7 (17.1) 0.2269

(Secondary [43.0-71.0] [53.7-83.0] [42.3-77.0] [43.0-98.0]

stability,

6 months)

Mean (SD), [min-

max]

Al1SQ -0.8 (10.6) 1.1(12.1) 0.820 -2.3(12.3) -0.8 (11.6) 0.822

(T1-T0) [-21.0-16.7] [-21.0-10.7] [-30.7-13.0] [-13.3-18.0]

Mean (SD), [min-

max]

* Two-way ANOVA
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Figure 8. Bone height in the posterior maxilla as measured by CT at the location of the implants at
baseline, month 5, 11 and 17 months. Green asterisks indicate significance between timepoints for
ABG, blue asterisk indicate significance between timepoints for BCP,. No significant differences were
determined between the treatment groups.

have a slightly greater soft tissue component than BCP, biopsies. On higher magnification
(Fig. 9), BCP, biopsies demonstrated direct apposition of bone tissue against the calcium
phosphate particles, and bone tissue was bridging between particles (Fig. 9 A,B). Bone
tissue had a normal appearance and presented osteocytes in lacunae (Fig 9. C). New bone
formation was occasionally observed originating at the surface of the BCP, particles (Fig
9. D).

Histomorphometry of the graft area in the biopsies (Fig 9. F, G) revealed an equivalent
area percentage of bone tissue in available space for BCP,, (45.7  23.0%) and ABG (43.4
+ 13.6%) (Fig 9. F). The area percentages of combined bone and residual graft material

Figure 9 (right). Histology and histomorphometry of clinical trephine core biopsies. (A) Representative
histological micrographs of biopsies (hematoxylin-eosin) of ABG and BCP,. In the inferior aspect,
original dense alveolar bone of the sinus floor can be occasionally observed. The dark granular
material in the BCP, specimens represents the BCP, granules. (B-E) High magnification histology
of trephine core biopsies of the BCP,, group (hematoxylin-eosin). Direct bone apposition against
BCP,, granules is apparent, with bone matrix engulfing BCP, granules (B-D). New bone formation
is occasionally observed originating at the surface and inside pores of the granules (E). (F-G)
Histomorphometry of clinical trephine core biopsies. (F) Percentage of bone matrix in available
space for ABG and BCP,. (G) Percentage of bone and graft material trephine cores. No significant
differences were determined between ABG and BCP,.
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were also equivalent, although the difference between the means of BCP, (60.9 + 17.5%)
and ABG (43.4 £ 13.6%) was greater (Fig 9. G).

Clinical outcomes

Table 3 presents the clinical outcomes of participants treated with ABG and BCP,. First
of all, both treatment groups exhibited 100% implant survival during the study follow-
up. Among reported adverse events related to the MSFA procedure were two cases of
maxillary sinusitis in the BCP, group and one case of vestibular infection in the ABG group.
The incidence of adverse events was not significantly different between the treatment
groups. Similarly, no significant differences between the treatment groups were detected
for the incidence of Schneiderian membrane perforations and implant apex protrusions.
With regard to implant health scores, gingival index and plaque index were primarily
graded “0” and “1” in both treatment groups, with no significant difference between groups.

Table 3. Clinical outcomes

ABG BCP, p-value*

Implant survival 12/12(100) 11/11 (100) >0.999
n/total (%)
Adverse events related to MSFA
n (%)
All 1(20) 2 (40) >0.999
Sinusitis maxillaris 0(0) 2 (40) 0.444
Vestibular infection 1 (20) 0(0) >0.999
Schneiderian membrane perforation 4/9 2/7 0.633
n/total (%) (44.4) (28.6)
Implant apex protrusion 3/12(25) 3/11(27.3) >0.999
n/total (%)
Implant health scores
n
Gingival index 0 7 3 0.243
(0-3) 1 3 5

2 0 1

3 0 0
Plaque index 0 8 5 0.443
(0-3) 1 2 3

2 0 1

3 0 0
Bleeding index 0 8 1 0.006
(0-2) 1 2 8
Probing depth (mm) 2.2 (0.6) 2.8(0.8) 0.181
Mean (SD), [min-max] [1.8-3.8] [1.6-3.8]

* Fisher-Freeman-Halton Exact test or Mann-Whitney U test
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However, a significant difference was recorded for the bleeding index, with a higher
incidence of gingival bleeding in the BCP, group compared to ABG. Implant probing depth
was equivalent for both treatment groups. Reported pain by visual analog scale (0-10) was
equivalent between the treatment groups and was below 1 for >90% of measurements
without an apparent trend during time (data not shown).

DISCUSSION

The current study describes the preclinical and clinical evaluation of osteoinductive calcium
phosphate with submicron surface topography as bone graft substitute for MSFA. In a
preclinical sheep model, two biphasic calcium phosphates with needle-shaped and with
grain-shaped submicron surface topography were compared with autograft as control.
After MSFA, vertical augmentation height was greater for both synthetic materials versus
ABG at all timepoints. Both BCP, and BCP, were biocompatible, supported bony ingrowth
with direct bone apposition against the material, while resorbing at comparable rate.
Both BCP,, and BCP, exhibited osteoinductive bone formation as early as 3 weeks post-
implantation, but BCP,, demonstrated significantly more bone formation than BCP; at the
study endpoint of 12 weeks. Only BCP, reached an equivalent amount of bone formation
in available space and a greater proportion of calcified material (bone + graft material)
beneath the maxillary sinus floor compared to the clinical ‘gold standard’ ABG after 12
weeks. These results were validated in a clinical study, in which BCP, was compared to
autograft in a cohort of 10 patients receiving lateral window MSFA with two-stage implant
placement. In this study, BCP, was found to be equivalent to ABG in implant stability,
bone height, new bone formation in trephine core biopsies and in the majority of clinical
outcomes.

In recent years, there has been an increasing interest in the effect of biomaterial surface
topographies on biological response, with the goal to optimize favorable healing responses
following implantation. While relations have been determined between topography
and osteogenic differentiation of stem cells [29-31], other research has focused on
immunomodulatory effects [32,33]. The osteoinductive potential of calcium phosphates
has reproducibly been linked to the presence of a submicron surface topography, i.e. a
topography of surface crystals smaller than 1 ym in diameter [14-18]. Recent studies have
suggested that upregulation of anti-inflammatory M2 macrophages and osteoclastogenesis
play an additional role in osteoinduction by calcium phosphate with submicron topography
[34-37].
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Both bone graft substitutes that were studied in the sheep model, BCPN and BCPG, have
a submicron topography and were previously demonstrated to possess osteoinductive
capacity in ectopic implantation models [17-19]. Interestingly, when evaluated in the same
canine intramuscular implantation model by our group, osteoinductive bone formation was
determined in 100% of implants for both BCP, and BCP,, but the area percentage of bone
as determined by histomorphometry was approximately 10x greater for BCP, (24.5% =
4.3 vs 2.4% + 1.4%)[17,18]. This suggests that BCP, has a higher intrinsic osteoinductive
potential than BCP,, which may underlie the enhanced bone formation with BCP,  that we
observed in the current study based on higher incidence distant from the host bone and
near the Schneiderian membrane.

A potential explanation for the difference in bone forming potential of BCP, and BCP,
in both the current orthotopic model and the ectopic implantation model mentioned
above, may lie in their surface crystal morphology. While BCP, and BCP, overall have
similar physicochemical properties (Appendix, Table 1), including granule size, HA/ATCP
phase composition and porosity, the materials are different in the morphology of their
submicron surface crystals. In a recent study by our group, osteoinduction by calcium
phosphates with different morphologies of submicron surface crystals was evaluated
[18]. The material with needle-shaped topography showed accelerated osteoinductive
bone formation versus the material with a grain-shaped topography [18]. These results
indicated that, besides the dimension of the surface features (i.e. submicron vs micron),
the morphology of surface crystals also affects osteoinductive capacity. In the current
study, the needle-shaped submicron topography of BCP, was similarly associated with
a higher bone-forming potential than BCP_. Further research is needed to elucidate how
surface crystal morphology influences bone regeneration by calcium phosphate bone graft
substitutes.

To our knowledge, the observed early bone formation in synthetic implants in the
space created after maxillary sinus floor elevation, distant from host bone and near
the Schneiderian membrane, has not been previously reported. Although studies have
suggested that the Schneiderian membrane itself has osteoinductive potential [38], this
concept has been invalidated in later studies [39,40]. However, the Schneiderian membrane
has been shown to be osteogenic, since it harbors a niche of mesenchymal osteoprogenitor
cells [41-44]. The latter may explain why we often observed early bone formation near
the Schneiderian membrane.

The performance of BCP, demonstrated in the sheep model was clinically validated in
a first clinical study in terms of functionality i.e. bone formation, volume augmentation,
and implant stability. Bone formation as determined by histomorphometry of trephine
core biopsies was equivalent for BCP, and the control ABG. Interestingly, the mean
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area percentages of bone in available space for BCP, and ABG in the sheep study were
comparable to the values obtained in the clinical study. The mean area percentages of
residual graft material and combined bone and graft material were also similar for BCP,,
between the two studies.

The vertical bone height after MSFA in the preclinical model was greater for the synthetic
bone substitutes than ABG at all timepoints, which indicates that ABG had a lower
volume stability than the synthetic grafts. However, in the clinical study, bone height
was equivalent between ABG and BCP,, at all follow-up visits. The observation that
ABG undergoes greater volume reductions than calcium phosphate-based bone graft
substitutes has been reported more often in literature [45-49]. Because of concerns that
ABG resorption might compromise MSFA, especially with two-stage implant placement,
it has been recommended to use bone graft substitutes as an extender or as substitute
to ABG to maintain graft volume [50-52]. Long term graft volume stability is considered
a favorable outcome in MSFA, although there is so far no evidence indicating that volume
loss negatively affects implant placement or survival [45]. The advantage of using a BCP
that has a moderate resorption rate, is that it can provide initial stability to the new bone
and allow the tissue to mature, while it is gradually remodeled and replaced by bone tissue
during time. Resonance frequency analysis has been used as a tool for the assessment
of bone quality and osseointegration. Previous studies have indicated that good primary/
mechanical stability, i.e. lack of implant micromovement, is a prerequisite for proper
peri-implant healing and osseointegration, which leads to secondary/biological stability
(Monje et al. 2019). Several studies have positively correlated implant stability to bone
quality, although other factors have been found to affect 1SQ, including implant location,
insertion torque, dimensions and design of the implant (Huang et al. 2020). In our clinical
study, resonance frequency analysis of dental implants revealed equivalent primary and
secondary implant stability for ABG and BCP,, with a negligible difference between primary
and secondary stability within groups.

It is challenging to compare the outcomes of the current work directly to results obtained
in studies that have used conventional, non-osteoinductive bone graft substitutes. Many
pre-clinical studies that have evaluated such materials lack a positive control, used
different timepoints and assessment methods or used bone substitutes in combination
with autologous bone or other adjuncts (e.g. stem cells, platelet rich plasma, composite
grafts) [55-64]. However, in studies that evaluated bovine xenograft, porous hydroxyapatite
and demineralized freeze-dried bone allografts versus ABG in MSFA models, the authors
advised against the use of these materials as standalone substitutes for ABG, because
they resulted in lower bone-implant contact [65-67]. In other clinical MSFA studies,
bone percentage in bone core biopsies was commonly higher for autologous bone graft
compared to bone graft substitutes [13,68-71], while results of comparisons between
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synthetics, xenografts and allografts have been variable [13,72-75]. Still, questions remain
on the relevance of bone substitute selection for MSFA, since clear influence of graft type
on clinical outcomes and implant survival has so far not been reported [76-79].

The strengths of this study include the thorough evaluation of bone formation by two similar
synthetic bone graft substitutes with different surface crystal morphology, in a clinically-
relevant sheep model of MSFA, using the gold standard autograft as control. Moreover, this
study is translational because the pre-clinical results were clinically validated in a human
trial, which used a full range of assessment methods to compare a bone substitute to the
gold standard. A limitation of the sheep MSFA model is that it involved the implantation of
bone grafts into the sub-Schneiderian space in non-atrophic maxillae with intact molars,
while clinical MSFA cases often involve augmentation of severely resorbed alveolar bone
in edentate patients. Furthermore, we have not evaluated placement and osseointegration
of dental implants in the sheep model. The clinical study was limited in the relatively low
number of patients that was enrolled. A larger sample size would have led to an increase
in statistical power that may have resulted in the discovery of significant differences.

In conclusion: the present translational work demonstrated successful maxillary sinus
floor augmentation with a novel osteoinductive calcium phosphate with needle-shaped
surface topography. In a sheep model of maxillary sinus floor augmentation comparing
two osteoinductive calcium phosphate bone substitutes with submicron topography, a
material with needle-shaped topography demonstrated enhanced bone formation versus
a material with a grain-shaped topography. Moreover, it reached an equivalent amount
of bone formation (in available space) compared to the ‘gold standard’ autologous bone
graft. These results were validated in a prospective clinical study, in which the same bone
substitute reached equivalence to autograft on almost all outcomes. These findings confirm
that morphology of submicron surface features on calcium phosphates dictates their in
situ bone-forming potential. The osteoinductive BCP promoted formation of mature bone
in direct contact with the material, facilitating osseointegration and stability of dental
implants after 1 year of placement, while avoiding the disadvantages of autograft (i.e.
second surgical site, graft resorption). Future investigation of osteoinductive calcium
phosphates is recommended to further explore their potential as stand-alone bone graft
substitute materials for maxillofacial surgery.
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APPENDIX

Supplementary Table 1. Properties of calcium phosphate bone substitutes

Material BCP, BCP,

Trade name MagnetOs Granules™ MBCP™
Supplier Kuros Biosciences Biomatlante
Granule size 0.25-1.00 mm 0.50-1.00 mm
Chemistry 30 HA / 70 TCP 40 HA / 60 TCP
Surface crystal structure® Needle Grain

Surface crystal size [umJ 0.58 + 0.20 0.71 +£0.20
Total porosity® 80% 73%
Macroporosity’ 69% 55%
Micro-porosity® 1% 18%

Specific surface area by weight® [m2 g''] 2.77 2.93

Specific surface area by volume® [m2 ml'] 1.78 2.09

Ectopic bone Bone incidence 8/8! 4/42
formation® Bone in available space % 245+ 43" 2.1 1.4%?2

@ Data from measurements on scanning microscopy images (5000%)

bData from mercury intrusion.

¢ Previously published data in canine intramuscular implantation model, 12 weeks post-implantation.
"Duan et al. 2019

2 Duan et al. 2018b

Supplementary Table 2. Inclusion and exclusion criteria of clinical study

Inclusion criteria

Male or female patients aged 18-75 years

Patient is willing to give informed consent to participate in the study

Patient qualifies for sinus augmentation surgery

Presence of a unilateral or bilateral (partial) maxillary edentulism involving the premolar/molar areas
Presence of a residual posterior maxillary bone height between 2 and 6 mm

Smoking <10 cigarettes per day

Exclusion criteria

Maxillary sinus pathology

Presence of a local or systemic disease or treatment affecting bone formation
Contamination of the (area around the) operative field

Periodontitis

Infectious diseases

Bone metabolic disease

Neurological disorders that could influence mental validity

Smoking >10 cigarettes per day

Pregnant or breast-feeding women

Cancer therapy including immune-suppression, chemotherapy and irradiation
Patients in whom primary stability could not be established

Previous entry into this study or participation in any other clinical trial within 30 days

176



Calcium phosphate with submicron topography in maxillary sinus floor augmentation

177






EVALUATION OF THE
MACROPHAGE RESPONSE TO
OSTEOINDUCTIVE CALCIUM
PHOSPHATE







CHAPTER 7

CALCIUM PHOSPHATE WITH
SUBMICRON TOPOGRAPHY
INDUCES M2 MACROPHAGE
PHENOTYPE IN PRIMARY HUMAN
MACROPHAGES, ENHANCING
DOWNSTREAM ANGIOGENESIS
AND OSTEOGENESIS IN VITRO

Lukas A. van Dijk

Lizette Utomo

Huipin Yuan

Florence Barrére-de Groot
Debby Gawlitta

Antoine J.W.P. Rosenberg
Joost D. de Bruijn

Submitted



ABSTRACT

Calcium phosphates with submicron surface features have shown equivalent performance
to autograft and superior performance to conventional calcium phosphates in pre-clinical
bone healing models. It is hypothesized that a specific innate immune response to
submicron topographies contributes to the enhanced bone healing by these materials.
Upregulation of pro-healing, anti-inflammatory ‘M2' macrophages versus pro-inflammatory
‘M1’ macrophages on submicron-structured calcium phosphates may be involved. In this
in vitro study, the response of naive human macrophages to different calcium phosphate
bone graft substitutes was assessed. Primary CD14" monocytes were isolated from human
buffy coats and were seeded on two different calcium phosphates. The first material had a
submicron topography of needle-shaped crystals (BCP(um) and substantial bone-inducing
potential in vivo, while the second material had no submicron topography (TCP) and
lower bone healing potential as seen in previous studies. Macrophage M1/M2 phenotype
characterization by protein and gene expression markers at 24h and 72h indicated overall
stronger macrophage activation and phenotypic skewing towards the M2 phenotype on
BCP<urn vs TCP. Moreover, macrophages exhibited an elongated morphology on BCP
which is associated with M2 macrophages, while macrophages on TCP primarily had a
spherical morphology. Conditioned medium of macrophages cultured on BCP_, resulted
in moderately enhanced in vitro angiogenic tube formation and osteogenic differentiation
of mesenchymal stromal cells, compared to conditioned medium from macrophages on
TCP. Altogether, these findings suggest a role of M2 macrophage polarization in the bone-
induction mechanism of calcium phosphates with submicron surface topography.
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INTRODUCTION

Calcium phosphate ceramics are among the most well-studied synthetic bone graft
substitute materials, due to their excellent biocompatibility, osteoconductive, and
bioactive properties[1]. As is common for biomaterials, the efficacy of calcium phosphate
bone graft materials has been shown to be correlated with specific physicochemical
properties, including phase composition[2-4], micro- and macroporosity [5-7], and surface
features[8-10]. Ongoing developments in material engineering, specifically the modification
of surface features, have resulted in calcium phosphate bone graft materials that have
demonstrated improved efficacy compared to conventional calcium phosphates[8,10-14].
Surface features of calcium phosphates in the submicron scale, i.e. pores and crystals < 1
pm in dimension, have been demonstrated to be associated with osteoinductive potential
(i.e. capacity to induce de novo bone formation). They also exhibit an ability to repair critical-
sized bone defects that approaches the efficacy of the ‘gold standard’ bone autograft,
without addition of exogenous cells and/or growth factors[8-12,15,16]. The relationship
between surface features and bone-inducing potential of calcium phosphates has so far
been demonstrated in various animal models, including mouse, rabbit, goat, sheep, canine
and baboons[17]. Recently, we have demonstrated accelerated bone formation in soft tissue
by calcium phosphate with a topography of submicron needle-shaped crystals compared to
calcium phosphate with submicron grain-shaped crystals [9]. This material also exhibited
equivalence to autograft and superiority to conventional ceramics in challenging spinal
fusion models[12,15,18].

To understand the mechanisms behind the enhanced healing response to submicron
surface structured calcium phosphates, it is helpful to consider the biological events
that occur after implantation that ultimately lead to bone formation. In the early phases
after implantation (hours-days), before interaction of osteogenic cells with the material,
initial tissue responses are mostly dictated by cells of the innate immune system[19,20].
A healthy immune response is a prerequisite for the normal healing of tissue injury[21].
Likewise, a favorable innate immune response to a biomaterial is paramount for successful
healing and integration after implantation [22,23].

Biomaterial implantation is typically followed by a rapid but short-lived invasion of
neutrophils that elicit an acute inflammatory response. Hereafter, circulating monocytes
are recruited to the implantation site, become activated, and differentiate into
macrophages[19,21]. Macrophages are known to play a central role in the innate immune
response to tissue injury and biomaterials. They are the key regulators of the wound
healing process, in which they evolve to adopt distinct phenotypes during the different
stages of healing[24]. Macrophage phenotypes are broadly categorized into those having

183

0



Chapter 7

a pro-inflammatory role, better known as the ‘classically’ activated or ‘M1’ phenotype,
and on the other hand macrophages with an anti-inflammatory function, commonly
described as the ‘alternatively’ activated, ‘M2’ or 'pro-healing’ phenotype[25,26]. M1
macrophages promote inflammation by release of pro-inflammatory cytokines and produce
harmful reactive oxygen species to clear pathogens, debris, and foreign materials. M2
macrophages aim to resolve inflammation by secretion of anti-inflammatory factors and
facilitate tissue repair and remodeling by signaling to local progenitor cells and stem cells
responsible for tissue regeneration[24,27]. Transition between M1 and M2 phenotypes
can occur swiftly in response to environmental stimuli, such as cytokines, pathogens, and
materials[21,24,25,27,28].

During the normal healing cascade, the macrophage population is dominated by M1
macrophages during the acute inflammatory phase and will then gradually shift towards
an M2-dominated population to create the pro-healing environment required for
regeneration[24,28]. However, when the transition to M2 macrophages is inhibited, for
example due to a bioincompatible implant, the prolonged presence of inflammatory M1
macrophages can exacerbate tissue injury and prevent biomaterial integration[28-30].
The associated chronic inflammatory state can lead to undesirable outcomes, such as
granuloma formation, fibrosis and ultimately fibrous encapsulation of the implant, known
as the foreign body response[19,23,30,31].

Research in the field of ostecimmunology has established that there exists an intricate
relationship between macrophages, and bone tissue formation and homeostasis[30,32,33].
M2-like tissue-resident osteal macrophages, termed OsteoMacs, have been shown to directly
regulate osteoblast survival and bone matrix deposition in vivo[34,35]. Macrophages have
displayed intricate crosstalk with mesenchymal stem cells (MSCs) that leads to osteogenic
differentiation[36,37]. Recently, Zhang et al. reported a correlation between accelerated
fracture healing and greater percentages of M2 macrophages in fracture calluses in
human patients [38]. In contrast, upregulated M1 macrophage populations have been
associated with destructive bone resorption in bisphosphonate-related osteonecrosis of the
jaw [39-41]. Strategies to augment M2 macrophage activation during bone defect repair
have demonstrated enhanced bone formation and implant osseointegration associated
with greater numbers of M2 macrophages[42-47]. Recently, an M2 macrophage-like cell
population has been recognized to have an important role in the process of heterotopic
ossification, which is similar to material-induced ectopic bone formation[48,49].

In this context, the macrophage response is deemed highly relevant in bone regeneration
utilizing calcium phosphate bone graft substitute materials[33]. Previously, local depletion
of monocytes/macrophages has been shown to block in vivo ectopic bone formation by
calcium phosphate with submicron surface features[50,51]. Moreover, recent results
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have indicated murine M2 macrophage upregulation by calcium phosphate materials with
osteoinductive capacity [51,52].

In the current study, we set out to assess the in vitro response of primary human
macrophages to different calcium phosphate bone graft materials. The first material was
a biphasic calcium phosphate with a submicron surface topography of needle-shaped
crystals [BCP(um], which exhibits the ability to form bone in soft tissues without added cells
or growth factors, and has demonstrated enhanced bone healing compared to conventional
ceramics in vivo[9,12]. This material was compared to a conventional tricalcium phosphate
that had no submicron topography (TCP), was not osteoinductive[53] and has shown low
bone healing potential in vivo[12,13,54,55]. The goal of this study was to elucidate whether
BCP_,,, with submicron topography induced stronger M2 macrophage activation than
the conventional bone graft material TCP. This would suggest a role of pro-healing M2
macrophages in the enhanced bone healing observed with submicron structured calcium
phosphates. Additionally, paracrine effects of macrophages on in vitro angiogenic tube
formation and osteogenic differentiation of mesenchymal stromal cells were assessed
using conditioned medium assays.

MATERIALS AND METHODS

Materials

Two calcium phosphate bone graft materials were used for the experiments. The first
material, a biphasic calcium phosphate (¥30% HA / 70% B-TCP) with a submicron
topography of needle-shaped crystals (BCP<um, MagnetOs Granules™, Kuros Biosciences
B.V., Bilthoven, NL) was manufactured by Kuros Biosciences as described previously
[9,18]. In brief, porous BCP blocks were produced from calcium orthophosphate powder
using foaming agent and porogen, followed by sintering at 1125°C for 6h. The blocks were
crushed and sieved to obtain granules of 1-2 mm. The topography of submicron needle-
shaped crystals was obtained by autoclaving the granules at 135°C for 100 min. The second
material was purchased as a porous tricalcium phosphate (> 98%-100% B-TCP) with a
granule size of 1-2 mm, manufactured by Orthovita Inc. (TCP, Vitoss Morsels, Orthovita Inc.,
Malvern, PA, USA). The materials were characterized by mercury intrusion porosimetry and
measurement of surface crystal size by scanning electron microscopy (SEM, JEOL JSM-
5600, JEOL, Akishima, Tokyo, Japan). Both materials were distributed into 400 pl aliquots
and were then subjected to dry heat sterilization (3h at 200°C). The material properties of
BCP_,,and TCP are presented in Table 1.
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Table 1. Properties of calcium phosphate materials

Material BCP_ TCP
Granule size 1-2 mm 1-2 mm
Chemistry 30 HA /70 TCP 100 TCP
Surface crystal structure® Needle Grain
Surface crystal size [um]? 0.65%0.26 1.70 + 0.69
Total porosity’ 80% 74%
Macroporosity® 69% 54%
Microporosity’ 1% 20%
Specific surface area by weight® [m2 g''] 2.77 0.36
Specific surface area by volume® [m2 ml'] 1.78 0.30
Ectopic bone Bone incidence 8/8"! 0/42
formation® Bone in available space % 245+ 43" n/a

2 Data from measurements on scanning microscopy images (5000x)

bData from mercury intrusion.

¢ Previously published data in canine intramuscular implantation model, 12 weeks post-implantation.
" Duan et al. 2019

2 Duan et al. 2018b

Monocyte isolation and seeding on biomaterials

Monocytes were isolated from a total of 5 buffy coats (male donors, 42.8 + 14.9 years)
acquired from the local blood bank (Sanquin, Amsterdam, the Netherlands). Primary CD14*
monocytes were obtained through density gradient separation using Ficoll Paque Plus (GE
Healthcare Life Sciences, Chicago, USA) and subsequent magnetic activated cell sorting
(MACS) using human CD14 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany), as
described previously [56].

Per sample, 400 pl/well of BCP_,, or TCP granules were transferred to well plates. The
materials were pre-incubated for 2 hours at 37°C in basic culture medium: Roswell Park
Memorial Institute (RPMI) 1640 medium with 2.05 mM L-Glutamine (, Gibco, Carlsbad,
USA), supplemented with 10% heat-inactivated fetal bovine serum (Biowest) and 100 U/
mL penicillin with 100 mg/mL streptomycin (, Invitrogen, Carlsbad, USA). Subsequently,
CD14" monocytes were seeded on the calcium phosphate granules at a density of 4.5 x
10°cells/well in 1 mL of basic culture medium supplemented with 10 ng/ml macrophage
colony-stimulating factor (M-CSF; Peprotech, New Jersey, USA). The cells were cultured at
37°C under humidified conditions at 5% carbon dioxide (COZ) for 24h or 72h, with medium
refreshment after 48h. Macrophage polarization profiles were confirmed in macrophages
cultured in monolayers (Supplementary Figures 1, 2). A schematic overview of the
experimental procedures is shown in Figure 1.

186



Calcium phosphate with submicron topography induces M2 macrophage phenotype

"
>

Seed on Refresh
Isolate CD14+ calcium medium at
3 4 ELISA
monocytes phosphates 48h
4 PCR
SEM
Immunestaining

:
|

24h,72h

B. HUVEC tube
Seed on Refresh 10 Conditioned formation assay
calcium HANER medium

phosphates medium 12)

— B -2 1 ——— | —
JP
’ff@cf: Pegy,
ogy, © Conditioned MSC osteogenic
N medium differentiation assay
: (2:3)
RIS

Figure 1. Schematic overview of the experimental procedures. After isolation, CD14+ monocytes
were seeded on BCP_, and TCP to (A) evaluate their response to the materials and (B) to generate
macrophage-conditioned medium for use in angiogenic and osteogenic assays.

Scanning electron microscopy and cell shape quantification

To visualize the material surfaces both before and after macrophage culture, a scanning
electron microscope (SEM) was used (JEOL JSM-5600). For cell culture samples
(72h), granules were rinsed in phosphate buffered saline (PBS, Gibco), fixed in 2.5%
glutaraldehyde (Sigma) for 1.5h, and stored in PBS at 4 °C until further processing. The
cells were dehydrated using a graded ethanol series followed by air-drying by evaporation
of tetramethylsilane (Sigma, St. Louis, USA). Granules were mounted on specimen mounts
and were gold sputter-coated (JEOL JFC 1300) prior to visualization by SEM.

Cell shape gquantification was performed on at least 25 different SEM images of macrophages
of different donors (n=3) by measuring the shortest and longest axis of each cell through
the midline using software (AxioVision LE, Carl Zeiss Microscopy, Oberkochen, Germany).
An elongation index was calculated for each cell by dividing the length of the long axis
by the short axis. Using this elongation index, the percentage of elongated cells was
determined, i.e. with an elongation index > 2.

Gene expression analysis

Expression of mRNA by macrophages cultured on BCP_, or TCP was analyzed for
different donors (n=3) in triplicates. The mRNA was isolated using TRIzol reagent
(Thermo Fisher), according to the manufacturer's instructions. Quantification of total
extracted RNA was determined using a spectrophotometer (DS-11 series, DeNovix
Inc., Wilmington, USA) at 260/280 nm. Subsequently, complementary DNA (cDNA) was
synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, USA) following the
manufacturer’s instructions. Quantitative PCR analysis was performed using a Bio-Rad
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CFX96 Real-Time PCR Detection System using FastStart SYBR Green Master mix (Roche
Molecular Systems, Inc., Pleasanton, USA). Expression of cluster of differentiation 206
(CD206; Fw: TGGCCGTATGCCGGTCACTGTTA ; Rev: ACTTGTGAGGTCACCGCCTTCCT),
CCL18 (Fw: TTGTGAGTTTCCAAGCCCCA; Rev: GCAGCAGAGCTCTTTGTTGGTA), CD163 (Fw:
GTTGGCCATTTTCGTCGCATT; Rev: CTCTCCTCTTGAGGAAACTGCAA), C-C motif chemokine
ligand 2 (CCL2, Fw: AATCACCAGCAGCAAGTGTC; Rev: TCTTCGGAGTTTGGGTTTGCT), CCL5
(Fw: TGCTGCTTTGCCTACATTGC; Rev: CACACACTTGGCGGTTCTTT), Interleukin 16 (/IL14, Fw:
AGCTGATGGCCCTAAACAGA; Rev: TGTAGTGGTGGTCGGAGATT) was analyzed, to discriminate
between M1 (CCL2, CCL5, IL113) and M2 (CD20é, CCL18, CD163) macrophage phenotypes [57-
59]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Fw: ATGGGGAAGGTGAAGGTCG;
Rev: TAAAAGCAGCCCTGGTGACC) was selected as housekeeping gene for primary human
monocyte-derived macrophages based on previous work[60]. The efficiency of all primers
was between 0.9 and 1.1 and relative expression was calculated using the formula: 2.

Cytokine quantification

After 24h and 72h of culture, cell culture supernatants of different blood donors (n=4)
were collected for cytokine quantification in triplicates by enzyme-linked immunosorbent
assays (ELISA). The supernatants were centrifuged for 10 minutes at 300G, aliquoted, and
stored at -80°C until analysis. Human C-C motif chemokine ligand 18 (CCL18; Duoset ELISA,
R&D Systems, Minneapolis, USA), human soluble cluster of differentiation 163 (sCD163;
Duoset ELISA, R&D Systems), human C-C motif chemokine ligand 5 (CCL5; Duoset ELISA,
R&D Systems), and human interleukin 6 (IL-6; Ready-SET-Go!® ELISA, eBioscience, San
Diego, USA) were measured with ELISA kits according to the manufacturers’ instructions.
Absorbance was measured at 450 nm and corrected at 570 nm (Zenyth 3100 Microplate
Multimode Detector, Anthos Labtec Instruments, Salzburg, Austria). These cytokines were
selected as indicators of M1 (CCL5, IL-6) and M2 (CCL18, CD163) macrophage phenotype
based on literature and were confirmed by induction in monolayers (Appendix Figure
A.2) [57,61,62]. For each sample, measured cytokine concentrations were divided by DNA
concentration to normalize.

DNA quantification

After the removal of supernatant for cytokine quantitation, calcium phosphate granules
were rinsed in PBS followed by treatment with PBS/0.1% Triton X-100 (Sigma) for cell
lysis. Lysates were collected after 5 min, vortexed and stored at -80°C until analysis.
Quantification of Double stranded DNA was performed using QuantiFluor® dsDNA System
(Promega, Madison, USA), according to the manufacturer’s instructions. Fluorescence
signal was measured with excitation and emission at 504nm and 531nm, respectively
(Zenyth 3100 Microplate Multimode Detector, Anthos Labtec Instruments).
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Immunofluorescent staining of macrophages

Immunofluorescent staining of macrophages for cluster of differentiation 68 (CD68 (Kp-1),
10 pug/ml, Cell Marque, Rocklin, USA), CD163 (6.7 ug/ml , ab182422, Abcam, Cambridge,
UK) and inducible nitric oxide synthase (iNOS, 1:50, ab15323, Abcam) was performed for
visualization by confocal microscopy (SP8x, Leica-microsystems, Mannheim, Germany).
These antibodies were selected for use as pan-macrophage marker (CD68), M2 phenotype
marker (CD143) and M1 phenotype marker (iNOS), based on literature[63-65]. The cells
adherent to calcium phosphate granules were fixed in formalin (10%) and stored in PBS
at 4 °C until further processing. After permeabilization using PBS/0.2% Triton X-100,
non-specific protein binding was blocked using PBS/5% bovine serum albumin (Sigma)
prior to incubation with the primary antibody for 1h. After washing with 0.1% Tween in
PBS, cells were incubated for 1h with a biotinylated secondary antibody (1:200, goat anti-
rabbit biotinylated, E0432, Dako; or 1:200, sheep anti-mouse biotinylated, RPN1001v1,
GE Healthcare). Next, samples were incubated with tertiary antibody streptavidin Alexa
Fluor 568 (5 ug/ml, S11226, Invitrogen) and fluorescein isothiocyanate (FITC)-conjugated
Phalloidin (0.5 ug/ml, Sigma) to show the F-actin network. Lastly, cell nuclei were stained
with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, 100 ng/mL] for 10 minutes. All
incubation steps were performed at room temperature under mild agitation. For image
capture, Z-stacks were used to obtain a greater depth of field to capture cells in different
focal planes on the uneven material surfaces.

Angiogenic tube formation assay

To evaluate the effect of macrophage conditioned medium (mCM) on angiogenic tube
formation, macrophages of different donors (n=3) were cultured in triplicates on BCP_,,
or TCP for 48h in basic culture medium, supplemented with 10 ng/ml M-CSF, after which
the wells were rinsed in PBS and medium was changed to complete endothelial growth
medium-2 (EGM-2, Lonza, Basel, Switzerland), containing Endothelial Basic Medium 2
(EBM-2, Lonza) + Singlequots (Lonza), 5% FBS, 2.05 mM L-Glutamine (Gibco) and 100 U/
mL penicillin with 100 mg/mL streptomycin (Invitrogen). After 24h, mCM was pooled,
centrifuged for 10 minutes at 300G, aliquoted and stored at -80°C until further use. Human
umbilical vein-derived endothelial cells (HUVECs) were expanded to 80% confluence on
tissue culture polystyrene coated with 0.1% gelatin. For the tube formation assay, y-slides
for angiogenesis (Ibidi, Grafelfing, Germany) were coated with growth factor reduced
Matrigel (1:1 diluted with PBS, 45 min at 37C°, Corning, New York, USA), after which
HUVECs were seeded at a density of 48,000 cells/cm? in a 1:1 ratio of mCM and EBM-2
supplemented with 1% FBS, using 6 replicates per condition. As positive and negative
control, EBM-2 supplemented with 10% and 0% FBS were used, respectively. Slides
were incubated for 16h at 37°C under humidified conditions and with 5% CO,, followed
by observation of tube networks and image capture (full-view of wells) by microscopy
(1X53, Olympus, Hamburg, Germany). Images were processed for quantification in graphics
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editor software (Adobe Photoshop CS5, Adobe, San Jose, USA) using fixed parameters for
cropping, brightness-contract adjustment and resizing. Tube network images were then
quantified using ‘Angiogenesis Analyzer for ImageJ'[66] plugin for ImageJ (NIH, Bethesda,
USA).

Osteogenic differentiation of MSCs

To assess the indirect effect of macrophages activated by the materials on the osteogenic
differentiation of bone marrow-derived MSCs (BMSCs), conditioned medium from the
macrophages (mCM) was prepared. Briefly, macrophages of different blood donors (n=3)
were cultured in triplicates on BCP_, or TCP for 48h in basic culture medium supplemented
with 10 ng/ml M-CSF, after which the wells were rinsed in PBS and medium was changed to
basic MSC medium: alpha Minimum Essential Medium (aMEM, 22561, Gibco) supplemented
with 10% HI-FBS, 100 U/ mL penicillin, 100 mg/mL streptomycin (15140, Invitrogen), and
0.2 mM L-ascorbic acid-2-phosphate (ASAP, Sigma). After 24h, mCMs from multiple wells
were pooled, centrifuged for 10 minutes at 300G, aliquoted, and stored at -80°C until further
use. Human BMSCs were isolated and characterized as previously described [67]. For
osteogenic differentiation, BMSCs of one donor were seeded in polystyrene well plates
at a density of 3,000 cells/cm? in basic MSC medium supplemented with 1 ng/mL basic
fibroblast growth factor (rh-FGF-2; R&D Systems). After 3 days, medium was refreshed
to a 2:3 ratio of, respectively, mCM and osteogenic differentiation medium, containing
basic MSC medium supplemented with -glycerophosphate (BGP, Sigma) to obtain a final
concentration of 10 mM BGP. As control conditions, osteogenic differentiation medium
and basic culture medium were used. The cells were cultured for 10 days at 37°C under
humidified conditions and 5% CO,, with media refreshment every 3 days. After 10 days of
culture, MSCs were rinsed in PBS and then lysed using PBS/0.2% Triton X-100, prior to
storage at -80°C until further use. Additional samples of each condition were fixed using
10% formalin for later osteonectin immunofluorescence staining.

Quantification of Alkaline Phosphatase Activity

Quantification of Alkaline Phosphatase (ALP) activity in MSC lysates was performed as
previously described[48]. ALP is a relevant marker of osteogenic differentiation[69]. ALP
activity was measured after 10 days based on previous work and reports in literature
that ALP levels peak after 10-14 days of osteogenic differentiation[70]. ALP activity in cell
lysates was measured by conversion of p-nitrophenyl phosphate (pNPP), using the pNPP
liquid substrate system (Sigma) according to the manufacturer's instructions. Absorbance
was measured at 405 nm and corrected at 655 nm (Bio-Rad, Hercules, CA). A reference
curve of serially diluted known activity of calf intestinal ALP (Sigma) in PBS/0.2% Triton
X-100 was used to determine ALP activity in lysates. In addition, DNA content in MSC lysates
was used for normalization and was quantified as described above, using QuantiFluor®
dsDNA System (Promega, Madison, USA).
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Osteonectin

Formalin-fixed MSCs were stained with an antibody against osteonectin (ON, 1:5, AON-1,
Developmental Studies Hydroma Bank) as a marker for osteoblast differentiation. The cells
were processed for immunofluorescence as described above, using ON as primary antibody,
a biotinylated secondary antibody (1:200, sheep anti-mouse biotinylated, RPN1001v1, GE
Healthcare) and streptavidin Alexa Fluor 568 (5 ug/ml, Invitrogen) as tertiary antibody.
The cell nuclei were stained with DAPI.

Statistical analysis

Statistical analysis was performed using dedicated software tools (MS Excel, Microsoft,
Albuguerque, NM, USA; GraphPad Prism, San Diego, CA, USA). Normal distribution of data
was assessed by Kolmogorov-Smirnov normality test. Cell shape measurements, protein
level, gene expression, tube formation and ALP activity data were analyzed using two-factor
analysis of variance with Holm-Sidak’s multiple comparisons test with multiplicity adjusted
p-values. When protein levels in individual samples were below the detection limit of the
standard curves in the assays, they were assigned a value of zero.

RESULTS

Macrophages adopt an elongated morphology on submicron needle-shaped
topography and mostly a spherical morphology on conventional surface
structure

SEM of the material surfaces confirmed the presence of a topography consisting of
submicron needle-shaped crystals on the surface of BCPW, while TCP presented a
relatively smooth surface with a globular topography (Figure 2. A, B). After seeding, a large
proportion of adherent macrophages on the submicron topography of BCP_, adopted an
elongated, bipolar shape, while on TCP the macrophages remained spherical (Figure 2. C,
D). Quantification of cell dimensions by measuring the short and long axes of macrophages
on SEM images, indicated that the average short axis length was different but in the same
order of magnitude for both materials (BCP(um: 7.0 £ 3.9 um; TCP: 5.7 £ 1.7 ym, p=0.007),
while the average long axis length was substantially greater in macrophages adhering
to BCP(um versus TCP (BCP(um: 26.0 £ 13.5 ym; TCP: 8.4 + 3.6 um, p<0.001) (Figure 2. E).
Consequently, the average elongation index was 3.5-fold greater for macrophages on
BCP_,, than those on TCP (BCP,, : 5.2 + 4.8; TCP: 1.5 + 0.6 ym, p<0.001) (Figure 2. E). The
percentage of elongated macrophages (elongation index » 2) was also higher on BCP_,,
compared to TCP, with 67.5% versus 15.4%, respectively (Figure 2. E).
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Figure 2 (above/right). Cell shape of macrophages cultured on calcium phosphates. SEM images
of the surface of (A) BCP,, and (B) TCP, prior to macrophage seeding. SEM image of macrophages
adhering on the surface of (C) BCP_, and (D) TCP after 72h culture. (E) Quantification of cell shape
analysis of macrophages adherent on BCP<um and TCP. The length of the short axis and long axis
of macrophages was measured and were used to calculate the elongation index. Cells with an
elongation index of » 2 were considered elongated. Data presented as mean + SD of 3 donors in
duplicate. **: p<0.01, ***: p<0.001

Gene expression of adherent macrophages is influenced by bone substitute
materials

To determine macrophage phenotype, expression of genes encoding for anti-inflammatory
(CD206, CD163, CCL18) and for pro-inflammatory proteins (CCL2, CCL5, IL1B) was assessed
in macrophages adherent to BCP_, and TCP (Figure 3). These genes were validated as
markers for the respective phenotypes (Appendix Figure A.1). Expression of CD206 was
significantly higher in BCP_, -cultured macrophages after 72h. For CD163 expression,
no significant differences between the materials were determined, although average
expression at 72h tended to be increased in the BCP<um condition (p=0.053). Likewise, no
differences in expression of CCL18 were found. Expression of CCL2 was higher in adherent
macrophages on BCP_, at both 24h and 72h, while no differences were found in expression
of CCL5. For IL113, expression was higher in macrophages activated by BCP_, than by TCP
at both time points.

192



Calcium phosphate with submicron topography induces M2 macrophage phenotype

m

Short axis Long axis
151 50~
sk

104

short axis length (pm)
long axis length (um)

104 |
0 T T 0

< Q
&2 & <L 5 S e
Q QQ
Elongation index Elongated cells
100-

-
o
1

(=
(=]
1

10- —

[=2]
(=]
1

>
(=]
1

elongation index (-}
percentage of
elongated cells (%)

N
(=]
1

I
|

Long axis distribution

(-1}
o
I

3 BCP<um

o
o
L

O TCP

frequency (%)
N w -
e 9o 2

-
o
L

il ala.

NI I IR I S

o
d‘j

long axis length {(pm)

Protein secretion and expression by macrophages varied between materials
with submicron topography and conventional surface

To determine the phenotype of macrophages cultured on the bone graft materials, secretion
of specific marker proteins was performed (Figure 4). Based on literature and in vitro
confirmation (Appendix Figure A.2), production of the proteins CCL18 and sCD163 may
be considered an indication for M2 macrophage polarization, while production of IL-6
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Figure 3. Gene expression profiles of macrophages activated by BCP_, and TCP. Quantification of
gene expression of (A) M2 markers CD206, CD163 and CCL18, and (B) M1 markers CCL2, CCL5, IL113
relative to GAPDH expression (2°7). Data represent mean + SD of a total of 3 separate monocyte
donors in triplicate. *: p<0.05, **: p<0.01
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and CCL5 indicate the M1 macrophage phenotype. Macrophages of all donors secreted
the aforementioned cytokines in response to BCP<um and TCP. Macrophages cultured on
BCP_,, secreted higher levels of CCL18 than macrophages activated by TCP after 24h and
72 hours. Similarly, secretion of sCD163 by macrophages in response to BCP_,  was higher
than the response to TCP after both 24h and 72h of culture. While secretion of IL-6 by
macrophages cultured on BCP_, was only higher than in the TCP condition after 24h, this
difference was resolved after 72 hours. Protein levels of CCL5 were not different between
conditions at 24h, while undetectable at 72h.

Macrophages adherenton BCP_, and TCP were stained for CDé8 (pan-macrophage marker),
CD163 (anti-inflammatory macrophages), and iNOS (pro-inflammatory macrophages)
(Figure 5). Similar to observations by SEM, elongated macrophages were observed on
the surface of BCP(um. Presence of CD68-postive cells (Figure 5. A) on the surface of both
BCP_,,and TCP confirmed that the observed adherent cells were macrophages. Likewise,
CD163 signal (Figure 5. B) was observed on most cells that were cultured on BCP_,, and
TCP. iNOS (Figure 5. C) was present in the majority of cells cultured on both materials.

Overall, the observed cell density on TCP was lower than BCP_, .

Angiogenic tube formation and osteogenic differentiation are enhanced by
macrophage activation by submicron topography

To assess whether bone graft material type influences paracrine signaling by adherent
macrophages and its effect on angiogenesis, mCM of macrophages cultured on BCP_, |
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Figure 4. Protein secretion of macrophages activated by BCP_ and TCP. Measurement of (A) M2
markers CCL18 and CD163, and (B) M1 markers IL-6 and CCL5 in the culture medium of macrophages
cultured on BCP_  and TCP after 24h and 72h. Protein content was normalized to DNA content for
each sample. Data represent mean + SD of a total of 4 separate donors in triplicate. ***:p<0.001

and TCP was used in a HUVEC tube formation assay (Figure 6). After 16h of incubation
of HUVECs with mCM, angiogenic tube networks were more developed in the samples
cultured with mCM from macrophages activated by BCP (Figure 6. A-C). Quantification of
tube networks (Figure 6. B, C) indicated that average tube length, number of tubes, and
number of junctions was higher when exposed to conditioned medium of macrophages
activated byBCP_, than when exposed to TCP-mCM.

In order to evaluate whether bone graft materials affect osteogenic paracrine signaling by
adherent macrophages, BMSCs were exposed to mCM of macrophages cultured on BCP_ |
or TCP during osteogenic differentiation. Osteogenic differentiation was determined by
assessing activity of ALP and expression of osteonectin in BMSCs[69,71] (Figure 7). After
10 days, ALP activity in BMSCs was not significantly different between BCP_, -mCM and
TCP-mCM, with ALP normalized to DNA of MSCs (Figure 7. A). When ALP activity in MSCs
was also normalized to the DNA of macrophages cultured on BCP_, and TCP, a moderate
but statistically significant difference was found between the bone substitute grafts, in
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Figure 5. Immunofluorescent phenotypic marker expression by macrophages cultured on calcium
phosphates. Representative confocal microscopy images of macrophages cultured on BCP(um and
TCP immunostained for (A) CD68 (pan-macrophage marker), (B) CD163 (anti-inflammatory), and (C)
iNOS (pro-inflammatory). Cells were counterstained with phalloidin to visualize the cytoskeleton

(F-actin) and DAPI as a nuclear staining.
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Figure 6. Endothelial tube formation assay with medium conditioned by macrophages cultured on
calcium phosphates. (A) Representative microscopy images of endothelial tube networks formed by
HUVECs after 16h incubation with conditioned medium of macrophages cultured on BCP_, or TCP.
(B) Results of tube network quantification, measuring tube length, number of tubes and number of
junctions per mm?2. (C) Results of tube network guantification normalized to macrophage DNA. Data
represent mean + SD of a total of 3 separate monocyte donors. **: p<0.01, **: p<0.001

favor of BCP_, (Figure 7. B). Osteogenic differentiation of MSCs was further confirmed
by immunostaining for osteonectin as an additional, qualitative marker for osteogenic
differentiation. Osteonectin-positive cells were observed in conditions with both BCP_, -
mCM and TCP-mCM, without differences in intensity (Figure 7. C).
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Figure 7. Osteogenic differentiation of MSCs with medium conditioned by macrophages cultured on
calcium phosphates. (A,B) Quantification of ALP activity in MSCs after 10 days of culture in osteogenic
differentiation medium with BCP__-mCM and TCP-mCM. Data are shown as (A) ALP activity
normalized to MSC DNA and (B) normalized to MSC DNA and macrophage DNA. Data represent mean
+ SD of a total of 3 separate monocyte donors. (C) Microscopy images of differentiated MSCs stained
for osteonectin and DAPI, which were used for further confirmation of osteogenic differentiation.
**: p<0.01

DISCUSSION

In this study, we have shown differential responses of primary human macrophages
cultured on calcium phosphate materials with different surface topographies. Macrophages
cultured on the submicron topography of BCP(um were found to have an elongated
morphology compared to macrophages cultured on TCP. Protein and gene expression
analyses demonstrated higher expression of M1 and M2 markers of macrophages cultured
on BCP_, , indicating an overall stronger activation of macrophages. The data revealed
a phenotypic skewing of macrophages towards the M2 phenotype on BCP_  versus TCP
after 72h. Lastly, medium conditioned by macrophages cultured on BCP_, also enhanced
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angiogenic tube formation by HUVECs and osteogenic differentiation of MSCs compared
to medium conditioned by macrophages cultured on TCP.

The efficacy of biomaterials is dependent on their material properties and the associated
initial cell and tissue responses following implantation. Macrophages are among the first
cells to colonize an implant and as key regulators of the healing cascade, their response
to implant materials is pivotal for healing outcomes[28-31,33]. Here, the first material
(BCPW] was of biphasic composition, had a submicron topography of needle-shaped
crystals with previously demonstrated potential to form bone in soft tissues [9] and high
bone healing capacity in vivo[12,15,18]. The second material, TCP, had a smooth surface,
was not osteoinductive[53] and had relatively low bone healing potential[12,13,54,55].

The observation of elongated macrophage morphology on BCP_,  corroborates the
suggestion of M2 macrophage activation. In literature, various groups have demonstrated
associations between elongated macrophage morphology and M2-like activation[72-79].
For example, McWhorter et al. determined that murine bone marrow-derived macrophages
adopted an elongated morphology in vitro after treatment with 1L-4/1L-13, which induced
an arginase-1-positive, iNOS-negative M2 phenotype[73]. Moreover, several studies have
shown that forcing macrophage elongation by physical cues, such as micropatterned
surfaces[72,73], microfiber scaffolds[76], and magnetic fields[75], resulted in polarization
towards an M2 phenotype[72,73,75,76]. A recent study by Tylek et al. demonstrated that
melt-electrowritten fiber scaffolds with defined pore sizes induced elongation of primary
human macrophages in vitro. Phenotype characterization revealed that the elongated
macrophages were M2-activated, as evidenced by gene expression (downregulation
of M1 markers IL1B and /L8, upregulation of M2 markers CD206, CD163 and /L10) and
protein markers (downregulation of M1 markers IL-16, IL-8 and |L-6; upregulation of M2
marker IL-10) [74]. In the current study, we also determined upregulation of M2 markers
at gene (CD206) and protein level (CCL18, sCD163) for elongated macrophages on BCP_ ..
although we did not observe downregulation of M1 markers in a similar manner. This
may be related to the substantially greater length of elongated macrophages reported
by Tylek et al. Alternatively, it may be an effect of the different materials used, as we
used calcium phosphate and that study used fiber scaffolds of poly( -caprolactone). It is
interesting to note that we did not observe a difference in expression of iNOS and CD163
by immunofluorescence between elongated and spherical macrophages (Fig.5). However,
McWhorter et al. reported a similar observation that iNOS expression was not altered in
micropatterning-induced elongated murine macrophages, even though pro-inflammatory
cytokine release was reduced and M2 markers were augmented[73]. Taken together, the
literature is clear on that macrophage elongation is associated with the M2 phenotype
which confirms the observations in the current work.
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Interesting questions with the observed macrophage elongation are why and how
macrophages take on an elongated shape on BCP<um and what is its involvement in the
observed M2 phenotype skewing. McWhorter et al. demonstrated an essential role of
the actin cytoskeleton in shape-induced M2 macrophage polarization, as treatment of
the cells with various pharmacological inhibitors of the actin cytoskeleton dynamics, i.e.
actin polymerization and actin/myosin contractility, resulted in loss of M2 phenotype
[73]. Likewise, Zhu et al. reported that RAW 264.7 macrophage M2 polarization on Tio,
honeycomb surface topography was associated with upregulation of the Rho family
of GTPases, which are regulators of the actin cytoskeleton[80]. Yet another study by
Yang et al. also reported that M2 macrophage activation by titanium ‘micro/nano-net’
surface topography was associated with enhanced Rho-associated protein kinase (ROCK)
expression and reduced Src expression, which are key up-regulators and down-regulators
of actin cytoskeletal tension, respectively [81,82].

These studies demonstrate that topographical features of materials can modulate
macrophage shape and induce cytoskeletal rearrangements, which play a role in M2
macrophage phenotype upregulation. It is widely accepted that cell shape can influence
downstream signaling and cell behavior through various mechanotransduction
pathways[83]. By these means, the submicron needle-shaped topography of BCP_,, may
lead to M2 activation through cell shape modulation and mechanotransduction [84]. Further
studies are needed to elucidate the precise mechanisms of macrophage elongation on
biomaterial topographies and its involvement in macrophage polarization.

The observed concurrent expression of both M1 and M2 protein and gene markers in
macrophages cultured on the bone graft materials, especially at 24h, could indicate
presence of either a heterogeneous population of polarized M1- and M2-like macrophages,
or an intermediate macrophage phenotype. Since immunohistochemistry for M1 (iNOS)
and M2 (CD163) markers at 72h revealed presence of both markers in the majority of
macrophages, this could indeed suggest that a ‘mixed’, intermediate macrophage
phenotype was observed. It has been long recognized that instead of the reductionist M1/
M2 macrophage classification, macrophages probably exist on a spectrum between these
phenotypic poles and there are myriad intermediate subtypes[29,85-87]. Nonetheless, it
is clear that macrophages cultured on BCP_, for 72h leaned stronger towards an M2-like
phenotype than the macrophages adhering to TCP.

The subsiding M1 marker expression with maintenance of augmented M2 markers after 72h
of culture, may be considered to resemble a phenotypic shift towards the M2 phenotype
on BCP_, . Subsidence of M1 markers was also observed in macrophages on TCP (CCLS5,
IL-16), but to an overall lesser extent than on BCP_,.- A gradual phenotypic shift of an
M1-dominant to M2-dominant macrophage population has been characterized as an
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essential element of the macrophage behavior during normal wound healing [28]. Loi et
al. demonstrated that a timely transition from primary murine M1 macrophages to M2
macrophages in co-culture with pre-osteoblastic MC3T3 cells, resulted in upregulation of in
vitro osteogenesis[88]. This suggested that a transient inflammatory, M1-dominant phase
(72h) followed by an M2-dominant phase is crucial for enhanced osteogenesis, a finding
that has been corroborated in other studies using co-culture models of macrophages with
MSCs, including a study using human cells[89,90]. Furthermore, Spiller et al. reported a
similar augmented effect of macrophage M1-M2 phenotype transition on vascularization of
bone scaffolds implanted subcutaneously in mice[91]. Taking these findings into account,
the phenotypic switch observed in macrophages on bone graft materials in the current
study, which was of greater magnitude on BCP<um than TCP, may be a potential additional
explanation of the enhanced bone healing potential of BCP_, .

As our results indicate phenotypic skewing of human macrophages towards an M2-
like phenotype on BCP_, in vitro, we may speculate on the relevance of these findings
to bone regeneration with calcium phosphate bone substitutes in vivo. We know from
previous studies with animal models that BCP_, , and other submicron surface-structured
calcium phosphates, have greater bone regenerative capacity than conventional calcium
phosphates without submicron surface structure [9,10,12,13,53]. Recently, in a study
similar to the current work, Li et al. demonstrated elevated M2-like activation (CD206, Arg-
1, VEGF, VEGF, IGF-1, IGF-1) of murine RAW 264.7 macrophages on osteoinductive -TCP
with submicron surface structure, while B-TCP with micron surface structure induced an
M1-like phenotype (iNOS, iNOS, TNF-q, ILé, IL-6, IL-163, IL1B) [51]. In a similar study using
THP-1 macrophages, we have previously also determined M2 activation (CCL18, TGF-13)
on osteoinductive TCP with submicron surface structure and M1-activation (TNF-a, IL-11)
on micron surface structure in vitro[92]. Yet another study by Chen et al. determined
upregulation of M2 markers (Arg-1, CD206, IL-10, IGF) in RAW 264.7 macrophages cultured
on BCP with high osteoinductive potential versus HA and 3-TCP with lower osteoinductive
potential, which exhibited greater M1-like activation (CCR7, iNOS, IL-16, TNF-a, CCL2) [52].
Both studies moved on to evaluate macrophage phenotypes in association with these
materials after intramuscular implantation in mice. Both reported a greater population of
anti-inflammatory, M2-like macrophages around the osteoinductive materials that induced
ectopic bone formation, while more M1-like macrophages were observed around materials
that did not induce ectopic bone formation [51,52]. Likewise, we have previously found
higher levels of anti-inflammatory factor IL-10 around osteoinductive versus non-inductive
TCP after ectopic implantation in canines, suggesting presence of anti-inflammatory
macrophages[92]. Our current in vitro findings, together with in vivo results previously
obtained with BCP_, , are in agreement with the findings of the aforementioned studies.
However, as opposed to the results of these other studies, we did not observe enhanced
M1 macrophage activation on the material without submicron surface topography. This

201




Chapter 7

observation may be due to different in vitro culture conditions or may be species-related,
since to our current knowledge, this study was the first to evaluate macrophage response
to calcium phosphate with submicron surface topography using primary macrophages
from humans. Naturally, primary macrophages cultured in vitro are considered a more
representative model of the human immune response as compared to murine macrophages
or human monocytic cell lines. While the exact mechanism of M2 macrophage contribution
to bone regeneration by calcium phosphates remains to be elucidated, evidence for their
involvement has so far been congruent.

Angiogenesis and osteogenic differentiation of stem cells are critical processes during
bone healing. Ingrowing blood vessels are needed to provide essential nutrients and
are a source of stem cells (i.e. pericytes), while stem cell differentiation provide bone-
forming cells. In vitro outcomes of angiogenic tube formation by HUVECs and osteogenic
differentiation of MSCs have been shown to be predictive of in vivo effects[69,93,94]. The
enhanced angiogenic tube formation by HUVECs and osteogenic differentiation of MSCs
after exposure to BCP_, -mCM, suggest an altered or upregulated paracrine signaling by
macrophages on BCP<urn that is indicative of a pro-healing, M2-like functional phenotype.
Previous research has demonstrated that macrophages exhibit intricate crosstalk
with endothelial cells during angiogenesis and vascularization [58,95,96]. Similarly,
macrophages are involved in bone healing through communication with MSCs and pre-
osteoblasts by paracrine signaling factors[36,89]. Other studies that have evaluated
effects of macrophages in in vitro angiogenic tube formation[47,92,97-101] and osteogenic
differentiation assays[47,51,52,89,99] have associated upregulated angiogenic and
osteogenic responses with anti-inflammatory M2-activated macrophages. These findings
further support our observation of pro-healing M2 macrophages on BCP_, and suggest
involvement of M2 macrophages in the enhanced bone healing observed with calcium
phosphates with submicron topography in vivo.

The calcium phosphate bone graft materials that we compared in this study were not only
different in topographical features but also their chemistry. TCP has a higher solubility
than HA, which translates to a higher release of Ca and P ions for TCP than BCP [9,53].
This is a potential confounder for the effect of topography on the results obtained in
this study because different concentrations of ionic Ca and P may potentially influence
macrophage response. Furthermore, some studies have shown that surface chemistry of
calcium phosphate can influence the total amount and type of proteins adsorbed to the
material surface, which is dependent on the ratio of available Ca and P sites that have
differential affinity for protein adsorption[102]. This could be another means by which
chemistry may influence cell-surface interactions and subsequent cell behavior. However,
other studies have shown that topography of calcium phosphates has a stronger effect on
protein adsorption than chemistry[80,103].
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Previous studies have determined an effect of calcium phosphate phase composition on
cells in vitro, including adhesion, spreading, proliferation and differentiation of osteogenic
cells in vitro[103-105]. A study by Chen et al. claimed that phase composition of calcium
phosphates controlled RAW 264.7 macrophage polarization in vitro, showing an M2-
dominant response on BCP and an M1-dominant response on B-TCP [52]. However, the
authors acknowledged that the surface grain size was more than 3-fold greater for 3-TCP
than BCP and they failed to demonstrate a difference in Ca and P release between these
materials in vitro. This suggests that topography instead of chemistry of the materials
was the main driver of the observed macrophage response. Other studies have already
demonstrated a clear effect of material topography on macrophage response by using
calcium phosphates with identical chemistry and different topography, or insoluble
materials such as titanium and polymers[51,106-108].

Some studies have attempted to isolate chemical and topographical effects of calcium
phosphates by coating the surface of materials with metal (i.e. gold, titanium), thereby
inhibiting ion dissolution at the surface[103,105,109,110]. Using such an approach, Engel
et al. concluded that topographical effects are dominant over chemical effects of calcium
phosphates on cells in vitro[109]. Likewise, Davison et al. demonstrated that, compared
to uncoated controls, titanium-coated calcium phosphate did not differentially affect in
vitro osteoclastogenesis of RAW264.7 macrophages in vitro or osteoinductive potential of
the materials in vivo, thereby also indicating a dominant effect of topography[110]. Other
studies have previously shown that there is no correlation between in vitro ion release
by calcium phosphates and in vivo osteoinductive potential, whereas this relationship
has been clearly established for surface topography[9,53]. Lastly, in the current work,
material-only conditioned medium controls of BCP_, and TCP produced no differences in
both the tube formation and osteogenic differentiation assays, which indicate that potential
differences in ion release did not directly affect the cells in these assays.

Naturally, our findings and conclusions have to be considered within the limitations of this
in vitro study. Firstly, we have assessed the primary macrophage response to materials
using an in vitro culture model, with a limited set of assessment techniques and phenotypic
markers. In vivo, other (immune) cell types will concurrently interact with biomaterials
that may potentially influence macrophage response. However, various previous studies
have demonstrated correlation between in vitro and in vivo macrophage phenotype
in response to biomaterials and in vivo bone healing outcomes[47,51,52,82]. Another
limitation is that we only evaluated macrophage response at two chosen time-points (24h
and 72h). Additional earlier or later time-points would have provided further insight in
macrophage behavior on the different materials. Lastly, in this study, immunofluorescent
marker (CD163, iNOS) intensity was difficult to quantify, due to variable cell densities and an
uneven surface of the materials. Although the observed cell density at the surface of TCP
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was lower than BCP_, , this was probably the result of cell detachment from TCP during
storage and handling before staining, because DNA content was not different between the
conditions (data not shown).

CONCLUSION

This in vitro study has determined stronger activation of human primary macrophages
and phenotypic skewing towards a pro-healing M2 phenotype calcium phosphate with
submicron topography, compared to calcium phosphate without submicron topography.
This is the first study to confirm this effect using primary human macrophages. Enhanced
pro-regenerative paracrine signaling to (stem) cells by these macrophages was determined
in angiogenic and osteogenic assays. These findings, in line with findings from other studies,
suggest that M2 macrophage polarization has a role in the enhanced bone regeneration
capacity of these materials with submicron topography. Immunomodulation through
surface topography is indicated as a feasible strategy to improve outcomes in tissue
regeneration using biomaterials.
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Figure A.1. Gene expression profiles of in vitro induced M1 and M2 macrophages. M1 and M2
macrophage phenotypes were induced by culturing in basic culture medium supplemented with 10
ng/ml MSCF and for M1: 100 ng/ml interferon-gamma + 100 ng/ml tumor necrosis factor alpha; and
for M2: 20 ng/ml interleukin 4. Data show quantification of gene expression of M2 markers CD206,
CD163 and CCL18, and M1 markers CCL2, CCL5, IL113 relative to GAPDH expression. Data represent
mean + SD of a total of 3 separate donors.
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Figure A.2. Protein marker profiles of in vitro induced M1 and M2 macrophages. M1 and M2
macrophage phenotypes were induced by culturing in basic culture medium supplemented with 10
ng/ml MSCF and for M1: 100 ng/ml interferon-gamma + 100 ng tumor necrosis factor alpha; and
for M2: 20 ng/ml interleukin 4. M2 markers CCL18 and CD163, and M1 markers IL-6 and CCL5 were
measured in the supernatants after 72h. Protein content was normalized to DNA content for each
sample. Data represent mean + SD of a total of 4 separate donors.
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ABSTRACT

The innate immune response to bone graft materials following implantation is pivotal
for successful bone healing. Both pro-inflammatory ‘M1’ and anti-inflammatory ‘M2’
macrophages have an important role in regulating the healing response to biomaterials.
Recently, calcium phosphate bone grafts with submicron needle-shaped surface features
have been shown to trigger a ‘pro-healing’ response through upregulation of M2 polarized
macrophages both in vitro and in vivo. This review describes recent research on these
materials all the way from benchtop to the clinic, including in vitro and in vivo fundamental
studies, evaluation in clinically relevant spinal fusion models, as well as clinical validation
in a case series of 77 patients of posterolateral and/or interbody fusion in the lumbar and
cervical spine. This research demonstrates the feasibility of enhanced bone regeneration
and spinal fusion success by evoking specific innate immune responses to bone grafts
through submicron topographical features.



From benchtop to clinic: a translational analsysis

INTRODUCTION

The annual number of spinal fusions in the US for the treatment of degenerative
spine conditions has risen rapidly over the past two decades to more than 770,000[1].
Posterolateral fusion (PLF) is the most commonly used spinal fusion technique (64%),
either performed as an individual procedure (19%) or in combination with interbody fusion
(45%)[2]. Because of the requirement of large bone graft volumes (12-36 cc)[3], bone graft
substitutes are commonly used to reduce or avoid morbidity related to the harvesting of
autologous bone[4].

The response of macrophages to bone grafts is pivotal as they are key modulators in tissue
healing responses|5,6]. Macrophages, which have a highly plastic nature, can adopt a pro-
inflammatory phenotype (‘classically activated' or ‘M1' macrophage), an anti-inflammatory
phenotype (‘alternatively activated' or ‘M2’ macrophage), or exist in an intermediate state
in the spectrum between these phenotypes[6,7]. The contribution of M2 macrophages to
bone regeneration was clinically demonstrated recently, as M2 macrophage population
increased during the first week of bone healing in clavicle fractures (Zhang 2018). Indeed,
a correlation between accelerated bone healing and a greater M2 population was found
in patients with clavicle fracture and concomitant traumatic brain injury (Zhang, 2018).

For implanted bone graft substitutes, macrophage response is critical because these cells
are key regulators of the foreign body response [8]. The surface structure of an implanted
biomaterial can impact the phenotype of macrophages [9-11]. An increase in pro-healing
macrophages following an initial phase of pro-inflammatory macrophage dominance has
been suggested to be important for promotion of bone repair [12,13]. Therefore, directing
bone regeneration by promoting the most favorable innate immune response within the
first days after bone graft implantation may be the key to successful bone healing. This
review describes the current, state-of-the-art research demonstrating how submicron
surface structures can direct M2 macrophage polarization and enhance bone regeneration
in challenging, non-bony environments without the aid of biological agents or growth
factors.

Empirical data from ectopic defects suggests that submicron needle-shaped
features accelerate osteoinduction by a specific innate immune response

Since the 1950s, when processed coral was first used as a bone graft, few synthetic
materials have demonstrated evidence of osteoinduction when implanted ectopically
without any addition of biological agents. However, some researchers have managed
to achieve this biological outcome by tuning the physical properties, such as three-
dimensional architecture, macropore configuration and surface structure[14-18]. This
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subclass of osteoinductive bone grafts improves bone regeneration in challenging bone
defects and could overcome known drawbacks associated with autograft harvesting or
the application of exogenous growth factors[19,201.

Recently, it was shown that designing the surface features of a graft at the submicron level
has a striking impact on osteoinduction. Duan et al. prepared calcium phosphate materials
with surface topographies comprising either grain-shaped (TCP) or needle-shaped surface
crystals (BCP) of either micron- (TCP_, BCP,_ ) or submicron-scale dimensions (TCP__,
BCP(um], that were then implanted in the paraspinal muscles of canines[21]. Fluorochrome
labels injected at week 3 (Calcein), week 6 (Xylenol Orange), and week 9 (Tetracycline)
post-implantation visualized bone formation dynamics (Figure 1). After 12 weeks, the
animals were sacrificed, and implants were analyzed. Ectopic bone formation took place

only in the implants with submicron surface features (TCP(um, BCP(um], having similar bone

Fig. 1. Submicron needle-shaped topography induces ectopic bone formation. Top: SEM of calcium
phosphate materials with submicron needle-shaped features (BCPW) and conventional micro-scale
surface structure (TCP, ). Bottom: histology of BCP_,_and TCP explanted 12 weeks after ectopic
implantation in paraspinal muscle of canines, indicating osteoinduction by BCP(um (basic fuchsin/
methylene blue). Adapted from Duan et al. (2019).
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incidence (8/8) and bone quantities (24.5 * 4.3% vs. 23.9 + 6.3). However, the kinetics of
bone formation were significantly different, as demonstrated by fluorochrome marker
deposition. The Calcein fluorescence marker, indicating bone formed between 3 and 6
weeks, demonstrated a significantly higher incidence in the material with submicron
needle-shaped topography (BCP_ ) compared to the material with a submicron grain-
shaped topography (TCP(um). Indeed, on BCP_, , new bone formed between 3 and 6 weeks
was identified in 5/8 implants and in a total of 21 independent locations in histological
sections. This early bone formation was significantly enhanced compared to TCPW, where
incidence of bone formed between 3 and 6 weeks was 2/8 and was observed in only two
locations in histological sections. In other words, the submicron needle-shaped topography
led to an accelerated bone formation in a non-bony environment (Figure 1) without the aid
of exogenous biological growth factors.

The cellular response events preceding early bone formation are likely to be the key to this
accelerated ectopic bone formation. Specifically, the innate immune response involving
macrophage recruitment and polarization to pro-healing M2s, as well as macrophage
fusion into multinucleated cells, has been shown to play a role in material-directed bone
formation. This hypothesis is supported by Davison et al.,, who demonstrated that the
depletion of macrophages in the vicinity of calcium phosphate with submicron surface
features directly inhibited ectopic bone formation in vivo [22].

An enhanced pro-healing response is observed on needle-shaped features in
vitro

Polarization of macrophages towards the pro-healing M2 phenotype on submicron needle-
shaped topography versus conventional surfaces has been demonstrated with human
macrophages in vitro using state-of-the-art research methods, i.e. protein quantification
by ELISA, gene expression analysis by RT-QPCR, and cell morphology evaluation by
SEM. The pro-healing response was qualified and quantified by cytokines specific to
either pro-inflammatory M1 macrophages (CCL5, TNF-q, IL-18, CCL2) or pro-healing M2
macrophages (CCL 18, TGF-B1, CD206, CD163) [23-26]. The morphology of cells cultured
on these surfaces was also analyzed at the micron level and compared to typical M1 and
M2 macrophage morphology [27-30].

M2 macrophage polarization on needle-shaped features compared to materials with
conventional surfaces

Human macrophages derived from the monocytic cell line THP-1 were cultured for 4 days in
vitro on BCP with submicron needle-shaped topography (BCP(um), conventional Tricalcium
Phosphate (TCPumJ and BG,, . The quantification of M2 and M1 cytokines expressed by
these cells was analyzed by ELISA and macrophage morphology was analyzed by SEM.
M2 macrophage markers TGF-3 and CCL18 were expressed to a greater extent on BCP_
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thanon TCP , while M1 macrophage markers TNF-a and IL-1[3 were expressed to a greater
extent on TCP_than on BCP_,(Figure 2). No cytokine signals could be detected in the
BG,,, group, which was in agreement with SEM observations where macrophages were
not found attached to the BG  surfaces. This in vitro experiment demonstrated that the
submicron topography of BCP<urn supported an M2-dominant macrophage population after
4 days of culture.

The morphological appearance of the macrophages on the needle-shaped surface texture
was prominently large (>20um) and appeared to have fused together, via several cell-cell
connections, into a highly networked cell population on BCP_, (Figure 3). These large
macrophages were only observed on the BCP_, material. This spreading and connecting
cellular network is indicative of the M2 macrophage phenotype when derived from THP-1
monocytes [27,28]. In contrast, mononuclear cells of 5-10 um dispersed on the surface, with
no evidence of fusion, were exclusively observed on the standard TCP_ material (Figure 3).
The morphology of the macrophages and lack of spreading on TCP  is both suggestive of
the M1 macrophage phenotype [27,28]. Cells were totally absent on the surface of the BG,,.
The upregulation of M2 cytokines and interconnected cellular network of macrophages in
contact with BCP_, suggested a M2 macrophage polarization, in contrast with the other
graft materials, confirming a favorable pro-healing response occurred on the submicron
needle-shaped topography.
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Figure 2: ELISA expression of pro-healing M2-markers TGF-$ (a) and CCL18 (b) and pro-inflammatory
M1-markers TNF-a (c) and IL-18 (d) by human macrophages derived from THP-1 monocytes
on needle-shaped surface (BCP_, ) compared to TCP_at day 4 (n=4, *: p<0.05).
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Figure 3: SEM of human macrophage derived from THP-1 monocytes at day 4 on needle-shaped
surface BCP__ at low (a) and high magnification (b) and on TCP _ at low (c) and high magnification
(d). No macrophages could be found on bioactive glass in BGum fimages not shown).

M2 polarization on needle-shaped features: from gene level to cell shape

Representing a more accurate test of the innate immune system’s response, primary
human macrophages obtained from three different donors were used to further assess the
response to the submicron needle-shaped surface. MO macrophages derived from primary
CD14+ monocytes isolated from buffy coats were cultured for 4 days. The expression of
M1 and M2 markers was compared on BCP<um discs versus tissue culture plastic (control).
Quantification of respective markers was conducted at the protein level by ELISA and at
the gene level by RT-QPCR. The resulting cell morphology was analyzed by SEM.

This experiment confirmed our previous findings. On BCP_, , macrophages secreted high
levels of the M2 marker CCL18, while the M1 marker CCL5 could not be detected (Figure 4).
At the gene level, the same polarization trend was observed (Figure 5). The M2 gene
markers CCL18, CD 206, and CD163 showed a higher expression on BCP<”m compared to
the flat surface control. The M2 gene upregulation on BCP(um was significant for each of the
three genes (>1.3) compared to macrophages cultured on flat surfaces, with a maximum
upregulation of 27.5 for CD206, followed by 3.9 and 2.3 for CD163 and CCL18, respectively.
The M1 gene markers CCLS5, CCL2, and IL-1B showed a slightly higher expression on BCP_,
compared to the flat surface control (Figure 5). Nonetheless, downregulation was observed

223



Chapter 8

pg/ng DNA
o
(<))

1.4 -

=
[N]

i
L

o
%)
L

I
IS
L

I
[N}

T

CCL18

Mo

BCP<pm

Figure 4: ELISA expression of pro-healing M2-marker CCL18 by human macrophage derived
from CD14+ primary monocytes on needle-shaped surface (BCP(um] compared to flat tissue
culture polystyrene (M0) at day 4 (n=3, p<0.05).
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Figure 5: Gene expression relative to the housekeeping gene GAPDH by RT-QPCR of M2 markers
CCL18 (a), CD206 (b), CD163 (c), and M1 markers CCL5 (d) CCL2 (e), IL1- (f) by human macrophage
derived from CD14+ primary monocytes on needle-shaped surface (BCP(um] compared to flat tissue

culture polystyrene (M0) at day 4 (n=3).

for CCL5 (<0.75), and upregulation was limited to 1.5 and 1.7 for CCL2 and IL1-B. Over the
six genes, four showed a significant trend towards a pro-healing mechanism elicited by

the surfa

ce features of BCP_ .

The morphology of the macrophages cultured on BCP_, was prominently elongated (15-
50ij in length), connected with each other, and showed few protrusions (Figure 6a, b, c).
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Figure 6: SEM images of human primary human macrophages cultured on BCP_ for 4 days at
magnification (a) x500, (b) x1000, (c) x2000.
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A limited subset of rounder granular cells of 5-10, diameter could also be observed. The
elongated morphology and connected cellular network confirmed the M2 macrophage
phenotype, as opposed to M1 polarized macrophages, which are less prone to elongation
and spreading with high granulation when derived from CD14+ monocytes[29,30]. Based on
the quantitative analysis of protein markers, gene expression and SEM observations of cell
morphologies, the macrophages present on BCP_,  are therefore mostly associated with
the M2 macrophage phenotype, again confirming a pro-healing response of macrophages
cultured on the submicron needle-shaped surface structure.

A pro-healing immune response precedes osteoinduction in vivo

The M2 polarization on calcium phosphate with submicron needle-shaped topography
reported in vitro was also demonstrated in vivo, directly after implantation and preceding
ectopic bone formation. Using the same intramuscular implantation model as described
above, a kinetic study was conducted on BCPW compared to conventional TCPum to elucidate
the mechanism and consequence of a pro-healing innate immune reaction submicron
surface topography. At 3 days and 1, 3, 6, and 12 weeks after implantation, quantification
of immune markers by ELISA (IL10 for the M2 phenotype, TNF-a for the M1 phenotype)
and bone markers by biochemical assays (ALP for osteoblasts, TRAP for osteoclasts)
was performed after extraction from ex-vivo implants. Histological observations were
conducted for all time points using staining to assess bone formation (methylene blue/
basic fuchsin), osteoblastic activity by ALP and osteoclastic activity by TRAP and CTSK.

By histology, ectopic bone formation was observed in BCP(um implants from 6 weeks
onwards, with increasing amounts of bone up to week 12 (Figure 7). Osteoid was formed
in three out of four BCP(um samples at week 6 (< 1% by volume), while mineralized bone
was observed in four out of four BCP_, implants at week 12 (9.4 * 3.7%). In contrast, mere
fibrous tissue formation was observed in the negative control (TCPum) by histology. These
findings confirmed the ability of BCP_,  to induce ectopic bone formation.

By histology of bone-related markers, osteoclastic activity was observed from 3 weeks
onwards: TRAP-positive multinucleated cells with large cell bodies were detected on the
surface of BCP(Hm at the edge of the implants, and in the entire implant in all samples after
6 weeks. Such cells were also CTSK-positive, supporting the osteoclastic nature of the of
these multinucleated cells (Figure 7). Moreover, A strong ALP signal was noted near the
newly formed bone in BCP_, at week 6 and week 12.

As for the analysis of immune markers, both M1 and M2 macrophage markers were
detected from day 3 onwards in both implants (Figure 8). The pro-healing activity monitored
by the M2 marker IL10 showed a consistent increase up to 6 weeks, followed by a slight
decrease thereafter. At nearly every time point, IL10 expression was significantly higher
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3 weeks 6 weeks 12 weeks

TRAP

CTSK

M/BF

ALP

Figure 7: Histological observations at the surface of needle-shaped BCP_,  material (M), x10
magnification. Osteoclastic activity observed from 3 weeks on by TRAP (yellow arrow) and CTSK
(white arrow) precedes bone formation from é weeks by Methylene Blue/Basic Fuchsin (MB/F)
staining (Pink, b) and ALP staining (*).

on BCP(um compared to TCPum, suggesting a favorable M2 polarization response on the
BCP_,, submicron surface. The pro-inflammatory activity monitored by the M1 marker
TNF-a showed a consistent increase of up to 6 weeks with similar levels for BCP_,_and
TCP, . After 12 weeks, the expression of TNF-a on BCP_,  strongly decreased on TCP |
but remained high on BCP_, .

Results of biochemical assays on TRAP and ALP concurred with the results of histological
analysis. Significant osteoclastic TRAP activity was observed from 3 weeks onwards,
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Figure 8: Biochemical assays of TNF-a, IL-10, TRAP and ALP extracted from ex-vivo implants collected
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gradually increasing up to 12 weeks. TRAP expression was significantly higher on BCP_, |
compared to TCPHm at every time point. Limited levels of ALP activity were detected
between 3 days and 6 weeks following implantation. The absence of ALP staining by
histology between 3 days and 6 weeks suggests that the early low levels of quantified ALP
are mostly non-specific to bone. However, enhanced osteoblastic ALP activity was observed
from 6 weeks onwards, with a substantial increase at 12 weeks for BCP_, , concurrent with
bone formation observed by histology. No signal was measured in the extraction vehicle
controls, indicating the validity of these tissue response assays.

This kinetic in vivo study confirmed a pro-healing response on submicron surface structured
calcium phosphate, as demonstrated by the higher M2 marker expression, which takes
place prior to ectopic bone formation. In addition, presence of osteoclasts from early
time points onwards suggests that macrophages fuse together to become multinucleated
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osteoclasts before bone formation occurs. This study also confirmed a pro-inflammatory
response immediately after implantation, as shown by the M1 marker TNF-a expression.
However, it should be noted that TNF-a expression is also a marker for osteoclasts that
are derived from monocytes [23,31,32]. Together with the evident osteoclastic activity
on BCPW demonstrated by CTSK and TRAP, this elevated TNF-a level may comprise the
cumulative expression from both osteoclasts and M1 pro-inflammatory macrophages.

A pro-healing response leads to reliable spine fusion

Spinal fusion equivalent to “gold standard” and superior to conventional graft materials
The relevance of osteoinductive materials has been repeatedly demonstrated in several
challenging preclinical implantation models (van Dijk et al. 2018, 2019; van Dijk et al. 2020).
In the more clinically relevant posterolateral fusion (PLF) indication, the performance of
BCP_,, with submicron needle-shaped features was found equivalent to the gold standard
autograft as a graft extender in a validated rabbit PLF model [33,36] and as a standalone
graft in a sheep PLF model [34]. In sheep, BCP_,, implanted as standalone for 6, 12, and 26
weeks demonstrated rapid and reliable fusion. Only 6 weeks after implantation, new bone
was formed in the center of the fusion mass (distant from the host bone) and not solely in
the vicinity of host bone. Histology demonstrated bone bridging and 92% to 100% fusion
at 12 and 26 weeks, respectively. Fusion masses showed evidence of a pseudo-cortex,
bone maturation, and graft integration (Figure 9). Additional assessment methods used to
score fusion, that is, manual palpation, mechanical testing, and radiographical examination
following the Lenke scale were in agreement with histology, and results were equivalent
to the autograft used as a positive control in this study [34,37].

The enhanced fusion performance by BCP_, was confirmed when compared to conventional
bone graft materials, i.e. a BG”rn material and a TCP”m with BGLlrn adjunct (TCP”m/BG”m],
as well as the “gold standard” autograft in the same sheep PLF model (van Dijk et al.
2020). By micro-CT, only BCP_,, and autograft maintained an appropriate bilateral fusion
mass volume of respectively 9.6 + 0.4 cm?® and 5.7 1.6 cm®. Significantly lower fusion

6 weeks 26 weeks
= s e

Figure 9: Bone formation and neocortex formation (blue arrow) in the fusion mass treated by
BCP_,, after 6, 12 and 26 weeks implantation. Adapted from van Dijk et al. (2018, 2020).
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mass volumes were observed for TCPum/BGum (3.0 1.1 cm?) and TCP (2.4 +1.0cmd)
(Figure 10). Correspondingly, histology revealed abundant bone tissue in direct contact with
BCP_,, throughout the inter-transverse space. A large area of BCP_, graft was integrated
into newly formed trabecular bone with lamellar morphology and bone marrow spaces
(Figure 11, A-C). Osteoblasts lining regions, osteoclasts, and osteocytes were observed
throughout the specimens (Figure 11, C). Multinucleated cells were observed resorbing
the material on the surface that was not covered by bone (Figure 11, C). Histology on
the TCP_/BG, and BG, groups confirmed the absence of bone tissue and significant
graft resorption through the implant site. Bone formation was very minimal and limited
at the vicinity of host bone (Figure 11, D, G). Throughout the implant site, residual BG,,
particles were mostly encapsulated in fibrous tissue or granulomatous inflammatory tissue
with the presence of lymphocytes and foreign body giant cells in five of six specimens
(Figure 11, E, F). Moreover, three of six TCPum/BGum specimens contained dense regions of
particles of variable dimensions, which were revealed to be areas of severely fragmented
material and evidence of foreign body reaction upon further inspection (Figure 11, F). In
the TCPum/BGum implantation sites, TCP _ particles were commonly observed in the process
of disintegration due to cell-mediated resorption (Figure 11, H). The cellular and tissue
reaction on the three different bone grafts showed significant differences, emphasizing
the relevance of needle-shaped surface features of BCP_ .

The different immune responses for these three graft materials in vivo was evident and
led to significantly different fusion performance. On the one hand, the abundant fibrous
encapsulation, granulomatous inflammation, and graft resorption observed on the TCPum/
BG,,and BG,  groups is characteristic of pro-inflammatory reaction, which in turn resulted
in poor bone formation and did not achieve fusion. On the other hand, material remodeling
by multinucleated cells combined with new bone formation in direct contact with the BCP_,
material suggests a pro-healing reaction resulting in early bone formation throughout the
inter-transverse space favorable for fusion. The late endpoints and lack of other histological
immunostaining prevent any further insight on the nature of innate immunological reaction
in vivo. However, these striking differences in foreign body reaction and bone healing,
combined with the above in vitro results on the same materials, suggest a unique pro-
healing mechanism orchestrated by the needle-shaped topographical features.

Clinically reliable spine fusion

The performance of submicron needle-shaped feature bone grafts has been validated
clinically in a retrospective cohort study of 77 lumbar and cervical reconstruction patients
receiving interbody and posterolateral spinal fusions (Level IV). The bone graft BCP_, was
mixed with acellular allograft and BMA for the lumbar region, and with local autograft
for the cervical region. Radiographic evaluations and clinical outcomes for fusion were
assessed at multiple intervals after surgery.
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Figure 10: Representative examples of 3-dimensional micro-CT reconstructions of spinal levels
treated with (a) Autograft, (b) BCP,,., (c) BG,,, and (d) BG/TCPum. The host spinal bone (off-white)
and fusion mass (grey) including (new) bone and residual implant material are shown as separate
segmentations. Adapted from van Dijk et al. (2020)

The lumbar group consisted of 24 females and 28 males. This cohort included posterior,
lateral, or anterior lumbar interbody fusions with or without posterior instrumented
fusions. The bone graft BCP<um was mixed with acellular allograft and BMA. The procedures
included 22 one-level (42.3%), 19 two-level (36.5%), 7 three-level (13.5%), and 4 four-level
(7.7%) procedures for a total of 97 treated levels. The average duration of follow-up was
7.5 months (6.0-11.8 months). The mean age was 60.9 years (28-83), with a mean BMI
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of 29.6 (20.6-46.5). The modified Prolo scores (0-20 scale) improved significantly overall
from an average of 11.0 preoperatively to 16.1 postoperatively (68.3%) in 51/52 patients.
Improvement in pain and function demonstrated successful outcomes following surgery
as Prolo scores were reported as excellent (47.1%), good (49.0%), or fair (3.9%), with each
reporting » 3 points in the post-operative score compared to baseline scores. Successful
fusion was confirmed at 6 months postoperatively in 42/52 patients (80.7%), and in 49/52
patients (94.2%) by 12 months postoperatively. Radiographic evidence of successful fusion
was seen by 12 months in 94/97 levels (96.9%). A breakdown for this cohort is provided
in Table 2. Pseudarthrosis was only observed in 3/97 levels (3.1%). Overall, the lumbar
fusion cohort achieved a near 97% (94/97 levels) fusion rate with BCP(um, which compares
favorably to a recent meta-analysis using the same surgical technique[38].

Likewise, radiographic fusions through 3D-printed titanium cages in the cervical spine
were achieved in 75/80 levels (93.8%), of which 31/32 levels (96.9%) fused in 1 to 3-level
reconstructions and 20/24 levels (83.3%) fused after 4 level reconstructions, despite
multiple comorbidities in the latter cohort. None of these patients required revision
surgery within 18 months from the index operation. Overall, cervical fusion was reached
in 21/25 patients with excellent clinical outcomes, which compares favorably with recent
publications[39].

The cervical group consisted of 9 males and 16 females. The procedures included posterior
fusions and anterior-posterior combined reconstructions. The submicron surface BCP_,
bone graft material was mixed with autograft placed either inside of the interbody cages
or posterolateral, adjacent to the lateral-mass and pedicle screws. The average length of
follow-up for the entire cervical cohort was 6.4 months (3-11). The mean age was 61.2
years (33-80), with a mean BMI of 29.5 (18.7-46.4). Modified Prolo average scores (0-20
scale) improved overall from 10.8 preoperatively to 16.0 postoperatively (68.7%) in 23/25
patients who reported proper follow-up. Prolo scores demonstrated positive outcomes
with categories reported as excellent (61%), good (35%), or fair (4%). Each reported at
least 3 points post-operative score improvement for pain and function. Fusion status was
monitored using flexion/extension films and CT-scan sagittal/coronal reconstructions as
early as 3 months and as late as 12 months postoperatively when indicated. Successful

Figure 11 (right): Representative micrographs from histological sections of the spinal levels treated
with BCP_ (a, b, c), BG,, (d, e, f) and BG/TCPum (g, h). Micrographs were obtained from regions near
the host TP (a, d, g) and the intertransverse central region (b-c, e-f, h). High magnification images
show cellular processes observed near the graft materials, including osteoblasts (c, g-black arrows)
depositing osteoid and cell-mediated resorption of materials by multinucleated cells (c, h - yellow
arrows). Inflammatory foreign body reaction was observed in BG,,, specimens, as evidenced by
encapsulation of material and high numbers of lymphocytes and foreign body giant cells (e, f - yellow
arrows). HB: host bone; NB: new bone; BM: bone marrow; O: osteoid; FT: fibrous tissue. Adapted from
van Dijk et al. (2020).
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fusion was achieved by 6 months in 53/80 levels (66%). At 12 months, the remaining
levels fused, except for five proven pseudoarthroses in four patients that all occurred in
one 3-level and three 4-level anterior standalone reconstructions fitted with the titanium
3D printed cages and static locking plates. At 12 months, successful fusion was observed
in 75/80 levels (93.8%) with radiographic evidence (Table 1). Fusion was achieved in
18/18 PCF levels, 4/4 corpectomy surfaces, and 51/56 ACDF standalone procedure
levels (91.1%). All single and two-level ACDF levels fused solid (14/14). In the 3-level
cases, 94.5% fused (17/18), whereas 83.3% of the four-level ACDF levels fused without
posterior hardware (20/24). All anterior-posterior reconstructions of 5-levels or greater
fused solidly. The confirmed pseudarthrosis cases remained clinically asymptomatic more
than 12 months after the surgery, and each of these four patients involved one or more
comorbidities known to negatively affect fusion success, including two smokers (Table 2).
None of them required additional surgical procedures to date (18 months post-op). There

Table 1: Results from 52 lumbar fusion patients. Solid arthrodesis was noted in 94/97 levels (96.9%)
in 49/52 patients after 12months. Co-morbidities prevalent >30% in this cohort included: Anxiety,
Depression, Diabetes, Hyperlipidemia, Gastro-Esophageal Reflux Disease (GERD), Sleep Apnea and
Morbid Obesity and Smoking.

Lumbar Group N=52

Average age (28 -83) 60.9

Female 44 46.2%
Male 33 53.8%
Mean BMI  (20.6 - 46.5) 29.6

Procedures

ALIF + Posterior fusion 23 44.2%
Lateral + Posterior fusion 12 23.1%
ALIF Only 5 9.6%
Lateral Only 9 17.3%
Posterior Only 3 5.8%
Fusion Levels per Procedure

1 Level 22 42.3%
2 Levels 19 36.5%
3 Levels 7 13.5%
4 Levels 4 7.7%
Fusion Results for all levels

Fusion Success @ 6mo 82/97 84.5%
Fusion Success @ 12mo 94/97 96.9%
Pseudarthrosis @ 12mo 3/97 3.1%
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were no instances of infection, product-related adverse events, or hardware failures in
both lumbar and cervical groups.

These data demonstrated that this calcium phosphate bone graft material with submicron
surface topography was capable of delivering solid, stable, and reliable fusions in real-
world clinical applications, with a pseudo-arthrodesis rate comparable to autograft in
both cervical and in lumbar interbody applications [38,40-42]. Future studies with longer-
term follow-up and patient-reported outcomes are most certainly indicated, while level |
prospective randomized studies (Kruyt, 2018) and additional level IV clinical investigations
are currently underway [44].

Table 2: Results from 25 cervical fusion patients. Solid arthrodesis was noted in 75/80 levels
in 21/25 patients after 12months. 1, 2, and 3 level ACDF cases fused in 31/32 cases (96.8%). Co-
morbidities prevalent >30% in this cohort included: Hypertension, Gastro-Esophageal Reflux Disease

(GERD), Diabetes | or Il, Anxiety, Depression, Dyslipidemia, Generalized Osteo Arthritis, Obesity and
Smoking.

Cervical Group N=25

Average age (33-80) 61.2

Female 16 64.0%
Male 9 36.0%
Mean BMI (18.7-46.4) 29.5

Procedures

Anterior only 21 84.0%
(ACDF = 19 /Corpectomy = 2)

Posterior only (PCF) 1 4.0%

ACDF + PCF 2 8.0%

Fusion per Surgical Level N=80

PCF 20/20 100%
Corpectomy Surfaces 4/4 100%
ACDF total 51/56 91.1%
1+2Levels 14/14 100%
3 Levels 17/18 94.4%
4 Levels 20/24 83.3%
Fusion success @ 6 months 53/80 66.3%
Fusion success @ 12 months 75/80 93.8%
Pseudarthrosis @ 12 months 5/80 6.3%
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CONCLUSION

A submicron surface topography with needle-shaped features on bone grafts is a key
modulator in the foreign body response, which leads to accelerated and enhanced bone
regeneration. Within the first days following implantation, a unique, innate immune
response was induced by these materials, with significant M2 macrophage upregulation and
a moderate M1 macrophage population. In vivo, this delicate balance observed on needle-
shaped topography favored initial osteoclastic activity, followed by osteoblastic activity
leading to bone formation. These studies show the sensitivity of macrophages to material
surface features and their crucial role in bone regeneration directly after implantation.
The pro-healing immune reaction was translated into reliable spinal fusions induced
by submicron surface materials. This result was unambiguously shown by histology in
preclinical models and translated to clinical cases. Steering bone regeneration and fusion
success by topographical surface features on bone graft materials is feasible, and the
innate immune response appears to be a key factor in efficacy of bone graft materials.
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ABBREVIATIONS
am Surface features in the submicron range
um Surface features in the micron range
ACDF Anterior cervical discectomy and fusion
ALP Alkaline Phosphatase
BCP Biphasic Calcium Phosphate
BG 45S5 Bioglass
BMA Bone Marrow Aspirate
BMI Body Mass Index
CCL18 C-C Motif Chemokine Ligand 18
CCL2 C-C Motif Chemokine Ligand 2
CCL5 C-C Motif Chemokine Ligand 5
CD14 Cluster of Differentiation 14
CD163 Cluster of Differentiation 163
CD206 Cluster of Differentiation 206
CTSK Cathepsin K
ELISA Enzyme-Linked Immunosorbent Assay
IL-10 Interleukin 10
IL-18 Interleukin 13
MO Non-activated macrophage
M1 Pro-inflammatory macrophage
M2 Anti-inflammatory, pro-healing macrophage
PCF Posterior Cervical Fusion
PLF Posterolateral fusion
RT-gPCR Quantitative Reverse Transcription Polymerase Chain Reaction
SEM Scanning Electron Microscopy
TCP Tricalcium Phosphate
TGF-B1 Transforming Growth Factor 31
TNF-a Tumor Necrosis Factor o
TRAP Tartrate-Resistant Acid Phosphatase
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Chapter 9

SUMMARY & MAIN FINDINGS

The overall aim of this thesis was to determine if and how topography of calcium
phosphates can be improved for increased efficacy as bone graft materials for maxillofacial
and orthopedic surgery.

To achieve this objective, we manufactured calcium phosphate bone grafts with different
surface designs, i.e. topographies with different surface crystal morphology (needle-shaped
vs. grain-shaped) in the micron- and submicron range, and evaluated their ability to induce
ectopic bone formation in a canine intramuscular pouch model. The material with the
highest osteoinductive potential, attributed to its needle-shaped submicron topography,
was selected for further evaluation in pre-clinical models of orthopedic surgery (i.e. spinal
fusion) and maxillofacial surgery (i.e. maxillary sinus floor augmentation). In these studies,
the material was compared to the gold standard autograft and/or other synthetic bone
graft substitute materials. In addition to these pre-clinical studies, the bone graft material
with needle-shaped topography was evaluated in a retrospective cohort study of interbody
spinal fusion and a preliminary prospective, randomized controlled trial (RCT) of maxillary
sinus floor augmentation. Furthermore, to gain insight into the biological effects of calcium
phosphate topography, polarization of primary human macrophages in response to calcium
phosphates with submicron needle-shaped topography and conventional topography was
assessed in vitro, which included an evaluation of downstream regenerative effects of
macrophages on osteogenesis and angiogenesis. These findings were placed in perspective
of the available literature, in a review of M2 macrophage upregulation by biomaterials with
specific structural and topographical features.

The main findings of this thesis are:

Part I: Improving the surface topography of calcium phosphates to enhance
their osteoinductive potential

Chapter 2:

» By evaluating osteoinduction by calcium phosphates with different surface topographies
in a canine intramuscular pouch mode|, it was determined that the surface design of
these materials can be controlled to enhance their osteoinductive potential

« Besides submicron size of surface features as a critical factor for osteoinductivity, also
the morphology of surface crystals was shown to influence this propensity

« Calcium phosphates with a needle-shaped submicron topography demonstrated
accelerated osteoinductive bone formation compared to materials with other
topographies
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Part II: Efficacy of osteoinductive calcium phosphate as bone graft material
in spinal fusion

Chapter 3-5:

Used as bone graft extender in a lapine model and as a standalone bone graft in an
ovine model of posterolateral spinal fusion, osteoinductive calcium phosphate with
improved surface design (i.e. needle-shaped submicron topography) demonstrated
equivalent treatment outcomes to the ‘gold standard’ bone autograft

Compared to other synthetic bone graft materials that are commercially available and
in clinical use, the osteoinductive calcium phosphate demonstrated superior efficacy
in promoting spinal fusion

Implantation of osteoinductive calcium phosphate particles/granules embedded in a
polymeric carrier designed to improve handling properties (i.e. ‘putty’) was successful
and did not reduce the efficacy of the bone graft material

Part lll: Efficacy of osteoinductive calcium phosphate in maxillary sinus
floor augmentation

Chapter 6:

Comparing calcium phosphates with different surface topographies in a sheep model
of maxillary sinus floor augmentation, it was demonstrated that calcium phosphate
with improved surface design (i.e. needle-shaped submicron topography) promoted
enhanced bone healing compared to calcium phosphate with a grain-shaped submicron
topography, while showing equivalence to bone autograft.

Secondly, above pre-clinical results on the efficacy of osteoinductive calcium phosphate
with needle-shaped submicron topography were clinically confirmed in a preliminary
human study of maxillary sinus floor augmentation, in which equivalence to autograft
was determined in implant stability, bone height, new bone formation and in overall
clinical outcome, albeit with a small sample size.

Part IV: The response of macrophages to osteoinductive calcium phosphate

Chapter 7-8:

In an in vitro study on immunomodulation by osteoinductive calcium phosphate, it was
determined that M2 macrophage upregulation may likely play a role in the enhanced
bone regeneration capacity of these materials.

This notion was corroborated by an investigation of the literature on M2 macrophage
upregulation by materials with specific structural and topographical features, the
underlying biological mechanism, and the role of M2 macrophages in bone healing.
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« Lastly, in a retrospective cohort study of 77 lumbar and cervical reconstruction patients
receiving interbody and posterolateral spinal fusions, osteoinductive calcium phosphate
with needle-shaped submicron topography was demonstrated to be an efficacious bone
graft material, reaching 12-month fusion rates of 93.8% and 96.9% and favorable clinical
outcomes.
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GENERAL DISCUSSION AND FUTURE
PERSPECTIVES

Requirements for the new gold standard in bone grafting

Since the late 19" century, the practice of bone grafting has substantially grown and
evolved in the clinics of orthopedic and maxillofacial surgeons. With the ultimate goal to
find the new gold standard in bone grafting, developments in biomedical science during
the past century have resulted in a wide range of bone graft substitutes that are available
today. Due to increasing global numbers of bone graft surgery and a trend towards
minimally invasive techniques, the need for an effective alternative to autograft is ever
more urgent. To evaluate how far we have come with current available solutions in the
development of the new gold standard treatment, we should first define the key criteria
that the new gold standard should meet:

« Efficacy: At minimum, it should be as efficacious as autograft when used as a standalone
solution, thereby eliminating the need to harvest patient-own bone

» Safety: It should be safe and have a low risk of complications

- Level of evidence: There should be a high level of evidence on its efficacy and safety,
from both pre-clinical and clinical (level I-1Il) studies

- Ease of use: It should have ‘off-the-shelf’ availability and be easy to prepare and handle
in the operating room

« Consistency: It should have a consistent quality, resulting from a reproducible
manufacturing process or sourcing chain

« Cost-effectiveness: It should be relatively low cost

Using the above criteria, we can assess for currently available bone graft options which
of the requirements are met and which still need to be achieved.

The regenerative potency of bone graft substitutes is often determined based on the bone
healing mechanisms that they provide, i.e. the triad of osteoconductivity, osteoinductivity
and osteogenicity[ 1]. Whereas an osteoconductive bone graft can only ‘conduct’ new bone
formation, functioning as a scaffold that guides host bone growth, osteoinductive and
osteogenic bone grafts can inherently induce bone formation by inducing an osteogenic
response from the host, or by providing the cellular ingredients necessary for bone growth,
respectively.

Autograft bone inherently provides all three components required for bone regeneration.

In Table 1, the bone graft healing properties, as well as scores for the key criteria for the
new gold standard bone graft substitute as defined above, are compared for currently
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available bone graft options. Autograft received the highest score (+++) for all criteria
apart from safety & complications, ease of use and consistency. Safety and ease of use
are suboptimal due to the need to harvest autograft, which may require an extra surgical
procedure with associated risks and additional labor. Moreover, for certain procedures, the
amount of available autograft bone that can be reasonably harvested may not be sufficient.
Furthermore, harvesting of autograft is associated with risks of donor-site morbidity and
complications[2]. Lastly, the quality of autograft bone may be lower in compromised or
elderly patients, which is why autograft did not receive a full score for consistency [3].

Table 1. Comparison of bone graft properties and key criteria for most-used treatment options

Autograft  Allograft DBMs rhBMP-2 BMA  Cellular Osteoinductive

chips, allograft  calcium phosphate

xenograft,

synthetics
Bone graft properties
Osteoconductive 4+ 4+ - - - Ry 4+
Osteoinductive +++ - ++ +H+ - 4 it
Osteogenic e+ - - - -+ + _
Key criteria
Efficacy +++ + + 4 + + St
Safety & + e+t ++ - e+ e+ .
complications
Level of Evidence ++4 + + 4 - _ .
Ease of use + 4+ 4+ + ++ + -
Consistency ++ e - +H+ ++ - .
Cost rav ++ ++ - . - ,+
Total criteria score 13 13 9 10 1 4 15

DBM: demineralized bone matrix, rhBMP-2: recombinant human bone morphogenetic protein 2, BMA:
bone marrow aspirate (concentrate). Range of scores:-(poor/absent); + (low); ++ (moderate); +++ (high). *
Depending on incorporation of allograft chips.

Evaluation of osteoconductive bone graft substitutes

Typical bone graft substitutes that are considered to be osteoconductive include human
cancellous allograft chips, xenograft and most synthetic graft materials. Since these
materials cannot stimulate bone formation without the addition of cells or growth factors,
this leads to slower and less complete bone growth when used as standalone in critical-
sized defects[4]. Favorable outcomes have been reported with the use of osteoconductive
bone grafts as extender of autograft, but their efficacy as standalone bone graft in general
is much lower than that of the autograft, which is the biggest drawback of this bone graft
category [5-10]. In chapter 5 of this thesis, we demonstrated that different osteoconductive
synthetic bone grafts used as a standalone were not able to form a functional bony fusion
in the posterolateral spine, while a successful outcome was achieved by autograft and a
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synthetic bone graft that was osteoinductive and osteoconductive. However, in smaller
defects, which are more commonly observed in maxillofacial surgery, i.e. sinus floor
augmentation, comparable outcomes to the gold standard have also been reported with
standalone use of osteoconductive bone grafts[11-13].

Besides their lower efficacy than autograft, osteoconductive bone grafts are satisfactory
in safety, handling, ease of use, consistency and cost. However, the level of evidence
for osteoconductive bone grafts and their subcategories is relatively low. The majority
of clinical studies consists of uncontrolled case studies (Level V) with a small sample
size and high risk of bias[5,7,10,14,15]. However, even for more well-designed studies
(Level I-111), the strength of evidence has been claimed to be low or insufficient for similar
reasons[7,15]. Moreover, it should be mentioned that within the category of osteoconductive
bone grafts, there is a wide variation in graft characteristics. Performance and efficacy
can vary for each unique formulation because this depends on composition and structural
properties. Careful consideration of the evidence at individual product-level is therefore
important when osteoconductive bone grafts are evaluated for use. However, due to their
reproducible manufacturing and/or processing procedures, each individual product is
expected to be of consistent quality.

Evaluation of osteoinductive bone graft substitutes

Traditional osteoinductive bone grafts substitutes comprise demineralized bone matrices
(DBMs) and rhBMP-2. DBMs are demineralized bone allografts which consist of natural
collagen, non-collagenous bone proteins and osteoinductive growth factors[16]. Next to
the growth factors, DBMs also provide a scaffold in their collagen matrix. Despite being
osteoinductive[17-19], the efficacy of DBMs is low compared to mere osteoconductive bone
grafts and they are only supported for use as autograft extender and not as standalone
bone graft[6,20-22]. Next to their low efficacy, another disadvantage of DBMs is their
poor consistency in biological properties. Various studies have demonstrated that there
exists a high product-to-product and lot-to-lot variation in DBM potency, i.e. content of
osteoinductive factors and associated healing performance [23-25]. This is believed to
be the consequence of donorvariability and different processing techniques. Additionally,
carrier formulations of DBMs such as polymers and hydrogels have been shown to affect
their performance, especially when present in higher ratios[16,23]. Altogether, due to
the low consistency in quality of DBMs, they may be considered an unreliable bone graft
substitute.

In terms of safety, like other allografts, the main risk of DBMs is disease transmission.
However, sterility of DBMs is strictly regulated and preventative measures such as
donor screening, microbiological testing and processing techniques are in place[16,26].
Despite risk mitigation, a small risk of disease transmission remains and serious adverse
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consequences of allograft products are occasionally reported[27,28]. Interestingly, DBMs
are often not terminally sterilized (i.e. gamma-irradiated in their final container) but
only aseptically processed as the methods applied for the former can degrade biological
components [16]. Similar to the osteoconductive bone graft category, the level of evidence
for DBMs is relatively low because of overall poor study quality and lack of level | evidence.
Other than the discussed criteria, DBMs have good handling properties, ease of use and
cost, but they do not meet the requirements in terms of efficacy, level of evidence, and
consistency.

BMPs are a group of cytokines that were first discovered in demineralized bone by Marshall
Urist in 1965 and were found to be osteoinductive [ref Urist 65]. After sequencing and
cloning of BMPs in the 1990s, recombinant human BMP-2 was introduced into the spinal
fusion market following FDA approval in 2003. Since then, rhBMP-2, that is implanted
while absorbed in a resorbable collagen sponge, has proven to be an efficacious bone
graft for spinal fusion, tibial fractures and maxillofacial surgery. Numerous level | studies,
systematic reviews and meta-analyses have indicated that the use of rhBMP-2 in specific
indications is highly effective, with at minimum equivalent efficacy to the gold standard
autograft [29-31]. However, after the first years of widespread use in spinal fusion in the
United States - in up to 60% of lumbar fusion procedures in 2006-it became the subject
of great controversy due to reports of life-threatening complications associated with its
off-label use in cervical fusion, i.e. swelling, dysphagia and breathing problems[32]. Also,
on-label use of rhBMP-2 in lumbar fusion has been associated with serious complications,
including inflammation, ectopic bone formation and osteolysis[33]. As a consequence, the
North American Spine Society therefore only recommends the use of rhBMP-2 “in cases
in which other alternatives are either not available or are not likely to lead to effective
fusion”[34]. Therefore, despite the high efficacy, the safety concerns with rhBMP-2 are its
greatest drawback.

Other areas in which BMP-2 does not meet the requirements of the new gold standard
are its cost-effectiveness and handling characteristics. Compared to other bone graft
substitutes, rhBMP-2 is the most expensive option with an average cost of over $5000 for
10 cc of graft [35]. Economic analyses have indicated that rhBMP-2 in general is unlikely
to be a cost-effective alternative to autograft from a payor perspective, although it may
be from a societal perspective[31,36,37]. There is no evidence on how this compares to
other bone graft substitutes[36]. With regard to handling properties, preparation time
of rhBMP-2 in the operating theater takes at least 30 minutes, as the lyophilized protein
first needs to be reconstituted, then distributed over a collagen sponge using a syringe,
and subsequently is left to incubate for another 15 minutes. Altogether, rhBMP-2 is an
effective bone substitute that reaches the efficacy of the gold standard and has a good
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level of evidence, but it does not meet the requirements of safety, cost-effectiveness and
preparation and handling.

Evaluation of osteogenic bone graft substitutes

Osteogenic bone grafts contain viable osteogenic cells that may contribute to bone formation
after implantation. In bone graft substitutes, these cells may be derived from autologous or
allogeneic sources. Strategies to achieve this include combining osteoconductive scaffolds
with (concentrated) autologous bone marrow aspirate (BMA) or isolated-expanded bone
marrow-derived stem cells, or processing of allograft bone to preserve viable cells from
the donor.

The use of BMA is a relatively easy and inexpensive way to add osteogenic cells to a
bone graft prior to implantation. Some studies have suggested that adding BMA to
osteoconductive bone grafts can improve fusion rates, but recent systematic reviews
concluded that the level of evidence is very low due to study design and risk of bias
[6,38,39]. Although the latter is also true for the evidence on safety, as autologous material,
BMA is likely to be harmless. BMA cannot be used as a standalone graft as it needs to be
mixed with an osteoconductive scaffold, therefore it is only useful as a graft enhancer.
Similar to the use of BMA, multipotent stem cells from the bone marrow stroma or other
tissue sources can be isolated and expanded ex vivo to be used as an osteogenic adjunct
for bone grafting applications. This strategy is currently in an early investigational stage
for both orthopedic and maxillofacial surgery[40-44]. However, isolation and expansion
of stem cells is an expensive and time-intensive process and in particular the use of
autologous stem cells will be logistically impractical on larger scales. Currently the costs
and benefits of the use of autologous or allogeneic cells for bone grafting are not clear.

Cellular allografts are bone allografts that are processed to contain viable osteogenic
precursor cells, such as mesenchymal stem cells. Besides cells, these products commonly
contain cancellous bone chips and/or DBM, giving them osteoconductive and osteoinductive
potential in addition to their osteogenic capacity[45].

As cellular allografts are claimed to provide all three mechanisms of bone healing, they
are heavily marketed as bone grafts that mimic the biological profile of autograft. However,
pre-clinical studies have challenged the concept that allogeneic cells in these products
contribute to bone healing, as no differences in spinal fusion rate were determined between
allografts with and without a viable cellular component [46,47]. Systematic reviews of
clinical literature have reported the level of evidence for efficacy and safety of cellular
allografts to be very low, due to lack of well-designed studies with proper control groups,
and a high risk of bias in published studies [45,48,49]. No firm conclusions on their efficacy
and safety can be made. However, a recent retrospective multi-institutional study of 326
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cervical fusion cases with a cellular allograft reported higher pseudoarthrosis rates than
reported for other osteobiologics[50]. Recently, safety concerns of disease transmission
for cellular allografts became reality, when a cellular allograft was recalled by the FDA in
the United States following reports of post-surgical infection in 7 out of 23 patients that
were treated with the product, of which four had tested positive for Tuberculosis [27].
Moreover, similar to DBMs, the consistency of cellular allograft products is low due to
donor variability and processing techniques [47,51]. To preserve cell viability, cellular
allografts are stored deep frozen (< -70 °C) in cryoprotectant solution [45]. For this reason,
preparation of cellular allografts in the operating theater is cumbersome, due to the frozen
supply chain and the need to remove cryopreservants. Lastly, cellular allografts are
expensive compared to other bone graft substitutes [45]. Taken together, despite having
the same mechanistic properties as autograft, cellular allografts are not convincingly an
alternative to the current gold standard.

Evaluation of osteoinductive calcium phosphate

In the current thesis, osteoinductive calcium phosphate with advanced submicron surface
topography was evaluated as a bone graft substitute for orthopedic and maxillofacial
surgery. The submicron topography on this material endowed it with substantial
osteoinductive capacity (chapter 1), resulting in the ability to form bridging, lamellar bone
in bony voids in the spine and maxillary sinus in both pre-clinical and clinical studies
(chapter 3-6, 8).

Because osteoinductive calcium phosphates are synthetic bone grafts, they contain all
favorable properties of conventional osteoconductive grafts, with the additional benefit of
being osteoinductive, resulting in a higher bone forming efficacy. The data in this thesis
have shown that osteoinductive calcium phosphate used as standalone bone graft material
reached equivalent efficacy to the gold standard autograft in different pre-clinical models,
as well as a clinical study. In Table 1, we can see that of all available bone grafting options,
the osteoinductive calcium phosphate reached the highest score for the bone graft criteria
set out here, compared to all other options. Indeed, it even scored higher than the current
gold standard autograft, mainly due to the absence of donor site complications and the
improved ease of use.

Does this mean that osteoinductive calcium phosphates qualify as the new gold standard in
bone grafting? It is too early to make this claim because the level of evidence, as one of the
most important criteria, is currently insufficient. Osteoinductive calcium phosphates are a
relatively new option on the bone grafting market, and while there is evidence supporting
their efficacy from pre-clinical studies, the number of high-strength clinical studies is still
quite low. Currently, there are nine Level IV, three Level Ill, two Level Il and one Level |
clinical studies published on osteoinductive calcium phosphates, including chapters 6 and
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8 from this thesis [52,53,62-65,54-61]. Although these studies have reported favorable
outcomes, additional Level | studies are required to strengthen the level of evidence for this
new category of bone grafts. However, at the time of writing, an additional four prospective
RCTs are underway for the calcium phosphate with needle-shaped submicron topography
that was described in this thesis [66-68]. If the results of these studies are favorable,
osteoinductive calcium phosphates may have the potential to surpass autograft as the
new gold standard in bone grafting.

Osteoinductive versus osteogenic bone graft substitutes

In theory, a bone graft substitute that, like autograft, provides all three bone graft healing
properties is expected to have a higher efficacy than other options that only provide one
or two. However, as determined in the above analysis, the bone healing properties of
bone graft substitutes do not accurately predict efficacy. For example, whereas DBMs are
osteoinductive and slightly osteoconductive, their efficacy as standalone bone graft or
autograft extender is not improved compared to mere osteoconductive scaffolds[6,15].
Similarly, cellular allografts are claimed to provide all three mechanism of bone healing, but
their efficacy is not improved compared to conventional DBMs[69]. Lastly, osteoinductive
rhBMP-2 and osteoinductive calcium phosphate reach equivalent efficacy to autograft as
standalone bone grafts, even though they do not contain an osteogenic cellular component.
This teaches us that although the principle of bone healing through osteoconductivity,
-inductivity and -genicity is theoretically sound, it is a simplified model of reality. This is not
surprising, because even though a bone graft may be claimed to have e.g. an osteogenic
component, this does not mean that it is effective in a similar way as it is for autograft
bone. For cell-based bone grafts, the amount, type and activity of the cells in these grafts
may be very critical and can affect the survival and contribution to bone healing. In fact, it
has been commonly reported that implanted cells undergo massive apoptotic death within
days after implantation, which is probably caused by the hypoxic environment in the core
of the grafts due to absence of local circulation [70]. This results in poor survival, low
engraftment and ineffective osteogenic differentiation[71,72].

It is interesting that rhBMP-2 and osteoinductive calcium phosphate reach equivalence
to autograft without the presence of a cellular component. Through their osteoinductive
effect, these bone grafts induce an osteogenic response from the host by recruiting
and directly or indirectly activating local osteogenic cells. This demonstrates that if an
osteoinductive stimulus is sufficiently strong, there appears to be no need to provide a
cellular component. In fact, it was previously shown that adding stem cells to calcium
phosphate scaffolds implanted orthotopically resulted in minimally increased bone
formation compared to controls without stem cells[73-76]. There is an obvious benefit
of using cell-free ‘instructive’ bone graft materials like osteoinductive calcium phosphate
over options that require the presence of cells, because the former option is easier to use,
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has a simpler and more reproducible supply chain, is under less regulatory scrutiny and in
general is less expensive. As discussed above, osteoinductive calcium phosphates already
meet most of the key criteria of the optimal bone graft, and therefore, they may have the
potential to become the new standard material in bone grafting. We may hence speculate
that the future of bone regeneration might not be in the once so promising field of tissue
engineering, which has generated minimal successful therapies since the late 20" century,
but instead in the field of instructive biomaterials[77].

Surface topography, osteoinduction and macrophages

On the topic of instructive biomaterials, in the current thesis, we have demonstrated that
the healing potential and performance of synthetic graft materials can be enhanced by
altering their surface topography. Indeed, improving the morphology and size of surface
features, i.e. into a submicron needle-shaped topography, was shown to accelerate
osteoinductionand enhance bone healing outcomes in vivo compared to graft materials with
conventional grain-shaped features. The design and optimization of surface topographies
to enhance biomaterial efficacy may be expected to become more and more important
in biomaterial engineering. In the future, other variations on submicron topographies
on synthetic biomaterials may become the topic of investigation, such as topographies
with other morphologies than grain-shaped or needle-shaped crystals. For example,
current studies have already started to investigate this using high throughput screening
experiments with different surface types[78-80]. Also, it may be studied how the size of
surface crystals on synthetic bone graft materials can be further reduced towards the
nanoscale and how this would affect the healing potential. Also, hierarchical macro/micro/
nano surface designs and/or micropatterned surfaces on synthetic bone grafts may be
explored to more closely control cellular responses[81,82]. Besides topogaphy, the effects
of other surface characteristics such as surface chemistry, charge, and chirality may be
investigated as well [83]. Furthermore, we may see a surge in the use of osteoinductive
calcium phosphate incorporated in 3D-printed scaffolds for the treatment of complex bone
defects [84,85].

As presented in Table 1 in chapter 1 of this thesis, various theories have been proposed
to explain the mechanism of osteoinduction by calcium phosphates. All the proposed
mechanisms may be influenced by a change in surface topography. For example, a change
in surface features can influence the formation of the biological apatite layer, including
growth factor incorporation, but also have a direct influence on adherent cells such as
stem cells, osteoclasts or macrophages. It is highly likely that these mechanisms are not
mutually exclusive and that several theories may be true at the same time. For example,
biological apatite formation may play a role in osteoinduction, as well as the response of
cells to the direct physical cues from the surface topography.
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In this work, we have investigated the effect of submicron topography on the response of
macrophages. Modulation of the immune response by controlling macrophage phenotypes
through specific material cues is currently researched as a strategy to improve the
regenerative potential of implants and tissue grafts. In this thesis, we associated the
enhanced healing potential of an osteoinductive calcium phosphate with the upregulation
of the ‘pro-healing’ M2 macrophage phenotype. Various other studies have indicated that
M2 macrophage upregulation can have favorable effects on tissue regeneration, although
the pathways by which this happens are not yet entirely elucidated. It is known that
macrophages and stem cells exert bi-directional crosstalk and have shown synergistic
effects on bone healing[86,87]. M2 macrophages were shown to have a critical influence
on osteogenic differentiation of MSCs in vitro and in regeneration of bone defects in vivo
[88]. Moreover, M2 macrophage upregulation, by osteoinductive calcium phosphate and
other strategies, has been associated with enhanced angiogenesis in vitro and in vivo
[89]. We may therefore speculate that M2 polarization through direct topographical cues
at the surface of osteoinductive materials results in the upregulation of angiogenesis[89],
recruitment of MSCs and their subsequent osteogenic differentiation. Alternatively (or
additionally), the polarized M2 macrophages might fuse to become multinucleated
osteoclast-like giant cells, which form the trigger for osteogenic differentiation [90]. The
underlying biological mechanisms will need to be further uncovered in the coming years,
for example, by using immunohistochemistry, protein and gene analyses to closely track the
behavior of macrophages, recruitment of stem cells and multinucleated cell and osteoclast
formation in the very early phases after implantation[91]. Also, to further confirm the role
of macrophages, it may be investigated whether delivering immunomodulatory cytokines
that upregulate either M1 or M2 macrophages to inductive/non-inductive ceramics can
enhance, inhibit or even trigger osteoinductive bone formation by ceramics. Furthermore,
the polarization of the M2 phenotype in relation to surface topography may be further
characterized, for example by proteomic and transcriptomic analysisof macrophages
cultured on different material surfaces[92].

With its wide array of different functions, including clearing of debris and pathogens,
regulating the inflammatory response, and recruitment of and communication with
(stem) cells, learning how to control the macrophage may have a key role in the future
of regenerative medicine and other clinical areas. Perhaps osteoimmunomodulation may
one day be included as one of the healing principles of bone graft substitutes, next to the
mechanisms of osteoconduction, osteoinduction and osteogenesis.

The quality of current evidence

A returning topic throughout this thesis has been the quality of investigational studies and
the associated level of evidence for bone graft substitutes. There is room for improvement
of the study quality in both pre-clinical and clinical research of orthobiologics.
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As mentioned above, most of the available bone graft options have a relatively low level
of evidence due to a lack of well-designed, comparative clinical trials, with proper sample
size and procedures to minimize risk of bias. Strikingly, some of the bone graft categories
that have been clinically available for over 30 years and are still being used today, such
as osteoconductive bone grafts and DBMs, have only been evaluated in a small number of
RCTs [6,7]. Literature indicates that only 1 out of 10 clinical studies for orthobiologics is
of Level | design and approximately 5 out 10 contain a comparative control (Level I-111) [5].
Some reviews have determined that most clinical studies, including RCTs, have a high risk
of bias [7]. Going forward, the quality of evidence for orthobiologics can be improved by
conducting more RCTs and prospective studies with larger sample sizes and appropriate
measures to minimize bias, such as blinded or independent assessment of outcomes [7].
Also, a treatment follow-up of more than one or two years could increase the strength
of evidence. Besides methodological factors, an additional source of bias that can affect
research agendas, clinical study design and conclusions is industry sponsorship [93]. The
majority of the clinical studies into commercial products today are sponsored by industry.
In the future, an increase in investigator-initiated clinical trials could help to reduce this
potential bias in the available evidence.

Besides clinical evidence, also pre-clinical evidence on orthobiologics could be strengthened
by improving the quality of research studies. Pre-clinical studies are highly valuable
research tools, because they allow for a much more extensive evaluation of healing
using different assessment techniques, where clinical studies are usually restricted to
radiography and clinical outcomes. In the current thesis, we have evaluated bone graft
substitutes in various clinically relevant models in large animals that closely mimic humans
in bone structure and metabolism. However, many of the currently available orthobiologics
have only been evaluated in lower order animals such as rabbits and rodents, which are
more different to humans in biology and anatomy. As an example, spinal fusion by DBMs
and cellular allografts have almost exclusively been tested in athymic rats and rarely
in larger non-immunocompromised animals. Furthermore, the field could benefit from
additional evidence on comparative efficacy between different orthobiologics, generated by
studies that compare different commercially available bone grafts in these more relevant
models.

CONCLUDING REMARKS

The work in this thesis describes the development and investigation of a synthetic calcium
phosphate bone graft substitute with an improved surface topography of submicron
needle-shaped crystals. The improved topography resulted in enhanced osteoinductive
potential compared to other calcium phosphates and was also shown to upregulate ‘pro-
healing’ macrophages of the M2 phenotype. These effects translated to high efficacy in
clinically relevant animal models of spinal fusion and maxillary sinus floor augmentation,
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demonstrating equivalence to the current gold standard of autograft and superiority
to other synthetic bone grafts that are commercially available. The pre-clinical results
were validated in two clinical trials of spinal fusion and sinus floor augmentation. This
work is a demonstration of the value of ‘bench-to-beside’ translational research, using in
vitro studies, clinically relevant animal models and clinical studies to evaluate bone graft
substitutes. With osteoinductive calcium phosphates, we have come another step closer
towards the new gold standard in bone grafting. Further evaluation of this synthetic bone
graft material in multiple randomized controlled trials is currently ongoing, which will
strengthen the evidence on the efficacy of this unique category of bone graft materials.
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Het algemene doel van dit proefschrift was om te bepalen of en hoe de oppervlaktetopografie
van calciumfosfaten verbeterd kan worden zodat het een hogere effectiviteit heeft in het
gebruik als botvervanger.

Om dit doel te bereiken, werden calciumfosfaten met verschillende oppervlakteontwerpen
vervaardigd, met topografieén van oppervlaktekristallen variérend in vorm (naaldvormig
versus korrelvormig) en afmetingen (micron-, > 1um; en submicron <1um;). Vervolgens
werd het osteoinductieve potentieel van deze materialen, oftewel het vermogen om
ectopische botvorming te induceren, vergeleken bij intramusculaire implantatie in een
diermodel. De resultaten toonden aan dat het oppervlakteontwerp van deze materialen
een manier is om hun osteoinductieve potentieel te controleren en te verhogen. Naast
de submicron afmetingen van oppervlaktestructuren, werd aangetoond dat ook de vorm
van oppervlaktekristallen deze eigenschap beinvloedde, want calcium fosfaten met een
naaldvormige submicron topgrafie lieten een versnelde osteoinductie zien vergeleken met
de andere topografieén.

Het materiaal met het hoogste osteoinductieve potentieel, toegeschreven aan zijn
naaldvormige submicron topografie, werd geselecteerd voor verdere evaluatie in
preklinische modellen van orthopedische chirurgie (spinale fusie) en maxillofaciale
chirurgie (maxillaire sinusbodemelevatie). In deze studies werd het betreffende
materiaal vergeleken met de gouden standaard autoloog bot, en/of andere
synthetische botvervangingsmaterialen. Naast deze preklinische onderzoeken werd het
bottransplantaatmateriaal met naaldvormige topografie geévalueerd in een retrospectieve
cohortstudie van interbody spinale fusie en een prospectieve, gerandomiseerde
gecontroleerde studie van maxillaire sinusbodemelevatie

In de pre-klinische studies naar de effectiviteit van calciumfosfaat met naaldvormige
submicron topografie bij posterolaterale spinale fusie, werden bij gebruik in combinatie
met autoloog bot (bone graft extender) in een konijnenmodel en als opzichzelf-staand
botvervanger in een schapenmodel, gelijkwaardige resultaten behaald als met de ‘gouden
standaard’, autoloog bot. Daarnaast bleek de implantatie van het materiaal als korrels
ingebed in een polymere carrier, met als doel om de verwerkingseigenschappen te
verbeteren (‘putty’), succesvol en leidde dit niet tot een verminderde werkzaamheid van
het materiaal. Tenslotte, in een klinische retrospectieve cohortstudie van 77 lumbale en
cervicale reconstructiepatiénten met intervertebrale en posterolaterale spinale fusies,
demonstreerde het calciumfosfaat met naaldvormige submicron topografie goede

266



Nederlandse samenvatting

resultaten, met fusie percentages van respectievelijk 93,8% en 96,9% na 12 maanden,
met gunstige klinische uitkomsten.

In de preklinische studie van maxillaire sinusbodemelevatie in een schapenmodel, werd
vastgesteld dat het calciumfosfaat met naaldvormige submicron topografie leidde tot betere
botgenezing in vergelijking met calciumfosfaat met korrelvormige submicron topografie.
Daarnaast was het resultaat van het calciumfosfaat met naaldvormige submicron
topografie gelijkwaardig aan dat van autoloog bot. Daarnaast werd de werkzaamheid van dit
materiaal bevestigd in een preliminaire klinische studie van maxillaire sinusbodemelevatie,
waarin gelijkwaardigheid met autoloog bot werd vastgesteld in implantaatstabiliteit,
bothoogte, nieuwe botvorming en in algehele klinische uitkomsten, zij het met een kleine
steekproefomvang van 10 patiénten.

Verder werd, om inzicht te krijgen in de biologische effecten van calciumfosfaattopografie,
polarisatie van primaire menselijke macrofagen in reactie op calciumfosfaten met
naaldvormige submicron topografie en conventionele topografie in vitro onderzocht,
inclusief de stroomafwaartse regeneratieve effecten van deze macrofagen op osteogenese
en angiogenese. In dit in vitro-onderzoek werd vastgesteld dat de opregulatie van M2-
macrofagen waarschijnlijk een rol speelt in het verhoogde botregeneratievermogen van
materialen met submicron topografie. Tenslotte werd door middel van een literatuurreview
vastgesteld dat deze conclusie wordt ondersteund door de beschikbare literatuur over M2-
macrofaag-opreguleratie door biomaterialen met specifieke structurele en topografische
kenmerken.
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alternatieve opties te overwegen wanneer dingen niet zo lopen als verwacht. Verder ben je
een hele warme en gezellige collega waar je altijd een leuk gesprek mee kan voeren. Het
was ook indrukwekkend om te zien hoe goed jij bent in het managen van je grote projecten
met hele strakke deadlines (510K, CE, new product development, etc.). Ik twijfelde of ik
deze tekst in het Nederlands of Engels moest schrijven, maar ik herinner me dat je ooit
zei dat ik de eerste PhD student was waarmee je Nederlands kon praten. Ook al zijn we
daarna vrij snel op het Engels overgestapt, is dit wellicht weer eens een goede oefening ;-).
Florence, ontzettend bedankt. Je bent tijdens mijn PhD een echte steun voor mij geweest,
als altijd luisterend en meedenkende supervisor.

Beste Joost, Bedankt voor het mogelijk maken van mijn PhD en je begeleiding en
vertrouwen in mij gedurende de jaren. Ik heb veel bewondering voor jouw vakkundigheid
als wetenschapper en ondernemer. Toen ik begon bij Xpand Biotechnology in 2015 waren
we nog met een klein team van ongeveer 12 mensen in het ceramics team, maar inmiddels
is dit uitgegroeid tot een globaal team van meer dan 60 mensen. Ik heb veel geleerd
van het werken bij Xpand/Kuros, ook door deze grote verandering te hebben mogen
meemaken. |k kon het erg waarderen hoe jij ondanks je drukke agenda toch de tijd nam
een paper of hoofdstuk van mijn proefschrift kritisch te lezen en te voorzien van heel goed
en constructief commentaar, waardoor de stukken echt verbeterden. Ik herinner me ook
de gezellige avonden die we hebben gehad in New Orleans, Austin en Chicago. Dankjewel,
Joost.

Beste Debby, In 2012 leerden wij elkaar kennen bij het masterprogramma Regenerative
Medicine & Technology, en niet lang daarna begon ik bij jou aan mijn onderzoeksstage
naar tissue engineering van botweefsel. In die 9 maanden leerde ik heel veel van jou over
het doen van wetenschappelijk onderzoek, wat er mede toe heeft geleid dat ik overwoog
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aan een PhD te beginnen. |k ben je dankbaar dat je aan het einde van mijn Master traject,
mij de kans hebt gegeven om aan dit PhD project bij de kaak en Xpand te beginnen.
Samen waagden we ons aan het opzetten van een klinische studie, wat nieuw terrein
voor ons beiden was, en een enorme papiermolen... Ook al was ik lang niet elke dag in het
UMC te vinden, heb ik altijd veel gezelligheid ervaren met jou en de meiden in de groep.
Later kregen we allebei kleintjes en hadden we opeens hele andere onderwerpen om te
bespreken. Debby, dankjewel voor je begeleiding de afgelopen jaren, ik heb veel van je
geleerd. Ik zal zeker nog eens bij je langskomen voor een praatje en een bak koffie.

Beste Toine, ook jou wil ik natuurlijk hartelijk bedanken voor je supervisie tijdens mijn
PhD. Ik heb veel gehad aan je begeleiding. Je hebt mij, waarschijnlijk meer dan je denkt,
echt geholpen met het afronden van projecten en mijn proefschrift als geheel, door me
regelmatig te motiveren en te blijven vragen over de voortgang. Zeker in het laatste
jaar, toen ik al aan een nieuwe functie bij Kuros was begonnen, heeft dit mij geholpen om
gefocust te blijven op het eindresultaat. Onze gesprekken op je kamer waren altijd erg
waardevol en constructief, waardoor ik steeds weer met een concreet actieplan wegging.
Bedankt ook voor de gesprekken over carriere na mijn PhD. Heel erg bedankt, professor.

Mijn colleagues at Kuros/Xpand

To all my dear colleagues and ex-colleagues at Kuros, thank you so much for the past 7
years. Since the day | walked into the office at the Berg and Bosch premises, the atmosphere
has always been so very warm and friendly. This has surely made my PhD journey a lot
more enjoyable. Vincent, Georgios, Davide, Duan, Shaun, Alice: although most of you have
already left Kuros, | have really enjoyed the time with you as my colleagues in Bilthoven.
Thank you for the fun times we had during the bootcamps, BBQs and other company
events. Special thanks to Vincent and Georgios, who were a comedic duo in the lab and
always busy with pranks, jokes, funny memes, and a lot of yellow movies. Gogogogo!
Davide and Alice, the Italians in the group. You have always been great company, and
thanks for the lessons about good coffee and Italian food. Viela, jij bent persoonlijk een hele
grote factor in het creéren van de goede sfeer bij Kuros. Bedankt voor de vele gezellige
praatjes die we hebben gehad, in het begin nog in het krappe kantoor, maar nu nog steeds
in de wandelgangen. Dankjewel! Yuan, thank you for teaching me a lot in the lab, and in
general about preclinical studies. It has been amazing to experience how passionate and
knowledgeable you are about science, ceramics, osteoinduction and since recently, the
innate immune response to biomaterials. Charlie, thank you for seeing potential in me and
asking me to join your team, you are a great, kind and fun manager. And last but not least,
my current team: Joerg, Berdine, Kate, Fred, Carly; thanks for being such an awesome
team, I'm having a blast. There are a many people that | have not mentioned, but | want
to thank all of my Kuros (ex-)colleagues for the good times | have had in Bilthoven-and
for the good times to come!
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Mijn collega’s bij de kaakchirurgie

Natuurlijk wil ik ook mijn collega’s bij de kaakchirurgie van het UMC bedanken. First of all,
my dear all-female PhD-team in the Gawlitta research group. Barbara, Alessia, Iris and
Leanne, thank you for the comradery as my fellow PhD students at the UMC/RMCU. Even
though | was the only guy in the team, and not as much into pink, unicorns and alpaca’s,
| have truly appreciated you being there to share the struggles of PhD life. Barbara, it
has been quite some time since | have last seen you, but | remember you as such a calm,
kind and friendly colleague. Thank you for that. Alessia, thank you for your kindness
and generosity and for helping me with the sheep surgeries-it was a real experience
(especially the harvesting, | will never forget the smell...). Iris, dankjewel. Het was fijn
om naast de vele internationals in het lab ook een nuchtere mede-Nederlander en tegelijk
gezellige Brabander in het team te hebben. Leanne, thanks for being such a fun person to
be around, you have a great sense of humor and always look at the bright side of life. Pity
that we didn't get to work together more. Lizette, ontzettend bedankt voor je hulp en goede
samenwerking op mijn in vitro project. Ik heb deze samenwerking enorm gewaardeerd,
zonder jou was het me niet gelukt.

En dan nog de mensen van de staf kaakchirurgie met wie ik heb samengewerkt. Nard,
enorm bedankt voor je medewerking aan de schapen studie, waar je veel tijd in hebt
geinvesteerd. Silke en Marvick, ik wil jullie beide bedanken voor het mogelijk maken van
klinische sinus lift studie, door patiénten te includeren, behandelen, biopten te nemen, en
de vele follow-up formulieren in te vullen. Als laatste wil ik ook alle stafleden, assistenten
en medewerkers bij de kaakchirurgie, en daarnaast alle onderzoekers bij de orthopedie
hartelijk bedanken voor de afgelopen jaren.

Familie en vrienden

En als laatste dan de mensen die voor van mij van het allergrootste belang zijn geweest bij
het werk aan mijn PhD en het schrijven van mijn proefschrift. De steun die ik aan jullie heb
gehad was hoewel niet in collegiale of academische vorm, eigenlijk nog veel belangrijker
dan dat. Jullie hebben met mij de momenten gedeeld die het maken dat het leven ertoe
doet, waar het allemaal om draait.

Lieve, mooie Marit en kleine Liv, ik kan niet in woorden uitdrukken hoe belangrijk jullie
voor mij zijn. Lieve Marit, samen maken wij al heel lang elke week, maand en jaar de
mooiste nieuwe herinneringen. Super bedankt hoe je mij de ruimte hebt gegeven, en met
de situatie hebt gedeald, toen ik het afgelopen jaar heel, heel veel vrije avonden aan mijn
proefschrift heb moeten besteden. Bedankt ook voor je begrip en het zijn van een goede
gesprekspartner als het soms even tegenzat. Lieve Liv, je bent zo'n lief en vrolijk meisje,
en maakt mij elke dag wel minstens 10 keer aan het lachen. Ik vind het echt geweldig om
te zien hoe jij een steeds groter en ondeugender meisje wordt, en ben blij om jou nog heel
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mijn leven te mogen zien opgroeien. Jullie twee zijn verreweg mijn trouwste supporters
langs de zijlijn geweest, en mijn allergrootste steun bij het tot stand brengen van dit
boekje. Ik hou oneindig veel van jullie, en kan niet wachten om te zien wat het leven nog
voor ons in petto heeft.

Lieve Mam en Pap, ontzettend bedankt dat jullie mij altijd hebben gesteund om het beste
uit mezelf te halen. Alles begint bij een goed voorbeeld en een goede opvoeding, en dat
hebben jullie mij zeker gegeven. Pas wanneer je zelf een kleintje krijgt hebt ga je beseffen
hoeveel tijd, energie en aandacht je ouders voor je over hebben gehad. Bedankt voor alles
wat jullie voor me hebben gedaan. Lieve zusjes, Renée en Sanne, wij hebben onze hele
jeugd samen doorgebracht, maar met het ouder worden wordt dat vanzelf helaas steeds
minder. Daarom vind ik het extra mooi om mijn verdediging en promotie met jullie als mijn
paranimfen aan mijn zijde te mogen meemaken. Bedankt dat jullie er altijd voor me waren,
en weet dat ik er ook altijd voor jullie zal zijn. Ook bedankt aan Folkert, Karlen en natuurlijk
mijn kleine nichtje Lotte. Last but not least wil ik mijn lieve schoonfamilie Evers: René,
Ingrid en al mijn schoonzusjes en zwagers, heel hartelijk bedanken voor de gastvrijheid,
gezelligheid, en de vele mooie momenten die we hebben gedeeld de afgelopen jaren.

Als laatste mijn maten, m’n homies, waarmee ik ontelbaar veel mooie avonden, feestjes,
weekendjes, vakanties, festivals, chilldaagjes, etentjes, boottochtjes, into-the-wild-
avonturen, grappen, grollen, nummertjes, biosjes, warzone potjes, fifa potjes, biertjes,
mixjes, kapsalons en doner kebab heb gedeeld. Deze momenten hebben voor de oh zo
belangrijke afleiding gezorgd, zodat ik de volgende ochtend, of na het weekend, weer fris
en vol energie (maar soms ook iets minder fris) op de werkvloer verscheen. Het is niet
nodig om hier namen te noemen want jullie weten zelf wel dat het om jullie het gaat.
Thanks boys!!
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