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Summary

Bone Tissue Engineering (BTE) emerged from the need to find alternatives for the autolo-
gous bone graft, that despite many drawbacks is still the prime choice to heal bone defects
(Chapter 1). Due to its multidisciplinary nature, BTE bridges subjects such as cell biology
and materials sciences. This challenge requests strong communication between scientists
from all fields to ensure safe, efficacious and efficient therapies for patients. The work de-
scribed in this thesis tackles the interaction between cells and materials in BTE strategies, or
more specifically, how particular physico-chemical properties of biomaterials influence the
osteogenic differentiation of cellsin vitro and bone formationin vivo. A general discussion
and main conclusions are provided in Chapter 7.

Chapters 2, 3, 4 and 5 deal with a common subject: osteoinduction of calcium phosphate
(CaP) ceramics. A literature review (Chapter 2) provides a general background on the topic,
listing CaP ceramics tested, animal models used and discussing the most recent advances
in the field. Although CaP ceramics with osteoinductive potential hold promise as bone
graft substitutes, the biological mechanism that leads to bone formation is not understood but
possibly related to specific physico-chemical properties.

The release of calcium (Ca2+) from CaP ceramics into the body fluids is supposed to be
part of the osteoinductive mechanism triggered by these materials. This hypothesis was tested
with two in vitro models that explored the effect of Ca2+ in osteogenic differentiation of hu-
man bone marrow derived mesenchymal stromal cells (MSCs). In Chapter 3, MSCs were
cultured on tissue culture polystyrene with different Ca2+ concentrations ([Ca2+]). MSCs
cultured with the highest [Ca2+] revealed highest expression of osteogenic markers such as
osteopontin, osteocalcin, bone sialoprotein and bone morphogenetic protein 2. In Chapter 4,
MSCs cultured in two different CaP ceramics exhibited higher expression of those markers
in the ceramic of highest solubility (in a saline physiological solution),β -tricalcium phos-
phate (TCP), compared with the ceramic of lowest solubility, hydroxyapatite (HA), possibly
correlating the extent of Ca2+ release from the ceramics with the extent of MSCs osteogenic
differentiation.

Chapter 5 revealed a mouse model suitable for the study of osteinductive CaP ceramicsin
vivo. After a screen of mice from 11 different inbred mouse strains subjected to subcutaneous
implantation of TCP, FVB arose has the most responsive mousestrain to the osteoinductive
potential of TCP. This result not only shows the influence of genetic factors on osteoinductive
potential of these ceramics, but it also opens the door for research possibilities not consid-
ered before, since until now large animals, such as goats, dogs and baboons, were preferred
models. Chapter 6 revealed a polylactic acid (PLA)-gas plasma treated surface that favoured
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osteogenic differentiation of MC3T3-E1 cells that could hold potential for the development
of novel generation of bone graft substitutes. PLA disks subjected to different gas plasma
treatments were altered in terms of their surface chemical composition, wettability and to-
pography. Biological performance of the resulting disks was tuned accordingly. Interestingly
the surface that favoured osteogenic differentiation of MC3T3-E1 cells induced the poorest
cellular adhesion and lower cell numbers throughout the culturing period.



Samenvattig

Bot Tissue Engineering (BTE) is voortgekomen uit de behoefte om alternatieven te vinden
voor autologe bot transplantatie, hetgeen nog altijd de behandeling van eerste keus is om
botdefecten te overbruggen ondanks de vele nadelen die hiermee gepaard gaan (Hoofdstuk
1). Door de multidisciplinaire aard van BTE wordt een brug geslagen tussen onderwerpen
als celbiologie en materiaalkunde. Deze uitdaging vergt goede communicatie tussen weten-
schappers van alle vakgebieden om zodoende veilige, effectieve en efficiënte behandelingen
voor patiënten te bewerkstelligen. Het werk dat in dit proefschrift wordt beschreven, gaat
over de interactie tussen cellen en materialen in BTE-aanpak, of om meer specifiek te zijn,
hoe bepaalde fysiek-chemische eigenschappen van biomaterialen de osteogene differentiatie
van cellenin vitro en botvormingin vivobeïnvloeden. Een algehele discussie en voornaamste
conclusies staan in Hoofdstuk 7.

Hoofdstukken 2,3,4 en 5 hebben een gemeenschappelijk onderwerp: osteoinductie van
calciumfosfaat (CaP) keramieken. Een review (Hoofdstuk 2)biedt achtergrondinformatie
over dit onderwerp, een opsomming van CaP keramieken die getest zijn, dierenstudies die
gebruikt zijn en een discussie van recente ontwikkelingen in dit vakgebied. Hoewel CaP
keramieken veelbelovend zijn als vervanging voor autologebottransplantaten, is het biologis-
che mechanisme dat leidt tot botvorming nog onduidelijk maar heeft mogelijk te maken met
de specifieke fysiek-chemische eigenschappen. Het vrijkomen van calcium (Ca2+) uit CaP
keramieken in lichaamsvloeistoffen is waarschijnlijk eenonderdeel van het osteoinductieve
mechanisme waartoe deze materialen aanzetten. Deze hypothese is met tweein vitro mod-
ellen getest die het effect van Ca2+ op de osteogene differentiatie van humane mesenchymale
stamcellen (MSCs) uit beenmerg onderzochten. In hoofdstuk3 werden MSCs gekweekt op
celkweek polystyreen met verschillende Ca2+ concentraties ([Ca2+]). MSCs die gekweekt
werden met de hoogste [Ca2+] toonden de hoogste expressie van osteogene markers zoals
osteopontin, osteocalcine, bone sialoprotein en bone morphogenetic protein 2. In hoofdstuk
4 toonden MSCs die gekweekt waren op twee verschillende calcium keramieken de grootste
expressie van deze markers bij het keramiek met de grootste oplosbaarheid (in een fysiolo-
gische zoutoplossing), tricalcium fosfaat (TCP) vergeleken met het keramiek met de laagste
oplosbaarheid, hydroxyapatiet (HA), mogelijk is er een correlatie tussen de mate van Ca2+

die vrijkomt van de keramieken en de mate van de osteogene differentiatie van de MSCs.
In hoofdstuk 5 wordt een muismodel beschreven dat geschikt is om de osteoinductiviteit

van CaP keramiekenin vivo te onderzoeken. Na een screen van 11 verschillende inteelt
muizenlijnen, waarbij TCP subcutaan geïmplanteerd was, kwam de FVB muis als beste re-
sponder lijn naar voren om het osteoinductieve potentie vanTCP aan te tonen. Dit toont
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niet alleen de invloed van genetische factoren op de osteoinductieve potentie van TCP, maar
opent ook de deur naar nieuwe onderzoeksmogelijkheden die tot voor kort niet voor mogelijk
werden gehouden, want grote diermodellen met geiten, honden en bavianen waren tot nu toe
de standaard.

Hoofdstuk 6 onthult een polymelkzuur (PLA) oppervlak dat behandeld is met gasplasma,
hetgeen gunstig is voor de osteogene differentiatie van MC3T3-E1 cellen waardoor dit de
potentie heeft als nieuwe generatie van bottransplantaat vervangers. PLA schijven die aan
verschillende gasplasma behandelingen waren blootgesteld, waren verschillend in chemische
samenstelling, bevochtbaarheid en topografie. De biologische prestatie van de schijven werd
overeenkomstig afgesteld. Interessant om te vermelden is dat het oppervlak dat de beste
osteogene differentiatie gaf van MC3T3-E1 cellen, de slechtste hechting van cellen en het
laagste aantal cellen gaf gedurende de kweekperiode.



Sumário

A Engenharia de Tecidos do Osso (ETO) surge da necessidade deencontrar alternativas à ac-
tual terapêutica do enxerto ósseo autólogo, que apesar de todas as suas desvantagens, continua
a ser a principal escolha para a reconstrução de defeitos ósseos (Capítulo 1). Devido à sua
natureza multidisciplinar, a ETO estabelece a ponte entre várias disciplinas, nomeadamente a
Biologia Celular e a Engenharia de Materiais. Este desafio requer uma forte comunicação en-
tre cientistas das várias áreas para assegurar que as novas terapêuticas propostas são seguras,
eficazes e eficientes para o doente.

Esta tese aborda a interacção entre células de origens animal e humana e os materiais
utilizados em estratégias de ETO, mais especificamente, como determinadas propriedades
físico-químicas dos biomateriais podem influenciar a diferenciação osteogénica das células
in vitro e a formação de ossoin vivo. O trabalho experimental é descrito nos capítulos 3, 4, 5 e
6 e a discussão geral e as principais conclusões são apresentadas no Capítulo 7. Os Capítulos
2, 3, 4 e 5 tratam de um tópico comum: a capacidade osteoinductiva de cerâmicos de fosfatos
de cálcio (CaF). No Capítulo 2, sumarizam-se conteúdos importantes para compreensão dos
capítulos subsequentes através de uma revisão literária dotema. Aqui listam-se os principais
materiais cerâmicos testados, os modelos animais utilizados e discutem-se os mais recentes
desenvolvimentos científicos na área.

Apesar de os cerâmicos de CaF serem promissores substitutosdo enxerto ósseo autólogo,
o mecanismo biológico que leva à formação de osso ainda não foi compreendido, mas estará
possivelmente relacionado com a sua natureza e organizaçãoestrutural, ou noutras palavras,
com as suas propriedades físico-químicas. A libertação de cálcio (Ca2+) dos cerâmicos de
CaF nos fluídos corporais foi proposto por outros autores como uma parte importante na ac-
tivação dos mecanismos de osteoinducção. Esta hipótese foitestada em dois modelosin vitro
que exploraram os efeitos de Ca2+ na diferenciação osteogénica de células humanas mesen-
quimais derivadas da medula óssea (MMOs). No Capítulo 3, as MMOs foram cultivadas em
frascos de poliestireno, em meio de cultura contendo diferentes concentrações de Ca2+. As
MMOs cultivadas com a concentração de Ca2+ mais alta revelaram expressão mais elevada
de genes típicos da diferenciação osteogénica, tais como osteopontina, osteocalcina, sialopro-
teina óssea e proteina morfogenética óssea 2 (BMP-2). No Capítulo 4, as MMOs cultivadas
em diferentes cerâmicos de CaF exibiram uma expressão mais elevada daqueles genes no
cerâmico de maior solubilidade (em solução fisiológica), fosfato tricálcico (FTC), compara-
tivamente com os resultados da expressão no cerâmico de menor solubilidade, hidroxiapatite
(HA), possivelmente correlacionando a extensão da libertação de Ca2+ dos cerâmicos com a
extensão da diferenciação osteogénica das MMOs.
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No Capítulo 5 identificou-se um modelo de murganho adequado ao estudoin vivo dos
cerâmicos de CaF osteoinductivos, depois de terem sido testados ratinhos de 11 estirpesin-
bredsujeitas a implantação subcutânea do FTC, tendo surgido a FVB como a mais permissiva
ao potencial osteoinductivo do FTC. Este resultado mostroua influência dos factores genéti-
cos no potencial osteoinductivo destes cerâmicos e alargouo potencial de investigação, uma
vez que até agora, grandes animais como cabras, cães e babuínos eram tidos como modelos
preferencialmente utilizados.

No Capítulo 6 estuda-se a superfície de poli (ácido láctico)(PLA) tratada com gás plasma
que favoreceu a diferenciação de células pré-osteoblásticas MC3T3-E1, indicando o seu po-
tencial para o desenvolvimento de uma nova geração de substitutos do enxerto ósseo. Discos
de PLA foram tratados com gás plasma e consequentemente a suasuperfície foi alterada em
termos de composição química, ângulo de contacto e topografia. O desempenho biológico
dos discos foi alterado de acordo com essas modificações. Verificou-se também que a super-
fície que favoreceu a diferenciação osteogénica das células MC3T3-E1 foi também aquela
que induziu a adesão celular mais fraca e a menor proliferação celular durante o período de
cultura.
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Chapter 1

Introduction

Bone composition and structure

Bone is a type of connective tissue that supports our body andin addition, protects vital or-
gans. It consists of minerals (60%), organic components (30%) and we ter (10%) [1]. Due to
this high mineral content, mainly calcium and phosphate, itplays an important role in calcium
homeostasis [2, 3]. Structure wise, most bones are composedof an external layer of compact
bone surrounding the inner trabecular bone. Compact bone isdense and less metabolically
active than the spongy trabecular bone [4]. Bone marrow resides among the trabeculae, where
haematopoiesis takes place (blood cells and platelets production) [5]. Firstly, when bone is
deposited, it constitutes an unorganized form of bone, so called woven bone. It appears early
in the fetus and after fracture healing and is later substituted by lamellar bone, an organized
form of bone with aligned collagen fibers deposited in concentric sheets (osteon) [6]. Bone
remodelling comprises of bone resorption and deposition ofnew bone, the orchestrated work
of osteoclasts and osteoblasts cells respectively [7]. Osteoblasts deposit the organic matrix
of the bone that later will be calcified to originate the mineral phase (ossification). They
border areas where new bone is being formed. When entering a resting state they are called
flat-bone lining cells. When incorporated in the matrix, they reside in lacunae and are called
osteocytes. Osteoclasts are responsible for removing the bone mineral phase and to break
down the organic components. Osteoclast activity can be triggered by osteoblast secretion of
specific molecules such as NF-kB-ligand (RANK-L) and osteoprotegerin (OPG).

Bone formation

To arrive at the level of structural and functional complexity described above, two routes ex-
ist: intramembranous and endochondral bone formation [8].Long bones of the skeleton form
via the latter route, in which mesenchymal cells differentiate into chondrocytes in an avas-
cular environment, producing a cartilage matrix. Before ossification, chondrocytes become
hypertrophic and secrete collagen type X instead of II [9]. The cartilaginous template is then
invaded by blood vessels, bringing along osteoprogenitor cells, concomitant with chondro-
cyte death. Ossification takes place except in the growth plates, located in the centre and
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2 CHAPTER 1. INTRODUCTION

extremities of the bone that will remain throughout the first20 years of life to enlarge the
bones [2, 10]. The flat bones of the skull, by contrast, do not grow longitudinally. Here,
intramembranous bone formation takes place during which mesenchymal cells aggregate and
form condensates of loose mesenchymal tissue, prefiguring the skeletal elements. Within
these aggregates, cells differentiate into osteoblasts when associated with adequate vascula-
ture, directly initiating ossification. During fracture healing, both mechanisms can take place
to repair the bone [11]. When a fracture is stable and with unchanged anatomy (e.g. a crack),
intramembranous repair will occur. Otherwise, a cartilagetemplate will initially stabilize the
fracture and later be replaced by bone.

Transcriptional regulation of osteogenesis

The main events of transcriptional regulation of osteogenesis will be discussed here and are
summarized in figure 1. In both endochondral bone formation and intramembranous ossifici-
ation, osteoblasts differentiate from mesenchymal precursors [8]. Several molecules coordi-
nate the differentiation process of which, undoubtedly, core binding factor alpha 1 (cbfa-1),
also known as runt-related transcription factor 2 (Runx-2), is considered the master regula-
tor [12]. Cbfa-1/Runx-2 expression is the earliest and mostspecific marker of osteogenesis
[13]. Mice lacking this transcription factor develop a skeleton that is made of cartilage, as
osteoblastic differentiation never occurs, and lack osteoclasts as well [14, 15].

Figure 1: Schematic representation of the mesenchymal cell differentiation process leading to bone
formation. Molecules in white boxes regulate at the transcriptional level and those in black boxes at
the posttranscriptional level. Lines with arrows indicateactivation whereas lines with bars indicate
inhibition. For details see text. Adapted from Karsenty; Annu. Rev. Genomics Hum. Genet.; 2008.

Several transcription factors have been suggested to act upstream of Runx-2, such as
Twist-1, that has been shown to delay osteogenesis via inhibition of Runx-2 [16]. Another
inhibitor of Runx-2 is the homeobox protein encoded byHoxa-2gene. Hoxa-2 deficient mice
display ectopic bone formation associated with Runx-2 expression in the second branchial
arches [17]. By contrast, mice lacking the muscle segment homeobox gene 2 (Msx-2) ex-
press less Runx-2 and osteocalcin (OC) and display defective ossification of the skull and
bones that form via endochondral ossification [18]. Also mice lacking signal transducer
and activator of transcription 1 (Stat-1) develop high bone mass. It has been suggested that
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Stat-1 function is to inhibit Runx-2 translocation into thenucleus [19]. A similar function
has been proposed for schnurri 3 (Shn-3), a zinc finger adapter protein, whose deletion in
mice leads to an increase in bone matrix deposition [20].Osterix is another transcription
factor essential for osteoblast differentiation but believed to act downstream of Runx-2. To-
gether with nuclear factor of activated T cells 1 (Nfat-1), osterix can activate transcription
of osteoblast specificα1 (I) collagen [21]. In osterix-deficient mice, only bones formed via
intramembranous ossification lack a mineralized matrix. Bones formed via the endochon-
dral route show some mineralization degree although it resembles calcified cartilage [22].
Activating transcription factor 4 (ATF4) is required for efficient import of amino acids into
osteoblasts in order to have proper synthesis of collagen type I [23]. Furthermore, it can
also activate transcription of OC [24]. ATF4 deficient mice have a delayed skeletal develop-
ment and low-bone mass phenotype caused by decreased bone formation [25]. Finally, ATF4
also regulates osteoclast differentiation and hence bone resorption through its expression in
osteoblasts [26]. The activity of ATF4 is regulated by p90 ribosomal S6 protein kinase 2
(RSK2) [25]. RSK2 deficient mice also show decreased bone mass owing to impaired bone
formation and reduced collagen type I synthesis.Collagen type I expression is therefore a
phenotypical characteristic of mature osteoblasts. Collagen type I accounts for 90% of the
extracellular matrix (ECM) and has a structural as well as mechanical role in the bone [27].
Patients suffering from mutations affecting the structureor abundance of collagen type I, as
in the case of Osteogenesis Imperfecta, suffer from bone abnormalities ranging from bone
fragility to high bone mineralization [28-31]. Besides collagen type I, mature osteoblasts are
characterized by the ability to synthesize membrane associated bone-kidney-liver alkaline
phosphatase (ALP ). Although not bone tissue specific, this enzyme is believedto be involved
in ECM mineralization through cleavage of pyrophosphate [32, 33] and is already expressed
in pre-osteoblasts, prior to the mineralization process [34]. Among the non-collagenous pro-
teins secreted by mature osteoblasts, the most specific one is OC, also known as bone Gla
protein. This protein is undectatable in preosteoblasts and detected only in mature osteoblasts
[34]. Together with Runx-2, they constitute the most specific markers for osteogenesis [35].
OC is in fact an inhibitor of bone formation. Mice lacking OC showed higher bone mass
without impaired bone resorption [36]. Osteopontin (OP) and bone sialoprotein (BSP) are
two other non-collagenous components of the ECM that share some structural features. The
first accounts for 15% of all non-collagenous proteins in thebone [27]. After fracture healing,
OP is upregulated in osteoblasts and mice lacking this protein presented a delay in several
bone fracture healing stages [37]. BSP is almost exclusively produced by skeletal related
cells, including osteoblasts, osteocytes and hypertrophic chondrocytes. It plays an important
role as nucleator of mineralization [38] and increases osteoblast differentiation [39].

G-Protein Coupled Receptor signaling

G-Protein Coupled Receptors (GPCRs) mediate cellular responses to extracellular signals,
including hormones, neurotransmitters and local mediators. There are about 500 GPCRs
in humans, making them promising drug targets [40]. An example is parathyroid hormone
(PTH) ligand that targets PTH receptor 1 (PTHR1) [41] and is effective in the treatment
of osteoporosis [42]. All GPCRs have a similar structure, consisting of a single polypep-
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tide chain that threads back and forth across the lipid bilayer seven times. Ligand binding
alters the receptor conformation which activates trimericGTP-binding protein (G protein).
G proteins are composed of three subunits:α, β and γ. Upon ligand binding, the GDP
bound to theα subunit is replaced by GTP inducing conformational changesin the G protein
that leads to interaction with the intracellular targets, which are either enzymes or ion chan-
nels in the plasma membrane. Inactivation of theα subunit reverses the GPCR activity [43,
44]. This can be controlled by regulator of G-protein signaling (RGS) protein that acts as a
α-subunit-specific GTPase-activating protein, shutting off the initial response to the ligand
[45-47]. GPCRs can be coupled to different types of G proteins. Depending on the type
of G protein, different downstream signaling events will occur. In the case of inhibitory G
proteins (Gi), ligand binding will lead to inhibition of adenylyl cyclase. On the other hand,
if the G protein is a stimulatory G protein (Gs), activation of adenylyl cyclase will lead to
conversion of cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP).
Accumulation of cAMP in the cytoplasma will activate protein kinase A (PKA) to release
its catalytic subunits. A-kinase anchoring proteins (AKAPs) bind both to regulatory subunits
and to a component of the cytoskeleton or membrane of an organelle to allocate the enzyme
to a particular subcellular compartment [48]. PKA can enterin the nucleus and phosphorylate
a gene regulatory protein called cAMP response element (CRE) binding (CREB) protein that
binds to a short DNA sequence known as CRE. In the past we have highlighted the influence
of cAMP/PKA pathways in osteogenic differentiation in vitro and bone formation in vivo
[49-51].

Figure 2: Schematic depiction of GPCR activated signaling pathways.When a signal molecule binds to
a GPCR, it alters the receptor conformation which in turn activates G proteins. This leads to activation
of downstream signaling events, such as PKA (left diagram) or PKC (right diagram) pathways. For
details, see text.

GPCRs can also stimulate the plasma-membrane-bound phospholipase C-β (PLC β ),
mainly via Gq proteins, which in turn leads to release of Ca2+ from the endoplasmic reticu-
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lum, through inositol 1,4,5-trisphosphate (IP3)-gated Ca2+ release channels. Ca2+ concentra-
tion increases in the cytosol and together with diacylglycerol and phosphatidylserine activate
PKC [52]. PKA and PKC signaling pathways are schematically represented in figure 2.

Bone graft substitutes

Nowadays there are 893×106 people older than 60 years. By the end of this decade that num-
ber will raise to 2.4×109 [53] because fortunately we have a platelet of cares that we didn’t
have before that allows us to live longer. But growing older means a weaker body, prone to
tissue and organ failure, and the increase in the amount of old people will be concomitant
with the increase in the number of associated joint disorders, injuries and treatments needed.

Figure 3: Bone resorption after tooth extraction. A) Notice the original bone (*) level. B) Two years
after tooth extraction, bone has been resorbed and the original level lowered down. Courtesy of Mr.
Tiago Cruz de Sousa Braga.

When the bone’s own repair mechanisms fail, e.g. in non-union fractures after tumour re-
moval or when maxillary augmentation is needed after teeth extraction (figure 3), for instance,
bone grafts are the preferable treatment [54-56]. This implies the use of bone collected from
other anatomical locations in the patient (if autologous) than the one to be repaired, usually
the iliac crest, and placing it to fill the void space. However, this procedure implies an ad-
ditional surgery to the patient, with associated tissue morbidity, pain. Additionally only a
limited amount of tissue can be harvested. Although effective and efficient, it has drawbacks
and alongside an ageing population, alternatives are rapidly needed. As a consequence, the
market for bone graft substitutes (BGS) has largely expanded, boosting research along. It
has been estimated to be $1.9 billion in 2010 and is forecast to reach $3.3 billion in 2017
(http://www.globaldata.com/reportstore). BGS can be synthetic materials and among those,
ceramic- and polymer- based will be briefly described here. BGS can also be synthetic ma-
terials combined with biological substances or formulations in between, such as the case of
demineralized bone matrix (DBM) [57-59]. DBM has a biological origin (bone derived from
cadavers or animals) but is further processed to provide a demineralized matrix without losing
key biological components thought to render it osteoinductive [60-62]. Furthermore, BGS are
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usually defined in terms of theirosteoconductivity, osteoinductivityandosteogenicity, which
are characteristics that autologous bone grafts posses [63-66]:

• osteoconductivityis the property that allows migration of potentially osteogenic cells
to the site of future matrix formation at the site of orthotopic implantation;

• osteoinductivity refers to the ability to trigger osteogenesis (bone formation);

• osteogenicityis the presence of bone forming cells (applicable in the caseof cell-based
therapies, which will be discussed later).

Ceramic-based BGS can be made from calcium phosphate (CaP) (e.g. tricalcium phos-
phate (TCP), hydroxyapatite (HA), biphasic calcium phosphate), calcium sulphate or glass
[54]. Most CaP ceramics are osteoconductive and some are also osteoinductive [67]. It
is suggested but not fully understood that the physico-chemical properties of such materi-
als are at the origin of their ability to induce bone formation [68-70]. Chemical composi-
tion, macro-architecture and surface micro- and nano-structure are among those properties.
These can be tailored during chemical synthesis and manufacturing. Hence, different formu-
lations will influence the bone grafting potential of such materials. Although osteoinductive
CaP ceramics are promising BGS, the exact mechanism via which osteoinductive materi-
als trigger bone formation is unknown. Chapter 2 reviews extensively the latest develop-
ments in this research field. Polymers are attractive options as BGS due to their mechanical
properties. Commercial BGS are either based on resorbable polyesters, such as polylactic
acid (PLA) and polyglycolic acid (PGA), or on polymethyl metacrylate (PMMA). However,
due to their poor osteointegration and lack of osteoinductive properties, products based on
these polymers are often combined with CaP derivatives in order to overcome those hur-
dles. Examples are OsteoScafTM(Tissue Regeneration Therapeutics Inc. Toronto, Canada),
which consists of PLGA (PLA/PGA) coated with a CaP layer [71]and CortossTM(Stryker
Corporation, Kalamazoo, Michigan, U.S.), consisting primarily of bis-GMA (2,2-bis[4-(2-
hydroxymethacryloxypropyl) phenyl]propane) and glass ceramic particles, mainly used for
spine surgery [72].

Cell-Based therapies in Bone Tissue Engineering

Other alternatives to the autologous bone grafts are cell-based therapies. In this approach,
stem cells are used as bone forming units and/or signaling vehicles that transmit molecular
instructions among them or to the patient’s tissue surroundings. Stem cells are, per defini-
tion, cells with capacity of self-renewal and ability to differentiate into multiple lineages of
adult tissues, making them an attractive choice for different clinical applications. In general,
cell-based therapies comprise of harvesting stem cells from the patient, in vitro processing
and implantation of the resulting product back into the patient. During in vitro processing,
cells are expanded, exposed to signaling molecules and/or seeded onto carrier materials (e.g.
ceramic or polymeric scaffolds) [73, 74]. Multiple formulations of cells, signaling molecules
and scaffold materials have been tested, owing to the multidisciplinary aspect of the tissue
engineering field, which gathers knowledge from several sciences such as biology, chemistry,
medicine and engineering [75]. HEALOSR© Bone Graft Replacement (Depuy Orthopeadics



7

Inc, Warsaw, Indiana, U.S.) is an example of a bone tissue engineering product, composed of
cross-linked type I bovine collagen fibers coated with hydroxyapatite and intended to be used
in combination with bone marrow aspirates.

Bone marrow derived cells have been widely used as a source ofmesenchymal stem
cells (MSCs) for tissue engineering applications. Traditionally bone marrow aspirates are
placed in tissue culture plastics and the fraction of MSCs corresponds to that of adherent
cells [76]. These cells are also referred to as bone marrow derived stromal cells and are
able to differentiate into osteogenic, chondrogenic, adipogenic and myogenic lineages [77],
but in contrast to what the termstem cellssuggests, MSCs undergo replicative senescence,
which can have implications at the therapeutical level [78,79]. Induction into the osteogenic
lineage, as well as into any other lineage, can be achieved through specific culture medium
formulations. Soluble factors such as dexamethasone, cAMP, bone morphogenetic proteins
(BMPs), Ca2+ and vitamin D3 can differentiate MSCs into osteoblasts [50,80-85].



8 CHAPTER 1. INTRODUCTION

Outline of this thesis

The aim of this thesis is to relate specific physico-chemicalproperties of materials to the
biological responses they elicit inin vitro andin vivo models, particularly regarding the os-
teogenic differentiation of stem cells and bone formation.

Chapter 2gives a comprehensive overview of osteoinductive CaP ceramics. It debates
questions such as the significance of currently usedin vitro and in vivo models to the study
of these ceramics as well as the physico-chemical properties identified in literature as key
elements necessary to trigger bone formation. One of such properties is the chemical compo-
sition of these materials, of which Ca2+ has been postulated to play a determinant role in the
biological response of the host.

Chapter 3demonstrates that MSCs exhibit an osteoblastic phenotype when exposed to a
high extracellular Ca2+ concentration. The cellular response to such environment is charac-
terized regarding morphological features, proliferationand gene expression. Finally a signal-
ing pathway is proposed to explain how Ca2+ triggers BMP-2 expression.

Chapter 4demonstrates that BMP-2 expression in MSCs is also induced when cells are
cultured inβ -TCP compared to HA. MSCs attachment and differentiation are compared be-
tween these two ceramics, which are distinct in their chemical composition, microstructural
properties and bone inductive capacityin vivo.

β -TCP also induces bone formation in a mouse model, which is revealed inChapter 5. It
further explores the physiological response of mice to different CaP ceramics and the role of
blood vessel formation.

Chapter 6presents the use of PLA treated with gas plasma to guide osteogenic differ-
entiation of osteoprogenitor cells in vitro. Resulting PLAsurfaces exhibit differences at the
topographical, chemical and wettability levels. Protein and cell adhesion are tuned as well as
osteogenic differentiation.

Chapter 7is where the general discussion and main conclusions of thisthesis are pre-
sented.
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Chapter 2

Osteoinductive biomaterials: current
knowledge of properties, experimental
models and biological mechanisms

Ana M. C. Barradas, Huipin Yuan, Clemens A. van Blitterswijk, Pamela Habibovic

Abstract

In the past thirty years, a number of biomaterials has shown the ability to induce bone forma-
tion when implanted at heterotopic sites, an ability known as osteoinduction. Such biomate-
rials - osteoinductive biomaterials - hold great potentialfor the development of new therapies
in bone regeneration. Although a variety of well characterized osteoinductive biomaterials
have so far been reported in the literature, scientists still lack fundamental understanding of
the biological mechanism underlying the phenomenon by which they induce bone formation.
This is further complicated by the observations that largeranimal models are required for
research, since limited, if any, bone induction by biomaterials is observed in smaller animals,
including particularly rodents. Besides interspecies variation, variations among individuals of
the same species have been observed. Furthermore, comparing different studies and drawing
general conclusions is challenging, as these usually differ not only in the physico-chemical
and structural properties of the biomaterials, but also in animal model, implantation site and
duration of the study. Despite these limitations, the knowledge of material properties rele-
vant for osteoinduction to occur has tremendously increased in the past decades. Here we
review the properties of osteoinductive biomaterials, in the light of the model and the con-
ditions under which they were tested. Furthermore, we give an insight into the biological
processes governing osteoinduction by biomaterials and our view on the future perspectives
in this research field.
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CHAPTER 2. OSTEOINDUCTIVE BIOMATERIALS: CURRENT KNOWLEDGE OF

PROPERTIES, EXPERIMENTAL MODELS AND BIOLOGICAL MECHANISMS

Definitions and historical background

One of the first definitions of osteoinduction, as proposed byFriedenstein was “the induc-
tion of undifferentiated inducible osteoprogenitor cellsthat are not yet committed to the
osteogenic lineage to form osteoprogenitor cells” [1]. Although the phenomenon of bone
formation upon implantation of various tissues heterotopically was described as early as in
the beginning of the 20th century [2-6], Urist’ seminal discovery that acellular, devitalized,
decalcified bone matrix induced bone formation in muscles ofmouse, rat, guinea pig and
rabbit [7], and subsequent identification of Bone Morphogenetic Proteins (BMPs) as sole in-
ducers of heterotopic bone formation [8, 9], set a landmark in this field of research. Based on
his studies, Urist defined the process of bone formation by autoinduction, or osteoinduction
as “the mechanism of cellular differentiation towards boneof one tissue due to the physico-
chemical effect or contact with another tissue” [8]. More recently, in a definition proposed by
Wilson-Hench, osteoinduction was described as the processby which osteogenesis is induced
[10]. It is now generally accepted that a conclusive evidence for osteoinduction can only be
given by heterotopic implantation, i.e. implantation in the tissues or organs where bone does
not naturally grow.
Heterotopic bone induction as induced by Demineralized Bone Matrix (DBM) and BMPs
has been well described by Urist and others. When BMPs, loaded onto insoluble collagenous
bone matrix, or DBM are implanted heterotopically in rodents, a cascade of events is initi-
ated: the chemotaxis of undifferentiated mesenchymal cells followed by cell proliferation;
differentiation into chondroblasts and chondrocytes, followed by the formation of cartilagi-
nous extracellular matrix containing type II collagen and proteoglycans; chondrocytes matu-
ration, hypertrophy, and cartilage calcification; blood vessels and osteoprogenitor infiltration,
removal of cartilage and osteoid apposition and bone matrixproduction; bone marrow forma-
tion and bone remodeling [11]. Although it is generally thought that heterotopic induction of
bone formation by BMPs is indeed endochondral, [11], there have been reports on intramem-
branous, i.e. direct bone formation without cartilage intermediate, at heterotopic sites. For
example, fibrous collagen membrane [12], hydroxyapatite (HA) [13] and biomimetic calcium
phosphate coatings [14] in combination with BMP induced bone formation directly, without
apparent cartilage intermediate. In contrast, BMP on fibrous glass membrane and insoluble
bone matrix showed that heterotopic bone was formed following the process of endochondral
ossification [12, 13]. Differences in the pathway by which heterotopic bone is induced by
BMPs may be associated with differences in vascularization, and hence oxygen supply as
well as with mechanical properties (e.g. micromotion) of the carrier [13].
At the time of Urist’s discovery of BMPs as osteoinducive factors, the phenomenon of os-
teoinduction triggered by a completely synthetic biomaterial, by no means resembling the
composition of implants used in Urist’s studies, was also reported. In 1960, Selye and
coworkers implanted PyrexR© glass tubes, with a diameter of 30 mm and a length of 20
mm, the so-called tissue diaphragms, subcutaneously in rats. Histological analysis of tissue
formed inside the diaphragms 60 days following implantation, revealed presence of bone,
cartilage and hemopoietic tissue [15]. In 1968, Winter and Simpson described subcutaneous
bone formation upon implantation of poly-hydroxyethylmethacrylate (poly-HEMA) in pigs
[16]. The authors observed that the implanted sponge had calcified prior to bone formation.
Calcification of the sponge was also observed after subcutaneous implantation in rats [17].
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The observed phenomenon of bone induction by the polymeric sponge could not be explained
by the Urist’s theory, as the sponge neither contained nor produced BMPs. Interestingly, in
earlier reports it was observed that bone was induced by tendons and arteries only if they
were first calcifiedin vivo, as reviewed by de Groot [18]. Although the exact underlyingphe-
nomenon was not known, these observations suggested that calcification, and hence calcium
phosphates might play an important role in the process of osteoinduction.
In the past decade, a large number of publications illustrated osteoinduction by diverse cal-
cium phosphate biomaterials in the form of sintered ceramics [19-26], cements [27-29], coat-
ings [30, 31], as well as coral-derived ceramics [20, 25, 32-35], in various animal models.
Also composites consisting of a polymer and HA have shown to be able to induce bone for-
mation heterotopically [36, 37]. Besides calcium phosphate containing biomaterials, osteoin-
duction was also observed in alumina ceramic [38], titanium[39, 40] and a porous bioglass
[41].
Until now the exact mechanism of osteoinduction by biomaterials is still incompletely under-
stood. It is furthermore questionable whether the mechanisms of osteoinduction by BMPs and
osteoinduction by inorganic biomaterials are related and,if so, to which extent. The apparent
differences between osteoinduction by BMPs and biomaterials are that1) bone induced by
biomaterials is always intramembranous [25, 42] while BMP-induced bone is mostly formed
via the endochondral pathway [11],2) in small animals like rodents bone is very rarely in-
duced by synthetic biomaterials [19, 43-46], but easily by BMPs [47-49],3) bone induction
by biomaterials in large animals is rather slow, requiring weeks to months [27, 35, 39, 50,
51], whereas osteoinduction by BMP-2 and BMP-7 takes place as early as 2-3 weeks upon
heterotopic implantation in rodents [14, 52, 53] and 4) while bone is usually observed inside
pores or other “protective” areas of a material [51, 54-56],bone formation by BMPs is reg-
ularly seen on the periphery of the carrier and even in the soft tissue distant from the carrier
surface [14, 57].
The osteoinductive capacity was one of the main reasons for development of clinical therapies
based on BMPs, and both BMP-2 and BMP-7 are currently successfully used in a number of
applications [58, 59]. It is therefore not surprising that biomaterials with intrinsic osteoinduc-
tivity possess a great potential as alternatives to biological approaches to bone regeneration
[60].
As earlier mentioned, it is well established that, to be considered osteoinductive, a material
should induce bone formation heterotopically, so that de novo bone origin is solely attributed
to its osteoinductive properties rather than to the osteoconductive ones (the latter comprises
the migration of potentially osteogenic cells to the site offuture matrix formation at the site
of (orthotopic) implantation [61]. Studies within the fieldgenerally describe the chemical
and physical properties of osteoinductive materials, as well as the animal model chosen for
experimentation. Analysis is usually based on qualitativeand quantitative assessment of bone
formation induced by different materials and/or at different time points by which critical
properties of the setup can be indentified and results explained. Some of the publications also
discuss possible biological mechanisms behind the findings, but the driver for bone formation
has not been conclusively proven yet.
In the first part of this review, we will discuss the status of osteoinduction by (mostly syn-
thetic) biomaterials, by denoting those that have been identified as osteoinductive with special
emphasis on calcium phosphate based ones, as these are the most extensively investigated.
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We will discuss the properties of the materials, which are, in our view, essential for os-
teoinduction to occur. The experimental conditions in which materials were tested and their
implications for the outcome as well as the availability ofin vitro models to predict osteoin-
ductivity will also be elaborated on. Finally, we will focuson the existing theories regarding
the mechanism of osteoinduction by biomaterials and provide our view on the topic.

Osteoinductive biomaterials

As can be seen in figure 1, which is a schematic representationof the biomaterials that have
so far been shown osteoinductive, all material types, polymers, metals and both synthetic
ceramics and ceramics of natural origin, theoretically possess the osteoinductive potential.
Glass cylinders [15] and poly-HEMA [16] were the first synthetic materials associated with
heterotopic bone formation and so far, poly-HEMA remains the only osteoinductive polymer.
Composites, consisting of polylactide and HA particles have however recently shown to be
osteoinductive too [36, 37]. In the family of metals, poroustitanium (Ti) has shown osteoin-
ductivity, alone [39, 40], coated with a thin layer of calcium phosphate [31] or in a construct
with a calcium phosphate ceramic [62].
In contrast to the limited number of reports on osteoinduction by polymers and metals, ce-
ramics, particularly calcium phosphate based ones, have shown osteoinductive potential in
a variety of studies: HA [20, 22, 24-26, 33, 34, 63, 64],β -tricalcium phosphate (β -TCP)
[65, 66], biphasic calcium phosphate (BCP), that designates the mixture of HA and TCP [27,
45], dicalcium phosphate anhydrous (DCPA), dicalcium phosphate dihydrate (DCPD) [28],
carbonated apatite [54], calcium pyrophosphates (CPP) [26, 67] and HA/calcium carbonate
(CC) mixtures [32, 35]. A case of osteoinductive glass ceramic has also been reported [41].
A thorough analysis of the materials described so far as osteoinductive (Table 1), could in the-
ory provide answers about properties relevant to osteoinduction. And yet, we are still unable
to describe how exactly an osteoinductive material should be designed and produced. The
main reason is that the properties of the end material greatly depend on the processing pa-
rameters, which often differ among research groups. For example, two porous HA ceramics,
prepared by two different groups, may be equal with regard tochemical composition (both
can be phase-pure), but completely different in their macroporosity, grain size and surface
roughness, and hence differ in their osteoinductive potential. This phenomenon is not unique
to osteoinductivity. The capacity to repair bone defects can differ greatly among materials
from the same family, and surgeons can now choose from 13 different calcium phosphate
based ceramics/cements in the Netherlands alone for applications in trauma- and orthopaedic
surgery [68]. Both the starting materials and processing parameters affect properties of the
end product, and hence its bioactivity, i.e. the phenomenonby which a biomaterial elic-
its or modulates biological activity [69]. However, details of the processing parameters are
often missing in publications on osteoinductive materials; furthermore, the level to which
material properties can be controlled using classical methods of preparation, remains limited.
Therefore, in an attempt to draw conclusions on the properties which render a material os-
teoinductive, one is dependent on the description of physico-chemical properties of the end
product. Furthermore, a comparison should always be made inlight of the experimental sce-
nario in which osteoinductive potential is investigated, atopic which will be discussed in the
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next section of this review. Table 1 therefore contains information about the material proper-
ties which so far have been suggested to play a role in osteoinduction: chemical composition,
overall geometry of the implant and porosity. Microstructural surface properties, including
grain size, microporosity, surface roughness and specific surface area have been suggested
as critical factors in osteoinduction [22, 51, 60, 64], however, these properties have not been
described for majority of the materials in Table 1, which is why they were excluded. We will,
however, in detail discuss the importance of microstructural surface properties based on the
existing literature.

Figure 1: Schematic diagram presenting materials that have been described as osteoinductive, divided
according to material family, origin and physico-chemicaland structural properties. Poly-HEMA: poly-
hydroxyethylmethacrylate; Ti: titanium; PP: pyrophosphate; HA: hydroxyapatite; CC: calcium carbon-
ate; BCP: biphasic calcium phosphate; TCP: tricalcium phosphate; DCPD: dicalcium phosphate dihy-
drate; DCPA: dicalcium phosphate anhydrous; CA: carbonated apatite; OCP: octacalcium phosphate.

Influence of chemical composition

As already mentioned, the majority of materials so far described as osteoinductive contain
calcium phosphate. Some of the materials that do not containcalcium phosphate, such as
titanium, have been shown to calcify when exposed to simulated body fluid [39, 40], and are
therefore expected to undergo a similar calcificationin vivo. Indeed, in the only publication
on osteoinductive polymer, calcification of poly-HEMAin vivo was observed before hetero-
topic bone formation occurred [17]. These data suggest thatpresence of a calcium phosphate
source is a prerequisites for heterotopic bone formation tooccur. This observation is not sur-
prising as bioactivity in terms of osteoconduction in an orthotopic environment, has long been
recognized for calcium phosphate materials. The liberation of Ca2+, PO4

3−, HPO4
2− from

the material into the surrounding may increase the local supersaturation of the biologic fluid
causing precipitation of carbonated apatite that incorporates calcium-, phosphate- and other
ions (Mg2+, Na+, CO3

2−), as well as proteins, and other organic compounds [51, 70].The
dissolution part of the process is missing in the materials that initially do not contain calcium
phosphate; however, their physico-chemical properties are such that they provide nucleation
sites for the deposition of a biological apatite layer, containing organics. It is plausible that
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similar events occur heterotopically, facilitating bone apposition, but whether precipitation /
dissolution-reprecipitation events are also responsiblefor induction of osteogenic differentia-
tion remains to be elucidated. Related to the expected influence of calcium phosphates, thein
vivo degradation behaviour of different osteoinductive ceramics requires further discussion.
As can be extracted from Table 1, the largest number of studies has been performed with
implants consisting of HA, (α- or β -) TCP, and the mixtures of the two, BCP. In addition, in
a few studies, osteoinduction was also shown to occur in DCPA- DCPD- cements, carbonated
apatite (CA) ceramics and OCP coatings, as well as in some calcium pyrophosphates. It is
well known that dissolution properties of calcium phosphates are phase-dependent [71], and
in some studies, a direct comparison was made between implants with varying chemical com-
position. For example, in one of our studies, we compared theperformance of an HA and a
BCP ceramic, produced at equal conditions, in order to keep other material properties similar
(figure 2 A and B). These were implanted intramuscularly in goats and after 6 weeks, bone
incidence was higher in the BCP ceramic containing the more soluble TCP, than in the HA
ceramic, and so was the amount of bone induced (figure 2 D and E)[51]. In two other stud-
ies, higher osteoinductive potential was also observed forthe ceramic containing resorbable
β -TCP as compared to pure HA [46, 72]. However, in the study by Kurashina and colleagues
in rabbits, an increase in the amount of TCP had a negative effect on osteoinduction [73].
These data show that the calcium phosphate phase, and the associated degradation behaviour
cannot be appointed as determinant for osteoinduction to occur, without taking into account
other material properties. Indeed, as already mentioned, the materials that initially do not
contain calcium phosphate, but possess the ability to calcify in vitro and in vivo, are also
able to induce heterotopic bone formation, though to a lesser extent and after a longer period
of time than calcium phosphate-containing materials. Based on the current knowledge, it is
suggested that an increase inin vivodegradation of calcium phosphate materials in general is
beneficial for osteoinduction, however, a relatively stable surface is required for the onset of
bone formation to take place. In other words, a compromise isto be reached between the level
of dissolution/reprecipitation events occuring on the material surface and the rate of material
disintegration due toin vivodegradation [73, 74]. Apart from physico-chemical dissolution /
biological apatite precipitation processes, effect of osteoclastic resorption of biomaterials and
therewith accompanied release of calcium ions has also beensuggested important in the pro-
cess of heterotopic bone formation by biomaterials [35]. What still needs to be determined
is whether the free calcium, phosphate, or both ions in the vicinity of material surface or the
newly formed biological apatite layer on the surface are thetrigger of the osteogenic differen-
tiation of the undifferentiated cells, or simply the template where the onset of bone formation
can occur, after the osteogenic differentiation has been triggered by different means.

Influence of macrostructural properties

Apart from the chemical composition of the material, the geometry and macrostructural prop-
erties have been shown to play an important role. In the case of macrostructure, the most
striking example is the importance of porosity. Bone formation has never been observed on
a dense sintered ceramic, that does not degradein vivo, whereas a ceramic with the same
chemical composition, but containing pores, induced bone formation [19, 22]. Generally, the
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Figure 2: The effect of chemical composition and microstructure of calcium phosphate ceramics on
bone formation. Microstructure of BCP1150 (A), HA1150 (B) and HA1250 (C) is shown by Scanning
Electron Microscopy images (scale bar = 2µm). After six weeks of intramuscular implantation in goats,
both BCP1150 and HA1150 containing similar microstructurebut different chemical composition, in-
duced bone (D and E). However, the incidence in BCP was higher(7/10 versus 5/10) and so was the
amount of bone induced. In contrast, no bone was observed in HA1250 (F), with fewer micropores and
larger grains than the other two ceramics, but with chemicalcomposition identical to that of HA1150.
Light microscopy images of stained non-decalcified sections (scale bar = 100µm). White arrows point
towards bone. C: ceramic; FT: fibrous tissue.

importance of pores inside bone graft substitutes is related to the invasion of the material
by blood vessels, that bring along nutrients and oxygen, sustaining therefore the metabolism
of cells inside the scaffold [75]. In the case of osteoinductive materials, blood vessels can
have the added function of bringing along cells with capacity to differentiate into osteoblasts,
which will be discussed in more detail in the section on potential mechanisms behind os-
teoinduction. Jansen and coworkers suggested that the poresize of the calcium phosphate
cement cylinders in their study might have been too small (average 150µm) when compared
to other studies, which could explain why bone formation wasnot observed after 90 or 180
days of implantation under the skin of goats. They also observed that implant integrity was
lost 3 months after implantation and hypothesized that thiscollapsing of the porous structure
might have prevented nutrients supply and decreased the available adsorption areas for pro-
tein attachment and cellular adhesion and differentiation[76]. In the study by Fujibayashi
and colleagues, titanium blocks with predefined porous structure were able to induce bone
formation in dogs, in contrast to titanium fibre meshes, surface-treated in the same way [39].
The importance of a sustainable macrostructure was also appointed by Gosain and cowork-
ers, who did find bone formation after implantation of a calcium phosphate cement paste, but
also observed that the rate of material replacement by the newly formed bone increased when
macropores were introduced into cement-paste forms of HA, by increasing the ratio TCP/HA.
They also concluded that in HA ceramic, with predefined macroporous structure, more het-
erotopic bone formation was formed than in HA cements, whichat the time of implantation
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did not contain pores [27]. In one of our studies, it was observed that disintegration of porous
macrostructure of the ceramic, due to mechanical fracture,prevented bone formation to occur
[74]. In the osteoinductive materials described so far, bone formation was always observed
in the pores, and never on the implant periphery or distant from the implant, as is often the
case with osteoinduction by BMPs [14, 60], again emphasizing the importance of porous
structure. Besides the presence of pores with suitable dimensions, geometry of the implant
has been shown important in osteoinduction. In a study by Ripamonti and coworkers, HA
ceramic rods and discs containing concavities (figure 3A) varying in height and diameter
size, were implanted in the muscle of baboons. The authors observed that bone formation
always started in the concave and never on the convex spaces (figure 3B), suggesting that
some geometries could be more optimal than others in concentrating BMP and stimulating
angiogenesis, as this may be a prerequisite for osteogenesis [55, 77]. We also observed that
after implanting bulk cement of DCPA, containing channels (figure 3C), bone was mainly
formed in the interior of the peripheral channels, close to their openings, after remaining
for twelve weeks in the muscle of goats (figure 3D) [28]. Le Nihouannen and colleagues
observed heterotopic bone formation between microporous particles of a BCP ceramic im-
planted intramuscularly in sheep [56], which reinforces the idea that “protective” areas, such
as pores, concavities or channels, are beneficial for bone formation. In order to develop an
osteoinductive material, we are of opinion that one ought topay attention to two aspects of
macrostructural properties: (1) macrostructure should besuch that there is sufficient supply
of nutrients, oxygen and infiltration of cells and tissue, and (2), presence of “protective areas”
in the form of pores, channels, concavities, or spaces between individual particles, in which
processes leading to heterotopic bone formation can occur without being disturbed by high
body fluid refreshments or mechanical forces due to implant movement.

Influence of surface structure

In addition to chemical composition and macrostructural properties, material surface proper-
ties at micro- and nanoscale have been shown of great importance for osteoinductive poten-
tial. Unfortunately, detailed surface characterization of the materials so far tested for osteoin-
duction is sparse. Nevertheless, in a few of our studies it has been demonstrated that ceramics
with different microstructural properties have differentperformances when implanted hetero-
topically. By changing the temperature at which a ceramic issintered, we were able to vary
the grain size and the microporosity of the ceramic, while keeping the chemical composition
and the macrostructure constant. We have shown that a decrease in sintering temperature
leads to an increase in the number of micropores (defined as pores with a diameter smaller
than 10µm) [51, 60, 64]. This change in surface properties has been shown to have a positive
effect on osteoinductive potential of the ceramic. Figure 2shows examples of microstructure
of the two HA ceramics sintered at 1150◦C and 1250◦C respectively (figure 2B and C) and
their behavior heterotopically (figure 2E and F). The numberof micropores together with the
grain size, will be reflected in the total surface area. By enlarging the surface area, disso-
lution/reprecipitation events occurring on the ceramic surface as well as mineral deposition
from the body fluids are expected to be more pronounced, whichmay be beneficial for os-
teoinduction to occur. Fellah and colleagues also comparedceramic implants that differed
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Figure 3: Heterotopic bone formation is influenced by the geometry of the implant. HA implants
(Ø=20 mm, height=4 mm), containing concavities (Ø=1600µm, depth=800µm) (A) were implanted
intramuscularly in the baboon. Bone formation was observedafter 90 days only in the concave sur-
faces of the implant (B). DCPA cement implants (11.5×8×10 mm3) containing channels (Ø=2.5 mm,
depth=8 mm), open on one and closed on the opposite side of theimplant (C) were implanted intra-
muscularly in the goat and after 12 weeks bone formation occurred only inside the channels, close to
the channel opening (D). Black and white arrows point towards bone in B and D respectively. A and B
adapted from [55] and [125] respectively. Scale bar = 1 mm.

in surface microstructure. By sintering BCP at three different temperatures, materials with
the same chemical composition but different microporosityand specific surface area were
obtained and implanted both heterotopically, in paraspinal muscle, and orthotopically, inside
polytetrafluoroethylene (PTFE) cylinders in a critical-sized femoral defect in goats, to prevent
osteoconduction. Autologous bone chips served as control.Bone formation was not observed
heterotopically, whereas orthotopically, an increase in microporosity and specific surface area
was shown beneficial for the amount of bone formed. Whereas node novo bone formation
was formed in cylinders containing bone chips, ceramics, particularly the ones sintered at
lower temperatures, showed substantial amount of bone formation [78]. Although implanta-
tion in femoral epiphysis, even inside a polymeric cylinderis not a heterotopic site, this paper
does show the effect of surface properties on the formation of new bone. In the study by
Fujibayashi and coworkers, it has been shown that porous titanium was only able to induce
bone formation heteretopically following a chemical and thermal surface treatment. This
treatment, by which the microstructure of the metal was changed, provided the material with
the ability to calcifyin vitro, and plausibly alsoin vivo, which was, according to the authors,
the driving force behind osteoinduction [39]. In addition to the ability to deposit a biolog-
ical apatite layer on the surface, either through local dissolution/reprecipitation mechanism,
or from body fluids, adsorption or coprecipitation of the growth factors (e.g. BMPs) into
the newly formed biological apatite layer from the body fluids are also expected to increase
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with an increase of the specific surface area, which may be oneof the intermediate steps in
the initiation of osteogenic differentiation and deposition of de novo bone. Indeed, calcium
phosphates, such as HA are well known for their affinity to bind various proteins upon expo-
sure to thein vivo environment [79, 80], including BMPs [81-83] and an increase of specific
surface area may be required to accumulate sufficient amountof BMPs for osteoinduction
to be triggered. Apart from this indirect effect of microstructure on the specific surface area
and the related ability to bind proteins or deposit a biological mineral layer, the size and the
shape of grains could also exert a direct effect on cells involved in osteoinduction. It has been
shown that nanosized surface features can act as a direct physical trigger on Mesenchymal
Stromal Cells (MSCs) osteogenic differentiation, withoutadditional osteogenic supplements
[84].

Models to study osteoinduction

In vivo models
Here, we will concentrate on the factors not directly related to materials properties, but known
to be of influence when studying osteoinduction: animal model, implantation site, procedure
and study duration. In a number of studies depicted in Table 1, results on bone formation
were shown to be animal model dependent. Yang and coworkers tested the performance of
sintered BCP ceramics in five different animal models at heterotopic locations, in a single
study. Until day 120, in rats, rabbits and goats, only dense fibrous connective tissue encap-
sulating the ceramics and loose connective tissue inside the pores were observed, without
signs of bone formation. However, in dogs and pigs, bone formation was found in implants
retrieved as early as 45 days after implantation. Extensiveamounts of bone were found at
day 120 mainly in the pores of the materials implanted in pigs[45]. This study showed that
larger animals yielded more bone than smaller ones, with exception of the goat where no bone
formation was observed. Also the only osteoinductive polymer, poly-HEMA, was shown to
induce bone formation in pigs [16], but not in rats, where only calcification of the materials
occurred, without bone formation [17]. The difference between larger and smaller animals is
also seen when evaluating the type of animal models used to perform the studies on osteoin-
ductive materials. Throughout Table 1, the number of published studies concerning small
animals is minimal, and the majority involves large ones. The incidence of animal models in
the experimentation on calcium phosphate ceramics is illustrated in figure 4. Based on the
literature search, there is one single study involving mice, four with rabbits and five with rats,
whereas most studies were performed in goats (12) and dogs (17). A number of studies has
also been performed in non-human primates (9). This scenario contrasts the studies to test
the osteoinductive potential of BMPs or osteogenic potential of tissue engineered constructs,
which are mainly performed in mice, rats and rabbits. Figure4 suggests that the incidence
of heterotopic bone formation induced by calcium phosphateceramics is higher in large an-
imals as compared to small ones, although we do not know how many (unpublished) studies
were actually performed in small animals. Overall interspecies variation is characterized by
the difference in bone induction between small and large animals. But among large animals
differences are also present; for instance, studies involving dogs were in general more suc-
cessful than those performed in goats. In table I, the numberof materials marked with a “+”
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in the “Bone” column is higher in studies in dogs as compared with those in goats. Although
being a rough comparison, as no other factors regarding the material or animal model were
considered, this suggests that a material tested in a dog hashigher chances of inducing bone
formation than in a goat. This was evident in the study in which the same material was tested
under the same conditions in both animal models [45]. Tryingto explain these interspecies
variations would be at best speculative as long as the exact mechanism behind osteoinduction
by biomaterials is incompletely understood, but (patho)physiological and genetic differences
are expected to play a role.
Apart from the animal model itself, other factors could influence a material’s ability to induce
bone formation heterotopically, which is why ideally, the animals should be of the same
strain, age, sex and body weight. For example, in a study by Marusic and colleagues, the
authors implanted pieces of bone matrix gelatin intramuscularly in mice from 8 different
inbred strains. After four weeks, bone formation was observed only in six out of the eight
strains. Within mice from each strain, the number of individuals where bone formation was
observed varied and the average amount of bone was also different [85], showing that, even
among mice of inbred strain, phenotypical differences are such that results are not only strain
but also individual dependent. In the case of larger animals, genetic variability will be even
higher, as these are always outbred. The effect of age of the animal was apparent in the two
studies by Winter and Simpson in pigs, that showed that heterotopic bone formation by a
polymeric sponge was only induced in the younger pig [16].
Whereas mice, rats, rabbits and sometimes minipigs can be obtained with similar or identi-
cal genetic makeups, larger animals, such as dogs, sheep andgoats are relatively heteroge-
neous with respect to strain, age and body weight [86]. In general, when choosing an animal
model to study osteoinduction, similar considerations aremade as for other orthopaedic ap-
plications: ethics, availability, housing requirements,ease of handling, cost, susceptibility to
disease and available background data of the animal [86]. Considering the described animal
model dependence, large animals are usually chosen for assessing osteoinductive potential of
biomaterials. Availability is the next important factor determining the choice of the animal
model. In the Netherlands, for example, sheep, dogs and goats are used in orthopaedic re-
search, but goats are most widely available. In the majorityof studies from our group, we
have used young adult Dutch milk goats (age of about 2 years),with the average weight of
65±10 kg. Although such a group of animals is genetically heterogenous, we attempted to
limit the effect of age, sex and weight, by performing the follow-up experiments with ani-
mals of similar characteristics. Based on papers by others,similar considerations were made
in other studies on osteoinductive biomaterials. Despite the fact that we attempted to keep
as many parameters of the animal model constant as possible,large variations in the amount
and timing of bone induction was observed in different individuals [74], similar to studies
in which biological material was tested [85]. It should be mentioned that variations among
individuals of the same species are not necessarily a weakness of a study, but potentially
tools that will be of help when trying to understand the mechanism behind osteoinduction.
We therefore think that in publications on osteoinductive materials, more attention should be
paid to the differences observed; for example, instead of providing the mean and standard
deviation values for the amount of bone formed, one should also provide information about
data distribution, outliers, etc.
Another issue that is possibly related to the size of animalsused to study osteoinduction, is the
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size of the implant that can be insterted into an animal. We implanted materials with different
dimensions (Ø6.5×5 mm3 versus Ø6.5×10 mm3) in paraspinal muscles of goats. Similar
quality of bone was observed in both types, however bone formation had higher incidence
in the larger implants (9/10) as compared to the smaller ones(7/10). Bone formation also
started earlier in larger implants [74]. It is obvious that,solely based on this single study,
no conclusions can be drawn, however, implant size should betaken into consideration when
discussing animal model dependent differences in osteoinductive potential of biomaterials.
Several authors have also investigated the osteoinductivecapacity of a material, depending
on the implantation site and duration of implantation. Ripamonti and colleagues observed
no bone formation in coral-derived ceramics that were partially or fully converted into HA
after 60 and 90 days of intramuscular implantation in Papio ursinus, whereas after 365 days,
all ceramics showed heterotopic bone formation [34]. Yang and coworkers observed bone
formation as early as on day 45 after implantation of BCP cylinders in intramuscular pockets
of both dogs and pigs, whereas subcutaneously, bone formation was only observed 60 days
after implantation. An increase in implantation time in both animal models was also shown
to result in an increased amount of bone [45]. In one of our studies, no bone was found after
four months of subcutaneous implantation of a BCP ceramic ingoats, whereas intramuscu-
larly, bone was induced in seven out of ten implants in the same animals [74]. These studies
suggest that at intramuscular locations, bone formation occurs more frequently, or at least at a
higher rate. The results from Gosain and co-workers contrast these findings. They showed no
significant differences in the amount of bone formation in implants of HA and BCP between
the subcutaneous and intramuscular location in sheep, after 1-year-implantation [27]. The
difference in survival time between the studies should however be taken into consideration. It
is possible that, at the time of explantation, bone formed intramuscularly had already reached
the remodeling phase, whereas subcutaneously, bone, the growth of which was initiated later
than intramuscularly, was still in the early formation phase. Related to the implantation site,
the level of injury during implantation is a parameter with enormous implications for thein
vivo response to the implanted material. It is the injury and consequent perturbation of home-
ostatic mechanisms that leads to the cellular cascades of wound healing. Blood-material
interactions, provisional matrix formation, acute inflammation, chronic inflammation, gran-
ulation tissue formation, foreign body reaction and development of fibrous capsule are the
host reactions following injury due to implantation of a material [87]. In the majority of
studies reviewed here, implantation was performed in paraspinal muscles, away from bone,
where similar host reactions are expected. Although Zaffe argued that skeletal muscle is not a
proper site to study osteoinduction by materials [88], general agreement is that both subcutis
and muscle are sites heterotopic to bone formation, and hence suitable to test osteoinductiv-
ity of growth factors and materials. In our studies, after opening the skin, blunt dissections
were made to create intramuscular pockets after separate fascia incisions, into which materi-
als were placed separately and secured with non-resorbablesutures. Sufficient distance was
kept between individual pockets, to avoid that individual implants could affect eachotherÕs
behaviour. Pre- and post operative treatment of the animalswas performed according to the
procedures used for orthotopic implantations.
A note should also be made on the topic of sample analysis following anin vivo study. In
the majority of studies discussed so far, histological staining of tissue on two-dimensional
sections is performed, often followed by quantification based on image analysis. These are
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established methods to visualize the character of tissue formed on cellular and matrix level.
The fact that the sections are two-dimensional is a disadvantage, especially when quantifica-
tion is involved, where one can only analyze areas rather than volumes. In addition, depend-
ing on the position at which a section is made, one can possibly miss important information.
Le Nihouannen and colleagues used X-ray micro-computed tomography (µCT) to quantify
the volume of both ceramic material and mineralized bone, distinguishing them based on
the gray levels [89]. Although insufficient resolution and inaccurate phase identification are
known as important limitations of theµCT technique when studying bone formation in (ce-
ramic) implants, recent studies with high resolutionµCT have demonstrated potential of this
technique in the field of bone regeneration [90-92].
A thorough histological analysis, that is more extensive than the analysis of quality and
quantity of newly formed bone, can also add to the understanding of mechanism of osteoin-
duction. Presence of inflammatory signs, such as monocytes,mono- and multi- nucleated-
macrophages, lymphocytes or fibrous tissue could indicate if and how the immune system
contributes to the mechanism of bone formation by biomaterials. For example, Fellah and
colleagues extensively characterized the type of white cells present in histological sections
of BCP microparticles of varying sizes explanted from rat muscle. They identified and quan-
tified the presence of macrophages, Giant cells and lymphocytes and observed that these
amounts varied according to the implanted particle size [93], indicating that macrostructural
properties might trigger immune responses accordingly. Similarly, analysis of spatial distri-
bution and quantification of blood vessels inside an implantcould provide answers regarding
importance of oxygen and nutrient supply as well as cells associated with neovascularization
in osteoinduction.
Based on the published work and our experience, we suggest that large animals, such as goats,
sheep, dogs or baboons should be used for intramuscular implantation to study material-
induced bone formation. Attention should be paid that the group of animals used is con-
trolled for sex, age, weight, and where possible strain, and, considering large differences
between individual animals, paired implantations should be performed (comparisons of dif-
ferent materials within each animal of the group). Surgicalprocedure should be such that
minimal damage is caused to the tissue, and the animals should receive the pre- and post-
operative treatment according to standard procedures for orthopaedic research. With large
animals as animal model, one should be aware that essential biological research tools, such
as antibodies, are far less available than for smaller ones,which is one of the delaying factors
in the biological comprehension of the mechanism. Therefore, more attention should be paid
to methods of histological characterization and quantification of the tissues formed in and
around the implanted material.

In vitro models and choice of cell type
In the previous section, we have described the complexity ofresearch involving large ani-
mals to study osteoinductive biomaterials. Ideally, a simple and reliably predictivein vitro
assays should be available to screen the osteoinductive properties of biomaterials, and at the
same time, accelerate the comprehension of the mechanism behind this phenomenon. Unfor-
tunately, development of such an assay is far from trivial. An important question that needs
to be answered is which parameters of the complexin vivo environment are relevant to be
translated into a simplifiedin vitro system to make it predictive, including cell source and
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Figure 4: Number of studies performed per animal model to test calciumphosphate materials for their
osteoinductive potential. Data derived from the studies presented in table 1. The highest number of
studies involveddog [19, 20, 22, 29, 32, 45, 46, 64-67, 72, 101, 102, 113, 126, 127]andgoat [28, 30,
31, 42, 45, 50, 51, 54, 74, 76, 128, 129]; the number of published studies involvingbaboon [20, 25,
33-35, 55, 130, 131],sheep[27, 56, 60],rabbit [20, 45, 46, 73], rat [15, 19, 45, 46, 132],mouse[46],
monkey [26], andpig [45] was lower.

type, culturing conditions and output parameters. The complexity of this question is also ev-
ident from the fact that, despite the established clinical use of DBM for decades, assays that
are able to reliably predict osteoinductive capacity of DBMin vivo are still largely missing.
Adkisson et.al. developed a “rapid quantitative bioassay of osteoinduction” by using SaOS-2
osteosarcoma cells and studied cell proliferation rates under influence of DBM. However, cor-
relation between cell proliferation and osteoinduction was not strong [94]. Zhang et.al. and
Wolfinbarger and Zhang used human periosteal cells and humandermal fibroblasts to relate
cellular ALP activity to DBM osteoinductivity [95, 96]. In these studies, the authors failed
to show a clear correlation betweenin vitro assays andin vivo bone formation. Carnes et.al.
used an immature osteoprogenitor cell line, 2T9 to investigate the effect of DBM on the cell
differentiation [97]. They failed to show any effect on differentiation and concluded that there
are no soluble factors being released from DBM into the culture medium. Han et.al. assessed
the ALP activity of the C2C12 cells in a culture in presence ofDBM, and found a correla-
tion with heterotopic bone formation [98]. However, when werepeated a similar study with
osteoinductive ceramics, thein vitro ALP expression of C2C12 cells could not be correlated
to the heterotopic bone formation induced by the ceramics [99]. When studying material-cell
interactions and comparing different materialsin vitro, the material-medium interactions add
an additional variable to the equation. In the case of calcium phosphate containing materials,
for example, ion exchange between the material and the medium may significantly modify
the composition of the latter, and hence the environment forcells to grow and differentiate.
Furthermore, changes that take place in the medium will varydepending on the properties
of the material, resulting in a study where same cells are cultured in different environments
[99], making a comparison difficult and little reliable. Thesein vitro interactions can be very
different from thein vivo material-body fluid interactions, where there is a continuous re-
freshment of body fluids around the implant. Although the fact that the situation of a ceramic
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implanted in, for example, a goat muscle cannot be mimicked in a culture dish, investing
into development of simplified predictive systems is necessary to aid the understanding of
the mechanism and accelerate the improvement of the existing materials for bone regener-
ation. In our recent work, we have described anin vitro model with human bone marrow
stromal cells (hBMSCs) and four different types of calcium phosphate ceramics: HA, BCP
sintered at 1150◦C (BCP 1150) and at 1300◦C (BCP 1300) and TCP. We showed that after
seven days in culture on the different ceramics in osteogenic differentiation medium, genes
encoding for proteins characteristic of an osteogenic profile, were differentially expressed by
hBMSCs. A trend was observed in the degree of differentiation, with cells on TCP exhibiting
higher expression of most genes, followed by those on BCP 1150, BCP 1300 and HA. This
trend correlated with the amount of bone obtained when the materials were implanted without
cells, intramuscularly in sheep [60]. It is to be further investigated whether this system is only
valid for the group of ceramics tested in our study, or it is applicable to other osteoinductive
materials as well.
Other in vitro models have given insights into the possible role of inflammatory cells on
bone formation. Fellah and coworkers investigated the expression of TNF-α and IL-6 by a
mouse macrophage cell line when cultured on BCP particles with different size ranges. They
observed that expression of these cytokines was highest when macrophages were cultured
on microparticles smaller than 20µm, as compared to 40-80µm and 80-200µm particles.
Next they cultured pre-osteoblast mouse cells in presence of IL-6 and TNF-α and demon-
strated that the expression of some osteogenic markers was higher when cells were cultured
in presence of IL-6 than when cultured in osteogenic medium.Based on these data, the
authors attempted to correlate microstructural properties of a ceramic directly with inflam-
matory response and indirectly, with osteogenic response and hence osteoinduction [100].
Studies in which macrophages and pre-osteoblasts are co-cultured on ceramics with differ-
ent osteoinductive potential would provide a direct insight into the role of inflammation in
osteoinductionin vitro.

The ability to induce bone formation: where does it originate from?

We have mentioned before that the mechanism behind osteoinduction by biomaterials is not
completely understood yet. Nevertheless, a number of hypotheses have been proposed by
different researchers. On the basis of current knowledge ofmaterial properties so far shown
to be relevant for osteoinduction to occur, and biological processes occurring around and in
the material upon implantation in, e.g. a muscle, we will discuss different hypotheses and
give our view on the phenomenon.
Host response to a biocompatible material implanted in vascularized tissues such as mus-
cle is associated with the events of injury formation, followed by inflammatory cell infiltra-
tion, acute and chronic inflammation, granulation tissue formation and foreign body reaction.
In general, the polymorphonuclear leukocytes predominantinflammatory response and the
leukocytes/ monocytes predominant chronic inflammatory response resolve quickly, within
2 weeks. The process of granulation tissue formation, characterized by the action of mono-
cytes and macrophages, and the subsequent foreign body reaction, consisting either of fibrous
capsule formation or macrophage and foreign body giant cellaction is highly dependent on
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the chemistry and topographical surface properties of the implanted material [87]. In a num-
ber of studies, response to heterotopically implanted osteoinductive materials was followed
in time based on histology. Yang and coworkers studied the host response to a porous BCP
ceramic in muscle of dogs 7-45 days post implantation. On day7, they observed blood clot
and some fibrous tissue inside the pores of the ceramic. On day15, granulation tissue, with
fibroblasts, macrophages and some newly formed blood vessels, was observed. At 30 days,
denser fibrous tissue, parallel to the pore walls was observed, with polymorphic cell aggre-
gates in association with capillaries and small venules in the vicinity of ceramic surface, some
of which were positive for the ALP staining. Finally, on day 45, presence of similar cell ag-
gregates was obvious, some multinucleated giant cells werefound and osteoblasts aligned the
newly formed bone, that was in close contact with the ceramicsurface [101]. Yuan and col-
leagues identified similar processes leading to bone formation as Yang and colleagues upon
intramuscular implantation in dogs of an HA and a BCP ceramicbetween 7 and 360 days
of implantation. They observed aggregates of large cuboidal cells on the material surface in
close association with capillaries, before osteoblasts were observed, that deposited osteoid,
leading to bone apposition, remodeling and bone marrow formation. The sequence of pro-
cesses observed were similar for the two ceramics, however they all occurred at an earlier time
point in the BCP than in the HA ceramic, and the amount of bone formed in HA was lower
than in BCP at the last time point [72]. Kondo and colleagues showed similar processes upon
implantation ofβ -TCP in dog dorsal muscles: red blood cells, fibroblast-likespindle-shaped
cells, few multinucleated cells and some blood vessels at 14days, loose connective tissue
consisting of sparsely distributed reticular collagen fibrils on day 28 and a larger number of
TRAP and Cathepsin-K positive multinucleated cells, and newly formed bone on the ceramic
surface after 56 days that continued growing until the last analysis point at 168 days [102].
Following intramuscular implantation of HA in baboons for 3, 6 and 9 months, Ripamonti
first observed fibrous connective tissue with pronounced cellular and vascular components,
then the collagen fibers condensation in fibrous connective tissue at the interface of the HA,
and finally morphogenesis of bone, with subsequent remodeling, formation of lamellar bone
and differentiation of bone marrow [25]. In all these studies, a natural host response to the
material implanted in soft tissue was observed, however, incontrast to many others, these
materials eventually led to heterotopic bone formation.
The main questions that remain to be answered are(1) what is the identity of the cells which
are triggered to differentiate into the osteogenic lineageand(2) what triggers their accumu-
lation on the material surface and subsequent osteogenic differentiation.
Considering the first question, Ripamonti and coworkers, who implanted HA heterotopically
in baboons, observed that before and during bone formation,laminin staining (for vascular
endothelial cells) was localized around capillaries in close proximity to the ceramic, as well
as around individual cells that seemed to migrate out of the vascular compartment [103].
Yang and colleagues further commented that in dogs, polymorphic cells that appeared first
close to capillaries and microvessels were likely to be migrating towards the ceramic and that
osteoblast differentiation was occurring directly withinthe cell clusters which aggregated at
the interface with the ceramics, especially where capillaries were in close proximity to the
material [45]. They hypothesized that cells appearing close to the vasculature, those aggregat-
ing and those differentiating could be interrelated and could have origin in the proliferation,
differentiation or migration of pericytes or endothelial cells.



27

In the formation of the skeleton, mesenchymal cells aggregate and form condensates of loose
mesenchymal tissue, prefiguring the skeletal elements. Within these aggregates, cells may
differentiate into osteoblasts, when in association with adequate vascularization, thereby di-
rectly initiating ossification, which eventually results in either compact or cancellous bone
(intramembranous bone formation). Alternatively, condensates of mesenchymal cells can
differentiate into chondrocytes in an avascular environment, producing cartilage which is
eventually replaced by bone (endochondral bone formation)[104]. Heterotopic bone forma-
tion induced by biomaterials always occurs via the intramembranous pathway, indeed sug-
gesting the importance of the newly formed blood vessels, and the associated cells, such as
endothelial cells and pericytes, in the vicinity of the ceramic, as observed in the chronological
studies into the process of osteoinduction.

Pericytes derive from multiple cell types and are capable ofacquiring various phenotypes
[105]. They are mural cells that lie on the abluminal side of blood vessels, immediately
opposed to endothelial cells. They have been reported as capable of synthesizing ALP, osteo-
calcin and formation of colonies that mineralizedin vitro [106]. Furthermore they deposit a
matrix that resembles the one found in calcified blood vessels [105]. Using an experimental
model of wound repair in the skull, Sato and Urist demonstrated that BMP induced the os-
teogenic differentiation of pericytes resulting in the formation of chondroid and woven bone
[107]. in vivostudies in rats showed that a vascular staining, incorporated in the walls of ves-
sels of the microcirculation that initially stained endothelial cells and pericytes, was found
in some of the osteoblasts during bone tissue development after a small periosteum strip was
raised from the femur, suggesting that pericytes are a supplementary source of osteoblasts
in periosteal osteogenesis [108]. More recently, it has been suggested that an ancestor of
the MSC is natively associated with the blood vessel wall, and more precisely, belongs to a
subset of perivascular cells, although some MSCs may originate in other cell subsets [109,
110]. Furthermore the authors suggested that pericytes arereleased upon vessel damage or
inflammation, to provide activated MSCs that will in turn stimulate tissue-intrinsic progeni-
tors to regenerate the damaged area among other functions. The in vivo data demonstrating
close association of heterotopic bone onset on the ceramic surface with capillaries and mi-
crovessels, together with ourin vitro and in vivo data showing osteogenic response of bone
marrow derived MSCs on osteoinductive ceramics [60] has created our working hypothesis
that pericytes contribute to the process of bone formation at the surface of an osteoinductive
material, either by undergoing the osteogenic differentiation or by providing activated MSCs
as osteoprogenitors. Recently, Ripamonti and coworkers postulated that myoendothelial cells
in skeletal muscle may be the cells that differentiate into osteoblasts when in contact with
osteoinductive biomaterials [35]. Indeed, clonally derived myoendothelial cells have been
shown to differentiate into myogenic, osteogenic and chnodrogenic lineage in cell culture
[111]. Early work by Urist and colleagues on osteoinductionby DBM and identification of
BMPs, as well as their demonstration of BMP-induced osteogenic differentiation of pericytes,
logically poses endogenous BMPs as a possible trigger of osteinduction by biomaterials. By
detecting BMP-3 and BMP-7 on the interface of tissue-HA substrate, where bone was ob-
served after implantation in the muscle of primates, Ripamonti and coworkers hypothesized
that the intrinsic osteoinductivity of these materials is intimately related to BMPs [55]. The
authors proposed that these smart materials act as solid substrata for the adsorption, stor-
age and controlled release of BMPs, for which probably a concentration threshold has to be
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reached in order to induce bone formation. These ideas are shared by de Groot, who proposed
the rational design and development of BMP concentrators that, after implantation in the pa-
tient, are capable of concentrating and immobilizing endogenous BMP complex [112]. Nasu
and coworkers further showed that injections of an EP4 agonist in animals that received TCP
intramuscularly accelerated bone formation, as compared to the control group that received
the biomaterial alone, highlighting the role of these materials as BMP concentrators. EP4 is
a prostaglandin E2 (PGE2) receptor which has been proven to enhance the effect of rhBMP
in a spinal fusion rabbit model, reducing to half the required dose of rhBMP alone [113].
Ripamonti and coworkers recently argued the hypothesis that materials may concentrate en-
dogenous BMPs, resulting in turn in heterotopic bone formation, because circulating BMPs
are bound to protein carriers which inhibits or reduces the osteogenic activity of BMPs [34].
Instead, the authors suggested that first, osteoclastic resorption of the osteoinductive sub-
strate occurs, accompanied with release of calcium ions, that in turn stimulate angiogenesis
and osteogenic differentiation of stem cells. Upon osteogenic differentiation, stem cells are
then suggested to express and secrete BMPs, which are incorporated into the biomaterial sur-
face to eventually induce heterotopic bone formation [34].Although it certainly is plausible
that endogenous BMPs (either circulating or locally produced by the differentiating cells)
are accumulated on the surface of osteoinductive biomaterials, it is difficult to explain why
not all materials, or at least all calcium phosphate ceramics, with their high affinity to bind
BMPs [114-116] are osteoinductive. In other words, if BMPs are involved in osteoinduc-
tion by biomaterials, their role is, in our opinion, dependent on, or at least related to other
processes occurring upon implantation of a material, such as the deposition of a biological
apatite layer. The ability of a material to form a biologicalapatite layer on its surface, either
through dissolution/reprecipitation or through nucleation from biological fluids, is namely the
only property that is characteristic of all materials so farshown osteoinductive. Deposition
of the biological apatite layer is accompanied by the co-precipitation of organic factors such
as osteogenic proteins, which may trigger the osteogenic differentiation of the relevant cells;
however, if the deposition of the biological apatite does not occur, osteoinduction will not oc-
cur either, despite the possible adsorption of osteogenic proteins on the material surface. This
is possibly related to the amount of proteins that needs to beaccumulated in order for osteoin-
duction to take place. Other theories concentrate on a material’s ability to trigger secretion of
factors leading to bone formation, rather than to their ability to accumulate them on the sur-
face. Endothelial cells are known to express cytokines suchas BMP-2, BMP-4 and BMP-7
[105], and the expression of BMP-2 and BMP-7 has been shown tobe markedly upregulated
in response to inflammatory stresses [117, 118]. This specific inflammatory response of tis-
sues to the osteoinductive ceramics has been proposed by some researchers as the factors that
renders a material osteoinductive. Le Nihouannen and coworkers, for example, elaborated
that the induction of bone formation by microporous ceramics was intimately related with the
inflammatory response. They hypothesized that particles smaller than 5 ţm are released from
the ceramics and provoke an inflammatory reaction, with consequent release of cytokines
that promote the differentiation of circulating stem cellsinto osteoblasts [89]. Micrometer
sized particles can also be released from other materials, like metals and polymers, as is often
seen in cases of periprosthetic osteolysis, which could extend the theory to these classes of
materials as well. However not only particles released fromthe implants can influence the
activity of macrophages but also the surface topography/roughness. De Bruijn and colleagues
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suggested the effect of prostaglandin E2 (PGE2) in osteoinduction [119]. PGE2 is a factor
that is produced by macrophages around biomaterials duringinflammation phase, in partic-
ular on micro-rough surfaces [120, 121]. In the study by de Bruijn et.al. is was shown that
macrophages produced higher quantities of PGE2 in responseto micro-rough surfaced HA,
unique for osteoinductive materials, as compared to cells cultured on smooth HA surfaces.
Furthermore, PGE2 was shown to be chemotactic for hMSCs and to stimulate their osteogenic
differentiation [119]. Based on these findings, the authorsproposed that processes leading to
heterotopic bone formation start with injury due to implantation, followed by inflammation
and invasion of the material by macrophages, that, when osteoinductive stimulates produc-
tion of inflammatory cytokines, including PGE2, which in turn causes chemotaxis of MSCs,
their osteogenic differentiation and eventually bone formation [119]. The role of the immune
system is also frequently debated in pathologies that involve spontaneous calcification and/or
heterotopic ossification. For example, in a study by Kan and colleagues, it was shown that,
when macrophages were depleted in an established mouse model for Fibrodysplasia Ossif-
icans Progressiva, Nse-BMP4 mice, the onset of heterotopicossification upon tissue injury
was delayed and the number of mice that developed ossification decreased. When the Nse-
BMP4 mice were lacking mature B and T lymphocytes, the onset of heterotopic ossification
occurred without delays, but the spreading and overall amount of ossification were smaller
than in mice with B and T lymphocytes, suggesting that the adaptive immune system plays a
role in spreading of heterotopic ossification. The authors proposed that the macrophage re-
sponses to tissue injury stimulate local inducible / progenitor cells to differentiate into bone,
through accumulation of osteogenic factors including BMPs[122]. Furthermore, there is an
extensive list of signaling pathways involved in bone metabolism that were also described
in association with arteries- and/or plaque calcification,such as extracellular matrix proteins
(osteopontin, osteonectin, bone sialoprotein), several BMPs, RANK/RANKL, TNF-α and
HA. However, like for material-induced heterotopic bone formation, questions remain re-
garding the origin of cells that are involved in mechanisms leading to, for example, plaque
ossification: smooth muscle cells, pericytes and circulating progenitor cells are possible can-
didates for osteblasts precursors and monocytes/macrophages for osteoclasts [123]. Although
inflammation may be relevant for the onset of heterotopic bone formation by biomaterials,
one cannot neglect that the time point at which heterotopic bone formation occurs varies
among different materials and different animal models between a few weeks and a year (Ta-
ble 1), which is long after the initial inflammatory responseof the tissue to the implanted
material, suggesting that other processes also determine the initiation of heterotopic bone
formation. Although no conclusive evidence exists for any of the hypotheses proposed so
far for osteoinduction by biomaterials, in the schematic inFigure 5 we have summarized the
processes occurring during and possibly determining osteoinduction by biomaterials.

Future perspectives

It is well accepted that certain materials used in bone regeneration are bioactive in terms of
osteoconductivity. However, the appreciation of the fact that some of these materials possess
intrinsic osteoinductivity by broad audience needs a paradigm shift that can only be achieved
with complete comprehension of the mechanism behind this phenomenon [124]. And al-
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Figure 5: Schematic summarizing hypothesized mechanisms behind osteoinduction by biomaterials.
Physico-chemical and/or structural properties of osteoinductive biomaterials may trigger the process of
heterotopic bone formation directly or indirectly. Micro and nano structural properties can favor the
interaction with BMPs and other essential endogenous proteins that in turn trigger stem cell differen-
tiation into osteoblasts and hence bone formation. But surface topography and inorganic ion release
release (in the case of calcium phosphate based ceramics), may also be a direct trigger of the process of
osteoblast formation and bone formation.

though the mechanism is still not fully understood, in this review we have shown that the
knowledge of material properties relevant for osteoinduction has tremendously increased in
the past decade, despite the limitations in available models to test osteoinductivity. More
importantly, some osteoinductive materials have shown equal performance to that of BMP-2
and autologous bone in a number of clinically relevant orthotopic in vivo models [60]. To
provide conclusive evidence that osteoinductive biomaterials can act as a valid alternative to
autologous bone and osteogenic growth factors, more studies in which a direct comparison
between bone grafts / various growth factors and bone graft substitutes should be performed.
Finally, it should be noted that all studies performed so farwith osteoinductive biomaterials
have been performed in preclinical animal models. Althoughthese models were chosen in
such a way that they resembled the clinical situation as closely as possible, only clinical trials
will be able to provide the proof for the relevance of osteoinductivity in human patients. In
order to accept or reject the existing hypotheses regardingthe mechanism of osteoinduction,
we are of opinion that the researchers should use the existing knowledge of relevant material
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properties to design materials with closely controlled properties, rather than to rely on the
processing parameters, which can only be controlled to a limited extent. By such a rational
design, one can vary a single parameter, while keeping the others constant, in order to pin-
point which property or properties are essential for osteoinduction to occur. Furthermore,
we believe that investing in novel techniques to identify biological processes occurring upon
implantation of an osteoinductive materialin vivo may be more efficient than the search for
predictivein vitro assays.
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Table 1:Overview of the publications referring to osteoinductive materials, divided into material fam-
ilies (polymers, metals, ceramics and composites/hybrids) and sub-categories in the case of ceramic
materials (natural and synthetic calcium phosphate ceramics and cements, calcium phosphate coatings,
other ceramics, containing glass (ceramic) and alumina ceramic). In addition, information is provided
about animal model and implantation site, implantation time and material physico-chemical character-
istics, such as chemical composition, form/shape, porous (P), dense (D) or hollow (H) structure and
whether bone formation (B) was observed, according to the original descriptions. IM: intramuscu-
lar implantation; SC: subcutaneous implantation; CaPP: calcium pyrophosphate; HA: hydroxyapatite;
BCP: biphasic calcium phosphate; TCP: tricalcium phosphate; xHA/yTCP: x and y are the fraction
(in %) of HA and TCP phases respectively in BCP; CaP: calcium phosphate; CC: calcium carbonate;
DCPD: dicalcium phosphate dihydrate; DCPA: dicalcium phosphate anhydrous; PLA: polylactic acid;
PDLLAL poly(D,L) lactide; CA: carbonate apatite; OCP: octacalcium phosphate; Ti: titanium; Ta: tan-
talum; I/II/...: each number represents a different manufacturer or different origin of the powder; STx
(x=1,2,3,...): each value of x represents a different ST (sintering temperature); CMT: cement (otherwise
it is a sintered ceramic); PH: pre-hardened; *: refers to thesurface of the disc; COS: concavities on the
surface; O&CC: open and closed channels; +/-: whether a certain material induced/did not induce bone
formation in that particular study in at least one of the investigated time points (bone incidence among
individuals or bone amounts are not compared); NM: not mentioned in the original article; shape can
be a cylinder, disc, rod, block and cube, when implanted in the form of solid pieces of material (in the
case of calcium phosphate ceramics).
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Abstract

The response of osteoprogenitors to calcium (Ca2+) is of primary interest for both normal
bone homeostasis and the clinical field of bone regeneration. The latter makes use of cal-
cium phosphate-based bone void fillers to heal bone defects,but it is currently not known
how Ca2+ released from these ceramic materials influences cells in situ. Here, we have cre-
ated an in vitro environment with high extracellular Ca2+ concentration and investigated the
response of human bone marrow derived mesenchymal stromal cells (hMSCs) to it. Ca2+

enhanced proliferation and morphological changes in hMSCs. Moreover, the expression of
osteogenic genes is highly increased. A 3-fold up-regulation of BMP-2 is observed after only
6 hours and pharmaceutical interference with a number of proteins involved in Ca2+ sensing
showed that not the calcium sensing receptor, but rather type L Voltage Gated Calcium Chan-
nels are involved in mediating the signaling pathway between extracellular Ca2+ and BMP-2
expression. MEK1/2 activity is essential for the effect of Ca2+ and using microarray analysis,
we have identified c-fos as an early Ca2+ response gene. We have demonstrated that hMSC
osteogenesis can be induced via extracellular Ca2+, a simple and economic way of priming
hMSCs for bone tissue engineering applications.
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Introduction

Calcium phosphate (CaP) biomaterials are frequently used as bone graft substitutes, mostly
because their chemical composition resembles that of the bone mineral phase. For purely
synthetic bone graft substitutes a balance between different physico-chemical properties that
maximizes the osteoconductive and osteoinductive behavior in the host’s tissue is desired
[1]. For instance, it is assumed that calcium ions (Ca2+) released from the materials plays
a role in their bioactive properties, but the molecular mechanism is currently unknown. In
bone tissue engineering, however, CaP biomaterials are applied as scaffolds for delivery of
mesenchymal stromal cells (MSCs) to the injury site to trigger formation of new bone [2].
Clinical trials have shown proof of principle for the combination of CaP ceramics and human
MSCs (hMSCs) in healing bone defects [3-5]. In order to achieve a successful combination of
cells and materials, attention has been devoted to certain scaffold parameters, such as porosity
(micro and/or macro) [6-8], chemical composition or topography [9, 10] of the scaffold.
Both in the case of bone graft substitutes and as scaffold in bone tissue engineering, dissolu-
tion of Ca2+ and phosphate ions (PO4

3−) from the solid phase of CaP biomaterials into the
surrounding environment should be considered. Ca2+ participates in many cellular functions
but its role in those functions remains elusive. In bone, Ca2+ has a structural role, since
osteoblasts deposit an extracellular matrix (ECM) that contains nucleation sites for mineral
deposition. Ca2+ and PO4

3− are constituents of that mineral phase, being constantly inter-
changed to the surrounding extracellular environment as free ions during bone remodeling.
This dynamic process is finely tuned by parathyroid hormone (PTH), which in turn is se-
creted in response to Ca2+ serum levels. PTH enhances osteoclast-mediated bone resorption,
resulting in a local increase in Ca2+ concentration ([Ca2+]) making it available for several
biological functions in the body. As a consequence, osteoblasts and osteoprogenitors are
locally exposed to high [Ca2+] but how this affects their function is not yet understood.
In vitro studies have shown that Ca2+ positively influences osteogenesis of different cell
types, such as pre-osteoblasts [11], osteoblasts [12,13],macrophages [13, 14] and human
periosteal derived stem cells (hPDCs) [16]. In addition, ithas been shown that Ca2+, dose-
dependently, enhances proliferation of MC3T3 and hPDCs [17]. Moreover, upon treatment
with Ca2+, the morphology of hPDCs was altered from fibroblastic to cuboidal, a hallmark
of osteoblasts. Expression of osteopontin (OP) and osteocalcin (OC) was enhanced [13],
as well as that of bone morphogenetic protein-2 (BMP-2) [15,16], by Ca2+. BMP-2 is
essential to maintain bone homeostasis and has a prominent role in fracture healing [17]. It is
also known to regulate transcription factors implicated inosteogenic differentiation such as
Runx-2 [18] and osterix [17, 19]. Unfortunately, BMP-2 regulation via extracellular Ca2+ is
poorly understood but, if elucidate, could unveil novel strategies for bone tissue engineering.
Understanding how hMSCs sense extracellular Ca2+ ([Ca2+]o) released by CaP biomaterials
and respond to it becomes fundamental to improve cell-basedtherapies for bone tissue en-
gineering. There are several mechanism by which cells sense[Ca2+]o. For instance, Ca2+

is a ligand for several G-protein coupled receptors (GPCRs), can enter the cell via gap junc-
tion hemichannels [20] or activate the Notch signaling pathway in the chick embryo during
left-right organ asymmetry acquisition [21]. Furthermore, ion channels such as voltage-gated
Ca2+ channels (VGCCs), acid sensing ion channels (ASIC) - ASIC1a/ASIC1b - and human
ether-à-go-go related gene (HERG) K+ channels open in response to variations in [Ca2+]
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[22]. The best described GPCR involved in Ca2+ sensing is the Calcium Sensing receptor
(CaSR), first identified in parathyroid cells and involved inthe regulation of PTH secretion
[23]. This GPCR has been identified in both osteoblasts and hMSCs [24, 25], although
its role is still unclear. Several other receptors belonging to the GPCR family are known
to respond to Ca2+ fluctuations, such as metabotropic glutamate receptors (mGluRs) [26],
gamma-aminobutyric acid (GABA), GABAB and GPRC6A [27] and their activity has been
correlated to osteoblast function [28]. L-type VGCCs (L-VGCCs) could be activated by
biphasic CaP crystals [29] in a mouse embryonic fibroblast cell line and by hydroxyapatite
dissolved Ca2+ in human embryonic palatal mesenchyme cells, leading to an increase in OP,
Bone Sialoprotein (BSP) and Alkaline Phosphatase (ALP) expression [30].

In osteoblasts, Ca2+ treatment results in phosphorylation of extracellular signal regulated
kinases 1 and 2 (ERK1/2), which was significantly reduced in the presence of a CaSR antag-
onist [30]. ERK1/2 phosphorylation also occurred when MC3T3-E1 cells were treated with
PO4

3− in the presence of Ca2+, but not in its absence [13]. In addition, biphasic CaP crystals
failed to induce expression of a characteristic set of genesin mouse embryonic fibroblasts
when upstream activators of ERKs were blocked [29]. Besidesthe MAPK/ERK signaling
pathway, Protein Kinase A (PKA) signaling has been implicated in Ca2+ induced fibroblast
growth factor 2 (FGF-2) gene expression [14] in cementoblasts. Here we have investigated
how Ca2+ regulates osteogenesis and proliferation of hMSCs and proposed a signaling cas-
cade via which BMP-2 expression is triggered.

Materials and Methods

Cell culture and proliferation
We previously characterized hMSCs as multipotent and they comply with the standard sur-
face marker panel that defines hMSCs [31]. Briefly, cells wereisolated from bone marrow
aspirates (5-20 ml) obtained from donors with written informed consent. Aspirates were re-
suspended using 20G needles, plated at a density of 5×105 cells/cm2 and cultured in prolif-
eration medium (PM), consisting of basic medium (BM) comprisingα-MEM (Gibco), 10%
foetal bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.2 mM ascorbic acid (Sigma),
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco)) supplemented with 1 ng/ml re-
combinant human basic fibroblast growth factor (AbD Serotec). hMSCs were expanded at
initial seeding density of 1000 cells/cm2 in PM and medium was refreshed every 2 to 3 days.
Cells were harvested at approximately 80% confluency for subculture. All experiments were
performed in a 5% CO2 humid atmosphere at 37◦C.

Differentiation media
Osteogenic differentiation medium (OM) consisted of BM containing 10 nM dexamethasone
(Sigma). Ca2+ medium (CaM) was prepared from BM by diluting in it 100× pH Buffer So-
lution (pHBS) containing 600 mM CaCl (Sigma-Aldrich). pHBSconsisted of demineralized
water with 25 mM Hepes (Invitrogen) and 140 mM NaCl (Sigma-Aldrich) [16]. CaM final
[Ca2+] was 7.8 mM. BM containing 100× diluted pHBS was used as control medium (CM)
and its final [Ca2+] was 1.8 mM.



44

CHAPTER 3. A CALCIUM-INDUCED SIGNALING-CASCADE LEADING TO
OSTEOGENIC DIFFERENTIATION OF HUMAN BONE MARROW-DERIVED

MESENCHYMAL STROMAL CELLS

Cell differentiation experiments
For differentiation experiments, passage two to three hMSCs were seeded at 5000 cells/cm2

and allowed to adhere overnight in BM. The next day, medium was changed to the experi-
mental culture conditions. Neomycin and cycloheximide (Sigma-Aldrich) were added to CM
or CaM at the desired concentrations. MgSO4.7H2O, SrCl2.6H2O, GdCl3 (Sigma-Aldrich)
were added to pHBS and the different culture media were prepared by diluting those solu-
tions 100× in BM. Stock solutions of Spermine, NPS2390, Nifedipine, A23187, H89 (Sigma
Aldrich) and U0126 (Promega) were dissolved following the manufacturer’s instructions and
added to either BM, CM or CaM.

Cell proliferation assay
Total DNA was measured with the CyQuant Cell Proliferation Assay kit (Molecular Probes)
to assess cell proliferation. Briefly, culture medium was aspirated, cells rinsed with PBS and
frozen at -80◦C. After thawing, 20µ l/cm2 of lysis buffer (prepared according to manufac-
turer’s instructions) were added to the samples at room temperature (RT) for 1 hour. After-
wards, cell lysate and CyQuant GR dye (1×) were mixed 1:1 in a 96-well microplate and in-
cubated for 5 minutes. Fluorescence was measured at an excitation and emission wavelengths
of 480 and 520 nm, respectively, using a spectrophotometer (Perkin Elmer Corporation).

RNA Isolation, cDNA synthesis and Real Time quantitative PCR
Total RNA was isolated using the NucleoSpinR© RNA II isolation kit (Macherey-Nagel) in
accordance with the manufacturer’s protocol. RNA was collected in RNAse-free water and
the total quantity analyzed by spectrophotometry. First strand cDNA synthesis was made
from total RNA using iScript (Bio-Rad) according to the manufacturer’s protocol. Oneµ l of
undiluted cDNA was used for quantitative real time PCR performed on a Light Cycler PCR
machine (Roche) using SYBR green I master mix (Invitrogen).Data was analysed using
Light Cycler software version 3.5.3, using the fit point method by setting the noise band to
the exponential phase of the reaction to exclude backgroundfluorescence. Expression of os-
teogenic marker genes was normalised to GAPDH levels and fold induction were calculated
using the comparative∆CT method. Primers sequences are shown in table 1.

cRNA synthesis and whole-genome microarray analysis
cRNA was synthesized from 500 ng RNA using the Illumina TotalPrep RNA amplification
Kit (Ambion/Life Technologies), according to the manufacturer’s protocol. Briefly, single
stranded cDNA was synthesized using a T7 oligo(dT) primer followed by second strand syn-
thesis to obtain double stranded cDNA. Biotin-labeled cRNAwas generated by in vitro tran-
scription using T7 RNA polymerase. RNA 6000 Nano assay was used to assess both RNA and
cRNA integrity on a Bioanalyzer 2100 (Agilent Technologies). Microarrays were performed
using Illumina HT-12 v4 expression Beadchips (Illumina, Inc), according to the manufac-
turer’s instructions. Briefly, 750 ng of cRNA was hybridizedon each array overnight after
which the array was washed and blocked. Fluorescent signal was developed by the addition
of streptavidin Cy-3 (GE healthcare). Each array was scanned on an Illumina iScan reader
and analyzed with GenomeStudio (Illumina, Inc). Background correction of the raw inten-
sity values was performed in GenomeStudio and further data processing and statistical testing
were performed with R and Bioconductor statistical software (http://www.bioconductor.org/),
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Table 1: Primers sequences for human genes.

using the lumi-package [32]. Background subtracted intensity values were transformed us-
ing variance stabilization and quantile normalized. The probes having an Illumina detection p
value <0.01 and detected in at least two samples were filteredand considered for further anal-
ysis. A linear modeling approach with empirical Bayesian methods, as implemented in the R
package “limma” [33], was applied for differential expression analysis of the resulting probe-
level expression values. By uploading the Illumina identifiers and resultant log ratios onto the
Ingenuity IPA 9.0 software (Ingenuity Systems, Inc.), genelists were generated, containing
only those from molecules or relationships experimentallyobserved in human cells.

Staining with fluorescent dyes and Cell Profiler analysis
hMSCs were washed with PBS, fixed with 10% formalin (Sigma) for 10 minutes, permeabi-
lized with 0.1% Triton X-100 for 10 minutes and blocked using10% v/v FBS. Subsequently,
165 nM of Alexa Fluor 594 (Invitrogen) was added to the cells,to stain the cell cytoskeleton,
and incubated at 37◦C for 30 minutes upon which they were washed and 1µg/ml of DAPI
(Sigma-Aldrich/Fluka) was added for 10 minutes, to stain the cell nucleus. After washing
with PBS, cells were imaged using fluorescence microscopy (BD Pathway 435, BD Bio-
sciences). The analysis was performed in images acquired from five different areas of the
sample and at least 50 cells were used to measure morphological parameters using CellPro-
filer using built-in modules (MeasureObjectAreaShape) [34].

Immunostaining
Medium was aspirated from cell culture samples, cells were washed with PBS and fixed for
20 minutes with freshly prepared 4% v/v paraformaldehyde inPBS, at RT. After permeabi-
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lization with 0.25% v/v Triton-X in PBS for 10 minutes, cellswere incubated with 1% v/v
BSA in 0.1% PBS-Tween (PBST) for 30 minutes to block unspecific binding sites. The CaSR
and the phospho T888 CaSR (Abcam) antibodies were diluted in1% v/v BSA in 0.1% PBST.
Polyclonal Rabbit IgG was added undiluted and all primary antibodies were incubated for 1
hour at 37◦C. Afterwards, cells were incubated with Goat anti-Rabbit IgG Alexa 488 conju-
gated (Invitrogen) diluted in 1% v/v BSA in 0.1% PBST for 1 hour at RT, in the dark. To
visualize the cell structure, cells were incubated for 15 minutes in 1µg/ml Dapi (Sigma-
Aldrich/Fluka) and for 30 minutes with 165 nM Alexa 568-conjugated phalloidin. Both dyes
were diluted in PBS.

Statistical analysis
All experiments were performed with triplicate biologicalsamples. Statistical analysis was
done using One-way Analysis of Variance (ANOVA) with Tukey’s multiple comparison test
(p < 0.05), unless otherwise indicated in the figure legend. Error bars indicate standard devi-
ation. For all figures the following applies: * = p < 0.05; ** = p< 0.01; *** = p < 0.001.

Results

To understand how [Ca2+]o can influence hMSC behavior, we compared cell proliferation,
morphology and osteogenic differentiation when cells weretreated with control medium
(CM), containing 1.8 mM, versus Ca2+ Medium (CaM), containing 7.8 mM. The latter con-
centration was chosen because it induced highest cell numbers and expression of osteogenic
markers in hPDCs [16].

Ca2+ and proliferation of hMSCs
First, we assessed the effect of elevated [Ca2+]o on hMSC proliferation. For this, cells were
seeded on tissue culture plastics and cultured in CM or CaM. Samples were collected for
DNA quantification at 1, 3 and 7 days. At early time points, we did not observe differences
in cell numbers between treatments (figure 1). However, we observed higher cell numbers at
day 7 in samples treated with CaM compared to CM, suggesting that proliferation of hMSCs
is dependent on [Ca2+]o.

Ca2+ effect on cell morphology
Next, we investigated whether different [Ca2+]o would affect cell shape, because in some
conditions, cell shape is directly linked to cell differentiation [35-38]. Therefore, differences
in morphological cellular parameters between cells treated with CM or CaM could indicate
whether to expect differences at differentiation level. Thus, 1000 hMSCs were seeded per
cm2 on glass slides and cultured for 6 and 12 hours in CM or CaM. Cells were fixed and
stained with fluorescent dyes for the cell nucleus and actin fibers (blue and red respectively
in figure 2A). Samples were imaged with a fluorescent microscope and at least 50 cells per
condition were investigated for 13 different standard parameters for both the nucleus and actin
fibers. The results shown in figure 2B refer only to parametersin which statistical significant
differences were observed for the nuclei, actin fibers or both, between the two treatments.
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Figure 1: Ca2+ induces cell proliferation. DNA concentration was quantified after 1, 3 and 7 days as an
indirect measure of cell numbers. At day 7, [DNA] is statistically significantly higher in hMSCs treated
with CaM as compared to CM. Statistical analysis was done with Two-Way Anova and Bonferroni
post-hoc tests.

After 6 hours, cells treated with CM had a higher nucleus areaand higher minor axis length
than cells treated with CaM. From 6 to 12 hours, cells from both treatments exhibited de-
creased nucleus perimeter and were rounder (form factor value closer to 1). After 6 hours,
there were no statistical significant differences between the treatments for any of the param-
eters concerning cell shape (actin fibers). However, after 12 hours, cells treated with CaM
were more spread (higher area and larger perimeter) than cells treated with CM. Cells treated
with CaM also showed a higher minor axis length. However, cells treated with CM exhib-
ited a rounder morphology (higher form factor value). Evidently, Ca2+ induced changes in
cellular morphology.

Ca2+ effect on gene expression
Differences in the nucleus and cytoskeletal conformation between cells treated with CM and
CaM could indicate differentiation. Therefore next we analyzed the actual effects of [Ca2+]o

on hMSCs differentiation. For this, cells were treated withCM and CaM and also with BM
and OM as a positive osteogenic control. After 6 hours, 3, 6 and 13 days, we collected
samples for RNA isolation and analyzed the expression of several bone related genes (figure
3).
hMSCs cultured in OM exhibited higher expression of Alkaline Phosphatase (ALP) at days
6 and 13 than cells cultured in BM [39] and expression of BMP-2was lower in OM (figure 3
A), as observed earlier (unpublished data). Expression of ALP and insulin like growth factor
1 (IGF-1) were lower in CaM at most timepoints. No effect was observed on the expression
of the transcription factor Runx-2 but in contrast, increased expression of all ECM proteins
(OP, BSP and OC) was observed (figure 3 B). Notably OP expression was increased 2000
fold by CaM at day 13.
Furthermore, treatment with CaM increased BMP-2 expression at all time points (figure 4 A).
To confirm these data, additional experiments were performed in hMSCs from three differ-
ent donors and we consistently observed an effect of CaM on BMP-2 gene expression. For
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Figure 2: Ca2+ induces cell morphological changes. A. Staining of cell nucleus (blue; DAPI) and
actin skeleton (red; phaloidin) in cells treated with CM andCaM for 6 and 12 hours. Scale bar is
10 µm. B. Analysis of morphological features of nuclei and actinfibers from dapi and phalloidin
stainings respectively in cells cultured in CM (white bars)and CaM (black bars) for 6 and 12 hours.
The following parameters were analyzed with the MeasureObjectAreaShape module of Cell Profiler: x
coordinate center; area; perimeter; form factor; minor axis length.

instance, BMP-2 expression increased at least 3 fold only 6 hours after initiating the treat-
ment (figure 4 B). Taken together, the observations of higherBMP-2 gene expression, ALP
and ECM bone proteins, shows that hMSCs will develop an osteoblastic phenotype due to
increased [Ca2+] in the culture medium.

Effect of GPCRs ligands on BMP-2 expression
After disclosing the effects of Ca2+ on the expression of bone related genes, we aimed at
understanding the signal transduction pathways associated with this interaction. Ca2+ sensing
via the Calcium Sensing Receptor (CaSR) has been described in vivo [40], as well as in vitro,
in some cell types [41, 42]. Since it is known that hMSCs possess this receptor [25], we first
hypothesized that the CaSR could be involved in the observedeffects of Ca2+ on hMSCs
that led to BMP-2 gene expression. We selected several well-known CaSR agonists [43],
exposed hMSCs to them at different concentrations in CM and after 6 hours we analyzed
BMP-2 gene expression. Neither Mg2+, Gd3+, neomycin nor spermine was able to induce
BMP-2 expression (figure 5 A and B). In contrast, BMP-2 expression was induced 2 and 3
fold by both 2 and 10 mM Sr2+, respectively which is similar to the effect of CaM. Because
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Figure 3: hMSCs osteogenic profile. A. hMSCs were treated with either BM (squares) or OM (trian-
gles). Alkaline Phosphatase and BMP-2 gene expression weremeasured after 6 hours, 3, 6 and 13 days.
B. hMSCs were treated with CM (continuous line) or CaM (dashed line) for 6 hours, 3, 6 and 13 days.
CaM increased expression of all bone related extracellularmatrix proteins (Osteocalcin, Osteopontin,
Bone Sialoprotein) for all late time points but did not have an effect on Runx-2 and decreased expres-
sion of IGF-1 and Alkaline Phosphatase relatively to control medium. Statistical Analysis was done
with Two-way Anova and Bonferroni post-hoc tests.

Figure 4: CaM induces expression of BMP-2. hMSCs were treated with CM or CaM. A. BMP-2
expression was analyzed at different time points (6 hours, 3, 6 and 13 days) and was always higher for
cells treated with CaM (dashed line) compared to those treated with CM (continuous line), although
differences were only statistically significant for 6 and 13days of culture. Statistical analysis was done
with Two-way Anova and Bonferroni post-hoc tests. B. hMSCs from three other donors also showed
higher expression of BMP-2 after 6 hours when cultured in thepresence of Ca2+ as compared to control
conditions. Statistical analysis was done for the individual donors with a student’s t-test with Welch’s
correction.
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Sr2+ was the only CaSR agonist able to induce BMP-2 expression, these data suggests that
Ca2+-induced BMP-2 expression in hMSCs is not mediated via the CaSR.

Figure 5: Sr2+ induces BMP-2 gene expression. hMSCs were treated with CM, CaM or CM containing
different CaSR agonists at various concentrations. BMP-2 expression was analyzed 6 hours later. A.
BMP-2 expression increased in the presence of 2 and 10 mM Sr2+, compared to cells in CM. Mg2+

and Gd3+ did not have an effect on BMP-2 expression. B. BMP-2 expression was not regulated by
Spermine nor Neomycin at any of the tested concentrations.

To verify the expression and activity of the CaSR receptor inour hMSCs we stained the CaSr
and its phosphorylated form respectively. The CaSR was observed at the cell surface (figure
6), showing that hMSCs express the receptor. The p-CaSR was also detected but there were
no apparent differences in the amount of p-CaSR between CM and CaM. This suggested that
the receptor can be phosphorylated by both tested [Ca2+]s in hMSCs at comparable levels,
further suggesting that the CaSR is not involved in mediating BMP-2 expression.

Figure 6: Immunostaining of the Calcium Sensing Receptor (CaSR). hMSCs were treated with CaM
for 6 hours and after that fixed and stained with dapi (blue), phalloidin (red) and antibodies against the
CaSR and the phosphorilated CaSR (p-CaSR) (green). CaSR andp-CaSR images show only blue and
green channel and insight shows all channels. Control stainings with isotype or secundary antibodies
alone showed no specific signal. Scale bar is 10µm.

Next we looked at metabotropic glutamate receptor type 1 (mGluR1), another subclass of
Ca2+ sensing GPCRs. We pre-treated hMSCs with an antagonist of the mGluR1, NPS2390
[42, 44], for 30 minutes at 1 or 10µM in CM, followed by 6 hours treatment with the
antagonist diluted in CaM (figure 7). BMP-2 expression was not affected by the mGluR1
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antagonist after 6 hours, suggesting that this receptor is also not involved in mediating the
response of hMSCs to Ca2+.

Figure 7: mGluR1 antagonist does not regulate BMP-2 gene expression.hMSCs were treated with
either CM, CaM or CaM containing 1 or 10µM of NPS2390, an antagonist of mGluR1. Before in-
cubation of NPS2390 in CaM, cells were pre-treated with NPS2390 in BM for 30 minutes. BMP-2
expression was measured after 6 hours.

L-VGCCs and BMP-2 expression
Because we did not find evidence for a role of the CaSR and mGluR1 in Ca2+ sensing in
hMSCs, we looked into the role of L-VGCCs, which upon elevated [Ca2+]o can transport
Ca2+ across the cell membrane. To mimick L-VGCC activity, we added a compound, calcium
ionophore A23187, which facilitates the transportation ofCa2+ via the channels, to both CM
and CaM at a final concentration of 10µM and cultured hMSCs for 6 hours. Interestingly, we
observed increased BMP-2 gene expression in the cells treated with both media containing
the A23187 when compared to CaM and CM alone, by 1 and 2 fold respectively (figure
8 A). The same experiment was repeated with hMSCs from 2 otherdonors (figure S1 A),
with a positive effect on BMP2 expression in one, but not in the other donor. When hMSCs
were cultured in CaM containing 5µM of Nifedipine, a L-VGCC blocker, BMP-2 expression
decreased compared to cells in CaM, although this was not statistically significant (figure 8
B). Additional experiments with two other donors showed no effect of Nifedipine on BMP-2
expression (figure S1 B). Although experiments with A23187 suggest an involvement of L-
VGCCs in mediating BMP-2-Ca2+ driven expression, Nifedipine data does not fully support
it, and additional experiments would have to be performed toverify the role of L-VGCCs in
Ca2+ induced BMP2 expression.

MEK 1/2 and BMP-2 expression
Next, we investigated whether the PKA signaling pathway could be mediating BMP-2 ex-
pression, because it is known that Ca2+ is involved in PKA signaling in different cell types
[14] and we have previously shown that PKA activation is associated with enhanced BMP2
expression [2]. Therefore, we treated hMSCs with CM and CaM,in the presence or absence
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Figure 8: BMP-2 gene expression. hMSCs were treated with either CM, CaM or co-incubated with
CM or CaM containing A. Calcium Ionophore A23187 or B. Nifedipine. Before co-incubation, cells
were pre-treated with either molecule in BM for 30 minutes. Gene expression was analyzed 6 hours
after of co-incubation.

of 1 µM H89, an inhibitor of PKA activity. After 6 hours, we observed a statistically signifi-
cant decrease in BMP-2 expression in cells cultured in CaM inthe presence of H89 compared
to cells cultured in CaM alone (figure 9 A). However this effect was not confirmed in other
donors (figure S2 A). ERK1/2 is involved in gene expression mediated by calcium in other
cell types [11, 45]. To know whether ERK1/2 could be involvedin mediating Ca2+ induced
BMP-2 gene expression, we cultured cells in CM and CaM alone or in the presence of 5 or
20 µM of MEK1/2 inhibitor (U0126), a Map kinase kinase upstream of ERK1/2. After 6
hours, gene expression analysis showed that blocking MEK1/2 results in the abrogation of
BMP-2 expression (figure 9 B), showing that MEK1/2 is essential for Ca2+ mediated BMP-2
expression, which in this case was confirmed in multiple donors (figure S2 B).

Figure 9: MEK1/2 inhibitors regulate BMP-2 gene expression. hMSCs were treated with either CM
or CaM, alone or containing PKA (H89) or Mek 1/2 inhibitors. Before co-incubation, cells were pre-
treated with BM containing the respective molecule at the given concentrations for 30 minutes. BMP-2
gene expression was measured 6 hours after co-incubation. A. Treatment with CaM and PKA inhibitor
decreased BMP-2 gene expression, compared to CaM alone. B. Treatment with CaM and Mek1/2
inhibitor abrograted BMP-2 expression compared to CaM treatment, at both U0126 concentrations.
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Microarray analysis
To understand whether BMP-2 is a direct target gene of Ca2+ signaling, not requiring de novo
protein synthesis, we exposed hMSCs in CM and CaM to the translation inhibitor cyclohex-
imide (Chx). After 6 hours, BMP-2 gene expression was induced in the control situation,
but cycloheximide blocked the Ca2+ effect on BMP-2 expression (figure 10), indicating that
BMP-2 is not a direct target gene of Ca2+ signaling.

Figure 10: BMP-2 gene expression depends on de novo protein production. hMSCs were treated with
either CM or CaM, alone (-Chx) or containing 10µM of cycloheximide (+Chx). In the presence of
cycloheximide, BMP-2 expression was decreased 3 fold compared to CaM alone, after 6 hours.

To further investigate the molecular mechanisms upon treatment with CaM, we performed
a microarray analysis. After one and 6 hours of exposure to CaM or CM, samples were
collected for RNA isolation and as a control, BMP-2 expression levels compared by qPCR.
After 1 hour, no difference in BMP-2 expression was observed, between cells treated with CM
or CaM (figure S3), indicating that the BMP-2 promoter was activated between 1 and 6 hours.
Therefore, we performed whole genome gene expression analysis on samples treated for 1
hour to analyze the events preceding BMP-2 promoter activation. From the gene expression
data, a list of the 38 genes with highest expression in cells treated with CaM is shown in Table
2. Cells treated with CaM showed highest fold change increase for HSPE1 (1.76). Expression
of many genes associated with DNA transcription was increased in CaM condition, such as
BLZF1, CDK1, EGR1, Fos, HMGB2, KLF6, NFKB1A, NR4A2 and XRCC6.

Discussion

Ca2+-induced osteogenesis and proliferation of several cell types has been previously de-
scribed but not for hMSCs. Here we have shown that upon treatment of hMSCs with elevated
[Ca2+]o, hMSCs exhibited increased proliferation (figure 1) and expression of bone related
genes, such as OC, BSP and OP (figure 3 B). As early as 6 hours, expression of BMP-2 is
3-fold induced in cells treated with Ca2+ (figure 4), which indicates that Ca2+ is a potential
osteoinductive trigger in hMSCs.
Interestingly to note are the differences observed betweenthe effects of Ca2+ and dexam-
ethasone on hMSCs osteogenesis. Ca2+ and dexamethasone seem to have antagonic effects,
at least regarding ALP and BMP-2 expressions. Whereas OM decreases BMP-2 expression,
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Table 2: Genes regulated in hMSCs by CaM after 1 h.
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Ca2+ enhances it from as early as 6 hours. On the other hand, ALP, whose expression level is
increased by OM from day 3 on, in accordance with our data [39]and that of others [46], is
decreased by Ca2+ from day 3 on. Evidence for the role of Ca2+ in hMSCs differentiation was
first given based on changes in cell morphology. The onset of Ca2+-induced morphological
changes seems to happen first in the nucleus and later in the cytoskeleton. We observed that
higher [Ca2+]o renders the cells with smaller nuclei and enlarged cytoskeletons (increased
area and perimeter). Others have shown that cell spreading favors osteogenesis. hMSCs cul-
tured on larger islands of fibronectin committed to osteogenesis whereas those cultured on
smaller islands committed to adipogenesis [35].
We further investigated how hMSCs sense [Ca2+]o that ultimately leads to increased ex-
pression of BMP-2. Experiments with GPCR agonists and antagonists, targeting the CaSR
and mGluR1 respectively, suggest that these receptors are not involved in BMP-2 expres-
sion. However Sr2+ did have an effect on BMP-2 expression. Sr2+ is known to enhance
osteoblasts precursors differentiation [47] and expression of BMP-2 in primary osteoblasts
[48]. Furthermore, a link between Sr2+-induced CaSR activation and BMP-2 expression has
been proposed in MC3T3 cells [49]. Given our findings, we cannot exclude the possibility
that a GPCR similar to the CaSR might be activated and is linked to BMP-2 expression by at
least two types of cations: Ca2+ and Sr2+.
The hypothesis of an yet unknown calcium sensing mechanism similar to the CaSR has been
proposed by others [14]. Kanaya et al. investigated the effects of Ca2+ in FGF-2 expression in
cementoblasts. Similarly to our findings, some CaSR agonists induced expression of FGF-2,
but others didn’t. However, their data showed that the signaling pathway upstream of FGF-
2 expression required cyclic adenosine monophosphate (cAMP)/PKA activation, excluding
the CaSR involvement since cAMP levels are reduced upon activation of the CaSR [42, 50-
52]. In our case, the involvement of PKA signaling was suggested in one case, as upon
addition of H89 to the culturing medium, BMP-2 expression was decreased. This was not
confirmed in other donors and additional experiments have tobe performed to clarify the
role of cAMP/PKA. However, we have shown in the past that cAMPinduces expression of
BMP-2 in hMSCs [2]. On the other hand, cAMP also induces ALP inhMSCs and here we
have shown that Ca2+ decreases expression of ALP (figure 2B).
A23187, a molecule that facilitates Ca2+ transportation across L-VGCCs, increased expres-
sion of BMP-2, although not in all donors. On the other hand, Nifedipine, a L-VGCC blocker,
had only a small effect in one of the donors. The role of L-VGCCs in mediating BMP-2 ex-
pression in hMSCs is unclear. However, it should be noticed,that there are four isoforms of
L-VGCCs known and affinity to the same blocker varies. For instance, Cav1.3 and Cav1.4,
two isoforms of L-VGCCs, show lower affinity for DHP (1,4 dihydropyridine) blockers, such
as Nifedipine, than Cav1.2 [53]. We were unable to find literature reporting the expression of
isoforms in hMSCs. Furthermore, others have shown that Gd3+ blocks L-VGCCs in mono-
cytes [54]. In figure 5A we have shown that Gd3+ did not induce BMP-2 expression, which,
in light of these findings, could be speculated interpreted as actual inhibition of the expres-
sion due to L-VGCCs blockage. Our data clearly shows that MAPK signaling is essential
for BMP-2 expression, as a Mek1/2 inhibitor abrogated BMP-2expression in all donors.
Sr2+ has been shown to promote osteogenic differentiation of hMSCs via an ERK 1/2 and
p38 dependent mechanisms. It was also the only molecule tested that showed an effect on
BMP-2 expression (figure 5A). Therefore it seems that Ca2+ and Sr2+ induced osteogenic
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differentiation of hMSCs share a common pathway.
Experiments with cyclohexemide, a protein translation inhibitor, indicated that BMP-2 ex-
pression depends on de novo protein synthesis upon treatment with CaM, as its expression
was suppressed when cells were treated with that compound. To further understand which
molecules could be involved in the expression of BMP-2, we performed a whole genome
microarray analysis on cells treated for 1 hour with or without elevated [Ca2+]o. Genes reg-
ulated by CaM are shown in Table 2. Among these genes, we identified some that could be
involved in the signaling pathways related events activated by Ca2+. Stomatin is present in the
vesicles that are usually formed and released at the site of membrane lipid rafts upon eleva-
tion of cytosolic levels of Ca2+ [55]. Early growth Response 1 (EGR1) is a target of ERK1/2
[56]. Furthermore EGR1 has been related with Ca2+ internalization via VGCCs [57]. Jun is
a constituent of the activator protein 1 (AP-1) transcription factor dimer, of which the other
molecule is Fos, also seen in Table 2. The AP-1 dimer can in turn bind to the AP-1 domain in
the promoter region of several genes, such as BMP-2 [58] and BSP [59], which were shown
to be both upregulated by CaM. The transcription factor NR4A2 has been shown to activate
OP [60] and OC [61] transcription, whose expression was hereinduced by CaM after 6 and
3 days respectively. Furthermore NR4A2 activity has been linked to MAPK [62]. Taken
together these findings suggests a strong involvement of MAPK signaling and Ca2+ internal-
ization in mediating the effects of CaM in hMSCs. The data found and discussed above has
led us to a proposed mechanism that is summarized in figure 11.
The interaction between degradable ceramic prosthesis or scaffolds, and bone marrow cells,
if further understood, can lead to the improvement of regenerative therapies. Although CaP
ceramics have been the prime choice in bone tissue regeneration strategies, due to their chem-
ical composition being so close to that of the natural bone, they are not the ideal solution for
load bearing applications. Hence, more applicable in thesesituations would be the use of
polymers, which render the scaffold with mechanical properties that can be tuned to match
that of the bone. One can envision the combination of polymers and hMSCs for bone tis-
sue engineering in different setups:1) enhance osteogenic differentiation of hMSCs in tissue
culture plastics with Ca2+ (cheaper than any known osteogenic compound) and after a short
period of time, seed these cells on polymeric scaffolds;2) coat polymeric scaffolds with CaP
layers and then seed hMSCs with or without an in vitro culturing period prior to usage in
the patient;3) a more expensive and sophisticated approach would be to incorporate in the
scaffold known molecules that stimulate BMP-2 expression,such as A23187.

Conclusions

We have shown how Ca2+ influences the proliferation, morphology and osteogenic differen-
tiation of hMSCs. Furthermore, we have discussed the role ofGPCRs, such as CaSR and
mGluR1, in mediating the signaling pathway triggered by [Ca2+]o that results in BMP-2
expression. Our data shows that neither receptor is likely to be part of such molecular mech-
anism, but we do not exclude the possibility of an unknown GPCR mediating hMSCs BMP-2
expression in response to [Ca2+]o. We also suggest that L-VGCCs play a role in that path-
way, but not exclusively. Furthermore, MEK1/2 is essentialfor BMP-2 expression, probably
via Fos expression and AP-1 formation that in turn binds to the AP-1 binding domain of the
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Figure 11: Schematic depiction of the proposed signaling pathway involved in Ca2+-mediated BMP-2
gene expression. Ca2+ is internalized possibly via LVGCCs which in turn activatesProtein Kinase C.
PKC phosphorilates the CaSR at the Thr888 diminishing its sensitivity to Ca2+. At the same time, PKC
phosphorilates GDP that activates the GTPase Ras, activating the Ras-MAP-kinase signaling pathway.
After phosphorilation, ERK is translocated into the nucleus and activates transcription of c-Fos tran-
scription factor. C-Fos binds to c-Jun forming the AP-1 transcriptional activator. AP-1 translocates to
the nucleus and binds to the AP-1 binding site in the promoterregion of the BMP-2 gene, activating its
transcription. A GPCR similar to the CaSR and sensitive to both Ca2+ and Sr2+ might also be involved
in mediating BMP-2 expression.

BMP-2 promoter region. A better understanding of how hMSCs sense Ca2+ could lead the
way in the development of new therapies, such as hMSCs pre-treatment with Ca2+ prior to
cell seeding in scaffolds or incorporation of compounds with Ca2+ stimulatory functions that
lead to BMP-2 expression.
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Supplementary Information

Figure S1: BMP-2 gene expression in different hMSCs donors. hMSCs weretreated with either CM,
CaM or co-incubated with CM or CaM containing A. Ionophore A23187 or B. Nifedipine. Before
co-incubation, cells were pre-treated with either molecule in BM for 30 minutes. Gene expression was
analyzed 6 hours after of co-incubation.
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Figure S2: BMP-2 gene expression in different hMSCs donors. hMSCs weretreated with either CM or
CaM, alone or containing A. Protein Kinase A (H89) or B. MAP Kinase Kinase (Mek 1/2) inhibitors.
Before co-incubation, cells were pre-treated with BM containing the respective molecule at the given
concentrations for 30 minutes. BMP-2 gene expression was measured 6 hours after co-incubation.

Figure S3: BMP-2 gene expression was not increased in cells treated with CaM after 1 hour.
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Abstract

Calcium phosphate (CaP) based ceramics are used as bone graft substitutes in the treatment of
bone defects. The physico-chemical properties of these materials determine their bioactivity,
meaning that molecular and cellular responses in the body will be tuned accordingly. In a pre-
vious study, we compared two porous CaP ceramics, hydroxyapatite (HA) andβ -tricalcium
phosphate (TCP), which, among other properties, differ in their degradation behaviourin
vitro and in vivo. Additionally we demonstrated that the more degradableβ -TCP induced
more bone formation in an heterotopic model in sheep. This correlated toin vitro data, where
human bone marrow derived mesenchymal stromal cells (MSC) exhibited higher expression
of osteogenic differentiation markers, such as osteopontin, osteocalcin and bone sialoprotein,
when cultured inβ -TCP than in HA. More recently, we also showed that this effect could
be mimickedin vitro by exposure of MSC to high concentrations of calcium ions (Ca2+).
To further correlate surface dynamics of HA andβ -TCP ceramics to the molecular response
of MSC, we followed Ca2+ release and surface changes in time as well as cell attachment
and osteogenic differentiation of MSC on these ceramics. Within 24 hours, we observed
differences in cell morphology, with MSC cultured inβ -TCP displaying more pronounced
attachment and spreading than cells cultured on HA. In the same time frame,β -TCP induced
expression of G-protein coupled receptor (GPCR) 5 A and regulator of G-protein signaling
2, revealed by DNA microarray analysis. These genes, associated with the protein kinase A
and GPCR signaling pathways, may herald the earliest response of MSC to bone-inducing
ceramics.
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Introduction

In the occurrence of a bone defect due to trauma or tumor resection, bone void fillers are
needed to regain the bone’s original properties and functions. Autologous bone grafting
(autograft), in which healthy bone is collected and transplanted to the defect, is the most
frequently applied therapy in such situations. Two properties that determine the autograft
successful bone regeneration are osteoinduction (i.e. it induces commitment of undifferen-
tiated cells to become osteoblasts) and osteoconduction (i.e. provides a framework for bone
ingrowth), . However, the amount of bone that can be collected is limited, and furthermore,
the method may pose severe disadvantages, such as donor-site pain and morbidity [1]. Due
to these limitations, and concomitant with an increasing world population, there is an urgent
demand for bone graft substitutes (BGS) (2).
Among BGS, synthetic calcium phosphate (CaP) ceramics are widely used because their
chemical composition resembles that of bone mineral [3-5].Besides, the majority of CaP
ceramics are osteoconductive, providing excellent osteointegration between the host bone
and the implant. Ideally, CaP BGS should also possess intrinsic osteoinductivity, however
only a subclass of these materials has been shown to be osteoinductive, as demonstrated by
de novo bone formation upon heterotopic implantation in pre-clinical animal models , for
example in the muscle [6, 7].
In the past decades, several formulations of CaP ceramics have been developed that vary, in
terms of chemical composition, in crystallinity and macro-and micro-scaled structural fea-
tures. In general, most formulations include macro-scaledpores, which are void spaces in the
structure that allow ingrowth of cells, blood vessels and tissue. Furthermore some contain
micro-scaled pores as well (defined as having a diameter smaller than 10µm). Chemical
composition of the material is often characterised by the calcium to phosphate ratio (Ca/P).
In general, lower Ca/P ratios lead to a higher dissolution rate. For instance, hydroxyapatite
(HA), with a Ca/P ratio of 1.67, dissolves slower than tricalcium phosphate (TCP), whose
Ca/P ratio is 1.5 [8, 9]. However, all above mentioned properties, together with the mechani-
cal properties and the presence of cells, such as osteoclasts, can affect CaP degradability.
So far, there is no clear link between the physico-chemical properties of CaP BGS and their
bioactivity at the molecular level. Further impairing thisknowledge is the fact that a stringent
comparison between different studies/labs cannot be done.Although a material might bear
the same name in different publications, usually followingits chemical composition, other
properties can be different due to the protocols used for itspreparation. Nonetheless, a fun-
damental understanding of the physico-chemical properties of a particular set of materials
that drive specific molecular and cellular responses might improve the design of CaP bioma-
terials and perhaps unlock other clinical therapies for bone regeneration, not considered so
far.
Within limits, in vitro models can help understanding how CaP ceramics regulate osteogenic
differentiation of cells. As such, CaP based materials and their bioactivity in terms of os-
teogenic differentiation (in vitro) and in some cases, correlation to bone-forming capacity
(in vivo), has been a subject of intensive research. For instance, Matsushima and colleagues
[10] observed that bone marrow-derived mesenchymal stromal cells (MSC) combined with
β -TCP formed more bone in a subcutaneousin vivo model in nude rats, than MSC grown
on HA. Although in both cases MSC were alkaline phosphatase (ALP) positivein vitro prior
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to implantation, there was no quantitative analysis of ALP staining. Tan et. al. [11] also
observed that HA and biphasic calcium phosphate (BCP) induced expression of osteogenic
markers in C2C12 cells but did not quantify the differences between the two ceramics. SaOS-
2 cells showed higher levels of ALP activity when cultured inHA (OsboneR©) granules than
when cultured inβ -TCP (CerasorbR©) but differences between the two ceramics in gene ex-
pression of typical osteogenic differentiation markers, such as osteopontin (OP), bone sialo-
protein (BSP) and osteonectin (ON), were not observed [12].Similarly, HA also induced
higher levels of ALP gene expression in SaOS-2 cells than BCPor TCP did, but no statisti-
cally significant differences were detected regarding expression of OC, ON and collagen type
I (Col I) [13]. In contrast, we showed that MSC cultured inβ -TCP did express more OP, OC,
Col I and BSP than in HA after 7 days. In addition we also showedthatβ -TCP, without cells,
induced 5 times more bone formation than HA when implanted intramuscularly in dogs [14],
further correlating thein vivo bone forming capacity and osteogenic differentiation potential
in vitro.
Sinceβ -TCP and HA in our study showed differentin vitro dissolution rates, we hypothesized
that dissolution of calcium ions dissolution (Ca2+) drives MSC osteogenic differentiationin
vitro and bone formationin vivo. More recently, it was demonstrated that MSC expressed
more OP, OC, BSP and in addition more BMP-2 in a high Ca2+ concentration ([Ca2+]) milieu
than in a low one [15], in accordance with the osteogenic profile of MSC cultured inβ -TCP
(higher solubility) and HA (lower solubility) (14).
In this study, we used MSC to investigate the biological mechanism that leads to these distinct
osteoblastic phenotypes onβ -TCP versus HA. At very early time points, MSC gene expres-
sion differences was analysed through DNA microarray analysis. Also physico-chemical
properties of these ceramics associated with their dissolution/precipitation surface events
were investigated.

Materials and Methods

HA and β -TCP fabrication
HA ceramics were prepared from HA powder (Merck) using the dual-phase mixing method
and sintered at 1250◦C for 8 hours, according to a previously described method [16]. β -TCP
ceramics were prepared from TCP powder (Plasma Biotal) and sintered at 1100◦C. Ceramic
particles were cleaned ultrasonically with acetone, 70% ethanol and demineralized water
and dried at 80◦C. Particles were sieved to obtain a 1-2 mm sized particle batch, and were
autoclaved prior to use. For a detailed physico-chemical characterization of these materials
the reader is referred to Yuan et. al. [14].

Inductively Coupled Plasma-Optical Emission Spectrometry
In a previous study, we showed the Ca2+ release profile from HA andβ -TCP in SPS for
approximately 3 hours [14]. Here, we studied the release profiles of Ca2+ and PO4

3−, in a
time scale corresponding to cell culturing experiments (days). Fifteen particles of either HA
or β -TCP were immersed in 10 ml of either simulated physiological saline (SPS; 0.8% NaCl,
50 mM Hepes, pH 7.3) or minimum essential mediumα (α-MEM, Gibco) for four hours,
then solutions were refreshed with 500µ l of respective liquid and after four hours, refreshed
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again, but this time, with 10 ml. All incubation steps were carried out in a 5% CO2 humid
atmosphere at 37◦C, according to what is usually done in cell culture experiments: ceramics
pre-wetting for 4 hours, followed by cell seeding in low volume and then addition of cell
culture medium. For a schematic representation of procedures see figure 1 A. At specific
time points, SPS andα-MEM samples were collected for [Ca2+] and [PO4

3−] measurements
by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES, Varian 720 ES,
Evisa). Standard samples for Ca2+ and PO4

3− measurements were prepared by dissolving
CaCl2.2H2O and Na2HPO2.2H2O, respectively, in SPS solution with varying concentrations.
Individual samples were prepared for each time point collection, to ensure that concentrations
would not be disturbed by incomplete liquid removal for analysis. Each data point represents
one measurement (n=1). Due to the technical difficulties associated with ICP-OES analysis,
we did not add FBS toα-MEM, which is usually present in a concentration of 10%. It should
be noted that SPS does not contain Ca2+ or PO43, whereasα-MEM contains 1.8 mM CaCl2
and 1.01 mM NaH2PO4.

Fourier Transformed Infrared Spectroscopy
Ceramic particles that remained in the tubes after removingsolutions for ICP-OES analy-
sis were transferred to new tubes and dried at room temperature for analysis with Fourier
transformed infrared spectroscopy (FTIR, Perkin-Elmer Spectrum 1000).

Scanning Electron Microscopy
Samples for scanning electron microscopy (SEM) were fixed in10% formalin (Sigma), de-
hydrated in an ethanol gradient series and dried using critical point dryer equipment (CPD
030, BAL-TEC). The samples were then gold-sputtered and imaged with SEM in secondary
electron mode (XL30 ESEM-FEG, Philips). In the case of samples without cells, only the
dehydration and subsequent steps were performed.

Cell culture and proliferation
MSC were previously characterized as multipotent and comply with the standard CD marker
panel that defines MSC [17]. MSC were isolated from bone marrow aspirates (5-20 ml)
obtained from donors with written informed consent. Aspirates were resuspended using 20
G needles, plated at a density of 5×105 cells cm−2 and cultured in proliferation medium
(PM), consisting ofα-MEM (Gibco), 10% foetal bovine serum (Lonza), 2 mM L-glutamin
(Gibco), 0.2 mM ascorbic acid (Sigma), 100 U/ml penicillin and 100 mg/ml streptomycin
(Gibco) (Basic Medium, BM) supplemented with 1 ng/ml rhbFGF(AbD Serotec). MSC were
expanded at an initial seeding density of 1000 cells cm−2 in PM and medium was refreshed
every 2 to 3 days. Cells were harvested at approximately 80% confluency for subculture. All
experiments were performed in a 5% CO2 humid atmosphere at 37◦C.

MSC culture on ceramic scaffolds
HA andβ -TCP were incubated in BM for 4 hours prior to cell seeding foroptimal infiltration
of medium into the ceramic pores and protein adsorption to the surface. Three particles of
either HA orβ -TCP were placed in one corner in squared wells of polystyrene plates. A
cell suspension of 100µ l MSC in passage 2 or 3 in BM was pipetted on top of each particle
set. To ensure maximum cell adhesion to the ceramic surface,plates were tilted to avoid cell
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dispersion throughout the well. Cells were allowed to attach for 4 hours after which 2 ml
of osteogenic differentiation medium (OM; BM containing 10nM dexamethasone (Sigma))
was slowly added to each sample. OM was refreshed every 2 days. MSC cultured inβ -TCP
or HA are referred to as MSC-TCP and MSC-HA respectively.

RNA isolation and gene expression analysis using quantitative qPCR

Total RNA was isolated from biological triplicates of MSC-TCP or MSC-HA after 12 hours,
2, 3, 5 and 7 days of culturing using a combination of the TRIzol (Invitrogen) method with
the NucleoSpin RNA II isolation kit (Macherey-Nagel). Samples were rinsed in PBS and
1ml of TRIzol reagent was added. After 1 freeze/thaw cycle, 200 µ l chloroform was added
per sample followed by centrifugation to achieve phase separation. The aqueous phase, con-
taining the RNA, was collected, mixed with an equal volume of75% ethanol and loaded onto
the RNA binding column of the NucleoSpin RNA II isolation kit. Subsequent steps were in
accordance with the manufacturer’s protocol. RNA was collected in RNAse-free water. The
quality and quantity of total RNA was analysed by gel electrophoresis and spectrophotometry.
First strand cDNA was synthesized using iScript (Bio-Rad) according to the manufacturer’s
protocol. Oneµ l of undiluted cDNA was used for quantitative real time PCR performed on
a Light Cycler PCR machine (Roche) using SYBR green I master mix (Invitrogen). For 18S
amplification, cDNA was diluted 100×. The PCR amplifications were run under the follow-
ing conditions: initial denaturation for 5 minutes at 95◦C, then cycled 45 times at 95◦C for
15 seconds, specific annealing temperature for 30 seconds and 72◦C for 30 seconds, followed
by a melting curve. Primer sequences can be found in table 1. PCR data was analysed using
Light Cycler software version 3.5.3, using the fit point method by setting the noise band to
the exponential phase of the reaction to exclude backgroundfluorescence. Expression of all
genes was normalised to 18S levels and fold inductions were calculated using the comparative
∆CT method.

Table 1: Primer sequences for human genes.
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cRNA synthesis and whole genome microarray analysis
Total RNA was isolated as described before, from biologicaltriplicates of MSC-TCP or
MSC-HA after 12 hours and 2 days of culturing. RNA concentration was determined by
absorbence at 260 nm with the Nanodrop ND-1000 and quality and integrity were verified
using the RNA 6000 Nano assay on the Agilent 2100 Bioanalyzer(Agilent Technologies).
Next, 100 ng of total RNA was used for transcriptional profiling with Affymetrix 3Õ IVT
microarray analysis (Affymetrix, Santa Clara, CA, USA) using the Affymetrix 3’ IVT Ex-
press Kit (part nr. 901229) to generate Biotin-labeled antisense cRNA. cRNA quality was
assessed using the Agilent 2100 Bioanalyzer. The labeled cRNA was used for hybridization
to Affymetrix HT HG U133+ PM 16-Array Plate following the Affymetrix 3’ IVT Express
manual. After an automated process of washing and staining by the GeneTitan machine
(Affymetrix, Santa Clara, CA, USA) using the Affymetrix HWSKit for GeneTitan (part
nr. 901530), absolute values of expression were calculatedfrom the scanned array using
the Affymetrix Command Console v3 software. Further analysis was performed using the
RDN normalization toolbox (18). After normalization, genes were ranked based on their fold
change difference betweenβ -TCP and HA materials, for each separate time point. Using the
RankProduct test [19], a combined list was created with genes that showed consistent high
fold changes at both time points. The False Discovery Rate (FDR) was used to correct for
multiple testing.

Statistical Analysis
Statistical analysis is indicated in the respective figure legends. Error bars indicate standard
deviation. For all figures the following applies: * = p < 0.05;** = p < 0.01; *** = p < 0.001.

Results

Ca2+ and PO4
3− release profile fromβ -TCP and HA

Figure 1 B depicts the results obtained on [Ca2+] and PO4
3− concentration ([PO43−]) by

ICP-OES. Immersion ofβ -TCP in SPS resulted in a continuous increase of both [Ca2+] and
[PO4

3−], to a level of 8 and 19 ppm respectively after 52 hours. Neither Ca2+ nor PO4
3−

was detected in SPS after immersion of HA for the time points tested. Considering [Ca2+]
measured upon immersion of ceramics inα-MEM, initially, this was 31.6 and 33.6 ppm for
β -TCP and HA respectively. In bothβ -TCP and HA incubation solutions, the [Ca2+] in-
creased to 32.5 to 34.1 ppm from 4 to 16 hours, respectively. After that [Ca2+] dropped to
approximately 28 ppm in both cases. Regarding PO4

3− dissolution, all values were close to
20 ppm at 4 and 16 hours. However the [PO4

3−] decreased between 16 and 52 hours to ap-
proximately 17 ppm in both HA andβ -TCP incubation solutions. Blank measurements inα-
MEM showed a decrease in [PO4

3−] from 16 to 52 hours. Measurements in SPS demonstrate
the higher solubility ofβ -TCP versus HA. The decreasing values of [Ca2+] and [PO4

3−] in
α-MEM in time possibly reflect supersaturation of Ca2+ and PO4

3− in solution and conse-
quent precipitation on bothβ -TCP and HA.

FTIR spectra of HA and TCP
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Figure 1: Ca2+ and PO4
3− dissolution from HA andβ -TCP into SPS andα-MEM. A. HA andβ -TCP

particles were incubated for 52 hours in SPS andα-MEM. At 4, 16 and 52 hours, SPS andα-MEM
were collected from the wells and B. Ca2+ and PO4

3− concentrations were measured by ICP-OES.

[Ca2+] and [PO4
3−] measurements in SPS suggested a continuous dissolution ofions, at least

in the case ofβ -TCP, and measurements inα-MEM suggested precipitation of CaP salts on
both ceramics. Therefore we hypothesized that the chemicalcomposition of the ceramics was
changing in time due to dissolution/precipitation events.Following a similar experimental
setup depicted in figure 1A, but collecting the ceramics instead of the incubation solutions
(figure S1A), FTIR analysis were performed on bulk ceramics immersed for 52 hours in SPS
andα-MEM and in addition, on a sample immersed in BM. No obvious differences in the
FTIR spectra were observed between the conditions tested.

HA and β -TCP surface imaging
To assess whether signs of dissolution/precipitation events were visible on HA andβ -TCP,
we imaged the surfaces before (blank) and after immersion inSPS,α-MEM or BM for 2 days
(figure 2). In the blank images, it can be appreciated that thegrains of HA surfaces are larger
than those ofβ -TCP and that HA has fewer micropores, as was previously shown [14]. After
2 days of incubation in SPS, no considerable changes in surface morphology were observed
in either ceramic. However, after immersion inα-MEM, surfaces of both HA andβ -TCP
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were covered with crystals, that grew perpendicular to the ceramic surface (figure 2, high
magnification). Immersion in BM resulted in irregular precipitates of approximately 1 to 2
µm in size, heterogeneously distributed throughoutβ -TCP surface, while no obvious surface
change was detected in BM-immersed HA. The surfaces ofβ -TCP and HA exhibited a new
crystalline phase when immersed inα-MEM, but not when immersed in SPS or BM for 2
days.

Figure 2: HA andβ -TCP surfaces after immersion in different solutions. HA and β -TCP surfaces were
imaged with SEM before and after incubation in SPS,α-MEM and BM for 2 days. A new crystalline
phase can be observed in HA andβ -TCP after immersion inα-MEM. BM and SPS did not significantly
affect HA andβ -TCP surfaces. White and black scale bars represent 5 and 2µm, respectively.

MSC attachment and spreading at early time points
Next, we investigated MSC adhesion to the ceramic particles. We pre-wettedβ -TCP and HA
in BM for four hours and then seeded 600,000 MSC per 3 particles of either HA orβ -TCP.
After 4 hours, 2 ml of OM was added per sample. Four hours and 1 day later, samples were
imaged with SEM (figure 3). After four hours, individual cells could be distinguished on HA.
Their adhesion to the surface seemed to be less strong than that of MSC spread onβ -TCP
surface. After 1 day, similar images were obtained, showingthat MSC were well spread on
β -TCP (white arrow figure 3) whereas on HA patches of poorly adhered MSC were seen.

MSC-TCP vs MSC-HA osteogenic profile
It was shown in previous work that MSC-TCP express higher levels of OP, OC and BSP than
MSC-HA after 7 days of culture [14]. Since our most recent work correlates Ca2+ to expres-
sion of the aforementioned genes and with that of BMP-2 [15],we analysed expression of
all four genes in MSC-TCP and MSC-HA, to investigate the correlation of the expression of
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Figure 3: MSC attached and spread better onβ -TCP than on HA. MSC were seeded on HA orβ -TCP
and cultured for 4 hours and 1 day. Cells attached to the ceramic surface were visualized with SEM.
In β -TCP, MSC seemed attached and spread on the ceramic whereas in HA they loosely touched the
surface at both time points. Far left images showing detailsof the cells (c) attached and spread on the
ceramic surfaces (*) after 4 hours. White arrows point towards MSC spread onβ -TCP surface and
insert image provides details of filopodia-like structure.White, grey and black scale bars represent
respectively 10, 20 and 100µm.

osteogenic markers betweenβ -TCP and high content Ca2+ medium, and HA and low content
Ca2+ medium, respectively. Results from 2 donors show that expression of OC and OP was
significantly higher in MSC-TCP than in MSC-HA (figure 4). Although differences between
MSC-TCP and MSC-HA were not statistically significant for any donor in the case of BMP-2
or BSP, MSC-TCP exhibited a consistent higher expression ofBMP-2 than MSC-HA. Next,
we analysed the expression of the same genes at 12 hours, 2, 3,5 and 7 days to see whether
the gene expression differences between MSC-TCP and MSC-HAcould be detected earlier
then day 7. As shown in figure 5, differential gene expressionbetween the two conditions
was only visible after day 5. At this time point, however, MSC-TCP expressed 3 times more
BMP-2 than MSC-HA, in line what was seen before (figure 4). At day 7, expression of OC,
OP and BSP was always higher in MSC-TCP. Most profound was theexpression of OP, which
was 40 times higher in MSC-TCP than in MSC-HA. These experiments demonstrate thatβ -
TCP promotes upregulation of OC, OP, BSP and BMP-2 expression in MSC, compared to
HA. Before day 5, however, there was no statistical significant differential gene expression
between MSC-TCP and MSC-HA for the markers analysed.
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Figure 4: Gene expression profile of MSC-TCP vs MSC-HA is consistent among different donors.
MSC from donor 1 (white bars) and donor 2 (black bars) were cultured on HA andβ -TCP for 7 days
in OM. At that time point, expression of BMP-2, osteopontin,osteocalcin and bone sialoprotein was
analysed. MSC-TCP showed higher expression of those genes in both donors, except for BSP. Statistical
analysis was done using a student t-test with Welch’s corrections for the individual donors (p<0.05 and
n=3).

MSC-TCP vs MSC-HA whole genome microarray
To further correlate extracellular signals provided by theceramics to specific molecular and
cellular responses at early stages of culturing, we performed a whole genome microarray.
High fold changes in gene expression were investigated at both 12 hours and 2 days, be-
tween MSC-TCP and MSC-HA, in order to find those genes that were early, strongly and
consistently affected byβ -TCP over HA. In table 2, we report 70 genes that have a FDR of
≤0.10 as determined by the RankProduct test, that show the largest difference in expression
betweenβ -TCP and HA, at both timepoints. The genes here shown will be later discussed
in terms of relevant signaling pathways and biological functions. Also to provide insight into
biological functions regulated byβ -TCP, analysis with Gene Ontology enrichment was per-
formed, based on 145 probesets having a FDR <0.2. Enriched biological process terms were
clustered on functional similarity to enhance their interpretability, using the method made
available by DADIV [20]. Three clusters from the top 15 are presented in table 3, whereas all
enriched clusters are shown as supplementary table 1 (ST1).Expression of genes in the top 3
of table 2 (RGS2, GPCR5A and BHLH40) was further confirmed by qPCR analysis. RGS2
and GPCR5A were upregulated in MSC-TCP compared to MSC-HA (figure 6) after 2 days,
but not after 12 hours. For BHLHE40, results were consistentwith the microarray, but not
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statistically significant.

Figure 5: MSC-TCP exhibit stronger osteogenic profile than MSC-HA in time. MSC were cultured
on HA andβ -TCP for 12 hours, 2, 3, 5 and 7 days in OM. At each time point, expression of BMP-2,
osteopontin, osteocalcin and bone sialoprotein was analysed. Statistical significant differences were
observed on the late time points between MSC-TCP (dashed line) and MSC-HA (continuous line).
Statistical analysis was done with Two-Way Analysis of Variance (ANOVA) and Bonferroni post-tests
(p< 0.05 and n=3).

Discussion

In this manuscript, we analysed the expression of osteogenic markers in MSC grown onβ -
TCP and HA (figures 4 and 5) and using microarray analysis, we discovered novel genes
whose expression is strongly evoked byβ -TCP at early time points of culture (table 2 and
figure 6). Furthermore, we tried to correlate the solubilityof β -TCP and HA (figures 1, 2 and
S1) with our biological findings, as based on our previous work, we hypothesized that this
might be a key physico-chemical parameter in mediating the bioactivity of these ceramics.
We have shown in the past that MSC exhibit an osteogenic phenotype in culture medium
containing high [Ca2+] (CaM). BMP-2 expression is induced within 6 hours after exposing
MSC to CaM and at later time points, OC, OP and BSP are induced as well [15]. Here,
analysis of osteogenic marker genes also revealed higher expression of OC, OP, and BSP in
MSC-TCP than in MSC-HA, consistent in all donors except for BSP. Furthermore, BMP-
2 was also upregulated by MSC-TCP compared to MSC-HA (day 5) and earlier than the
other genes. Although with a different timing, this resemblance in the osteogenic response
between MSC-TCP and MSC cultured in CaM further suggests that the high solubility ofβ -
TCP provides an enriched Ca2+ environment to MSC, which could be an important driving
factor for the observed osteogenic differentiation.
This is also supported by an earlier reported effect of Ca2+ on osteogenic differentiation of
human periosteal derived stem cells (PD-MSC). PD-MSC cultured in the presence of Ca2+,
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Table2: Genes consistently upregulated byβ -TCP after 12 hours and 2 days.
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exhibited expression of BMP-2, OC, OP and BSP, in a dose dependent fashion [21, 22].
Furthermore, PD-MSC seeded onto CollagraftTM and implanted subcutaneously in nude mice
induced bone formation, whereas when CollagraftTM was decalcified prior to cell seeding (i.e.
removal of Ca2+ and PO4

3−), bone formation was abrogated [23], suggesting the relevance
of the construct’s mineral composition.
The high solubility ofβ -TCP was demonstrated in SPS (figure 1). Inα-MEM, however,
which in addition to bioinorganics contains amino acids, [Ca2+] and [PO4

3−] decreased in
time (figure 1B), suggesting supersaturation of these ions and precipitation both on HA and
β -TCP surfaces. This was further confirmed by SEM analysis of the surface, where a new
crystalline phase was observed (figure 2). Althoughβ -TCP revealed the presence of irregular
precipitates when immersed in BM, possibly of NaCl, no cleardifferences regarding a new
crystalline phase were visible between the two HA andβ -TCP (figure 2), perhaps due to
adsorption of serum proteins. These are known to affect the original nucleation or crystal
growth rate observed in CaP ceramics without proteins [24, 25]. Furthermore FTIR data did
not reveal any significant differences in the chemical composition of samples analysed at day
2, perhaps because surface changes were of too low magnitudeto be detected in the midst of
the bulk.
Although we did not detect differences in the surface dynamics of HA andβ -TCP when
immersed in BM (FTIR and SEM), microarray data analysis, though, showed evidence of
ongoing inorganic cation homeostasis and in particular Ca2+ homeostasis upregulation by
β -TCP compared to HA (table 3), already 12 hours and 2 days after cell seeding. This could
indicate that [Ca2+] in the vicinity of β -TCP is sufficient to affect cellular behavior without
significantly altering the crystalline phase of the surface(figure 2) and that perhaps [Ca2+] in-
creases in time, later inducing expression of OP, OC, BSP andBMP-2 (days 5 and 7). In fact,
cluster 2 of the GO enrichment showed that ossification, skeletal development and bone de-
velopment were upregulated functions in MSC-TCP compared to MSC-HA, suggesting that
the microarray data are in line with later PCR observations on osteogenic markers expression.
Thus, our biological data suggests that MSC-TCP experiencehigher [Ca2+] compared with
MSC-HA.
Regarding the top genes in table 2, it is interesting to note that GPCR5A and regulator of G-
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Table3: Selected enriched gene ontology clusters (following DAVID[20]) from the top 15 displayed
in ST1, based on the set of consistently induced genes affected byβ -TCP after 12 hours and 2 days
(FDR<0.2).

protein signaling (RGS2) are related with G-protein coupled receptor (GPCR) signaling [26].
Expression of these genes was further confirmed by PCR, showing that RGS2 and GPCR5A
were expressed respectively 10 and 100 times more in MSC-TCPthan in MSC-HA at day 2.
At 12 hours differential expression was not confirmed by PCR.In particular, RGS2 has been
linked with osteogenic differentiation and osteoblasts proliferation [27-29] and its expres-
sion can be regulated by cAMP [30]. Expression of GPCR5A, also known as retinoic acid
inducible gene 1 (RAIG1), has been linked with differentiation and maintenance of home-
ostasis in epithelial cells and maturation of lung and kidney during embryonic development
[31]. Furthermore GPCR5A expression has been associated with cancer development [32].
Overexpression of this gene also led to a decrease in cAMP accumulation and Gsα downreg-
ulation [33].
Genes coding for members of the Protein Kinase A (PKA) signaling cascade, regulated by
cAMP cytosolic accumulation, which is downstream of GPCR signaling, also appear in table
2. For instance, A kinase anchor protein 12 (AKAP12) binds toPKA and drives its sub-
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Figure 6: Genes differentially regulated between MSC-TCP and MSC-HAanalysed by PCR. DNA
microarray analysis showed that the top scored genes regulated byβ -TCP were RGS2, GPCR5A and
BHLHE40 (table 2). Fold induction of RGS2, GPCR5A and BHLHE40 measured by PCR shows that
after 12 hours (white bars) there were no statistically significant differences between MSC-TCP and
MSC-HA, whereas after 2 days there are in the case of RGS2 and GPCR5A. Statistical analysis was
performed with One-Way ANOVA and Tukey’s multiple comparison post-test (p< 0.05 and n=3).

units within the cell. Furthermore, both ATF3 and HES1 transcription is regulated by cAMP
response element binding (CREB) [34, 35], supporting a strong upregulation of the PKA
signalling pathway byβ -TCP compared to HA. In addition, SIK1 is a PKA target protein
(36) and GDF15, CTGF and amphiregulin expression are PKA dependent as well [37-39].
Future experiments will be aimed at looking in more detail atthe involvement of PKA sig-
naling in MSC-TCP induced gene expression and at identifying the molecules responsible
for the induction. Furthermore other genes regulated byβ -TCP have been previously linked
to osteogenesis, such as GDF15 [40] and BHLHE40 [41, 42] and interestingly with angio-
genesis, VEGFA [43] and IL-8 [44], further suggesting thatβ -TCP might not only have a
pro-osteogenic effect but also a pro-angiogenic one. Indeed cluster 13 shows enrichment of
terms related with blood vessel formation.
Although we suggest that Ca2+ dissolution plays a role in osteogenesis of MSC cultured in
β -TCP, we do not exclude the effect of other physico-chemicalparameters. We have also
shown that MSC attachment and spreading is different between HA andβ -TCP, as suggested
by SEM analysis, which was not further explored here. Differences in cell attachment could
be due to different microstructure or charge of these materials that lead to differential protein
adsorption and consequent differential focal adhesion assembly.

Conclusions

We confirmed higher solubility ofβ -TCP in SPS when compared to HA, although a clear link
between Ca2+ dissolution fromβ -TCP and osteogenesis of MSC could not be established.
However, microarray analysis detected upregulation of Ca2+ homeostasis in MSC-TCP after
12 and 48 hours of culturing as compared to MSC-HA, and PCR analysis showed thatβ -
TCP significantly increased expression of genes in MSC that are characteristic of high [Ca2+]
content medium, such as BMP-2, OP, OC and BSP. Furthermore, microarray analysis showed
that GPCR signaling and PKA pathways are strongly upregulated byβ -TCP over HA.
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Supplementary Information

Figure S1: Changes in chemical composition after immersion in SPS,α-MEM or BM are detected by
FTIR. Blank refers to ceramic particles before incubation.A. HA and β -TCP particles were incubated
for 52 hours in SPS,α-MEM or BM. At 4 and 8 hours, solutions were refreshed. After 52 hours,
particles were collected for FTIR analysis. B. There were noevident differences between the different
spectra.
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Table S1: Top 15 enriched gene ontology clusters (following DAVID [20]), based on the set of consis-
tently induced genes affected byβ -TCP after 12 hours and 2 days (FDR<0.2).
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Abstract

The efficacy of calcium phosphate (CaP) ceramics in healing large bone defects is, in general,
not as high as that of autologous bone grafting. Recently, wereported that CaP ceramics with
osteoinductive properties were as efficient in healing an ilium defect of a sheep as autologous
bone graft was, which makes this subclass of CaP ceramics a powerful alternative for bone
regeneration. Although osteoinduction by CaP ceramics hasbeen shown in several large
animal models it is sporadically reported in mice. Because the lack of a robust mouse model
has delayed understanding of the mechanism, we screened mice from 11 different inbred
mouse strains for their responsiveness to subcutaneous implantation of osteoinductiveβ -
tricalcium phosphate (β -TCP). In only two strains (FVB and 129S2) the ceramic induced
bone formation, and in particularly, in FVB mice, bone was found in all the tested mice. We
also demonstrated that other CaP ceramics induced bone formation at the same magnitude
as that observed in other animal models. Furthermore, VEGF did not significantly increase
β -TCP induced bone formation. The mouse model here describedcan accelerate research
of osteoinductive mechanisms triggered by CaP ceramics andpotentially the development of
therapies for bone regeneration.
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Introduction

Porous calcium phosphate ceramics are frequently used in orthopaedic surgery as graft ma-
terial to heal bone defects. Their chemical composition is similar to the natural mineral of
the bone. In general, CaP-ceramics are considered osteoconductive, meaning that they are
able to facilitate bone infiltration from the bone surrounding the defect. A subclass of CaP-
ceramics also has been recognized as being osteoinductive [1-5]. We define osteoinductivity
of a biomaterial by the potential of the material to induce bone formation while implanted
in an animal at ectopic sites (e.g. subcutaneously or intramuscularly). The specific biologi-
cal response triggered by osteoinductive materials that results in bone formation is, however,
poorly known. Nonetheless, their osteoinductive capacityhas been often linked with specific
physico-chemical properties such as chemical composition, scaffold architecture and micro-
and nano- structure.
We recently reported that ceramics with different physico-chemical properties induce bone
formation in dogs with different degrees of efficacy:β -tricalcium phosphate (β -TCP) in-
duced more bone formation than hydroxyapatite (HA). In the same study, we also demon-
strated thatβ -TCP grafting of an ilium defect in sheep is as effective as the most frequently
used therapies for human patients: autologous bone grafting and recombinant human BMP-2
(rhBMP-2). This finding strongly revealed the potential of osteoinductive ceramics to heal
bone defects in clinical scenarios, overcoming the disadvantages of donor tissue morbidity
and pain associated with autologous bone graft and issues related to cost and safety associ-
ated with the use of rhBMP-2 [6]. However, in order to bring these materials to the clinic, full
understanding of the mechanism of action would help to determine their efficacy, efficiency
and safety.
The immune system has been associated with the physiological response leading to CaP-
ceramic induced bone formation. It is hypothesized, for instance, that materials with dif-
ferent surface characteristics, e.g. surface roughness ormicro-topography, will induce dif-
ferent responses in macrophages. For instance, prostaglandin E2 (PGE2) was secreted by
macrophages only when in contact with a micro rough- and not when in contact with a smooth
surface. Furthermore, PGE2 enhanced chemotaxis and osteogenic differentiation of human
bone barrow derived mesenchymal stromal cells [7]. In vivo,PGE2 enhances bone formation
through the PGE receptor EP4 [8] and it can also induce osteoclast formation and bone re-
sorption [9]. Harada and colleagues [10] also showed that among all different CaP granules
tested, only HA dried at 110◦C (HA110) induced expression of PGE2 by primary human
macrophages/monocytes cells, whereas HA sintered at 900 and 1200◦C did not. The authors
from the study also noticed that although all granules were similar in size, HA110 presented
a more irregular shape and sharper edges than the other CaP granules [10]. Similar studies
have been conducted in vitro [11, 12] but the question of whether macrophages functionally
contribute to in vivo bone formation by osteoinductive CaP biomaterials is not yet answered.
Some authors have hypothesized though that the origin of thecells that deposit de novo bone
is of vascular nature [13-15], based on the observation thatcells of vascular origin appear
in the vicinity of the ceramic implant. Therefore the role ofblood vessels in osteoinduction
could be more than the already essential transport of nutrients and gases to the tissue in the
pores [16].
Although some progress has been made in the past 20 years, themechanism of action of os-
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teoinductive CaPs is not clear, partially due to limitations associated with the existent in vitro
and in vivo models. Pre-clinical models with large animals,such as sheep, dogs and goats
are more often used than small animal models, since osteoinduction by CaP ceramics in mice
or rats is considered a sporadic event [17]. Nevertheless, arobust mouse model would be
preferred over large animal models, since these are more expensive than smaller ones and
require experienced surgeons. Mouse models could also accelerate research due to easy ac-
cess to a wide variety of inbred strains, broader choice of complementary research tools, such
as available drugs for functional assays, and antibodies for tissue characterization. Further-
more, there are many genetic tools available for mouse research, enabling gene identification
via quantitative trait locus (QTL) coupled with genetic engineering to manipulate the mouse
genome to prove causation of gene effects. Application of these methodologies in mice could
potentially lead to identification of genetic loci associated with bone formation never before
identified.

We previously obtained proof of principle that CaP-triggered osteoinduction is possible in
mice [18]. Bone formation was observed in Swiss white mice implanted with biphasic cal-
cium phosphate (BCP). The amount of bone formed was limited,with less than 1% of bone
area per scaffold area and was only observed in 3/16 animals tested. Moreover, Swiss white
is an outbred mouse strain, whereas inbred mice are preferred as mentioned before. More
recently, Yang and colleagues [19] tested BCP ceramics in the muscle of the posterior legs
of inbred Balb/C mice and found bone in all explants. Although a promising result, the dis-
tance between the leg muscle and native bone tissue in a mouseis short and it can be argued
whether osteoconduction from bone tissue into the implant played a role or not.

These findings suggest that the induction of bone formation in mice induced by a CaP ce-
ramic might be strain dependent. Indeed, Malusic and colleagues [20] reported that ectopic
bone formation was dependent on genetic background, although in their case the implants
were pieces of bone matrix. As BMPs are thought to be responsible for the osteoinductive
potential of demineralized bone matrix, this further suggests that in addition to differences in
osteoinduction by CaP in different strains there are also differences in BMP induction.

In the search for a suitable mouse model for the study of CaP osteoinductive ceramics, we
investigated the response of 11 different mouse strains to subcutaneous implantation of CaP
ceramics, based on the assumption that genetic background will influence the propensity of
the materials to induce bone tissue.

Materials and Methods

Materials fabrication and sterilization
HA ceramics were prepared from HA powder (Merck) using the dual-phase mixing method
and sintered at 1250◦C for 8 h according to a previously described method [21]. BCPceram-
ics were fabricated using the H2O2 method using in-house made calcium-deficient apatite
powder and sintered at 1150◦C (BCP1150) and 1300◦C (BCP1300), respectively [22]. The
method used to synthesize the BCP ceramics was also used for preparation ofβ -TCP (for
simplicity abbreviated to TCP). TCP ceramics were preparedfrom TCP powder (Plasma Bio-
tal) and sintered at 1050◦C. Ceramic blocks (4×4×4 mm) were cut, cleaned ultrasonically
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with acetone, 70% ethanol and demineralized water (dH2O), dried at 80◦C and autoclaved
for sterilization.

Growth factor incorporation into the ceramic blocks
Five µg of rh-BMP-2 dissolved in demineralized water (dH2O) (Shanghai Rebone Biomate-
rials Co. Ltd) were pipetted per block of TCP (refered to as TCPb). TCPb was vacuum dried
in a sterile environment for two days. In the case of rhVEGF (Invitrogen), 1.8µg was loaded
in 25 µ l of dH2O per block of TCP, just prior to implantation.

Ceramic implantation in mice
Ceramic blocks were implanted in 6 to 7 weeks old mice. Name and providers of mouse-
inbred strains, as well as the respective abbreviations used throughout this manuscript, are
given in table 1. Preoperative analgesia (Temgesic, Schering-Plough BV) was injected sub-
cutaneously (s.c.) followed by general anesthesia consisting of a mix of 1-3% isoflurane
(IsoFlo, Abbott Lab.) in oxygen (Linde Gas). After shaving the back and disinfection of the
skin with ethanol, small incisions were created on the dorsal sides. Subcutaneous pockets
were opened in these incisions with blunt scissors. Ceramicblocks were inserted into the
pockets, which were then closed with sutures. Animals were allowed to recover from anes-
thesia before returning to the cages. Mice were killed with either CO2 inhalation or cervical
dislocation. Skin was immediately opened to retrieve the ceramic blocks (explants). All ani-
mal experiments were performed following approval of the Animal Experiments Committee
Utrecht, The Netherlands.

Table 1: Mouse inbred strains and their respective providers.

Femora extraction and micro-CT scanning
Three C3H, CBA, FVB and 129S2 mice, aged between 6 to 7 weeks, were selected for micro-
CT scanning. The right femur of each mouse was extracted, cleaned from skin and soft tissue
and fixed with 1.5% glutaraldehyde in 0.14 M cacodylate buffer, pH 7.3. Micro-CT scans
were acquired using the SkyScan 1076 scanner (Kontich, Belgium) with a 9µm-resolution
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protocol (60 kV energy, 170µA current, 1.0 mm Al filter). CT shadow projection images
were converted into a three dimensional (3D) reconstruction of cross-sectional images in
bitmap files using volumetric reconstruction software NRecon version 1.6 (SkyScan, Bel-
gium). With Dataviewer 1.4, a segment of the distal metaphysis (10 mm) was selected as
region of interest. To distinguish calcified tissue from non-calcified tissue and noise, the re-
constructed grayscale images were segmented by an automated algorithm using local thresh-
olds, resulting in a 3D dataset consisting of stacked black/white cross-sections. Cortical and
trabecular bone were subsequently automatically separated using in-house software. Tra-
becular architecture of the metaphysic was characterized by determining the trabecular bone
volume fraction (BV/TV), which is the ratio of trabecular bone volume over endocortical tis-
sue volume, connectivity density, structural model index,trabecular thickness and trabecular
separation were also calculated.

Histochemical stainings
After fixation with 1.5% v/v glutaraldehyde in 0.14 M cacodylate buffer, pH 7.3, explants
were dehydrated with several microwave runs at 70◦C for 1 hour. For each run, implants were
immersed in either 70% ethanol in dH2O, 80% ethanol in dH2O, JFC (Milestone Medical
Technologies S.r.l.) or 100% ethanol in dH2O (2 times). After dehydration, samples were
placed in glass jars, immersed in methyl methacrylate (MMA)for 16 hours at 4◦C, and the
next day MMA was refreshed. After 2 days in a water bath at 37◦C, samples were removed
from the glass jars and sectioned. Tissue sections of approximately 10 to 15µm thickness
were obtained with a Leica SP 1600 and stained with 1% methylene blue (Sigma-Aldrich) in
0.1 M borax (pH 8.5) and 0.3% basic fuchsin solutions (Sigma-Aldrich).

Bone quantification
Three nonconsecutive sections per sample per animal were digitally scanned and quantified
using Adobe Photoshop CS5 Extended (version 12.0.4, Adobe Systems Inc.) as follows: bone
and scaffold areas were differentially pseudo-colored andthe ratio between pixels of each
color converted to percentage of bone area per scaffold area(bA/sA). Figure S1 summarizes
the number of implanted, explanted and analysed blocks.

Statistical Analysis
Statistical analysis performed for the individual experiments is specified in the figure legend.
Error bars indicate standard deviation. For all figures the following applies: * = p < 0.05; **
= p < 0.01; *** = p < 0.001; ns = non significant.

Results

Bone induction by rhBMP-2 adsorbed onto TCP
To evaluate whether the mouse genetic background determines the efficacy of ectopic bone
formation, we implanted rhBMP-2 adsorbed onto TCP subcutaneously in 11 different inbred
mouse strains (table 1), since this cytokine has ectopic osteoinductive ability in different ro-
dent models [23-27]. Prior to in vivo evaluation, however, the activity of rhBMP-2 adsorbed
onto TCP was tested with C2C12 cells in vitro. C2C12 cells areknown to express alka-
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line phosphatase (ALP) in response to rhBMP-2 [28]. Therefore cells were cultured on TCP
or TCPb in BM for three days, after which ALP activity and cellnumbers were measured.
In TCPb, C2C12 cells exhibited 18 times higher ALP activity per cell than when cultured in
TCP alone, confirming that rhBMP-2 was still active while adsorbed onto the porous ceramics
(figure S2). Next, TCPb was implanted subcutaneously in all mouse strains (table 1). Twelve
weeks after implantation, animals were sacrificed, samplesexplanted, slides were cut and
stained with basic fuchsin (mineralized tissue) and methylene blue (counterstaining). TCPb
induced bone formation in every mouse of all strains. As can be seen in figure 1, representa-
tive for all strains, typical morphology of mature lamellarbone was observed in contact with
the TCPb surface (for reference see figure S3). Mineralized bone matrix (stained pink) was
observed, embedding osteoblasts resting in lacunae (osteocytes). The pores of the ceramic
blocks were filled with bone marrow, characterized by the presence of nucleated heamatopo-
etic cells and large amounts of mature adipocytes. Interestingly, we observed differences in
the amount of bone among the different mouse strains (figure 2), confirming that bone induc-
tion by rhBMP-2 is dependent on genetic background. Bone perscaffold area ranged from
7±3.2% (FVB) to 27±11% (C3H). Interestingly, strains with a close genetic background,
such as DBA1 and DBA2 exhibited a large statistically significant difference (9 and 20%
respectively). This result shows that all tested mouse strains can form bone in subcutaneous
pockets and that furthermore, the efficacy of bone formationinduced by TCPb depends on
the genetic background.

Figure 1: Representative images of bone formation induced by TCPb. A and B) Bright pink mineralized
bone tissue (black arrows) was observed in contact with TCP (t) aligning the pores filled with bone
marrow (*). C) Osteocytes (white arrows) were present in themineralized bone matrix. D) Detail of
bone marrow (*) and osteoblasts (black arrows). Scale bars represent 1 mm (A), 200µm (B) and 100
µm (C and D).
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Figure 2: Bone formation induced by TCPb. TCP loaded with rhBMP-2 was implanted subcutaneously
in mice from 11 different mouse strains. Twelve weeks later,samples were explanted, bone tissue
quantified from tissue sections and presented as % bA/sA. FVB(7%) showed the lowest average amount
of bone tissue whereas C3H the highest (27%). Statistical analysis was performed with One-Way
Analysis of Variance (ANOVA) and Tukey’s multiple comparison test (p<0.05).

Bone induction by TCP
In contrast with the results found for TCPb, but further confirming genetic background depen-
dence, bone formation induced by TCP occurred in only two outof 11 mouse strains: FVB
and 129S2. In both strains, bone tissue was mostly observed at the periphery of the ceramic
block, and in contact with the scaffold (figure 3A). Similarly to results obtained with TCPb,
mature lamellar bone had developed, with characteristic osteoblasts rimming the lamellar
bone (figure 3B) and osteocytes within the lamellar bone (figure 3D). In a few cases, cavities
filled with bone marrow were observed, in both mouse strains (figure 3C). Furthermore, we
did not observe cartilage tissue in any of the explanted sections. Although mature lamellar
bone tissue was found in both strains, the incidence was different. In FVB mice, TCP in-
duced bone in all mice (6/6) whereas in 129S2 the incidence was lower: 4/5 (figure S1). TCP
explants from FVB also showed an average bA/sA higher than that of 129S2: 2.8±4.6% and
0.2±0.26% respectively (figure 4). Thus, we successfully identified two mouse strains, FVB
and 129S2, in which TCP induced bone formation subcutaneously, showing that the genetic
background of individuals is a key element in the osteogenicresponse to synthetic materials.

Bone architecture
In order to investigate whether TCPb or TCP bone inductive capacity in specific mouse strains
could be correlated with bone features inherent to each strain, femora from FVB (lowest in-
duction by TCPb and highest by TCP), 129S2 (lowest inductionby TCP), CBA and C3H
(highest induction by TCPb) were extracted and evaluated bymicro-CT scanning. Based on
the distal metaphysis region from 3D reconstructed images of the femora, several parameters
were evaluated: structural model index (prevalence of a particular trabecular shape), tra-
becular separation, trabecular thickness, connectivity density (number of redundant connec-



92
CHAPTER 5. THE INFLUENCE OF GENETIC FACTORS ON THE OSTEOINDUCTIVE

POTENTIAL OF CALCIUM PHOSPHATE CERAMICS IN MICE

Figure 3: Representative images of bone formation induced by TCP in FVB and 129S2. Mineralized
bone tissue (red) was observed mostly at the periphery of theimplant (A) and in contact with the scaffold
(t), aligned by osteoblasts (black arrows) (B). C) Detail ofcavity filled with bone marrow (*). D) Detail
of osteocytes (white arrows). Scale bars represent 400µm (A), 200µm (B and C) and 100µm (D).

Figure 4: Bone formation induced by TCP. TCP was implanted subcutaneously in mice from 11 dif-
ferent mouse strains. Twelve weeks later, samples were explanted, bone tissue quantified from tissue
sections and presented in the image as % relative to scaffoldarea. Bone formation was observed in FVB
(2.8±4.6%) and 129S2 (0.2±0.26%) mice. Statistical analysis was performed with One-Way ANOVA
and Tukey’s multiple comparison test (p<0.05).
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tions between trabecular structures per unit volume, whichcan be associated with trabecular
strength [29]) and the percentage of bone in a defined volume of interest (% of bone volume,
%BV), which can be seen as a true measurement of bone mineral density (BMD). Statisti-
cally significant differences were not observed for any of the parameters measured between
the mouse strains (figure 5). This suggests that the genetic and molecular mechanisms that
regulate bone induction by TCPb or TCP are not correlated with strain specific differences in
bone parameters of 6 to 7 week old mice from these inbred strains.

Figure 5: Micro-CT scan femoral analysis. Femora of CBA, 129S2, C3H and FVB/NCrl were scanned
with Micro-CT. After 3D digital reconstruction of the scanned images, a segment of the distal metaph-
ysis was selected and several parameters calculated. Therewere no statistically significant differences
for any of the parameters shown between the mouse strains. Statistical analysis was performed with
One-Way ANOVA and Tukey’s multiple comparison test (p<0.05and n=3).

Ectopic bone formation in response to different ceramics
After identifying the more responsive genetic background to TCP osteoinductivity, FVB, we
implanted different CaP ceramics in these mice to evaluate whether any block shaped CaP
ceramic would induce ectopic bone formation or whether thatresponse was exclusive of a
particular setting of physico-chemical characteristics.Therefore, this time, besides TCP, we
also implanted HA, different in terms of chemistry and microstructural features, BCP1150
and BCP1300. The last two possess equal chemistry, though BCP1150 possesses more mi-
cropores and smaller grains than BCP1300. For a detailed characterization of these materials,
the reader is referred to Yuan et. al. [3]. After 12 weeks of implantation, BCP1300 and HA
did not induce bone formation in FVB mice. In contrast, BCP1150 and TCP induced bone
formation. There were no statistically significant differences in the amount of bone tissue
induced by TCP and BCP1150 (figure 6 B) though bone incidence,defined as the ratio be-
tween the number of explants with bone (Nb) and the number of total explants (Nt) (Nb/Nt),
was different (3/4 and 5/5 for BCP1150 and TCP respectively,figure 6A). Similarly to what
was previously described for TCP, bone was mainly found at the periphery of the implant but
was also seen in contact with the scaffold (figure 6 C). Osteocytes and osteoblasts were also



94
CHAPTER 5. THE INFLUENCE OF GENETIC FACTORS ON THE OSTEOINDUCTIVE

POTENTIAL OF CALCIUM PHOSPHATE CERAMICS IN MICE

observed in BCP1150 explants but bone marrow cavities were not. Furthermore, although all
explants were perfused by blood vessels distributed throughout the implants, vascularization
seemed to be more pronounced in the case of TCP and BCP1150, although no quantitative
data is available to support these observations. Interestingly, in the case of BCP1150, blood
vessels were often surrounded by adipocytes. In the pores ofBCP1300 and HA explants,
mainly fibrous tissue was observed (figure 7). TCP and BCP1150induced ectopic bone for-
mation in FVB mice whereas BCP1300 and HA did not. This suggests that the biological
response that leads to bone formation in FVB mice is dependent on the materials’ specific
characteristics and not a random phenomenon of heterotopicossification.

Figure 6: Analysis of TCP, BCP1150, BCP1300 and HA explants after subcutaneous implantation in
FVB mice for 12 weeks. A. Bone incidence in the different CaP ceramics shows that bone was only
found in BCP1150 and TCP. B. There were no statistical differences regarding % bA/sA between TCP
and BCP1150, as calculated with One-Way ANOVA with Tukey’s Multiple Comparison test (p<0.05).
C. Representative images of tissue sections from TCP and BCP1150 explants. Top panel (scale bar
represents 500µm): notice presence of blood vessels (squares). Bottom left: mineralized bone tis-
sue (asterisks) with osteoblasts (black arrow) and osteocytes (enlarged section);. Bottom right: blood
vessels surrounded by fat, characteristic of BCP1150 tissue sections. C: ceramic block. Scale bars
represent 200µm (A and B) and 100µm (C).

Role of vascularization in osteoinduction
Bone formation was observed in both TCP and BCP1150 explants, mainly at the periphery
of the ceramic. Immediately after implantation, it is expected that the tissue at the periphery
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Figure 7: Detailed images of BCP1300 and HA tissue explants 12 weeks after subcutaneous implanta-
tion in mice. Tissue locates preferentially in the center ofthe pores, loosely connected with the surface
of both ceramic types. C: ceramic block FT=fibrous tissue. Scale bars represent 400µm (top row) and
200µm (bottom row).

of the implant will be more vascularized than the tissue in the centre, since blood vessels do
not immediately perfuse the whole implant. This led us to hypothesize that vascularization
might be crucial (either triggering or sustaining) the biological mechanism that leads to os-
teoinduction by CaP ceramics in FVB mice. To address this hypothesis, we first investigated
blood vessel formation occurring in TCP and BCP1150. Seven days after implantation, ma-
ture blood vessels were observed in explants of both ceramics, evidenced by the presence
of erythrocytes in the lumen (figure 8). After confirming thatvascularization occurs rather
quickly in these ceramics, next we analysed whether enhancing this early vascularization
through addition of vascular endothelial growth factor (VEGF) to TCP, would increase the
amount of bone formed. For this, all mice received one block of TCP (-VEGF) and one block
of TCP with adsorbed VEGF (+VEGF) and these were explanted 12weeks later. Our re-
sults showed that all explants with VEGF induced bone formation whereas only 4/5 without
VEGF did (figure 8B). There were no statistically significantdifferences in the amount of
bone formed between the two groups (figure 8C). Whereas TCP explants were well vascu-
larized after 7 days of implantation, addition of VEGF to TCPprior to implantation did not
increase amounts of bone formation as analysed 12 weeks later.
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Figure 8: Analysis of blood vessel formation and enhancement of vascularization in bone formation.
A. Blood vessel formation in TCP and BCP1150 after 7 days subcutaneous implantation in FVB (white
arrows). Notice cell alignment with TCP (black arrow). Scale bar represents 50µm. Twelve weeks
after subcutaneous implantation in FVB, Nb/ Nt was higher inTCP (-VEGF) than in TCP with VEGF
(+VEGF) (B) and there were no differences in % bA/sA (C). Statistical analysis was performed with
One-Way ANOVA and Tukey’s Multiple Comparison test (p<0.05).

Discussion

In the search for a mouse model to study osteoinductive CaP ceramics, we tested 6 to 7
weeks old mice from 11 different inbred mouse strains (table1) for their responsiveness to
subcutaneous implantation of TCP, based on the hypothesis that biomaterial-induced bone
formation requires a particular genetic background.
Subcutaneous induction of bone formation by TCP was identified in two mouse strains: FVB
and 129S2 (figure 4). Particularly in FVB, bone incidence (>80%) and amounts (2-3%) ob-
served were never reported before [18], suggesting that this mouse strain is promising for the
study of CaP osteoinductive ceramics. Furthermore, TCP loaded with rhBMP-2 induced sub-
cutaneous bone formation in all mouse strains but with amounts varying among them (figure
2). Taken together these data demonstrate that the genetic background influences the response
to osteoinductive stimuli. Also considering that these areinbred mice, which are or are not
susceptible to material-induced osteoinduction, potentiates the identification of genetic loci
correlated with the mechanism. Interestingly, FVB was the mouse strain in which bone for-
mation induced by rhBMP-2 was lowest but when induced by TCP,highest, suggesting that
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the physiological mechanism causing the strain to strain variance is different between TCP
and rhBMP-2. Furthermore, although in both cases bone tissue contained osteocytes and os-
teoblasts (figures 1 and 3), bone with bone marrow was observed in virtually all pores of the
TCPb explants whereas it was only visible in some TCP pores, which is likely related to the
amount of bone tissue formed.
Bone fracture healing capacity was also correlated with mouse genetic background [30, 31].
Moreover, the bone regenerative capacity of different inbred mouse strains was strongly cor-
related with their BMD [31], although it was inversely correlated in another report [30].
Based on this, we analysed whether femoral BMD from different mouse strains was corre-
lated to ectopic bone formation. However, femoral bone volume (figure 5) did not signifi-
cantly differ among the strains tested, which could be due tothe animals’ age. We analysed
femora from 1.5 months old mice and differences in BMD among different inbred strains
have been reported at 2 months and thereafter [32].
Implantation of a series of CaP ceramics in FVB mice revealedthat in order to observe bone
formation after 12 weeks, a particular set of physico-chemical properties is required. HA,
differing in terms of chemical composition and structural properties from TCP [3], did not
induce bone formation. However, similar differences were observed between CaP ceramics
with the same chemical composition but differing in terms ofmicro structural properties:
whereas the more microporous BCP1150 induced bone formation, BCP1300 did not and
moreover, the type of tissue found within the respective pores was very different (figures
6 and 7). These results suggest that microstructural properties determine attachment and
spreading of cells in the pores and onto the surface, which might be determinant to whether
bone will be deposited or not. Also, the osteoinductive potential revealed by the different CaP
ceramics in FVB mice is similar to that seen in dogs, sheep andgoats [2, 3] from previous
studies. Therefore we conclude that this mouse strain can beused as a model to investigate
novel bone-inducing CaP ceramics.
Histological observations suggested that TCP and BCP1150 were more vascularized than
BCP1300 and HA explants. Besides their demonstrated pro-osteogenic effects, it could be
that TCP and BCP1150 also exert pro-angiogenic ones. In fact, it was shown that TCP and
BCP induce higher vessel density than HA, up to 30 days after subcutaneous implantation in
rats [33]. Furthermore, the effect of Ca2+ on angiogenesis has been reported [34-37], which
could further indicate some relationship between Ca2+ dissolution from the CaP ceramics
and blood vessel perfusion. Although this would not sustainthe differences observed be-
tween BCP1150 and BCP1300, which possess similar dissolution rates [3], quantitative data
is needed in order to support these statements.
Angiogenesis is also crucial for the process of bone formation [38] and some authors have
suggested that the cells that are stimulated to deposit bonetissue in osteoinductive CaP ce-
ramics are pericytes [13-15]. Our results show that blood vessels perfused both TCP and
BCP1150 as early as 7 days, however enhancing angiogenesis at an early stage of implanta-
tion did not increase the abundance of bone tissue 12 weeks later (figure 8). As to the nature
of the cells contributing to bone formation, we observed cells aligning with the material as
early as 7 days (figures 8 and S3), which may be the osteoprogenitor cells, but whether these
are derived from the walls of neighbouring blood vessels needs to be investigated.
The effect of surface characteristics on the inflammatory response by biomaterials has been
reported. More specifically, the behaviour of macrophages can be tuned according to size,
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roughness or chemical composition of the biomaterials surface. For instance, Fellah and col-
leagues [11] showed that macrophage derived secretion of interleukin 6 and tumour necrosis
factorα was dependent on BCP microparticle diameter in which they were cultured and that
those cytokines could further induce osteogenic differentiation of MC3T3-E1 cells, suggest-
ing a possible relation between inflammation and bone formation. Moreover, macrophages
are susceptible to express BMP-2 in response to Ca2+ [39], which could also be correlated
with the dissolution characteristics of these materials and their bone forming capacity. Al-
though we did not address the functional role of macrophagesin this study, we observed
the presence of macrophages as early as 7 days in TCP (figure S3) and BCP1150. Some
macrophages were also found in the vicinity of TCP and BCP1150 surfaces 12 weeks after
implantation but higher amounts of these cells including numerous amounts of giant cells
were found in the vicinity of HA and BCP1300 at that point in time (figure S3), suggesting
that the innate inflammatory response towards HA and BCP1300is more pronounced than the
one towards TCP and BCP1150. Regarding the adaptive immune response, also lymphocytes
appearance on the surface of CaP implants has been linked with specific physico-chemical
properties of materials [40]. However, in this study, CD20-positive B-cells were only spo-
radically found in the pores of BCP1150 and TCP (figure S3). Unfortunately, due to cross
reaction with the murine tissue, CD3-positive cells could not be identified.
Besides having a promising role in the field of osteoinductive biomaterials, the FVB model
could also boost research on the acquired form of heterotopic ossification (HO). HO is a
debilitating disorder, usually induced by trauma or surgery, where pathological bone growth
occurs in e.g. muscle tissue, or close to joints, resulting in deformation and impediment
of normal movements [41-43]. Current drugs cannot effectively eliminate these excessive
bone masses and typically affect normal bone as well [44]. Furthermore, current animal
models do not provide a basis for solid research. Since the biological mechanism leading to
HO is not fully understood, researchers do not know which relevant parameters should be
included in an in vivo setup. Key physiological parameters believed to have a role in HO
development are the nervous and immune systems, blood Ca2+ levels, O2 levels in the tissue
and disequilibrium of hormone levels, such as parathyroid hormone or calcitonin [45]. TCP
implanted under the skin requires surgery and dissolves into the surrounding tissue, releasing
Ca2+ ions, which are factors associated with HO onset. We think that the subcutaneous bone
induction by TCP in FVB may also serve as a model for the acquired form of HO and could
therefore be used to, for instance, investigate drugs to counteract ectopic bone formation.

Conclusions

In this study, we identified FVB as a mouse strain that is suitable for the investigation of os-
teoinductive CaP ceramics. Our experiments further demonstrate that the capacity of CaP ce-
ramics to induce bone formation is dependent on the mouse genetic background, confirming
that genetic and molecular mechanisms are determinant for osteoinduction to occur. Seem-
ingly, bone induction by rhBMP-2 loaded onto TCP yielded amounts of bone formation de-
pendent on inbred strain. Amounts of bone formation observed in both cases did not correlate
with bone structural features, such as % of bone volume, for any of the inbred strains tested.
Bone induction by CaP ceramics in FVB is dependent on a specific set of physico-chemical
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properties. Ceramics with the same chemical composition but different microstructural prop-
erties yielded different results: BCP1150 induced bone formation whereas BCP1300 did not.
HA also did not induce bone formation. Furthermore, although invaded by blood vessels at
as early as day 7 after implantation, enhancing vascularization with VEGF did not increase
amounts of bone formation by TCP.
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Supplementary Information

Figure S1: Schematic summary of implanted/explanted TCP and TCPb explants per mouse strain.
Each TCPb or TCP was implanted in 6 to 7 weeks old males of each inbred mouse strain. During the
12 weeks period, one BALBc and two 129S2 mice died. Bone was found in all TCPb whereas TCP
induced bone formation in only 2 mouse strains.
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Figure S2: C2C12 cells ALP activity. C2C12 cells were cultured in either TCP or TCPb for three days.
ALP activity and DNA concentration were measured. Data is presented as ALP activity corrected for
cell numbers. C2C12 cells cultured in TCPb exhibited higherALP/DNA, confirming the activity of
adsorbed rhBMP-2.

Figure S3: Representative images of tissue explants after subcutaneous implantation in FVB mice.
Notice (A) cell alignment with TCP surface (black arrows), (B) macrophages (inside squares) and
granulocytes (*) filling the pores of TCP, 7 days after implantation. Similar observations were done
in BCP1150 C. Giant cell degrading BCP1300 surface, 12 weeksafter implantation. D. CD3 positive
cells (B lymphocytes) were sporadically observed in the tissue filling BCP1150 and TCP, 7 days after
implantation. Scale bars represent 50µm (B and D) and 100µm (A and C).
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Surface modifications by gas plasma
control osteogenic differentiation of
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Moroni, Clemens van Blitterswijk, Jan de Boer

Abstract

Numerous studies have shown that physico-chemical properties of biomaterials can control
cell activity. Cell adhesion, proliferation, differentiation as well as tissue formation in vivo
can be tuned by properties such as porosity, surface micro- and nanoscale topography and
chemical composition of biomaterials.This concept is veryappealing for tissue engineering
since instructive properties in bio-active materials can be more economical and time efficient
than traditional strategies of cell pre-differentiation in vitro prior to their implantation. The
biomaterial surface, which is easy to modify due to its accessibility, may provide the neces-
sary signals to elicit a certain cellular behavior.
Here, we used gas plasma technology at atmospheric pressureto modify the physico-chemical
properties of polylactic acid and analysed how this influenced pre-osteoblast proliferation
and differentiation. Tetramethylsilane and 3-aminopropyl-trimethoxysilane with helium as a
carrier gas or a mixture of nitrogen and hydrogen were discharged to polylactic acid discs
to create different surface chemical compositions, hydrophobicity and micro-scale topogra-
phies. Such modifications influenced protein adsorption andpre-osteoblast cell adhesion,
proliferation and osteogenic differentiation. Furthermore polylactic acid treated with tetram-
ethylsilane enhanced osteogenic differentiation compared to the other surfaces. This promis-
ing surface modification could be further explored for potential development of bone grafts
substitutes.
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Introduction

Bone tissue engineering has emerged as a field providing alternatives to autologous bone
grafts, which are still considered as the gold standard treatment to heal a bone defect [1-3].
Tissue engineering strategies focus on the development of scaffolds and/or on the combi-
nation of scaffolds with cells. Traditionally cells are pre-differentiated into the osteogenic
lineage through addition of growth factors or steroids, such as bone morphogenetic proteins
(BMPs) or dexamethasone [4-8]. Alternatively, cell differentiation may be controlled by the
physico-chemical properties of the scaffold material [9-11]. This represents a more economic
and expedite approach and has the additional advantage thatbiologically relevant molecular
signals are still presented to the cells through cell-surface interactions after the graft has been
implanted. For example, induction of bone formation is known to be influenced by the pore
size of biphasic calcium phosphate ceramic granules [12], the depth of surface concavities
in hydroxyapatite ceramic discs [13] and the chemical composition of the ceramic materials
[14]. This demonstrates the relevance of material properties for clinical application.
Besides changing the biomaterial’s bulk properties, one can also change those of the surface,
such as topography or chemistry. For instance, it was noted that NH2 enriched surfaces
promoted osteogenesis of human bone marrow derived mesenchymal stromal cells (hMSCs)
whereas chondrogenesis was favored by COOH and OH groups [15]. However, Phillips et. al.
could not pertain the expression of chondrogenic markers toone specific group [16]. Changes
in surface chemistry are accompanied by differences in material-protein interaction, which
may account for the observed cell behavior [17, 18]. For instance, adsorption of fibronectin
and vitronectin to polymeric scaffolds is affected by the polymer chemical composition [10,
19]. Moreover, fibronectin conformation attached to silicacoated substrates depended on the
size of silica sols used [20] and on the chemical groups present at the substrate surface [21].
Interestingly, when the central cell binding domain of fibronectin was blocked, the observed
effects by NH2 and OH coated surfaces on osteogenic differentiation of MC3T3-E1 cells was
abrograted [22]. Furthermore, the authors of the study demonstrated that mineralization could
be tailored byβ1 andβ3 integrin activity, which links cell adhesion to chemistry-dependent
effects.
Thus, we consider chemical modification of surfaces as an efficacious strategy to control cell
behavior. An efficient method to chemically modify surfacesis through gas plasma treat-
ment. Gas plasma is a state of matter in which molecules of a gas are ionized due to an elec-
tric discharge, increasing the probability of interactionwith surrounding molecules. Charged
molecules as well as radicals are formed after applying a high voltage. These reactive species
interact with material surfaces and lead to the incorporation of functional groups. Depend-
ing on the process parameters used (pressure, gas mixture, addition of film-forming agent,
treatment time, applied power) different effects on the surface are observed. Gas plasma
treatments applied to polymeric biomaterials modify not only their surface chemical compo-
sition but also roughness and wettability, which, as expected, can affect cell behavior as well
[23-30]. For instance, adhesion of human umbilical vein endothelial cells (hUVECs) onto
polylactic acid (PLA) improved upon plasma treatment with oxygen, argon or nitrogen [31].
Proliferation of fibroblasts was enhanced by treating polyetheretherketone (PEEK) with a
plasma mixture of ammonia and argon, compared to the non-treated scaffold [27]. Similarly,
treating poly(ethylene glycol)-terephthalate-poly(butylene terephthalate) (PEGT/PBT) block
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co-polymer with argon plasma, increased cell numbers of chondrocytes [32]. Whereas adhe-
sion and proliferation are often markedly affected by plasma treatments, effects on cellular
differentiation have been reported less often. For instance expression of alkaline phosphatase
(ALP) in osteoblast precursors cultured in PLA was not affected compared to cultures in PLA
treated with gas plasma [27]. Similarly, expression of ALP and collagen type I by fibroblasts
cultured on plasma treated PEEK did not change compared to cultures on the non-treated
film. Conversely, plasma treatment enhanced collagen type II expression in chondrocytes to
levels similar to those observed in a pellet system [32] and mildly affected expression of os-
teogenic markers in hMSCs [29], demonstrating the potential of this technology to alter cell
fate.
Although most of these examples deal with gas plasma treatment at low pressure, atmo-
spheric pressure is in general more advantageous since there is no need for vacuum and
requires shorter processing times. In the past, we have reported on a method of gas plasma
technology at atmospheric pressure used to incorporate amide and amine groups on poly-
mers that improved cell adherence [25, 26]. In this manuscript, we applied this system in the
field of bone tissue engineering by modifying the physico-chemical properties of PLA. PLA
is a biodegradable material and one of the most tested for tissue engineering applications,
including orthopedics [1, 16, 33-36]. We chose to use discs in order to eliminate cell seed-
ing and nutrition inhomogeneity, frequently associated with three-dimensional (3D) scaffolds
and thus address the sole effect of surface modifications on cellular behavior. Besides, discs
could be easily obtained, disinfected and handled for cell culture. Plasma treatments resulted
in PLA surfaces with different chemical composition, roughness and hydrophobicity and ef-
fects on adhesion, proliferation and differentiation of the pre-osteoblast cell line MC3T3-E1
were evaluated.

Materials and Methods

Gas plasma treatment of PLA samples
FDA approved poly (L,D-lactic acid) (PLA) transparent foil, with a thickness of 150µm,
was a kind gift from Folienwerk Wolfen GmbH (PLA-type 2002D). Disc-shaped samples of
approximately 10 cm2 were punched out of the PLA foil (PLAd) and placed in a grounded
substrate carrier facing the high voltage electrode (HVE) in a dielectric barrier discharge con-
figuration [37, 38]. In all cases, only one side of the PLAd wastreated. An electric discharge
was produced in the space between the HVE and the grounded substrate, charging the at-
mospheric molecules present in that space (gas plasma). PLAd were treated by adding the
monomers 3-aminopropyl-trimethoxysilane (APTMS, > 97%, Sigma-Aldrich) or tetramethyl-
silane (TMS, >99,9%, abcr GmbH)) to the gas phase (helium, 5.0 Linde) or treated with a
gas-mixtures of nitrogen and 3.4% hydrogen (N2/H2). An overview of the different treat-
ments is given in Table 1.

PLAd disinfection and sterilization
PLAd were disinfected in 70% v/v ethanol in demineralized water (dH2O) for 15 minutes,
followed by 15 minutes in phosphate-buffered saline (PBS, Gibco). This procedure was
performed twice. Ethanol solutions were filtered with a 0.22µm pore size filter to remove
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Table 1: Overview of PLAd gas plasma treatments at atmospheric pressure.

any particles in suspension that could adhere to the polymeric surfaces. Gamma-irradiation
(GI) was performed at Membrana GmbH (D-42289 Wuppertal) with an irradiation dose of
30.5 kGy.

Water Contact Angle
After removal of samples from the different solutions in which they were incubated, samples
were flushed in a stream of dry N2. Afterwards, advancing contact angle measurements were
performed on an OCA 20 L system (Dataphysics Instruments GmbH) with double-distilled
water as test liquid and a dose rate of 0.06µL s−1. For each sample at least three drops were
measured and approximately 150 points (4 values s−1) were taken from each measurement.

Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance
Film composition was determined by Fourier Transform Infrared Spectroscopy-Attenuated
Total Reflectance (FTIR-ATR) Spectroscopy on a Nicolet 5700FTIR spectrometer (Thermo
Scientific Inc.) equipped with a Mercury Cadmium Telluride detector and a DuraSamplIR
single-reflection 45◦ diamond crystal. The spectra were taken with non-polarizedlight at a
spectral resolution of 4 cm−1 and 64 scans were made. To identify characteristic absorp-
tion bands, spectra were achieved by subtracting the PLAd spectrum from the spectrum of
PT MS, PAPTMSor PN2/H2. Coating thickness was roughly calculated based on the FTIR-ATR
spectra and refractive index of the foil and coating. For this the coating was deposited on a
polyethylene terephthalate foil (Mylar). The thickness was estimated by the attenuation of
the characteristic C=O absorption band from the substrate,which is reduced by the deposited
film. To estimate the film thickness the following formula wasapplied:

where aSub(0) is the area of the absorption band at 1720 cm−1 from an uncoated substrate,
aSub(d) the area of the absorption band at 1720 cm−1 after film deposition and dp the pene-
tration depth of the evanescent wave, which depends on the refractive index. The following
assumptions were made: 1) the absorption is uniform on the whole substrate and 2) the re-
fractive index of the film and the substrate are equal [39].



107

Atomic Force Microscopy
The topology of the surface was analysed with Atomic Force Microscopy (AFM, DI3100,
Veeco Instruments Inc.) in tapping mode. Root mean squared roughness (Rq) was determined
on an area of 5 x 5µm2 in size, based on the following formula:

where n is the amount of points where sample height was measure and yi the height measured
for each point.

Helium Ion Microscope
Samples for Helium Ion Microscopy (HIM) were fixed with 1.5% gluteraldehyde in 0.14
M cacodylate buffer (pH=7.4) followed by dehydration in an ethanol series (60, 70, 80, 90,
96 and 100% v/v in dH2O) and critical point drying (CPD). Before inserting the samples
in the CPD chamber, samples of approximately 1 cm2 were cut with a sterile blade. After
CPD, samples were gold sputtered and analyzed with HIM. HIM uses a He+ beam with a
diameter of less than 0.5 nm to scan the surface [40, 41]. Secondary electrons generated
by the impinging He+ are emitted and collected with an Everhart-Thornley detector. At the
primary beam energy of 30-31 kV this results in a lateral resolution of 0.55 nm. The He+
dose used was 5x1012 cm−2 and 7x1013 cm−2 for the 50µm and 5µm field view images
respectively (Figure 3B).

Bovine Serum Albumin quantification
Bovine Serum Albumin (BSA) was radio-iodinated using the iodogen-method [42]. Briefly,
60 µg BSA (Sigma-Aldrich Co.) was incubated with 11 MBq I-125 (PerkinElmer) in 100
µ l of 50 mM phosphate buffer, pH 7.4 at room temperature (RT) ina vial coated with 100
µg iodogen. After 10 minutes the reaction was stopped by adding 100µ l saturated tyrosine
solution. The reaction mixture was eluted on a PD-10 desalting column (Amersham Bio-
sciences) with PBS and the 125I-labeled BSA (125I-BSA) containing fractions were pooled.
The radiochemical purity (RCP) as determined by instant thin layer chromatography (ITLC)
using 0.1 M citrate pH 6.0 as mobile phase, exceeded 99%. The specific activity of125I-BSA
was 124 kBq/µg. The125I-BSA was diluted in PBS and 4 mL (6.5 kBq; 53 ng BSA) were
added to PLAd, PTMS, PAPTMSand PN2/H2, respectively. After 3.5 hours incubation at 37◦C,
the supernatant was removed and the samples were rinsed three times with PBS. Samples
were measured in a well-type gamma counter (Wizard 1480, Wallac) along with a known
fraction of the total activity added. The disc-associated activity was expressed as a fraction
of the added activity.

Cell culturing
MC3T3-E1 cells (subclone 14) were expanded in basic medium (BM) consisting ofα-MEM
(Life Technologies Corporation), 10% foetal bovine serum (FBS, Lonza Group Ltd), 2 mM
L-glutamine (Life Technologies Corporation) and 100 U/ml penicillin and 100 g/ml strep-
tomycin (Life Technologies Corporation). During expansion phase, medium was refreshed
every two days and cells were trypsinised upon reaching 80% confluency to subculture on
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PLA discs. Subsequently a cell suspension was prepared in fresh BM and directly pipetted on
the PLA discs placed in wells of 6 well plates having the non-treated side facing the bottom
of the well. Cells were allowed to attach overnight (O/N) andmedium was changed to ei-
ther BM or Osteogenic differentiation medium (OM), comprising BM supplemented with 0.2
mM ascorbic acid (AA, Sigma-Aldrich Co., A8960) and 100 ng/ml of rh-BMP2 (Hangzhou
Biodoor Biotechnology Co.). All cell culture experiments were performed at 37◦C in a 5%
CO2 humid atmosphere.

Methylene blue staining
Cells were rinsed with PBS and then fixed in 10% formalin (Sigma-Aldrich Co.) for 15
minutes. After rinsing two times with dH2O, 1% w/v methylene blue in 0.1 M borax (Sigma-
Aldrich Co.) was added drop by drop until the samples’ surface was covered. Samples were
incubated for 1 minute in staining solution and afterwards rinsed several times with dH2O un-
til all excess staining solution was removed. Samples were analyzed with a stereomicroscope
(Nikon SMZ-10A with Sony 3CCD camera).

Polymerase Chain Reaction
Samples were rinsed with PBS and transferred to new wells of 6well plates. Total RNA was
isolated using the NucleoSpinR© RNA II isolation kit (Macherey-Nagel Gmbh & Co.) in ac-
cordance with the manufacturer’s protocol. RNA was collected in RNAse-free water and the
total quantity analyzed by spectrophotometry. cDNA was synthesized from 174 ng total RNA
using iScript (Bio-Rad Laboratories Inc.). Oneµ l of undiluted cDNA was used for quanti-
tative Polymerase Chain Reaction (PCR) analysis, which wasperformed on a MyIQ single
color real-time PCR detection system (BioRad). MyIQ data was analyzed using iQtm5 opti-
cal system software (Bio-Rad Laboratories Inc.). Ct valueswere normalized to the GAPDH
housekeeping gene and the comparative∆Ct method (Ct control - Ct sample) was used to
calculate fold inductions. Primer sequences are given in Table 2.

Table 2: Primer sequences for mouse genes.

Statistical analysis
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For each test, three replicates of each condition were used and statistical analysis performed
using SPSS Statistics 18.0, with One Way ANOVA and Tukey’s Multiple Comparison test or
Student t-Test, in the case of Figure 5, between time points for each individual treatment. In
all cases the following applies for description of statistical significance: * = p < 0.05; ** = p
< 0.01; *** = p < 0.001.

Results

Gas plasma treatment changes the chemical composition of PLA surfaces
PLAd were treated with gas plasma at atmospheric pressure ina dielectric discharge barrier
configuration (Table 1). By addition of TMS or APTMS a thin coating (50-150 nm) was
deposited on the surface. In contrast, when treating the samples with N2/H2 (PN2/H2), only
the chemical composition of the original surface was modified and no coating was deposited.
However, to confirm that all treatments effectively changedthe PLAd surface chemical com-
position, FTIR-ATR was performed (Figure 1). Surface modification with N2/H2 led to incor-
poration of nitrogen-containing functional groups (e.g. primary and secondary amino groups,
amides, imides), evidenced by the characteristic absorption band of the vibrational band N-H
at wavenumbers larger than 3000 cm−1 as well as the C-N deformation vibration at 1650
cm−1. Due to residual oxygen in the gas mixture hydroxyl groups were introduced on the
surface as well. Primary amino groups were also achieved by film deposition of APTMS,
as shown in Figure 1 (PAPTMS). The film is characterized by a Si-O-Si network, as well as
Si-O-C-groups, which did not undergo a condensation reaction (absorption band at 1100
cm−1). Hydrogen bonds, characterized by the broad band at wavenumbers larger than 3000
cm−1, belong to Si-O-H and N-H vibrational band. Deposition of TMS led to a thin film
mainly consisting of Si-(CH3)x (x = 1, 2, 3). Characteristic absorption bands (2900-2800
cm−1 C-H, 1290-1850 cm−1 Si-(CH3)x, Si-C) can be observed in the corresponding FTIR-
spectrum. The small absorption at 2100 cm−1 shows that also Si-H bonds are formed during
film deposition.

Altered biomaterial properties on the treated surfaces
Hydrophobicity was determined by measuring water contact angles on both non-treated sam-
ples (PLAd) and samples immediately after gas plasma treatment. In addition, wettability
was assessed after the disinfection procedure (70% v/v ethanol in dH2O) and O/N incubation
in BM (Figure 2). PTMS was the most hydrophobic surface after treatment, having a water
contact angle of 119◦, followed by PLAd, PAPTMSand PN2/H2. Disinfection slightly affected
wettability of PTMS but after incubation in BM the water contact angle value was again 119◦.
After all steps, PTMS was the most hydrophobic surface. Disinfection slightly decreased wet-
tability of PLAd and PAPTMSbut after incubation in BM there were no statistically significant
differences between these two values: 82◦ and 80◦ respectively. PN2/H2’s wettability was the
most affected by disinfection (from 48◦ to 70◦) but was not affected by incubation in BM.
After incubation in BM, PN2/H2 was the most hydrophilic sample. In a clinical scenario,
ethanol will not be used as sterilization agent butγ-irradiation will more likely be. PTMS and
PAPTMS showed a slight increase in wettability afterγ-irradiation: in the case of PTMS, the
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Figure 1: Gas plasma treatment at atmospheric pressure induces differences in surface chemical com-
position. A) Overview of all spectra obtained. Reference spectrum (PLAd) was subtracted to those of
PN2/H2, PAPTMSand PTMS. Difference spectra are represented and characteristic functional groups in-
dicated by the respective vibrational bands: B) N2/H2=PN2/H2; C) APTMS=PAPTMS; D) TMS=PTMS.

water contact angle changed from 118◦ to 114◦ and in the case of PAPTMSfrom 80◦ to 77◦. A
slight increase in wettability was also observed for PLAd. The water contact angle of PN2/H2
increased afterγ-irradiation from 48◦ to 55◦. Based on AFM analysis, roughness was quan-
tified as Rq. Treatment with N2/H2 increased Rq from 1.14 nm to 12.2 nm, whereas PTMS

and PAPTMShad lower Rq than that of PLAd (0.9 and 0.61 nm, whereas beforethe treatment
it was 1.14 nm, see Figure 3A). Next, we used HIM to evaluate surface topology after incu-
bation with FBS, the protein source in cell culture. Figure 3B shows that FBS roughens the
surface of PLAd, relative to unexposed PLAd. Among the different samples, PTMS exhibited
the roughest surface.

BSA adsorption
After 3.5 hours of incubation at 37◦C, excess125I-BSA was washed off the surface by rinsing
the samples three times in PBS and the adhered protein was quantified (Figure 4). Adhe-
sion of125I-BSA was highest on PAPTMS(67%) and lowest on PN2/H2 (21%). Adsorption to
PLAD and PTMS was respectively 40 and 36% but the difference was not statistically signifi-
cant. Overall the results demonstrated that differential protein binding occurs through surface
treatment.

MC3T3-E1 adhesion and proliferation
We hypothesized that cellular behavior would be affected according to physico-chemical
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Figure 2: Hydrophobicity varies according to gas plasma treatment. Contact angle measurements were
performed on PLAd, PN2/H2, PTMS and PAPTMSafter three steps: at reference (ref; after gas plasma
treatment), disinfection (70% EtOH) and O/N incubation in BM (BM O/N). Values are statistically
significantly different (p<0.001), except when indicated by ns (not significant).

Figure 3: AFM and HIM visualization depict differences in the surfacetopography before and after
protein adsorption. A. Surface topography of PLAd, PN2/H2, PTMS and PAPTMS was analysed with
AFM immediately after treatment. Images illustrate surface roughness for each treatment in a heat
map fashion, where lighter spots (yellow) represent higherfeature height than darker ones (brown).
Rq values are provided in section 3.2. Scale bar is 2µm. B. PLAd surface after disinfection (-FBS)
and PLAd, PAPTMS, PN2/H2 and PTMS surfaces after disinfection and incubation in FBS (+FBS) were
analyzed with HIM. White arrows point towards characteristic topological features found in PLAd and
PN2/H2. Scale bar in top row is 10µm and in bottom row is 1µm.
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Figure 4: Adsorption of125I-BSA is tuned by surface properties.125I-BSA bound fraction (%) to
PLAd, PN2/H2, PTMS and PAPTMSafter 4 hours incubation at 37◦C. Dashed line on top indicates total

protein initially added. Values at the bottom of each bar represent percentage of bound125I-BSA for
each sample.

properties of PLAd, PN2/H2, PTMS and PAPTMS. To investigate this, we chose the pre-
osteoblast mouse cell line MC3T3-E1 as model cell because its transcriptional response to
osteogenic signals is well documented. PLAd, PTMS, PAPTMS and PN2/H2 were incubated
in BM overnight and the next day 50×103 MC3T3-E1 cells were seeded per sample and
cultured for 24 and 48 hours. At both time points we qualitatively analyzed cell distribu-
tion on the surface by methylene blue staining. We chose early time points to describe the
early molecular response of the cells to the surfaces, rather than to describe the downstream
consequence on osteogenesis at a later time point. After 24 hours, MC3T3-E1 cells were ho-
mogenously distributed on PN2/H2 and PAPTMSdiscs whereas on PLAd and PTMS they were
not (Figure 5A, top row). Characteristic of PTMS was cell alignment in certain areas of the
surface. Cell numbers decreased after 48 hours in the case ofPTMS, which was suggested by
methylene blue staining and confirmed by DNA assay (Figure 5B). In contrast, cell density
seemed higher after 48 hours in PAPTMS, consistent with DNA assay although in this case not
statistically significant. Cell numbers did not seem to be significantly affected in the case of
PLAd and PN2/H2 within the time frame studied.

Osteogenesis of MC3T3-E1 cells
Two and four days after seeding MC3T3-E1 cells on PLAd, PN2/H2, PTMS and PAPTMS, gene
expression of Runx-2, Osterix, osteocalcin (OC) and bone sialoprotein (BSP) was analysed
by PCR. Overall, we observed that cells treated with OM exhibited higher expression of
osteogenic markers than cells treated with BM, as expected (Figure 6). For all tested genes,
cells cultured in BM on PAPTMS exhibited lower expression than cells cultured on control
samples (PLAd), but not when cultured in OM, suggesting thatrhBMP-2 and AA can rescue
a possible negative effect of PAPTMSon osteogenesis of MC3T3-E1 cells. Cells cultured on
PN2/H2 showed levels of expression for all genes at both time pointsvery similar to those
of cells cultured on PLAd. In the case of PTMS, expression of Osterix and Runx-2 genes
was enhanced in OM when compared to the other treatments on day 2. Most notable were
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Figure 5: MC3T3-E1 cellular distribution and proliferation. A. Representative images (approximately
4x5 mm) of the cellular distribution pattern. MC3T3-E1 cells were stained with methylene blue after
24 and 48 hours of culturing on PLAd, PN2/H2, PTMS and PAPTMS. Scale bar is 1 mm. B. DNA
quantification after 24 (white) and 48 (black) hours of cell culturing on PLAd, PN2/H2, PTMS and
PAPTMS.

the levels of BSP and OC gene expression, for both BM and OM. Expression of BSP and
OC genes were increased approximately 10 times in BM and 30 inOM, compared to cells
cultured in PLAd in BM, on day 2. At day 4, differences in BSP expression between BM and
OM were not visible but expression of OC, at this time point, was 100 fold higher in OM and
approximately 20 fold higher in BM relative to cells cultured in PLAd in BM.

Discussion

Here we showed that gas plasma technology at atmospheric pressure could modify PLA to
successfully enhance osteogenic differentiation of pre-osteoblasts cells. PLA discs were
subjected to an electric discharge at atmospheric pressurein the presence of He contain-
ing tetramethylsilane (PTMS), 3-aminopropyl-trimethoxysilane (PAPTMS) or N2/H2 (PN2/H2).
The surface of these samples was modified, as confirmed by FTIR-ATR (Figure 1), accord-
ing to the treatment: in PTMS, methylene (-CH2-) and methyl (-CH3) groups were mainly
present; in PN2/H2 amine groups (-NH- and -NH2) and on PAPTMS silanol groups (Si-OH-)
were detected, in addition to amine groups. Hydrophobicityof the discs differed and could
be summarized from more hydrophobic to least as PTMS> PLAd > PAPTMS > PN2/H2, im-
mediately after the treatment (Figure 2). Disinfection with ethanol altered hydrophobicity
to PTMS> PLAd > PN2/H2> PAPTMS, but the original order was recovered after incubation
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Figure 6: PTMS enhances gene expression of Osteocalcin and Bone Sialoprotein in MC3T3-E1 cells.
Gene expression of MC3T3-E1 cells cultured either in BM (white bars) or OM (black bars) in PLAd,
PN2/H2, PTMSand PAPTMSfor 2 and 4 days. Fold induction is relative to cells culturedin PLAd in BM.
Statistical significance is shown relative to PLAd in BM.
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in BM (Figure 2). Although used here as the disinfection agent, ethanol had an impact on
the surface properties and so did O/N incubation in BM, possibly due to protein adsorption.
Hence it is important to realize that biomaterials’ properties do not remain unaffected once
the treatment is finished. Instead subsequent steps can alter them before cells come into con-
tact with the surface. In a clinical scenario, where more likely γ-irradiation will be used as
sterilization agent instead of ethanol, the properties of these discs could be altered differently
than what described so far. Therefore we also assessed wettability behavior afterγ-irradiation
and observed thatγ-irradiation affected the wetting behavior in a similar fashion to ethanol
by increasing wettability of PAPTMSand PLAd and decreasing that of PN2/H2. However PTMS

became slightly more hydrophilic withγ-irradiation whereas with ethanol it became more hy-
drophobic. Nevertheless PTMS remained after both ethanol andγ-irradiation steps, the most
hydrophobic sample.
All treatments had an effect on surface roughness as measured by AFM (Figure 3A). Results
showed the following trend from highest Rq to lowest: PN2/H2>PLAd > PTMS> PAPTMS.
This suggests that film deposition smoothens the surface (Rqvalues close to PLAd), whereas
treatment with N2/H2 not only changes chemical groups at thesurface but also roughens
it. However protein adsorption can again induce topographical changes, just as it did with
wettability of some samples. For instance, although AFM showed that PAPTMS and PTMS

exhibited similar topographies after treatment, incubation in FBS changed this and Figure 3B
suggests that PTMS exhibited a rougher surface.
In respect to cellular adhesion, after 24 hours, representative images of cellular patterning
suggest that there were less MC3T3-E1 cells adhered onto PTMS than onto the other treat-
ments. This treatment also had a negative effect on proliferation, as confirmed by DNA
quantification (Figure 5B). It was also observed that MC3T3-E1 cells were heterogeneously
distributed on PT MS, forming characteristic cell lines (Figure 5A). Most likely this was not
due to mechanical injury of the surface as if that would be thecase, injuries in discs treated
differently would be expected as well. It might be that with this particular treatment the
distribution of chemical groups leads to uneven protein adsorption and consequently cell ad-
hesion. Nonetheless, Philips et. al. also showed that adhesion of cells to -CH3 surfaces was
poor and could only be comparable to other surfaces when coated with fibronectin [16]. In
addition, Curran et. al. showed that cells cultured on -CH3 surfaces appeared in clusters and
not homogeneously spread on the surface, similar to what we observed. By contrast, cells
cultured on -NH2 and -SH surfaces showed well spread morphology and by day 7 were well
distributed on the surface [43]. We also observed homogeneous cell distribution in surfaces
containing amine groups (PN2/H2 and PAPTMS). Within the time points studied, none of the
surfaces seemed to have had a profound positive effect on cell proliferation, although methy-
lene blue staining of cells cultured on PAPTMS suggested an increase from 24 hours to 48
hours. Although not statically significant, observations were consistent with DNA quantifi-
cation (Figure 5B). A note should be made though that some cells could have detached during
washing steps, which was not evaluated, that could have led to an underrepresentation of cell
amounts in figure 5.
Expression of osteogenic markers on MC3T3-E1 cells varied according to the sample in
which they were cultured (Figure 6), implying that the specific gas plasma treatments changed
PLA key physico-chemical properties that play a role in celldifferentiation. Overall, gene
expression in less pro-osteogenic surfaces seemed to be time dependent, since expression of
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most markers is increased by day 4 compared to day 2. Thus osteogenic differentiation could
be enhanced at later time points in the case of PAPTMS for instance. Such delay could prove
beneficial as than it would combine high cell numbers with osteogenic differentiation in the
same sample.
The combination of PAPTMSand BM had a negative effect on expression of all markers, res-
cued by AA and rhBMP-2. Cells cultured on PN2/H2 exhibited similar levels of expression
for all genes and time points as that of cells cultured on PLAd, suggesting that treatment with
N2/H2 did not change surface key parameters that might regulate cell differentiation. Treat-
ment with TMS had a positive effect on osteogenesis of MC3T3-E1 cells, since expression
of BSP and OC genes was induced in cells cultured on PTMS already in BM. Although these
large fold inductions were not observed in the case of Osterix and Runx-2, PTMS slightly en-
hanced expression of these genes at day 2 in OM. It is also interesting to note that treatment
with TMS induced aggregation of cells on certain areas of thesurface instead of an homo-
geneous distribution. A positive effect of cell aggregation on osteogenesis has been reported
previously in hMSCs [44, 45].
If looking only at the chemical groups characteristic of these surfaces (and ignoring other sur-
face characteristics), one could point out that -CH2 and -CH3 groups had a positive effect on
osteogenesis of MC3T3-E1 cells. However, others have shownthat osteogenesis of MC3T3-
E1 cells was favored by -NH2 and -OH groups [22], consistent with the effects observed on
osteogenesis of hMSCs (also favored by -NH2 groups) [15, 16]. In our work, -NH2 and -OH
were mainly found on PN2/H2 (-NH2) and PAPTMS (-NH2) and these samples had a neutral
or even negative effect on osteogenesis of MC3T3-E1 cells. Such contradictory results could
be explained by the fact that the substrates used by others, silica or gold, were different than
ours, PLA. Furthermore, other chemical groups besides the indicated ones were deposited by
gas plasma, therefore a straightforward comparison is not possible. Also Curran et al. showed
that introducing the same chemical group using different silane introducing chemistries can
already lead to differences in the expression of some markers within the same cell type [46].
A clear link between physico-chemical properties of PLA modified surfaces and cellular re-
sponses of MC3T3-E1 cells could not be established. However, cellular adhesion was favored
by surfaces with similar chemistry but different roughness(PN2/H2 and PAPTMS) and further-
more, osteogenic differentiation was enhanced by PTMS, whose roughness was comparable
to PAPTMS but not the chemistry. These results suggest that the chemical composition of
the PLA surface is more important in determining cellular adhesion and osteogenic differ-
entiation of MC3T3-E1 cells than roughness. Interestingly, the relevance of chemistry over
roughness effects was also highlighted on attachment, proliferation and viability of hUVECs
when cultured on gas plasma treated PLA [31]. In Figure 4 we also showed that amounts of
protein adsorption are dependent on the surface properties. Besides the quantity, the quality
of adhered proteins might also change or even the domains of the same protein presented to
the cells might vary according to the surface characteristics. This is relevant in the case of
cell-adhesion proteins such as fibronectin, fibrinogen, vitronectin, laminin and collagen [20,
21, 47, 48], which could have a determinant effect in regulating cell adhesion, spreading and
consequently fate.
Future work will include the response analysis of more clinically relevant cell types, such as
hMSCs, to these surfaces and in 3D scaffolds, since the treatment can be easily applied to 3D
structures. The easiness of gas plasma treatment makes it anappealing technique for quickly
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transforming biomaterials properties and the results shown here make it a promising tool for
the development of an effective generation of bone graft substitutes.

Conclusions

Gas plasma at atmospheric pressure was used to modify the physico-chemical properties
of PLA discs. Chemical composition, hydrophobicity/hydrophilicity and topography of the
surface changed according to treatment. MC3T3-E1 cell adhesion and proliferation was
markedly influenced by the surface in which they were cultured. Treatment with TMS re-
sulted in adhesion of few cells, aggregated heterogeneously throughout the surface and had
a negative effect on proliferation. By contrast, APTMS treatment allowed cells to spread
homogeneously throughout the surface and enhanced proliferation. Interestingly, TMS en-
hanced expression of OC and BSP genes whereas APTMS treatment had a negative effect on
cell differentiation. Cells cultured on PLA without any treatment showed similar responses
in terms of differentiation as cells cultured on surfaces treated with N2/H2. Modifications
in PLA by gas plasma treatment at atmospheric pressure contributed to successfully guide
osteogenesis in vitro. These results provide a solid basis to further investigate gas plasma
modified 3D scaffolds as potential bone graft substitutes.
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Chapter 7

General discussion and main conclusions

In the field of Bone Tissue Engineering, scientists search for alternatives to the current ther-
apies for healing bone fractures and defects [1-5]. Recent work showed that biomaterials’
physico-chemical properties can regulate cell fate [6-11], henceit would be ideal to orches-
trate bone defect healing through the biomaterials’ own setof instructions captured
by the surrounding host. Biomaterials of synthetic origin are therefore a subject of rais-
ing interest in the field, as they overcome the need of additional surgeries (as autologous
bone graft do), can be produced in large quantities (overcoming the shortage of bone graft
availability) and overall lower the health care associatedcosts.To govern cell fate through
biomaterials’physico-chemical properties, the underlining interactions between the bio-
material and the cells that lead to a particular cellular phenotype must be understood.
To do so, first of all one has to acknowledge the complexity of the system and second, work
hard to break it into pieces.
In the work here described, the interaction between biomaterials and the biological
responses they elicit in cells or tissues was explored. In this chapter, it will be discussed
the results of this thesis relating the material specific physico-chemical properties and how
these influence the osteogenic response of the cells. This will be discussed on the basis of the
in vitro work developed inChapters 3, 4 and6 andin vivo work reported inChapter 5.

Surface properties

Pre-osteoblast cells (MC3T3-E1) were cultured on polylactic acid (PLA) substrates modified
with different gas plasma treatments (Chapter 6). MC3T3-E1 cells attachment was enhanced
on PAPTMS and PN2/H2, expressing alongside lower amounts of osteocalcin (OC) and bone
sialoprotein (BSP), when compared to cultures in PTMS. In the first case, PN2/H2’s surface
was rougher than that of PAPTMSbut the chemistry of these two surfaces was similar, differing
mainly at the 1000 cm−1 vibrational band, due to the Si network of the APTMS molecule. In
the case of PTMS the roughness was similar to that of PAPTMSbut the chemical composition
of the surface different. PTMS contained methyl groups whereas PAPTMSnot. These results
suggest that the respective chemical composition of PAPTMSand PT MS dictated phenotypical
differences, regardless of the surface roughness. Here onecould speculate that this occurs
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through differential protein adsorption onto the different substrates, which induces a particu-
lar cellular shape/conformation that leads to osteogenic differentiation. In that respect, it was
shown that PAPTMSadsorbs double the amount of bovine serum albumin (BSA) compared to
PT MS, indicating that proteins will bind differently in quantity, and possibly quality, to the
different surfaces. Further work should identify the nature of these differentially adsorbed
proteins.
In Chapter 4, the interaction of bone marrow derived mesenchymal stromal cells (MSCs) with
different calcium phosphate (CaP) ceramics was studied.Scanning Electron Microscopy
analysis revealed close contact of MSCs toβ -tricalcium phosphate (β -TCP), whereas
on hydroxyapatite (HA) they were loosely attached.This differential cellular adhesion
was further confirmed in a different cellular context. Twelve weeks after subcutaneous im-
plantation ofβ -TCP and HA in FVB/NCrl mice (Chapter 5) led to marked histological dif-
ferences in the ceramic pores. In HA, the tissue, mainly fibrotic, was poorly connected to
the surface leaving large empty areas between the tissue andthe scaffold surface. In contrast,
in β -TCP, the pores were filled with connective tissue and as observed in vitro, cells were
aligning the ceramic surface.Furthermore, it was observed that cell alignment toβ -TCP
occurs as early as 7 days upon subcutaneous implantation in FVB/NCrl mice, remaining
throughout the implantation period. These cells might be osteoblast precursors that will
deposit bone inβ -TCP, but the origin and identity of these cells remains elusive and needs to
be verified.
HA and β -TCP differ in chemical composition and microstructure, namely grain size and,
consequently, roughness. In the past it was shown thatβ -TCP surface adsorbs fewer proteins
per m−2 than HA [12]. Therefore, differences in MSCs attachment andspreading may again
be due to differential protein binding, which was not investigated here. It was demonstrated
that expression of a panel of osteogenic-related genes was higher inβ -TCP than in HA, which
could also possibly be linked to differences in cell conformation [10]. However, in contrast
with the PLA substrates discussed before, in the case ofβ -TCP vs HA, CaP ceramics are
soluble materials (Chapter 4). Therefore the release of ions from these materials will play a
role in cell behaviour.

Soluble Factors

In saline physiological solution (SPS), a solution that contains only NaCl and a pH adjusted
to that of human body fluids (pH=7.4),β -TCP is a more soluble ceramic than HA, hence
releasing more Ca2+ and PO4

3−. It was demonstrated that when immersed inα-MEM, Ca2+

and PO4
3− will precipitate on the surface of these ceramics, resulting in a new crystalline

phase deposited on their surface. When serum proteins were added toα-MEM, we did not
detect differences between HA andβ -TCP surfaces and their respective blanks after 2 days.
This suggests that serum proteins adsorbed on the surface influence nucleation and crystal
formation. Although Ca2+ concentration ([Ca2+]) and PO4

3− concentration ([PO43−]) were
not quantified in the medium bulk, it is possible that locally, on the surface vicinity, these
concentrations are different forβ -TCP and HA, due to their different dissolution rates. It
was shown that bone formation induced byβ -TCP and biphasic calcium phosphate sintered
at 1150◦C (BCP1150) was observed in contact with the ceramic surfacegrowing towards
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the pore but not on HA (Chapter 5). This suggests that a specific [Ca2+] is required to
trigger osteogenesis and that is only found in the vicinity of the CaP ceramic surface.
Furthermore, microarray analysis revealed thatβ -TCP regulates inorganic cation homeosta-
sis and in particular Ca2+ homeostasis in MSCs (Chapter 4). MSCs cultured in high [Ca2+]
culture medium (CaM) expressed osteoblasts-specific genes, such as OC, and furthermore,
osteopontin (OP), BSP and bone morphogenetic protein 2 (BMP-2). The same genes were
also highly expressed when MSCs where cultured onβ -TCP vs HA (Chapter 3). Notably
OP was upregulated 2000 fold by CaM and 40 fold byβ -TCP, compared to control medium
(CM) and HA, respectively, suggesting a strong effect of Ca2+ on regulation of OP. As men-
tioned before,β -TCP induced expression of BMP-2 in MSCsin vitro more than HA, and
also induced bone formationin vivo, whereas HA did not. BMP-2 is a growth factor that
can induce cartilage and bone formationin vivo [13, 14]. Furthermore it is one of the first
growth factors to be induced following bone fracture [15] and is indispensable for fracture
repair [16].It is plausible to hypothesize that Ca2+ dissolution from β -TCP is sufficient
to induce BMP-2 expression and secretion, thus leading to bone formation in vivo.
The effect of Ca2+ on osteogenic differentiation of several cell types is indisputable. It has
been demonstrated that Ca2+ induces an osteogenic program in different cell types [17-19].
However, in the case of CaP ceramics, Ca2+ dissolution alone does not explain their bone
forming ability. BCP1150 and BCP sintered at 1300◦C (BCP1300), having similar solubility
in SPS [12], induced a completely different cellular behaviour in vivo (Chapter 5). Tissue
inside BCP1300 was loosely connected to the ceramic surface, similarly to what was ob-
served in HA. In contrast, in BCP1150, cells were well connected to the surface and the
tissue homogenously distributed in the pores. These differences in cell attachment can again,
as discussed previously, be related to protein adsorption.BCP1150 adsorbs less proteins
than BCP1300 (per m2) [12], demonstrating a differential binding in terms of quantity and
possibly quality.Therefore, the effects of Ca2+ dissolution from CaP ceramics on osteo-
genesis might only be exerted when cells display a certain conformation/shape, which
can partially result from differential protein adsorption .
MSCs treated with CaM were more spread on tissue culture polystyrene than cells treated
with CM, 12 hours after treatment (Chapter 3). In this case, a soluble factor induced con-
formational changes when MSCs were cultured on the same substrate. Taken together the
data suggests that Ca2+ might have an effect on specific cellular conformations but it
is also able to induce cell conformational changes.Here possible differences in cell shape
were determinant for cell fate and soluble factors did not compensate for it. However, in
Chapter 6, PAPTMS negatively regulated expression of osterix and runt related transcription
factor 2 (Runx-2) in MC3T3-E1 cells when compared to PLAd, the control sample, cultured
in the same culture medium. However, in contrast to BCP1150 and BCP1300, when the
culture medium was supplemented with ascorbic acid (AA) andrecombinant human BMP-2
(rhBMP-2), there were no differences in the expression of these two genes between MC3T3-
E1 cultured on the two surfaces.In this case, soluble factors, AA and rhBMP-2, rescued
the effect exerted by the surface alone on osterix and Runx-2expression. It would be
interesting to see, for instance, if MSCs cultured on HA in medium supplemented with Ca2+

would express OP, OC, BSP and/or BMP-2 at similar levels as MSCs cultured onβ -TCP.
Surface properties and soluble factors can be controlledin vitro. However, the physiologi-
cal/systemic dimension is added only inin vivosystems, where cell types and soluble factors



124 CHAPTER 7. GENERAL DISCUSSION AND MAIN CONCLUSIONS

can be experimentally controlled up to a certain and very limited level.

In vivo understanding of cell-materials interactions

In Chapter 5, CaP ceramics with different physico-chemical propertiesled to different cellu-
lar outcomes subcutaneously in FVB/NCrl mice. The histological features of the tissue ob-
served in BCP1150 and BCP1300 were similar but different than those in HA and BCP1300.
Tissue found inside HA and BCP1300 explants was mainly fibrotic and poorly connected to
the ceramics surface. Blood vessels were observed but in general, the vessels’ diameter in
these ceramics seemed smaller than those found in BCP1150 and β -TCP. Also the overall
amount of blood vessels seemed higher in the case of BCP1150 and β -TCP, although these
parameters were not quantitatively evaluated. InChapter 4, microarray analysis also revealed
positive regulation of the vascular endothelial growth factor A (VEGFA) and interleukin-8
(Il-8) genes, byβ -TCP in MSCs, when compared to cultures in HA, two molecules that
can induce angiogenesis [20, 21]. Furthermore, cluster analysis showed enrichment of terms
related with blood vessel formation in MSCs cultured onβ -TCP when compared to HA.
However these differences were not confirmed by PCR. A protein assay (e.g. ELISA), could
further reveal whether these molecules were secreted or not. These results suggest a pro-
angiogenic effect exerted byβ -TCP in BM-MSCs.
Analysis ofβ -TCP and BCP1150 explants 7 days after implantation, showedthat the inner
regions of both material types were already perfused with functional blood vessels (Chap-
ter 5). It would be interesting to know whether early blood vesselformation also occurs in
BCP1300 and HA, to further comment on the possible pro-angiogenic effects ofβ -TCP and
BCP1150 when compared to the other ceramics tested. Nonetheless, in line with these find-
ings, the number of blood vessels was higher inβ -TCP and BCP than in HA, 30 days after
subcutaneous implantation in rats [22]. Furthermore, He and co-workers [23] found that the
higher the HA content in a composite scaffold, the more vascularized it was eight weeks after
subcutaneous implantation in rats.
In both β -TCP and BCP1150, bone was found at the periphery of the implants. This
could indicate a potential positive role for nutrients and oxygen supply on bone formation,
where at least early after implantation, cells have more access. The effect of VEGF on bone
formation and repair is well established [24, 25] and its incorporation into CaP ceramics has
shown to be beneficial to bone formation [26]. However, addition of VEGF toβ -TCP at the
time of implantation did not have any detectable consequences on bone formation after 12
weeks. Another possible explanation for the fact that bone was only found at the periphery
of the explant could be related with the excessively high [Ca2+] in the centre of the blocks
that made the environment non permissive for osteogenic differentiation. Proliferation and
osteogenic differentiation of osteoprogenitor cells are [Ca2+] dependent [18]. It could be that
in the case of mouse cells, [Ca2+] at the periphery of the implant is optimal for osteogenesis.
In the past, however, bone formation was induced by CaP ceramics in the centre of these
materials and not at the periphery (using a different animalmodel though) [27, 28]. To further
understand this “inhomogeneous” osteoinductive effect throughout the material, it would be
interesting to use thein vitro model reported inChapter 4to test whether cells at the periphery
of the scaffold express different levels of osteogenic markers than cells at the centre.
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Although bone tissue was found in both BCP1150 andβ -TCP, the number ofβ -TCP explants
with bone was higher than that of BCP1150, but there was no statistical significant difference
in terms of bone amounts between the two ceramic types. The quality of the bone found
in BCP1150 andβ -TCP was similar, with osteocytes and bone lining cells observed in both
cases.However bone marrow cavities were occasionally found inβ -TCP and never in
BCP1150, suggesting that bone inβ -TCP was in a later developmental stage than the
one found in BCP1150.
Physiological responses to osteoinductive stimuli are genetically determined (Chapter 5).
Eleven inbred mouse strains were tested for their responsiveness to CaP ceramics and rhBMP-
2 and only two were susceptible to develop bone formation induced byβ -TCP. Although
all strains were prone to rhBMP-2 bone induction, amounts ofbone formation also varied
among the strains. It would be interesting to investigate why such differences in genetic
background led to differences in bone formation. Through QTL analysis [29], for instance,
genetic loci related with osteoinduction could be potentially identified [30]. That would help
to understand the chances of success withβ -TCP among human patients to heal bone defects
or even develop therapies that specifically deliver or target a gene or a set of genes that have
a certain function for bone development and formation.

Osteoinduction by CaP: proposed mechanism

Chapters 2, 3, 4 and 5 are related with bioactivity of CaP ceramics. Physico-chemical prop-
erties can dictate the lower or higher osteoinductive capacity of these materials. Based on
the findings of this thesis and on the hypothesis here generated, a schematic mechanism for
osteoinduction by CaP ceramics is proposed in figure 1.
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Figure 1: Schematic representation of the hypothetical physico-chemico-biological mechanism under-
lining a CaP ceramic (non)osteoinductivity. The surface physico-chemical properties, such as roughness
or hydrophobicity/hydrophilicity, account for a specific protein adsorption (1.1 and 1.2). When cells in
the body of the host reach the material, they will align to thesurface according to its properties, adopting
a specific cellular conformation (2.1 and 2.2). This cellular conformation will dictate whether the cell
is permissive (3.1) or not (3.2) to the pro-osteogenic and pro-angiogenic effects of Ca2+ and possibly
PO4

3− released from the CaP during chemical or cellular degradation. Expression of osteoinductive
growth factors (BMP-2) and components of the bone extracellular matrix (OP, OC, BSP) together with
the effects of an enhanced vascularization will support bone formation (4.1). A CaP that does not induce
a specific cellular conformation, even if it possesses a similar degree of solubility to a CaP that does,
will not support bone formation (BCP1150 vs BCP1300) (4.2).On the other hand, if both CaPs support
a specific cellular conformation but have different degreesof solubility, bone formation will start earlier
in the more soluble ceramic (β -TCP vs BCP1150).
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