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Abstract: Bone defects in human, caused by fractures/nonunions or trauma, gain increasing
impact and have become a medical challenge in the préagnaging population.
Frequently, those fractures require surgical intervention which ideally relies on autografts or
suboptimally on allografts. Therefore, it is pressing and likewise challenging to develop
bone substitution materials to heal bone defects. During the differentiation of osteoblasts
from their mesenchymal progenitor/stem cells and of osteoclasts fromhdmabpoietic
precursor cells, a lineagapecific release of growth factors and a trlamsage homeostatic
crosstalk via signaling molecules take place. Hence, the major hurdle is to fabricate a
template that is functioning in a way mimicking the morguagjic, inductive role(s) of the
nativeextracellular matrix. In the last few years, two naturally occurring polymers that are
produced by deepea sponges, the biogenic polyphosphateblgP) and biogenic silica
(bio-silica) have also been identified aromotingmorphogenetic on both osteoblasts and
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osteoclasts. These polymers elicit cytokines that affect bone mineralization (hydroxyapatite
formation). In this manner, bisilica and biepolyP cause an increased release of BMP

the key mediator actiwimg the anabolic arm of the hydroxyapatite forming cells, and of
RANKL. In addition, biepolyP inhibits the progression of the msteoclasts to
functionally active osteoclasts. Based on these findings, new bioinspired strategies for the
fabrication of lone biomimetic templates have been developed applyingrBiing
techniques. Finally, a strategy is outlined by which these two morphogenetically active
polymers might be used to develop a novel functionally active polymer.

Keywords: scaffold; bone tissuengineering; biesilica; bio-polyphosphate; morphogenetic
scaffolds; BMP2; osteoprotegerin; RANKL

1. Introduction

The inorganic, extracellularly located and assembled bone structures play crucial roles in human
physiology, e.g., protection and suppdirsoft tissue and organs, movement of the individual, mineral
storage and in turn also blood pH regulation ($¢e Furthermore, the bone elements act as a cavity for
the different progenitor stem cells (mesenchymal and hemopoietic) and provide them with the required
suitable environment (e.d2]). Thereforeijt is very obvious that bone diseases and defects acatly
deleterious for the physiological and biochemical maintenance and homeostasis of the integrated
organism. A series of bone manifestations/malfunctions, associated with the diseases of osteogenes
imperfecta, osteoarthritis, osteomyelitis, &ndith increasing importanée osteoporosidead to bone
defects that constitute tremendous clinical and economic significance. These bone diseases ar
frequently paralleled with traumatic injury as well as orthopedic surgeries and also tumor resection. The
treatments of these pathophysiological bone symptoms/syrerooften involve bone repair or
replacement. Those surgical interventions mostly cannot undergeegalf via mechanical fixation
alone and in turn do not allow the unification of the #affected bae tissue surrounding the injured
parts. As an example, statistics revealed that approximately 10% of the bone fractures connected witt
football injuries are not seliealing but require additional treatm¢Bit. As summarizegil], nonunion
processes inojnt arthroplasties, primary tumor resection or massive traumatic bonealtoast heal
with mechanical fixation only. In those clinical sigasstabile substitution material must be used to fill
in the bone defect. In dependence on the size and theolocd the defegttreatment with moldable
implants or processed scaffold materials is required. Needless to mention that certainly autogenous bon
grafting (coming from the patiedt own bodyi s t he current Agol d stan
critical-sized bone defects. Since those bone grafts are not sufficiently available, or in most cases canno
be taken from the patient, substitution materials have to be used instead. One alternative is allograf
materials(coming from another individual of the sarapecies Those materials have lost most of their
growth promoting and differentiatieinducing factorsmoreovercarry the risk of disease transmission
or adverse host immune responsesiéwed in4]). Finally also xenograft&oming from a nofhuman
specie¥ can be considered whose application is limited due to the perceived risk of disease or virus
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transmission and also infectias well agoxicity that is associated with sterilization, immunogenicity,
and finally host rejectiofb].

In principle, two different bone substitution materials can be useteplace the natural grafts;
moldable bone substitution materials and scaffilded bone materials. In order to contribute to a
solution of this task, we us e agcal prifidipiesoamd sgseetms ¢ O
used by nature, to study and to design novel engineering systems and novel intelligent materials (for &
comprehensive review s@&). The prime characteristics of such a biomimetic bone substitution material
should be at lea®steoconductie (ale to guide cells, involved in the reparative growth of the natural
bone, to the lesiomr better osteoinducte/(stimulation of osteoprogenitor stem cells to differentiate
into osteoblasts and triggering them to start wigformationof new bone)as describeth [7]. In both
cases, the healing process should result in osseointegration, a tight structural and functional connectiol
and interaction between the existing living bone and the artificial implant.

2. Two NovelBio-Inorganic Polymers from DeepSea Sponges: Candidate Molecules for
Biomimetic Bone Substitution Materials

Two bic-inorganic polymersbiogenic polyphosphatéio-polyP) and biogenic silicgbio-silica),
which have been considered as promigimggmimeticbone substitution materialare formed in plants,
animals and some bacterial taa@both gained interest in the recent few y¢&r8]. These biologically
formed polymers, identified both in despa and shallowvater sponges, are in progress to tdie t
hurdle from the molecular biological, biochemical, d®blogical level to preclinical studies. The
stateof-the-art in progress of these polymers is given in this review. Both polymers are available in
sufficient quantities, since both of the can petkesized (bio)chemically. BipolyP is assumed to act
as a cepolymer involved in biesilica formation, whilebio-silica represents the matrix for the
formation of the skeletal elements of the siliceous sponges, for the s&;0les

We focus on andhtroduce these two inorganic biopolymdrie-silicaand biepolyPsince theywere
recently proved to positively and favorably influence osteoblast growth and function and are considered
to be applicable as new biomimetic bone substitution materglgfed in[8]). Both polymers are
abundantly formed in naturbjo-silicain plants and animals (s€&0]) and biepolyPin both pre and
eukaryotic systemsédviewed in[11,12)).

In most of ouiin vitro studieswe used two permanent cell lines, Sa®&lk and RAW 264.7 cells.
Sa08S2 (sarcoma osteogenic cells of mesenchymal ofidif) is a nortransformed cell line originating
from primary osteosarcoma celsdretains a (limited) differentiation capacity4,15] RAW 264.7
cells is an osteoclatike murine monocytic cell ling[16,17] These two cell lines have been
successfully used to understand bone metabolism.

2.1.BiogenicPolyphosphatéBio-PolyP)

Inorganic polymeric phosphate, polyphosphételyP), can be chemically prepared either in a
crystalline or an amorphous st§té,12] the biogenic polyphosphateio-polyP) is amorphou§l2,18]
Similar to silicabio-silica, synthesis of polyP requires high temperafli®, while the biogenically
formedbio-polyPis metabolically produced in bacteria and animals at ambient temperatures via kinases
(see[12]). Bio-polyP is synthesized in a wide range of organisms, from bacteria, fungi and algae to
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plants and animals (s¢¥2]). The polymer is readily solldin water at millimolar concentratiomath

chain lengths below 100 phosphate ur#8,21] The natural bigolyP is only found as a linear
polymer, in which tens to hundreds of phosphate residues are linked by phosphoanhydride bonds. In the
absence ofany enzyme the phosphoanhydride bonds within the polymer are stable over wide
temperature and pH rangdd.,12] PolyP hadbeenand is successfully used as a food additive as well as

a base material in the formulation of cosmetic prodi&2k The nutritionabenefit ofpolyPin animal

food materiadis well establishef23]. Since biepolyP exists as a multivalent anighbinds to essential
cations, such as Ca, Mg, Mn, Fe, and Co ions[(E2}¢. More specifically, bigpolyP acts as a str@n

C&* chelator and also as an antioxidg2].

The biological function of polyP has been studied to some details in microorganisms (revi2s@d in
and more recently also in animals (reviewed1,26]). Based on experimental dait has been
propo®d that bigpolyP acts as a storage substance of energy, as a chelator for metal cations, as an
inducerof apoptosis, ari@l importanthd as a stimulating agent in mineralization of bone tig26£28]
(reviewed in[11]). Likewise importantbio-polyP acts asa modulator of gene expression. Res|#]
suggest that in the osteobkige cell line, MC 3T3EL, biopolyP causes an increased gene expression
of osteocalcin, osterix, bone sialoprotein, and tissuespegific alkaline phosphatase, all proteins
known to be crucial for bone formati¢®0,31]. The gene expression data in MC 3#Bcells have been
obtained with 1 mM polyf29,32].

Bio-polyP canincrease skeletal mineralization progdsst until today; it is still unknownwhether
this happensn its polymeric form orin monomeric phosphates which are formed from-gotyP
through hydrolysis by phosphatasg@8]. The susceptibility of bipolyP for enzyme, especially
phosphatases is well establisiddi 36]. As one consequence of the enzymahidrolysis of polyRa
release ofC&" ions has been proposed; this cation is metabolically utilized during hydroxyapatite
formation[18].

Very recently it could be demonstrated that kpolyP displays morphogenetic activity on
boneforming osteoblastsSaOS2 cells, and inhibitory activity on RAW 264.7 cells acting as
osteoclastsThe osteoblagike SaOS2 cells form hydroxyapatite crystals, in response to exposure to
bio-polyP, based on their potency to express key molecules known to control hydribeysgrenation
(see[37139]), e.q., the bone morphogenetic protein(BMP-2), an inducer of bone formatidd0],
osteoprotegerifOPG), a cytokine that is expressed in osteoblasts with a significant role in the
maturation of osteoclasts as well as in the control of bone mineral déidg3itsnd the receptor activator
of the NFe B | i(RAAIKLY, a mediator that binds to RANKhich is a receptor that mediates
maturation of osteoclasfd2]. In turn, the relative concentration ratio between OPG and RANKL is
crucial for the differentiation and survival of osteoclasts, since OPG can bind to RANKL and by that
inactivates its functioffi7,38]. Hence, the OPG and RANKL ratio controls the osteoinductivity on the
level of RANKL, a decisive ligand required for the differentiation of osteoc[dSs Likewise, he
osteoclastike RAW 264.7 cells have the potency to readily differentiate into oststscivherthey are
exposed to recombinant RANK#4] and, by that, have been successfully used as a model for studies of
osteoclastogenesis vitro [45]. It is alsoimportant to mentiothatthe activity of biepolyP caninduce
alkaline phosphatase, anzgme which provides inorganic phosphate required for the synthesis of
hydroxyapatitg39].
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In order to avoid any chelating activity of Bi@lyP in ourin vitro studieswe applied this polymer
together with CaGl (bio-p o | G& Bomplex). This precaution excludes the possibility that the
observed biological effects might be attributed to a depletio€af ions that are required for
hydroxyapatite depositiofd6]. The biep o | Ga domplex was found to ba strong inducer of
hydroxyapatite formation in SaG3 cells and in particular, to cause an enhanced expression of
BMP-2 [47]. In parallel, biep o | G&® Strongly inhibits the progression of RAW 264.7 cells into
osteoclasts, which is reflected by the reduction of cells expetartrateresistant acid phosphatase
(TRAP), a well established marker protein for terminally differentiated osteofftAs an additional
endpoint marker for osteoclast differentiatithe effect of biep o | @& An t he functi o
kinase (nuclear factor of kappa light polypeptide gene enhancer-gelB inhibitor, alphg was
determined. This kinase is one key molecwiich causes theactivation of NFe B dur i n
RANKL -caused(pre)osteoclast differentiatiofsee [49]). The results revealechdt biop o | GaP A
i nhi bited at | ow c¢ on cphagsghondation, amd by ti{at] tBe signaling fOnbtione M)
of | aBU v i akinhsdreRAW &6} eckid47]. v e

The effect of biegpolyP on the biomineralization extent (hydroxyapatienhiation) had been studied
andthelight microscopic images are given here (Figure 1). Incubation of Qa€28s was performed
for 10 days on plastic coverslips in-24e | | pl ates, wusing (fewCafywdawsn me d
in the absence or presenoef the activati on -gyeophdsphaiéscorbic o mp «
acid dexamethasor{d7]. The culturesvhichwere grown in the presence of the activation cocktail were
exposed to 10 & M ogldEsfé 10aays. Then the Mipsbresgined with alizarin
red S, a largely sensible indicator dye for hydroxyapatite visualization. An inspection of the cultures on
the coverslips revealed, as expected, that the intensity of the staining was lowest in cultures grown in the
absence of activiain cocktail (Figure 1Ea). In contrast, cultures that were grown in the presence of
activation cocktail showed a strong intensive staining, reflecting a higher level of hydroxyapatite
mineralization (Figure 1Eb). If the cultures were treated with theaad¢tiv on cockt ai | an
no striking difference in the intensity of alizarin red S staining, compared with cultures grown with
activation cocktail only, was observed (Figure 1Ec). However, if the cultures were grown in medium
containingthe activatin coc kt ai |-p @InGP Adrong avid ainost homogeneous staining
of the cell layer was seen, a finding that reflects the strong hydroxyapatite formation by Sal:S
(Figure 1Ed).

A closer inspection of the inducing effect of 4fico | G By digital light microscopy revealed
that the samples grown in McCoyds medium/ FCS
(Figure 1Aa). Likewise, the red staining was low if the samples were examined by red/green emitting
fluorescent light Figure 1ADb). A distinct increase in the red intensities was seen if the cells were
cultivated in the presence of activation cocktail and then stained with alizarin red S in order to monitor
the hydroxyapatite deposition (Figure 1B). The red patches (Fldgdakas well as the red fluorescence
areas (Figure 1Bb) strongly increased and extended over 50% of the visual fields. If the cells were
incubated for 7 days in the presenecpelyPabHered ot h
patches/red fluoresace areas were smaller (Figafea,®) comparedo the fields stained with alizarin
red S in cultures grown with the activation cocktail only (Figure 1B). However, if the cultures were
incubated with the activati orf satpanklmesi complete ge t h
staining was seen, reflecting an intensive hydroxyapatite mineralization (Figure 1D). These data show
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that the activation cocktail is required for extensive mineralization of a@&ls. Moreover, it is
demonstrated that dipolyP, if complexed with C& strongly augments the inducing effect of the
activation cocktail on hydroxyapatite crystallite formation.

Figure 1. Stimulatory effect of bigolyP, as a bigp o | y % doigex on the process of
mineralization of SaO& celk in vitro. Sa0S2 cell s wer e i ncubat e
medi um/ FCS (fetal calf serum) for 2 days art
medium/10% FCS and subsequently continued to grow for 7 dgysn(the absence
(Tacti vat i oBiD)preseknde gtadtiyationo gocktdil) of activation cocktalil,
composed -gycerophospihate/60 mM ascorbic acid/10 nM dexamethasone, which

is required for extensive hydroxyapatite formation. Where indicated, the assays were
suppl emented wiophb!l gPt i®P) 10r ¢ opex)PP/cdy.l yP ( C
Then the specimens were stained with alizarin red S and the samples were analyzed by
digital light or by fluorescence microscopy, as indicated. The red staining reflects the extent

of hydroxyapatite mimalization. E) In parallel, plastic coverslips were likewise stained

with alizarin red S and documented/photographed as well.

10 pM PP/Ca

fluorescence activation
normal cocktail
light microscopy

Taken these data together we show thatploilyP affects the tuned balance between the osteoblasts
and osteoclasts in the anabolic direction, implying that hydroxyapatite synthesis is favored at the
expense of hydroxyapatite degradation/dissolution. A summary of the action modespofyBias
given inthe schematic presentation shown in Figure 2.
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Figure 2. Schematic representation summarizing of the effect epblgP, in form of the

Cd” salt, on the tuned interaction between osteoblastdroxyapatite anabolic pathway

and osteoclasthydroxyapate catabolic pathwgylt is outlined that bigpolyP supports the
progression of precursor osteoblasts to mature osteoblasts by induction of the genes
encoding BMP2 (bone morphogenetic protein 2) and ALP (alkaline phosphatase), followed

by the increasedelease of ALP. It is assumed that polyP activates a hypothetical TF
(transcription factor). ALP is hydrolyzing both polyP Cas al t ) -GRnd b
( fylycerophosphate). The CBE (chloridearbonate exchanger) in concert with the CA
(carbonic anhydrase) isvalved in the homeostasis of the intracellular CO2 concentration

and pH level.
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2.2.BiogenicSilica (Bio-Silica)

The formation of the skeletal system from the earhesttazoas, the sponges (phylum Porifefa0]
to the crown taxa, the mammaligiad] and the insectfb2], is dominatedoy a tuned communication
between cells controlling anabolic processes and cells @xgcatabolic reactions. Basically, two kinds
of inorganic scaffold materials had been applied in the metazoan kingdom to formreketetoium
(calciumbased skeletal systejrend only found in siliceousponge8 silica(silica-based skeletohs

A breakthrough in the understanding of the siliceous spicule formation déthespongeand the
hexactinellid sponges canfeom the discovery that the axial filaments of the spicules, the skeletal
elements of these sponges (demospo§8k hexactinellids[54]) contain an enzymatically active
protein which synthesizes polymeric silicate, the-silica. This enzyme, termed sili@n, has been
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found to catalyze/polycondenséie-silicaduring the axial and radial growth of thgicules. In contrast
to plant phytoliths and diatom frustules, whére-silica is deposited from a supsaturated solution
onto organic templates, th#iceous spicules of sponges are formed in a hsgoirated intraorganism
environment following an enzymatic mechanism by lowering the activation energy of the
polycondensation reaction. iIn vitro systemsorthosilicic acid or TEOStetraethyl orthosiliate has
been used as substrateAsitica precursor for the enzymatic reaction. During the latter process, ethanol
is releaseb3]. The silicateirmediated formation of silica proceeds at silica substrate concentrations of
around 200 & Mncerftrations Whech avewequiréddor thbeachemical condensatibmM
or higher at neutral pfb5] (reviewed in56,57).

The silicateins were first identified in the axial filament of the demosp®etg/aaurantium[58].
They comprise a family of reladeprotein sequenceghich areconsisting of three isoforms, silicatelh,
silicateinb , and -0s,i liincaa emonl ar ratio of 12:-kkecysteind he
protease superfamily and aheemost closely related to the cathepiimily [59]. The first cathepsin in
sponges was identified and cloned from the demospGegeiacydonium[60].

3. Silica as an Essential Nutrient

Silica is an essential nutrient both for the natural ecosystem in gi#tgrahd for humans and other
vertebrates in particulaf62,63] Importantly, silicon deprivation results in severe skeletal
malformationd64]. The experimental studies showed that in avian connective tissue, the highest silicon
concentrations are found, inmtrast to heart or muscle tissue, wherestlien concentratios are much
lower. Moreover, a spatial correlation could be established between the areas of bone formation within
animal tissue and the accumulation of silicon (Figure 3A). Based on thasé Had been concluded
that a burst of silicon accumulation occurs around the osteoid and este@dnterfaces, implying that
this inorganic component is essential for bone formation. Consequently, we studied the effect of
bio-silica on the activityof osteoblasts and osteoblagtsvitro. SaOS2 cells were grown in the
activation cocktail on a support, coated either with hydroxyapatite obvaitsilica. The cell layers that
were grown on hydroxyapatite did not form hydroxyapatite crystals onsiiwéaces (Figure 3B), while
the cells that had been cultivated for 5 daydmnssilica well formed hydroxyapatite crystals that are
often fusing to clusters (Figure BE; [38]). This observation which had been supported by alizarinred S
staining assaysnglerscores thdtio-silicadisplays an inductive effect on SaQ$37,38].

As outlined above, the tuned interaction of osteoblasts and osteoclasts during bone formation is well
established. Furthermore, the decisive role obteoclastogenic ligand RANL had been discussed
alsa This ligand is processely metalloproteases to a soluble foamd interacts with RANK and
finally induces osteoclastogene@se[65]). This moleculacrosstalk that coordinates osteoclastogenesis
is controlled by the third component, OPG; this osteotropic effector acts as a soluble bone protector
(se€[66]). In turn, the molecular triad, OPG/RANK/RANKL (sg&]), is not only crucially controlling
osteoclast differentiation, but is alsavolved in cell differentiation pathways of the immune and
vascular systemssé¢e[65]). Vice versa recent results provided experimental evidence demonstrating
that osteoclasts contribute with their cytokines to thetiiming of the osteoclast/osteoblast balahce
functions (se¢68,69)).
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Figure 3. Biomedical approach for an application ofdsitica. (A) Schematic representation

of the spatial relationship between silicon accumulation and calcium incorporation during
early stages of bone formation in rgisodified according to Carlisle 1986)Bi(E)

Formation of hydroxyapatite nodul@one hydroxyapatite depositignsn SaO&2 cells;
scanning el ectron mi croscopic i mages. The
supplemented with FCS and the activation catkta inducing biomineralization. B)

Control cells (c) were cultivated on an untreated hydroxyapatite matrix. After 5 days in
culture, no hydroxyapatite nodules are detect€i.Ej Cells (c) were grown onto a
bio-silica coated matrix. After 5 days, distt clusters of hydroxyapatite deposits, nodules

(no), are formed.
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Following the establishedew that allmetazoaa originate from one ancestor, to which the siliceous
sponges arthemost closely relatetb [70], it had been postulated that the sitioe skeleton of sponges
shares functional relationship to the-Gased skeletons of vertebraf8,71] This view is supported by
previous experimental evidensbowingthat silicate/silicon is an essential trace element in vertebrate
nutrition [64,72,73] In continuation, and sketched above we showed Hteatsilica induces
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hydroxyapatite crystallite formation in Sa@Scells [74]. More recently, we demonstrated that in
Sa0S2 cells, after exposure tbio-silica, a differential gene expression is seent teaongly
up-regulates the steagbtate level oDPGtranscripts and leaves the levelRANKL transcripts almost
unchanged37]. Based on the observed increase of the ®AGKL ratio, it was intriguing to suggest
that silica/silicate has a favorable biedical potential for the treatment and/or prophylaxis of
osteoporotic disordef87]. Since silica was found to elidit vitro, an increased)dThd incorporation
into DNA and a likewise increasedHA formation, an osteogenic potential of silica had been
deduced38]. Finally we discovered th&aOS2 cells, after exposure tmo-silica, release a soluble
factor, t hdee riiovsetde oibr haiwhidls cansesy an finhikitibonoaf BAW 264.7 cell
growth[75]. A schematic outline of the stimulatorifext of bio-silicaon osteoblasts and the inhibitory
action on osteoclast is given in Figure 4.

Figure 4. Proposed effects of bisilica on osteoblasts, osteoclasts, and their progenitor
cells; schematic representation. Ritica causes an increased expression of OPG in
osteoblasts. In addition, the differentiation of osteoblasts is induced and accelgrated b
BMP-2. It is assumed that in turn the osteoblasts acquire the potential to differentiate to
osteocytes and to lining cells. Furthermore, OPG counteracts various effects of RANKL, a
cytokine that induces presteoclast maturation and osteoclast activatamally, it could be
identified that the osteoblasts release a factor, the osteetasted inhibitory factor that
strongly inhibits the proliferation of osteoclasts; the nature of this factor is not yet known.
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4. Moldable Implants

In a recent redw, the characteristics of a moldable material, activating on-famneing cells and
usingbio-silica as one componeritave been summariz¢d6]. Based on our finding that the natural
product, biesilica, comprises osteoinductive actiyitye formulated awo component moldable material.
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Silicatein was encapsulated together with its substrate,-sitibate, in polyp,L-lactide)/poly(vinyl
pyrrolidone}based microspheres, termed silicat@nu silica-containing microsphereSSMs.
Subsequently, the SSMeere successfully embedded in a poly(vinyl pyrrolidone)/staaded matrix,
termed plastidike filler matrix containing silicic acifPMSA). A blend of SSM and PMSA forms a
biocompatible, moldable, and biodegradable functional implant materiah&indéns at a controlled
and clinically suitable rate within approximately 30 min to 6 h to implants that were tightly integrated
in artificial defects of rabbit femurs. Until ngwo toxic reactions caused by the silicatein have been
observedn vitro or in vivo, findings that led us to propose that the silicateinfiica-based implant
materials might have a beneficial potential in the field of regenerative medicine.

5. Scaffold

As outlined above, autogenous bone grafting is the hitherto not rethetteghest reference quality
standard for bone repair interventions of critisaled defects in bone in spitetbkintensive efforts in
the field of bone tissue engineerin@ynthetic bone scaffolds ha¥eheoretically significant
advantages over allogenobene grafts because they are not fraught with uncertainties, e.g., disease
transmission, or risk of infection or immunogenicity. The prerequisites of synthetic bone scaffolds, to be
effectively used for biomedical repair of bone defects, @eto mimic the physiochemical
characteristics of the bone, a complicated challenge(2yrtd be associated with or to be endued with
the properties to actively attract the bone constructing cells, either the progenitor cells or the
functionally active terminally dierentiated bondorming cells (reviewed ifil,6]).

5.1.0rganic Scaffold:Osteoconductive/OsteoinductiReoperties

Due to their excellent tissue compatibility and propettye physiologically biedegradable
substitaion materials from natural origie,g., collageri77], or silk fibroin[78], or derived and processed
natural biomaterials/biopolymers, e.g., chitof&®i, starch[80], or poly(3hydroxybutyrate]81], and
finally also totally synthetic polymers such as poly(lactifg)], poly(lactide/glycolide)[83], and
polycaprolacton¢84], have been developed. These biopolymers mimic the -saplkecular structures
of the natural extracellular matrix of tissues and have the very suitable biocompatibility characteristics
of human boneAl so t heir porosity and fibrous network
the differentiated bone cells.

The substitution materials based on demineralized bone matrix derived from human tissue provide a
suitable advancement of the grafting eratl for repairing bone defect, since they retain the ability to
act not only osteoconductilye allowing the circulating bone cells to attach and to proliferate but also
to be osteoinductivd85], because they still contain bone growth dest e.g., BMP2, TGFb
(transforming growth factor betalGFII (insulin-like growth factor 2, or PDGF(plateletderived
growth factoj, even though in different concentratid8$]. Recently a collagen microencapsulation
technology had been described, by which borerowderived mesenchymal stem cells had been
entrapped into a biomimetically fabricated collagen fiber meshwork. This injectable material
(microspheres) had been studiedvitro and found to display not only osteoconductive but also
osteoinductive progrties[87].
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Focusing on processed, natural biomaterials, e.g., chitosan, those biopolymers are naturally lacking
of these bone growth factors which have to be added after fabri¢@88pnLikewise biologically or
morphogenetically inactivmaterialsarethe totally synthetic polymers. This factnst plausible since
those polymers are lackiraf the ligands required for the interaction with the receptors on the bone
cell surfaces in order to induce the intracellular signaling cascade(s). Those stmsutgtiepecific
transcription factors are the clue for any cahd tissuespecific differentiation process resulting in a
functional and spatial interaction of cells to produce the extracellular bone structure.

5.2.Inorganic Scaffold:SpaceFilling Properties

Pure chemically prepared and fabricated bone materials, e.g., calcium phosphate, calcium sulfate o
coralline carbonate and phosphate grafts, are suitable as osteoconductive implants, since they provid
stability to the damaged bone. Hence thagt osteoconductig and to some extent also
osteointegrativig, but they are lackingf any osteoinductive properties (§@9]). To take advantage
of their excellent mechanical propertigthese materials have to be biologically functionalized
(reviewedin [6]).

A similar functionalization with biological ligands has to be performed with titanium and its alloys
that are widely used as orthopedic and dental implant materials. The major challenge is the mismatck
which exists between the mechanical praperof the implant material with the bone tis§@]. One
established solution is the development of adjusted Ti/Nb/Zr/Sn titanium alldy® s e Y o u n ¢
modulus isclose tothep hy si ol ogi cal Young6s moldall Two sttractite a p p
functionalization procedures have been described, first the immobilization of the surface with
RGD-ligands [92] and second, tailoring/patterning the surface of the titanium material with
nanaspikeswhich fit in the architectural arrangement of the integrineqors of the bone cells by
which a functional morphology and an expression of growth factors in bone cells are Ejted

5.3.Bio-Inorganic Scaffold:Osteoinductivd’ropertiesof Bio-PolyP and Bio-Silica

The functional interaction of osteoblaststiwiosteoclasts can be impressively described with
reference to the widespread diseasteoporosis; this degenerative bone disease causes loss of bone
tissue and reduction of bone density which are reflected by a-anichitectural deterioration of the
bone[94,95] The cellular basis for this disorder is an imbalance between thefdoomeg osteoblasts
and the boneesorbing osteoclasts. Even though the bone forming and bone resorbing cells
differentiate from different cell lineagesheir functionsin vivo are intimately linked and their
differentiation levels are reciprocally controll§@b]. The major transcription factor involved in the
differentiation and proliferation of osteoprogenitor cells is Runx2, a factor that is expressed in the
mesenchymastem cells and along the different stages of the osteoblast lif@8g&kunx?2 itself is
under the control of BMR [98]. These inducer factors cause a stegeelated and increasing
expression of a series of genes, for example, of those encoding tspaaific alkaline phosphatase
(b-ALP), collagen type | (COLl), osteopontin (OP) arddat a later stage of RANKL, asialoprotein
(ASP), bone sialoprotein (BSP) and osteocalcin (OC). The osteoblasts that produce hydroxyapatite,
finally differentiate to ostemytes that remain entrapped in the hydroxyapatite deposits or undergo
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apoptosis[99]. In a feedback loop, the osteocytes express sclerostin which functions as a potent
antagonist of BMR2. This effect can be counteracted by the parathyroid horfd00¢(Figure 5).

In contrast to osteoblasts, osteoclasts are muttieated cells that originate from the hematopoietic
lineage[101,102] Those stem cells undergo differentiation and maturation in the presence of the
macrophage colongtimulating factor (MCSH and of RANKL. As markers for the multiucleated
osteoclasts, the high expression levels of TRAP, of the calcitonin receptor (CTR) binding protein as
well as of the expression of integrigbahave been usdd 03] (Figures 2 and 5). The above mentioned
cytokine/receptor triad crucially controls bone formation and bone remodeling, RANKL with its
receptor RANK and the endogenous decoy receptor (1B&105] RANKL is synthesized by the
osteoblastic lineage cells and is essential for the differentiationose tcellswhich are involved in
bone resorption, the osteoclasts. RANKL is expressed on osteoblasts, T cells, dendritic cells, and thei
precursorsfrom where it can be released by specific prote§s@8]. After binding of RANKL to
RANK, the osteoclastbecome activated and resorb bone mineral. During this prdbessells have
close contact to the bone surfdd@7]. At this interphasethe bone vesicles are formed, via integrin
(a/bs) which contain proton pumps and acid hydrolases (cathepsin K)ré~@ju Those enzymes and
vesicles are inserted into the cells at the bamgosed area under formation ofiraffled bordeo. A
fresorptive hemivacuoteis formed between cell and bone, allowing the protons to dissolve
hydroxyapatite of the bone (Figure 2). The intracellular pH is kept at aneetmal level by
chloride/bicarbonate exchange and the help of carbonic anhydiée

Figure 5. Schematic otline of the differentiation steps of the precursor/stem cells of the
osteoblasts (osteoblastogenesis) and osteoclasts (osteoclastogenesis) with the main focus on
the factors that cause an increase in hydroxyapatite formation. Upper panel: Osteoblast
differentiation starts from the mesenchymal stem cells. This lineage ends with the
osteocytes. The major transcription factor Runx2, which is under the control of2BMP
synthesized in chondrocytes and causes a -stegendent increase in the structural and
functional proteins, for examplesALP, COLI, OP, ASP and also RANKL, BSP and OC, in
osteoblasts. The osteocytes become either finally embedded in the HA deposits and release
sclerostin, a PTHnhibitable glycoprotein which inhibits BMR, or the osteobts undergo
apoptosis. Lower panel: Principle differentiation stages from the hematopoietic stem cells,
via preosteoclasts to functionally active, beresorbing osteoclasts. The osteoblasts direct
the preosteoclasts to the osteoclasts through RANK/RAN&. interaction that is blocked

by OPG. The osteoclasts start to differentiate from hematopoietic stem cells (circulating
mononuclear cells) through activation of the PU.1 transcription factor and inflammatory
signals. The CD34 osteoclast precursor celier entering the circulating system and the
presence of macrophagelony stimulating factor (MCSF) and 1,2&lihydroxy-vitamin

D3, become recruited onto the surface of bone. Thegteoclasts, after the stimulation of

the DAP12 adapter protein/receptindergo multnucleation to the osteoclasts. Those cells
express in the presence of dihydrestiamin D3, the receptor RANK. After binding of
RANKL to RANK, the osteoclasts dissolve hydroxyapatite by lowering the pH. Markers for
the activated osteoclasare TRAP, CTR, and integrigbg. The inducers/activators of the
differentiation steps are outlined in the text. The sites at whicipdiy@® and biesilica
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interfere (activate or inhibit) the differentiation pathways are highlighted in rego{iy®)

and in green (biesilica). The factor that is released by mature osteoblasts in the presence of
bio-silica and inhibits growth/differentiation of pmasteoclasts illustrates the creatk
between osteoblasts and osteoclasts.

To highlight again, the activity and function of RANKL is under control of OPG, which is secreted
by stroma cells and also by osteobld$89]. OPG scavenges RANKL by binding to it and neutralizes
its function. From these resulisis pressing to conctle that any deregulation of the tuned expression
of the RANKL/RANK/OPG system causes a dysregulation of the differentiation pathways of the
osteoblasts and the osteoclasts and in turn impairs bone remofd#lg More specific, OPG
abolishes the activath of the osteoclast via inhibition of the RANK pathway and by that prevents
bone matrix from excessive resorption. Hence, the relative concentration cAr@FRFANKL in bone
is the major morphogenetic determinant of bone mass and strength.

In vitro andin vivo studies have been performed to counteract thecagelated OPEGRANKL
imbalancg110]. It has been found that the OFRANKL ratio is influenced by a series of substances,



