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The transition from osteoblast to osteocytels described to occur througlpassive entrapment
mechanism (setburied, or embedded byneighboringcells) Here,we provide evidenceof a new

% SZA C AZ & }e58} 0 3¢ E ~u}E _ S]A WE cemPnstrale thatC eepu
osteoblasts possess the ability to migratend differentiate into early osteocytesinside dense
collagen matricesThis stepnvolves MMP-13 simultaneously withIBSPand DMP1expression. We
alsoshow that osteoblastmigration is enhancedby the presence ofapatite bone mineral Toreach
this conclusion,we usedan in vitro hybrid model based onboth the structural characteristics of
the osteoid tissue(including its density, texture and threglimensional order), and the use of
bone-like apatite. This findinghighlightsthe mutual dynamic influenceof osteoblast cell and bone
extra cellular matrix Such interactivity extends the role of physicochemical effects in bone
morphogenesis complementing thevidely studied molecular signals This result represents a
conceptual advancment in the fundamental understanding of bone formation.



1. Introduction

Osteoblasts are the main cells responsible for bamarix production through a rgulated
spatiotemporal sequenceUp to eight recognizable transitionatepsare proposed in the
literature andthe kinetic of differentiation into osteocytes includes different maturation
stages that can be morphologicalgnd biochemicallyrecognized™. Osteoblastsare
described as bordering cells along the bone trabeddben they are entrapped ithe bone
extracellular matrix(ECM)they produced,i.e. the osteoid tissue,they differentiate into
osteocyte$. Osteoid tissue is defined as a soft unmineralized tissue mainly composed of
ECM proteins, mostly fibrillar type | collagen thanes as a substrate fothe bone
remodeling proces§’. While the molealar pathways (gene expressioand protein
production) of the osteocytic differentiatiorare familar, the microenvironmentand the
related physi@-chemicalconditions that trigger this differentiation remain elusivigecent
work highlights the dynamic nature of the bone tissue expanding the function played by
each type of celland, in particular, the key role of the osteoblast motility on the bone
surfacé!. Different factors arédentified asdirecting the osteoblas behavior Amongthese

a low oxygen tensiois understoodto promote the osteoblastic differentiatiolt’ and the
presence ofmechanical stresis described tanodulate the osteoblast prdkration and
phenotypé” &. Additionally, the fibrillar feature of the collagennetwork appearscrucial
since it allows the osteoblass adhesionvia integrin riti v riti® % favors the
physiologicatype shape and directs cells towamssteoblast maturation by changing the
local topograph§¥. At a larger scale, the cojjan network density prevents cell apoptosis
and promotes osteoblast differentiatiéf .

Dense fibrillar collagen mates have keen developed with the aim of mimicking the
composition and the structure of native osteoid tissddanks totheir composition (type |
collagen), texture (fibrils) and densif#0 mg/ml, these matrices were proposed asa
connective tissuenodel for cell culturé®®. They provide an appropriatentee dimensional
(3D) microenvironment for theadhesion,spreading and differentiation of osteoblaSts™!,
for the investigaton of the role of noncollagenous proteins (NCPs) in the mineralization
proces§ or the studyof the osteoblastbehaviorin a bone healingontext*®.

In the presentstudy, the model wasadaptedto simulatethe first events of the osteoblast
to-osteocyte transition. For this purposesynthetic apatite plateletswith structure and
properties mimicking the biological one'$” were precipitated within the collagen matrix
offering a transient tissue model favestigatea putative role of the mineral content on the
osteoblast behavior.

Here, in addition tothe ~%o < +]éntrapment event i(e. seltburial or embedment by
neighboring celly, we provide evidencefor an active mechanism in whicbsteoblasts
migrate Thispathway involves the Matrix Metalloproteinase 13MMP-13) concomitantly
with their differentiation into mineralizing osteocytes and the expressiontld integrin

binding sialoproteinlBSI. Additionally, we showhat this property is further stimulated by
bone-like apatitd’”. Thismodel appearsnore physiologicathan that commonly used in the
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literaturel'® as evidenced by panel of Materials Sciencemethodologies includingSolict
State Nuclear Magnetic Resonance (SSNMR)



2. Materials and methods
2.1 Matrix preparation

*Collagen matrices (CollOsteoid): Type I collagen was extracted from rat tail tendons in a 0.5
M acetic acid solution and adjusted to a concentration afigmL as previously describéd

2 The collagen concentration was assessed by hydroxyproline titration and the purity
analyzed by SDIRAGE. The collagen solution was progre$givoncentratedup to 40
mg/mL by slow evaporation othe solvent in a safety cabirét. Then, 0.5 mL of the
concentrated collagen solution was poured into each well of a 24 well plate and gently
centrifuged at 1000 r.p.m. for 10 minutes to flatten thisaous collagen solution. Then, the
fibrillogenesis was performed under ammonia vapors for Hhally matrices were rinsed

with sterile PBS until neutralization of the pH.

*Mineralized collagen matrices (CollOsteoid/SBF/SBF): Mineralized collagenesmatece
prepared by using the same procedutescribedfor CollOsteoid matrices except that acidic
Simulated Body Fluid (SBF) solutf@aCl2H,0, NaHPQ, KHPQ, NaHCg) NaCl, KCI, MgCl
6H20, NaSQin 0.5 M acetic acid, concentrations detailed in Tablew&k) mixed with the 3
mg/mL collagen solution prior to evaporation to reach a final concentration of apatite
precursors of 1.5x SBF after evaporation (Table i®lgccordance withthe procedure
deweloped by Wangt all*®. The pHwvasincreasel to induce he coprecipitation of apatite
and collagen fibrils. Subsequently, matrices were immersed in 1.5%SERGI 2H,0,
NaHPQ, KHPQ, NaHC@ NacCl, KCI, Mg@H20, Na SQ in (CHOH} CNH buffer, pH =
7.4, concentrations detailed in Table )3t 37°C for 14 days to increase the mineral content.
The SBF solution was renewed each we¥ler 14 days the matriceswere rinsed with PBS
to removenon-precipitated ions.

*Mineralized collagen matrices (CollOsteoid/CHA/SBF): Mineralized collagen matrices were
prepared by using the procedudescribedfor CollOsteoid matricelBut in this work,apatite
precursors salts CafNlaH,PQ/NaHCQ were dissolved into the collagen stibn prior to
evaporation to reach the final concentratiatescribed in the workf Nassifet al. 2%, As for
CollOsteoidSBF/SBF matrices, the pH increase induces thprecipitation of carbonated
hydroxyapatite (CHA)and collagen fibrils and the matrices were subsequently immersed in
1.5x SBEpH = 7.4pt 37°C for 14 days and rinsed with PBS.

2.2. Rheological measurement

Shear oscillatory measurements on collagen matrices were perfousggja Bohlin Gemini

rheometer (Malvern) equipped with a plan acrylic 40 mm diameter geometry avithugh

surface to prevent samples from slipping during the experiment. All tests pefermed at
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recorded at an imposed 1% strain, which correspobal non-destructive conditions as
previously checke(Fig. SL



2.3. Thermogravimetric analyses

Thermogravimetric analysis (TGA) was performed with a themmwobalance instrument
(NETZSCH STA 409PC) to estimate the mineral nthgssaimples. The measuremestwere
performed from 20°C to 1000°C in an oxidizing atmosphere with a heating rate afi&?C/

2.4. Scanning Electron Microscopy (SEM)

Gollagen matrices were fixed in 2.5% glutaraldehyda tacodylate solution (0.05 MAfter
washing in a cacodylate/saccharose buffer solution (0.05 M/0-gHVI7.4),dehydration in
increasing ethanol baths, matrices were dried at the carbon dioxide crgaat using a
BALTEC 030. Samples coated with a 10 nm gold layer were observed in a H3400i IS at

an accelerating voltage of 10 kV. Enedigpersive spectrscopy (EDS) analysis was also
performed using an Oxford Instruments\¥AX detector (20 mR).

2.5. Transmission Electron Microscopy (TEM)

Matrices were fixed in glutaraldehyde, washed and dehydrated as described for thar@EM
embedded in aralditeThe maricesprepared without mineral (CollOsteoid) weagditionaly
postfixed with 2% osmium tetroxyde for 1 h at 49@or to dehydration.Ultrathin sections

(80 nm) were obtained from each kind of matrix, stained with uranyl acetate and observed
in a FEI TECMAI G2 Spirit Twin electron microscope operating at 120 kV. Ultrathin sections
were also observed without uranyl stainingpecevent atifacts that could be assigned to the
mineral particle5®.

2.6. Nuclear Magnetic Resonance

Solid state nuclear magnetic resonance (SSNMR) experiments were performed to determine
the nature of the deposited mineral phase. The hydrated samples were placed in 4 mm
zirconia rotors between two Teflon spacers. Magic Anglartipy (MAS) NMR experiments

at a MAS frequency oB kHzwere performed on an AVANCE 300 Bruker spectrometer
}% E $]vIPe B THXii D,I *R)=M121.50 MHz. Foomparisona fresh ewebone
samplefrom femoral or humeral metaphysigas also anaked under the same conditions.

2.7. Osteoblast culture

Osteoblastculture: Primary humawsteoblastsvere obtained from knees of multiple donors

at passage 2 (Promocell). Cells were grown in Dubelco's Modified Eagle culture Medium
(DMEM, Gibco) containing 10% Fetal Bovine Serum (FBS, Gibco), 100 U/mL penicillin (Gibco),
100 pg/mL streptomycin, 0.25 pg/mEungizone (Gibco) and M dexamethasoneto
sustainthe osteoblastic phenotypgé&’. Cells were kept at 37°C in a humidified atmosphere of
95% air and 5% GQ@nd the medium was replaced every two daydsingsuch culture
conditions, osteoblasts proliferation is observed. confluence, adherentsteoblastswere
collected by treatment with 0.1% trypsin and 0.02% EDTA (Gibco).



Osteoblast culture onto collagen matrice®steoblastswere seeded at thesurface of
matrices at the density of 50,000 cells/dmand grown in a differentiating medium that
consists of the previously prepared medium supplemented with 50 pg/mL ascorbic acid
~stZes v i uGlycerophosphate (Signta). Cells were cultured on matrices for 28
days at 37°C in a humidified atmosphere of 95% air and 5% CO2. Matrices were collected at
days 7, 14, 21 and 28 and processed for histological analysis, material characterization and
gene expression studies.

2.8. Cell viability

To estimate the cell viakbiyi on mineralized collagen matrices, an Alamar Blue (Life
Technologies) metabolic assay was performed at day 7, 14, 21 and 28. For this purpose,
metabolic activity of osteoblasts cultured on the different collagen matrices wagamed.

This test is relat@ to cell viability as viable cells metabolize resazurirHy@roxy3H
phenoxazir3-one 1Goxide) blue dye to generate pink dye resofurkirst, matrices were
washed with colorless phenol rddee culture medium and then incubated with 10% (v/v)
AlamarBlue solution diluted within fresh medium for I®urs. Subsequently, media were
removed and diluted 1 in 2 colorless medium. Absorbance at 570 nm (oxidized resazurin)
and 600 nm (reduced resazurin) was then recorded using an Ultrospec 1100 Pro
spectrophotaneter (Amersham Biosciences). For each sample, the percentage of dye
reduction was calculated following the formula provided by the supplier. Metabolic activity
measured with osteoblasts cultured on CollOsteoid samples at day 7 was used as reference
and the other conditions were expressed as a percentage of CollOsteoid metabolic activity.

2.9. Histological analysis

Collagen matrices were fixed in 4% paraformaldehyde in PBS, dehydrated with increasing
ethanol baths and embedded in paraffin for sectioningvéh microns thick sections cut
perpendicularly to the cell layer were deparaffinized, rehydrated atained specifically

with Hemalum(Hematoxylinacidic solution) staining the cellular nuclei or Von Kossa (VK),
identifying phosphate groupsThe sectios were rinsed, dehydrated and mounted between
slide and coverslip for observatiarsingan optical microscope (Nikon E600 POL).

2.10. Migration quantification

For each matrixat each time cell number counting was performed on 10 different
histological thin sections aritie resultexpressed as a mean per section at different depth



2.11 Immunohistology:Alkaline Phosphatase (ALP), Gelatinase A (MAJFDentin matrix
protein (DMPL), TE7 and Sterostin (SOST

The paraffin sections were first rehydrated and incubated for 6 min with a 0.2% pepsin
solution (w/v) in acetic acidLQ%v/v) for antigen retrieval. Aftewashing inPBS, the sections
were incubated for 30 min with 1% glycin in P&fution (w/v). After another wash with
PBS, sections were incubated for 60 min in a blocking solution (0.05% -P@deBS, 1%
bovine serum albumin (BSA) and 10% FBS). Different primary antibodies produced in mouse
and binding specifically human ALP, Matketalloproteinase 2 (MMR), MMR13, BLGAP
DMP1, TH and SOST (Millipore), diluted 1/100 (v/v) in a diluting solution (0.05% T2@en
PBS and 1% BSA) were added onto the sectidren, gctions were incubated overnight at
room temperature in a moisttamber.For ALP, MMR, MMR13, BGLAP, TEand SOST,
after three PBS bathsan antimouse antibody labelled with rhodamine (Life Technology)
was added over the section usiagl/400 (v/v)dilution. The samples were incubated for 90
min at room temperaturein a dark moist chamber. After threBBS bathsslides were
incubated for 15 min in a DAPI solution diluted in PBS0 000 (v/v)) Finally, sections were
rinsed three times in PBS, mounted and obserusthga fluorescence microscope (AXIO
100 Zeiss) ahimagedwith a CCD camera (AxioCam MRm Zelss). DMP1 labelling,
secondaryanti-mouse IgG biotin conjugated (DAKO) was uskiftier three PBSbhaths
endogenous peroxidases were inhibited by incubation at@with 3% kD,. After washing,
the samples were incubatedor 45 min with streptavidin/peroxydase complgoAKO
diluted 1/300 in PB8ontainingNaCl(3%w/v). After threebathsin PBSontaining NaCl (3%
w/v), Peroxydase labelingvas revealed for 15 min in a dark chaenbusing 37|
diaminobenzindine tetrahydrochloride (Sigma) in “HiSI, pH 7.6 and observed wiNikon
E600 POL microscope.

2.12 RFPCR

Total RNA waextracted from matrices using TRIzol Reagent solution (Life Technologies). To
remove remaininggenomic DNA and proteins, total RNA wamirified using RNeasy kit
(Qiagen). RNAs were then reverse transcripted into complementary DNA (cDNA) using M
MLV RT enzyme (Life Technologies) at 37°C. PCR amplification reactivi®-a#, MEPE

and SOSTwere performed usig appropriateselectedprimers (Table S2) with a thermal
cycler (Mastercycler pro, Eppendorf). Cycling conditions were: initial Taq polymerase
activation at 95°C for 5 min followed by 50 cycles, each cycle consisting of 30 sec
denaturation at 95°C, 50 seannealing at 59°C and 45 sec elongation at 72°C. Final
elongation was performed at 72°C for 15 min. PCR products were then observea @&th
Docanalyzer(Biorad, France) after migration in a 1% agarose gel containing 1pg/L ethidium
bromide.

2.13 Measurement of gene expression



BGLAP, ALBMP1,fibroblast growth factor 23FGR3), MMP-13, collagen ype | alpha 1
(COL1A) IBSRAndbone morphogestic protein 2 BMP2 gene expressions were quantified
using reakime reverse transcriptase PQRPCR)n a Light Cycler 480 system (Roche) using
the Light Cycler FastStart DNA Master plus SYBR Green | kit (Roche) at days 14, 21 and 28
with n = 3. The mRNA transcript level for each gene was normalized with the housekeeping
gene GAPDHinceits expressionsi not modified within collagen hydrog€&®&. Appropriate
primers for reaitime RTPCR are listedh Table S2. Cycling conditions were: initial Taq
polymerase activation at 95°C for 5 min followed by 50 cycles, each cycle consisting of 10 sec
denaturation at 95°C15 sec annealing at 59°C and 15 sec elongation at 72°C. Then, a
melting curve was obtairtefor each gene by increasing the temperature from 60°C to 97°C

at a rate of 0.1°C/s to assess the reaction specificity. The results averlgzedusing a
relative quantification following the Pfaffl meth&d. For each gene, the efficiency of the
target primer pairs was measured by producing a curve based on the amplification of a serial
dilution of cDNA. For each target gene, a ratio was calculated by compawngb a
calibration point which was the lower expressed sample and the value 1 arbitrary given to
this calibration point. Results are presented as the mean relative expression = standard
deviation.

2.14. Bone histological analysis

Fresh bonesampleswere residual samples froma 2-yearold healthy Frenh sheep

harvested in the coursef other experimentations. Theample was extracted from the
metaphysis. The study was reviewed and approved by the IMM Recherche's Institutional
Animal Care and Use conttee (IACUC) prior to starting. The animal research center {{MM
Recherche) received ampproval (n°7514-01) on September 08th, 2008 for a period of 5
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Samples were fixed 1% paraformaldehyde solution, dehydrated with increasing ethanol

baths and impregnated for one week in a butyl methacrylate, methyl benzoate, polyethylene

glycol and benzoyl peroxide resin solution. The polymerization was then triggered by
addition of N,Ndimethyktoluidine and the samples placed €20°C for 48 hours. Four to

eight microns thick sections were obtained usagingsten carbide knife and the resivas

removed using2 $Z}/&E£C 3ZCo 3§ 8 U & ZC E 3 v 8 ]v A]S8Z D s}

2.15 Statistical Analysis

Statistical significance was assessed usingveae analysis of variance (ANOVA) followed by
Tukey posthoc test. The level of significance was set at a probability of P < 0.05 (**) or P <
0.09 (*).Results are expressed as meastandard deviation.



3. Results

3.1. Set-up and characterization of the osteoid modek. Adapted from previous
procedure§® 23 mineralization of dense collagen matrices was performed by co
precipitation of apatite ion precursorsand collagen The mineralcontent of the resulting
hybrid collagen/apatite biomimetic modelvas further increased by immersiorof the
matricesin SBFo reach amineral to organicatio of 14.7 £ 7.6 % w/w and 20.2 + 2.9 % w/w
for CollOsteoidSBF/SBF andollOsteoiddCHA/SBRespectively determined by TGAThese
two matrices differ by ther initial amount of ionic precursorsvhich is much highem
CollOsteoidCHA/SBF thathat in ColOsteoid SBF/SBF. Th, thefinal amount of mineral
tends to be slightly higher in CollOsteoidlCHA/SBF than i€ollOsteoidSBF/SBH-or both,
the mineral contentis relatively low compared to that of bon@6 % w/w)>®,

The cbviations from the original cprecipitation procedur€®, i.e. PBS/culture mediunvs.
water, evaporationvs. injection and/or the looser collagen network, could lead to the
precipitation ofother phases tharHA.Hence, ¢ identify the nature of the mineral phase,
3p ss(\MRwas performed on thenatrices This techniquewas chosenhere since iallows
the characterization of the samples over tleterogeneousbulk materialin its native
hydrated state *'P ss;N\MRspectra recordedor the mineralized matrices exhihtie typical
3.2 ppm chemicalshift andthe dissymmetricline shapecharacteristicof poorly-crystalline
hydroxyapatite similar tdhat of fresh bone sampléi.e. an amorphousalcium phosphate
like layer aound an apatitic core)Fig. B, Fig. SP'" ' % Theseresults confirm the
presence of biomimetic = hydroxyapatite in both CollGteoid SBF/SBF nal
CollOsteoidCHA/SBF matrices and the absence of other calcium phosphate ghade as
ACP, OC# brushiteasshownprevioush"2,
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Fig 1. Characterization of themineral nature anddistribution in dense collagen matricega) *'P

MAS ssNMR spectra of CollOsteoid (black), CollOsteoid/SBF/SBF (green) and CollOsteoid/CHA/SBF
(red) matrices and fresh bone sample (blue) exhibit the same signal at 3.2 ppm characteristic of the
phosphate groups obone apatite The * symbol indicates pisphate buffer traces. Volossa

S Jv]vP }( ~ ¢ }o0oKe$ }] I™ &I" & v ~ ¢ }00KeS }] I , I & ~¢ o0 E 7
mineral deposition at the surface of the matrices. SEM observations of (b1) CollOsteoid/SBF/SBF and

(cl) CollOsteoid/CHA/& u SE] + ~+ 0 E A ..ue <Z}A §Z § (] EJoo}P v «]
induced and reveal the presence of HA spherulites. Inset: EDS showing the calcium and phosphate
content within the mineralized matrices. TEM observations of ultrathin sections of (b2)
CollOsteoid/SBF/SBF, (c2) CollOsteoid/CHA/SBF reveal intrafibrillar mineralization in c2 as it is found

in (c3) mature bone (scale bar 100 nm).
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The dispersion of thebiomimetic hydroxyapatiteand the fibrillar collagennetwork were
studied using optical microscopy, SEM and TEBI}v <}ee [¢ ~S<e o5 JV]VP }v Z]*S}
sectionsallows the identification ofphosphate group. Although it is not specific to the
mineral, this method is helpful to evaluate the ion dispersiaithin the matrices Positive
staining was observed ifo both mineralized matrices butappeas stronger for
CollOsteoidCHA/SBFFig. 1hc). Bath types ofmineralized matrices exhibén ion gradient
with a stronger stainingn the matrix surfaceTo control that the stainingdoesnot result
from the bufferculture medium VK sainingwas also performedn CollOsteoidnatrix after
28 daysof culture (Fig. S3). Indeed, thecell culture medium is composed of apatite
precursors (including Ca and HAhe negative staining o€ollOsteoidconfirmes that the
gradientis only due to the apatite mineralAs previoushshowr*¥, the fibrillar network in
CollOsteoidis dense and the fibrildiameter appears quite monodisperse (Fig. SB).
Sherulites were observed in both mineralized samples).1b1, cl1). The presence of such
apatite aggregatess consistent withprevious observatiod¥! showing that the density of
the collagen fibrillar network and thassociatedconfinement hae an impact on the mineral
formation. Indeed, the micrometric interfibrillar spacesf the osteoidlike collagenmatrix
favor homogeneous extrafibrillar nucleatidhat leadsto aggregatews.isolated plateletsit
canbe noted that the resulting spherulites remindénodules formedn vitro from different
type of bone cell80]. In agreement with v <} eeopservations SEM show that the
spheruliic crystalsare more abundanton the surface of the matrices lvere they locally
aggregateghemselveqHg. $4a andb). Theyappearhomogeneously disperseah the matrix
surface and quitemonodispersen size (500 nm) i€ollOsteoidSBF/SBHN contrast,they
display aggregates of variable size (Fig. S4b) and doserved only locally in
CollOsteoidCHA/SBFTo complete thessNMRstudy thatidentified the mineral phase over
the whole bulk, Energy DispersivBpectrometry (EDSvas performedto determine locally
the elementl composition of the mineral. EDSanalysison CollOsteoidSBF/SBF and
CollOsteoidCHA/SBF matricemnfirmthat the precipitatesare mainly composed of calum
and phosphate (Fig.bl, 1cl, insetg. The absenceof signal inCollOsteoidmatrix suggests
the absence ohon-specific precipitationfrom the culture mediumin the collagermatrix
(Fig. SB, inset).

TEM observations were performed to better characterize the ultrastructure of matrices.
Indeed, ionic force can modify the collagen fibrils siZ&' and thus the matrix
nanotopographywhichis describedo stronglyinfluencethe cell behaviof **. To avoid any
visual arifact, TEM samples were preparedth or without uranyl stainingas described
earliet®®. Observationsperformed on stained sectios distinctly show the typical cross
striated pattern of fibrilswhich evidenes that fibrillogenesis wagroperly inducedin vitro
for all samples (Fig. 85b and & Whileit isdifficult to observe collageffibrils in CollOsteoid
without staining(Fig. $d), they are observedin both mineralized matrices suggestitige
presence ofapatite ionprecursorsinside the fibrils(Fig. 1b2, c2)Thisis confirmedby the
intrafibrillar mineralization that is locally observed in CollOsteoidCHA/SBF This was
previouslyshownfor denser collagen matricB. Locally,apatite plateletsco-alignwith the
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main axis of the collagen fibrils &mund in mature bongFig.1c3). Finally,we note that the
fibrils sizeappeas to besimilarfor all sample$ut they aresmallerwithout uranyl(~100 rm
vs ~60 nmin diameter, respectively(Fig. Sh

3.2. Cell behavior on the osteoidlike models Osteoblast viability waassessedy Alamar
Blue metabolic assayAs shown in FigS5, osteoblast metabolic activityneasured in all
matrices was comparable and constant over the time course of the experimdritis
observationevidenes the absence ofcell proliferation and is consistent with the use of
differentiating medium There are nosignificant differencesn metabolic activity measured
for the three kinds of collagen matricesuggesing a similar osteoblast adhesiamto the
matrices surface
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Fig. 2. Behavior of osteoblastsin osteoidlike models. Hemalum «§ Jv]vP }( ~ U [ v [
}ooKesS }] U ~U [ vV [[* }ooKe® }[INRBIN}&OK*S~}] | , I & u SE] -
day 14, 21 and 28respectively, evidemcthe early osteoblast infiltration into the mineralized

usSE] X " o ElInketd are higher magnifications of entrapped cells. Arrows show cell
pseudopo] X /ve § ¢ 0 E Je 7T ...uX ~ e D]JPE S]}v ~]J& v[ VY( I} O

}ooKeS }J U ~U [ Vv [[* }ooKe§ }] IN &IN & v ~ U matrives af[* }ooKe
day 14, 21 and 28f culture respectivelyexpressed as number of cells per histological thin section.
Standard deviatiosare provided in Table S8&) Measurenent of MMP-13 expression]v ~ U [ Vv

[[* }ooKeS }] U ~U [ v [[* }ooKeS }] IM&I"& v ~U [ v [[* }o
at day 14, 21 and 28espectivelyshowtheir involvementin the degradation othe collagen matrix
sincethis geneexpression is relatetb the number of cells observed inside the matithe vertical
barson each histogram represettte standard deviation.
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The behavior of osteoblasts seeded onto thenatrices was analyzedvith histologi@l
sections stained with Hemalumver 28 days (Fid). A monclayer (vs. a doubldayer in
CollOsteoid)of osteoblasts is observedn the surface ofthe CollOsteoidSBF/SBF and
CollOsteoidCHA/SBF mineralized matrices (Fig. 2bSaine cellsare alsofound insidethe
matrices over@bout 1 to 100 um in depth(Fig. 2c insetd andTableS3day 14. The number

of cells inside CollOsteoid/SBF/SBF and CollOsteoid/CHA/SBF increased with time spreading
}JA E iii Ru 8§ C 1i ~&]PX 1 [U [U v d osteoblastg€mainok /v }vS E
the CollOsteoidmatrix surface (Fig2 [.»After 28 days, osteoblasts are found inside the
matrix over 200 um forming tracks & ]P X T [[ v ]Jve Se

Interestingly,more osteoblastsare foundinsidethe mineralized matriceg§~ig. 2d and Table

S3 day 28and they migratedfurther at thistime point ~& ] P X T F).Urhely| &lspossess
pseudopodia The presence ofugh cell protrusionindicates an activesensing andnotility
behavior(Fig.2 [[ ]Vv)e S

In all matriceslacunae are observed around the cells located inside the matrix. They appear
larger in CollOsteoid/CHA/SBF suggesting a hilgivet of u S E ] A PE S]iMe-&]PX 1 |
presence ofuchgapsin the vicinity of the cellsmayresult from the histological preparation
and/or the orientation of the knife cut sectionTo clarify this point, the relative
quantificationof MMP-13 expression wsperformed by QPCRMMP-13 is one of the major
osteoblast MMPs involved in the degradation of collagen and in bem®deling®?. MMP-

13 expression measured i@ollOsteoidat day 14 was usedas a reference(Fig. 2). It is
interesting to shav that MMP-13is consistentlyexpressedrom day 14by osteoblastan the
mineralized matriceswhereas there is a marked increase in expressower time in
CollOsteoid(the expression beindower at day 14,but much higher from day 21. The
presenceof MMP-2 was detected by immunohistochemistriy all matrices Thisenzymeis
describedo be involvedn bone formation.

MMP-2 is not detectedin all samplesat day 7 (Fig. &, b and c). At day 28,a MMPR2
labelling is observed insteoblasts located within andn the surface ofall matrices (Fig.

S8 [[[ [[and ][ Finally, the expression ofMMP-14 which encodes for a membrane
metalloproteinaseknown to activate MMF2 and MMP-13 was alsostudied usingRFPCR

This gends consistently expresseduring the experiment (FigS8g). From these reults, a
correlation between MMP-13 expression and the presence of lacunean bedone. It is
intriguing to emphasizethat this degradation activitymay thus be comelated to the
migration of osteoblass. To exclude thepossible dedifferentiatiorfe.g into fibroblastg, the

cell phenotype was studied.

3.3. Phenotype of osteoblasts cultured oosteoid-like models

Alkaline Phosphatase(ALP) is awell-known osteoblastic markerinvolved in the
mineralization proces¥!. ALPwas detected at the protein level by immehistochemistry
(Fig. 34,[b[,[c DI At day 28 astrong ALPlabellingis detected in osteoblasts cultured all
samples regardlesef their location (lining orcells inside the matrjx ALPexpressionis
known to be weak inosteocyte§”. Accordingly we comparel the different levels & ALP
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expressionin all matricesover time using Q-PCR(Fig. 3d). ALPexpression measured in
CollOsteoidmatrices gradually decreaseln contrast,the expressionin the mineralized
matrices increase at day 21 for CollOsteoidSBF/SBFwhile it remains stable for
CollOsteoidCHA/SBRHowever,ALPexpressionis higher in mineralized matrices than that
measured in CollOsteoid from day 21.
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Fig.3. Osteoblast phenotype. >W Juupv} § S§]}v Jv ~ [[* }ooKe§ }] ~ [[* }ooOK:
~ [[+ }ooKe3 }] 1l , I~ & u 8SCE] -+ Sand @LA Gare-showsin] blue and red,

respectively. Scale bar is 50m. Quantitative realtime RTPCR obsteoblastic markers: (d)LPand

(e)BGLARING osteocytic differentiatiomarkers (f) DMPland(g) FGF23
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Additionally,the expression of steoblastic markeBGLARencoding forosteocalcin)was
alsomeasured(Fig. 3e)BGLARXpressions relatively constanin CollOsteoidInterestingly,

in the mineralized matricesBGLARs highly expressed at day 14 (about 100 times for
CollOsteoid/SBF/SBF and one million times for CollOsteoid/CHA/SBF higher than in
CollOsteoid) butendsto decreasdo reach the expressiofound for CollGteoidat 28 days.
The changes in gene expressioihosteoblasttoward an osteocytic phenotype include an
upregulation ofboth the dentin matrix protein (DMPJ) andthe fibroblast growth factor 23
(FGR3). At each time point of the study, the expressioni¥P1is higher in the mineralized
matricesthan in CollOsteoidFig. 3f)Interestingly, he expressiomncreasesin CollOsteoid at
day 14 to reaclits maximum at day 28hile the highest expression ieached earlier (at day
21) for the mineralized matricesMoreover, ketween day 14 and day 21, thexpression of
DMPLlincreases by 4s.3 orders of magnitude with and without mineral, respectivalie
presence oDMP1wasalsoverified at the protein level by immunochemistry (Fig9)S

For FGR3, the expressionis constant in Coll6teoid until day 21(Fig. 3g) At day 28iit
dramatically increase (50 timeg reaching the expression found for the mineralized
matrices In the presence of minerathe expression increasefrom day 14 to reachits
maximum at dag21 and 28for CollOsteoid/CHA/SEfhd CollOsteoid/SBF/SBfespectively
To complement the phenotype study, thex@ession ofMEPE a NCP involved in the
differentiation of osteoblastsnto osteocyte$** *! was investigatedby final point RFPCR
(Fig.S10. MEPESs expressed by thesteoblastsall over the studyand appears notto be
related to the presence of apatite
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Fig. 4. Quantitative reatktime RTFPCR of osteoblastic phenotype indicasor(a) COL1AL(b) a
mineralization genéBSRand (c)bone morphogenic genBMR2.

Taking into account that the osteocyte ECM protein production level is lower than that of
the osteoblast¥, the expressiorof collagen by osteoblastsasused as an indicator dheir
differentiation into osteocytesExpession ofType Icollagen geneGOL1Ajldecreass over

time in all matrices (Fig. &@.The expressionis lower in the mineralized matrices than in
CollOsteoiduntil day 28; thenit is not detected in alinatrices
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IBSHs agenethat encodesfor one of themainbone proteirsinvolved inthe mineralization
processand bone cell differentiatioi®. It isbarely detected at day 14(Fig4b). Then, the
gene expressiomcreasa during the study in all matricesbut starts earlier in CollOsteoid
/CHA/SBF This result suggestghat the migration and/or the presence of biomimetic
hydroxyapatite orients osteoblaststoward a mineralization phenotype Thisis further
confirmed by the strong increase lBSRexpression at day 2 CollOsteoidvhen cellsstart
to migrate.

Finally BMR2 expression slighy increagd whateverthe degree of mineralizatiofFig.4c)
and appearsto follow the slight increase in cell viabilitywdicating that the mineralization
does not influence the secretion tfis cytokine involved in the bone regeneration.

To concludeon the cell phenotype the main osteoblastic markers.e. ALR MMP-13 and
BGLAPare expressed in alamples It was shown thatfibrillar collagencan trigger the
expression ofALPand BGLAPY. ALPgene expressionis sustained in mineralized matrices
whereas in collagen matricesit was davnregulated In addition, negative TE
immunolabelling shows that cells did not differentiate into fibroblasts. Thus, cells found at
the surface of matrices are still osteoblasts.

BGLARene expression in mineralized matrigesownregulated over the time although this
expressionis higher than that in pure collagen matrices until day. Roreover, COL1Al
expression decreases and is downregulated earlier in mineralized matrices The
downregulationof BGLAR late osteoblasts and the inhibition of collagen synthesis are two
characteristics bthe osteocyte differentiatioii”.. The upregulation oDMPL and FGR3
confirms that a fraction of cells started the transition toward thesteocyte phenotype.
These makers evidence the presence of osteoid osteocytes or mineralizing ostestyte
This is confirmed by the downregulation BGLAR despitethe fact thatthis marker is still
expressed.

It is interesting to notice thaBOSTa specific marker of mature osteocytés,not detected
during the studyneither at the genenor at the protein level.The presence of osteoblasts
embedded within the mineralizedmatrix cannot be excludeddowever, cells d not display
biosynthetic activity Instead they show a remodelingprofile (synthess of MMPsvs. ECM
proteing). Finally, the presence of pseudopodia observed in Fig. 2baaguggestive athe
first formationstepof the osteocytes cytoplasmic extensidhs

Hence, the results show that the presence of bomgeatite in collagen promotes the
maturation of osteoblasts into mineralizing osteocy(esferred asstage 5in Dallaset al!?).

3.4. Physicochemical @mrametersinfluencing the osteoblast migrationTo determine the
material parameters thatan influence the ogeoblast migration, severalphysicoechemical
parameters wereinvestigated As mentioned above, the mineralization degréees not
appear to be significantly differentin CollOsteoidSBF/SBF andCollOgeoid/CHA/SBF.
Additionally the globalchargeof the mineralizedmatricessurfaceis similar as demonstrated
by zeta potential measuremei a previous studj?.
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However, a main difference between the two mineralized matrices the presence of
intrafibrillar mineralizationin ColOsteoid/CHA/SBH hus the possibly differentmechanical
properties of the matricesvere assessedy rheological measurement¢Fig. S11 The
*$}JE P u} popeU '[ v o0}ee u} popeWersusfleq@ncy Noe sighificant
variationis recordedwith this parameter in the 0.110 Hzrange Forall matricesU is more
SZ v }v Z]P Z @hikH isindicative ofa predominant gastic behavior A
storage modulusof 4.463+ 0.122kPais measured in Cdllsteoid The mineralization process
based on the precipitation and the incubation in SElIDsteoid SBF/SBF) dds to a

E -« }( '[ }Av 8} 1Xii&®a.An cirittast,CollOsteoiddlCHA/SBF collagen
matrices exhibitsignificantly (p < 0.057]PZ E o0 *3] % E}% ES] » A]SZ '[ u «|
7.210 £ 1.89KPathan that measired in CollOsteoid/SBF/SBF.
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4. Discussion

In bone tissue, the wapsteoblastsdifferentiate into osteocytes follows a stepwise process
that correlates to their position in the subjacent tissu&ig. 5,steps 1 to 4)It is commonly
accepted that osteoblasts or progenitor celsre recruited to ensure local bone
reconstruction after the bone resption performedby osteoclast¢step 1). Then, bordering
osteoblasts become seltentrapped or are embedded byeighbor cells (step 2)and
differentiate into osteocyted (steps 3 to 4). Similar steps are obserirditro (Fig. 2a, b, c).
Forexample as described for step ih vivo(Fig. 5), osteoblasts form a packed sheet on the
surface of the denseollagenmatrices (Fig. 2a _ +iwever, in our model,the decrease of
COL1Alexpression indicates that the sedhtrapment or embedding by theneighbors
appearsunlikely. We propose thatthe presence of cells inside the matrsthe resultof their
migration Such property offes a third alternativepathwayfor osteoblastanternalization in
bone tissue (Fig. 5, steps 2 to Bterestingly, his pathway would likely explain the tri
dimensionaldispersion of osteocytegbservedin boneg whichis more difficult toapprehend
with the entrapmentor the embedding process

Fig. 5. Bone histological sectiond D <+}v[e & E]) AltBWing the osteoblast to osteocyte
differentiation and illustrating the cellsmigration mechanism (steps 1 to 4}: osteoblast bordering
behavior. 2: migration in osteoicbllagenidECM. 3: presence of pseudopods. 4: formation of lacunae
around the cell as describefi} E }+S } CS «X ~ o lInset@ighlight.aglls migration. Arrows
Ilv] 8§ 8Z % @® v }( % U }%} X /ve § ¢ 0 EW ii ...uX

While a shortrange 2Dmotility of pre-osteoblast§®, dedifferentiated osteoblastd®,
osteoblasts and early osteocyté® over a few micronshave already been reported
osteoblast and/or osteocyte3D migration over larger distances has never been
demonstrated This can be partly explained by the fact that osteoblést cells or
transformed cell lines that are not representative of the primasteoblastd*® *Y  were
used in the literatureIn addition to the cellular type, we believe that the scaffolds used for
the culture do notcombinethe essential characteristics of the osteoid tisgeey. density,
structure and hydrationYo favor cell migration.To the best of ouknowledge, onlyone
study reports on the migration of primary osteoblasts in a bulk scaffold made of type |
collage*?. This hydrogefabricated from a low concentration of collagéhmg/mL)exhibits
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large interfibrillar spacesand is easily degraded by proteases. Hena®ll mobility is
facilitated. It should also be noted that mouggs. human) osteoblasts are used in dir
study preventing to draw conclusions about the cdlehaviorin aphysiological contexsuch
as the osteoid tissue

The mebanical properties measured pure dense collagen matriced5 kPare close to
those reported for the osteoid tissue gbout 25 kPal* *2) favoring a more physiological
behavior of osteoblastin our models than in loas gel$’. The initialnumber of seeded
cellsalso appear®f great importance sinca lowerinitial numberof cellsmay slow down
the migration proces$’.

In contrast toCOL1A1Matrix Metalloproteinases (MMPs) are highly expres@eid. 2¢. The
expression oMMP-13 increasesover the course of the experiment. Furthermor®|MP-14
expression is detected at each time point whereas MRMR onlydetected at day 28(Fig.
S8. Hence, his suggestghat osteoblastmigration mainlyrelieson the matrix degradation
as described for other tymeof cell$*® *4, It is worthmentioningthat it is only observed in
the pure collagen matrix wheRMMP-13 is maxima (Fig. 2) Moreover,it startsearlier inthe
presence of minerall4 daysvs.28) which appears concomitant with the presence of cells
inside the matrices. Hence, thipathway would imply a more ~# 3$]A _ Z Al}E
osteoblasts thanthose described in the literaturej.e. selfentrapment or embedding
proceses Theinterfibrillar spa@s in dense collagen matrices beimgich smaller than the
cell size osteoblasts need to digest the matrix to moveis interesting tanote that MMP
activities were also detectable for primary posteoblasts encapsulated in dense collagen
scaffoldsobtained by plastic compressiaithoughcell migration was not detectéd. Our
resultsconfirmthe ability of osteoblastgo digest the ECNh an appropriateenvironmentas
reproduced here in theosteoid modek. The constantviability of osteoblaststhrough the
experiment suggests that the differented phenotype of osteoblasts ifavored in all
matrices.Thisfindingis furtherstrengthenedby the constant expression 8MR2 (Fig. 4).

A short term cytotoxicity was describedarlier for apatite nanocrystalon MC3T3 type
osteoblast&”!, Here,the presence of mineralaksnot have any impact on theell adhesion
and viability. The use of biomimetic carbonated apatite more cystalline hydroxyapatite
possiblyexplainthis differencein behavior.We can notice thathe influenceof the degree
of mineralizationon 2D pre-osteoblasts migrationwas previouslydiscusset® , and shown
here in 3D with osteoblasts

Questiors arise about the identification ofthe main parameters involved in the tesblast
migration to ensurethat this pathway can indeed occur in viva The matrix stiffness is
describedto be involved in boneemodelingby upregulatingMMP-13 expression level in a
transient way'®. BecauseMIMP-13 expressionand the osteoblast migration arsimilar in
both mineralized matrices that possess different stiffnes€q@ kPavs 7.200 kPa for
CollOsteoid/SBF/SBF and CollOsteoid/CHA/SBF respechigeh$1), the matrix stifness
should not be determinant for the expression of this collagenaise the related rotility.
This difference in stiffness appearsnsistentwith the presence of bigger size of mineral
aggregates in CollOsteoid/SBF/$BFlescribed for other particléd. Finally although local
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biomimetic apatite/collagen calignment is oberved in CollOsteoid/CHA/SBF, 8idfness

is comparable tathat of CollOsteoidhus confirming thatthis factor does not directly drive
the migration at least in our model

To assess the effect of nanotopograpity cell migrationthe question of the surface charge
is of interest as the negatively charged aeéémbrane preferentially bond$o positively
charged surfacé®l. Nevertheless, although the zeta potential slightly increasith the
mineralization {.4 (£0.54) mV and-6 (x0.81) mV for CollOsteoid/SBF/SBF and
CollOsteoidCHA/SBFespectivelyys -12.2 (£0.7) mYor pure collagen, they remaim the
same rangend negativElB]. The collagen fibril diameteis alsoconstantin all matricesand
can therefore be excludetiere for the discussiarHere, the slight difference in depth of
migration (P= 50 um) between the mineralized matrices may be attributed either to the
difference in mineralization degree and/tw the presence of intrafibrillar mineralization in
CollOsteoid/CHA/SBF.

The differencein apatite deposition and the large deposits dtet surface with irregular
spacing and shapéFig. 1)does not alter the behavior of cellShis isconsistentwith
previous works in the literaturehowirg that collagen mainly diresbsteoblast behavidt®.
Neverthelessthe difference inroughness due tdiomimetic apatitecan also affect the
osteoblastmigration As shown previously, th@morphous calcium phosphatike layerthat
coats the biomimetic apatite core can act as a disordered and highly soluble ion re$érvoir
Moreover, a highlocal release of ionsespecially calciumis describedto modify genes
expressiorsuch asALP®%? Hence,it is likely thatthe structure and chemical composition
of the biomimetic apatiteinfluence various osteoblast gene expressidhis hypothesis is
further strengthenedby observatio in the literature showinghat osteoblasts mediate bone
apatite formation in the form of spherulitic aggregalt&s

Aside from the putative effect of apatite-derived ions on genesthat is related to the
osteoblast migrationgenesinvolvedin the osteoblast differentiationare modified in our
model The process oflifferentiation of osteocytess largely unknown but osteoblasts are
known to initiate their differentiation as soon as they are surrounded by mineralized
matrices (steps 3 to 4Notably, the expression of markesuch aBGLAPDMP1, FGF2ahd
COILAlis modified duringthe study. The modificaticin geneexpressiorare correlated to

the migration and show the differentiation of celinto osteoid osteocytes omineralizing
osteocyte¥. This differentiation is fastavhenbone apatiteis presentin the matrix(Fig. 3)
This is in agreement with results in the literature showing that nfieeralization of ECM is
an essential regulator of osteocytogené¥is®.

Overall, hese esults suggestthat migration may be required to trigger osteocyte
differentiation. Same conclusions are drawwth low collagenconcentration andwithout
mineral *?. ConcerningBSPits expressionis observed almossimultaneously with the cell
migration incollagen matrices regardless of the degree of mineralizaffog. 4) Hencethe
presence of bonapatite promotes the expression of genes involved in the mineralization
processi.e. IBSP andDMP1 Thesegene expressionstrengthenthe conclusionthat a
mineralization process which leads to the mineralizing osteocyte stage of differentiation is
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initiated bythe osteoblastsFinally SOSTs not detected in cellsThisobservation may be
explaned by the fact that the final step ofosteocytedifferentiation, characterized byra
inhibition of mineralizationjs still notreachedat the end of the stud¥. Moreover, we
cannot excludethat there might still be osteoblastembedded within the mineralized
collagenmatrix.

5. Conclusion

This study highlights an alternative pathwhy which osteoblasts migrate from a surface to

a trapped position observed for osteocytes. We demonstrate that the presence of bone
apatite promotes osteoblast migration, possibly through an ionsas¢ and/or mediated by

the roughness of the apatiteWhen compared to native bone osteobtao-osteocyte
differentiation, our mineralized models successfully reproduce the first steps of this process
H% 3} 32}1"}1P85 } C8 o }J@E ~u]v & 0]I]vP }+3 } C5 o 3 P « }(
Improvement of the model will includether physiological factorsuch as mechanical stress
and extracellular flux. In additionurther studies will settle the importance of using
biomimetic carbonated apatite particles€. amorphous layer around an apatite crystalline
core, platelet shape and nanometric size) compared to highly crystalized ceramics materials
to inducecell colonization.
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Table S1Concentration of sadtusedfor the preparation ofmineralized collagen matrices

Concentration | CaGl MgCh | Na | (CHOH)
NahPQ | KHPQ | NaHC@ | NaCl KCI

(mM) 2H0 6H,0 sSQ CNH
CHA® 110 33 - 33 - - - - -
1.5x SBF

solution (in0.5| 3.8 - 15 6.3 213 4.5 2.3 0.75 -

M acetic acid)

1.5x SBF
solution 3.8 - 15 6.3 213 45 2.3 0.75 10
(pH=7.4)




Table S2Primers sequences

Target Sequences
GAPDH TTGATTTTGGAGGGATCTCG
GAGTCAACGGATTTGGTCGT
ALP GCAGCTTGACCTCCTCGGAAGACACT
TCACCGCCCACCACCTTGTAGCC
BGLAP ACATTTCTGTCCTCTGCGCGTGGTT
CCCCAGTCCCCTACCCGGAT
IBSP AACGAACAAGGCATAAACGGCACCA
CTTGCCCTGCCTTCCGGTCT
COL1A1 CCAGTCAGAGTGGCACATCTTGA
GCTCACGATGGTGCCGCTACTA
BMP2 TCATCTGAACTCCACTAATCATGCC
TTTGCTGTACTAGCGACACCCA
MMP-13 GCCGGTGTAGGTGTAGATAGGAAA
GGAGATGCCCATTTTGATGATGA
MMP-14 CTGGATGCAGAAAGTGATTTCATTA
TCGCTGCCATGCAGAAGTTTTA
MEPE GGGCCTGCCCATTCCTTCTCGT
ACCCCAGGAGCCTTTCCCTTGTG
SOST TCTCAATTCCCTCCCCTGCCCCGTG
CCAGCAGAGCGACACCCTAGACC
DMP1 ACCAAGATGACAATGACTGCC
CAAGTGTAATGTCCAGCAATTCCT
FGF23 CACCCCATCAGACCATCTACAGTGC

TCTCCGGGTCGAAATAGTGTGATCCAA
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Table S3Evidence of irdepth migration of osteoblasts in osteoitike models at days 14, 21 and 28
of culture expressed as number of cells per histological thin section.

Days 1-100 pm 100-200 pm 200-300 pm > 300 um
14

CollOsteoid 2+x1 0 0 0
CollOsteoid/SBF/SBF 25+ 4 4+2 0 0
CollOsteoid/CHA/SBF 48 + 14 9+3 0 0

21

CollOsteoid 8+3 0 0 0
CollOsteoid/SBF/SBF 112 + 23 46 + 8 24 +7 8+4
CollOsteoid/CHA/SBF 76 + 8 34+8 17+ 3 13+4
28

CollOsteoid 72 +12 24+ 6 7+4 0
CollOsteoid/SBF/SBF 92 +12 42 +6 33+5 26+ 4
CollOsteoid/CHA/SBF 70 +9 40 +6 33+5 28 +5
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Fig. S2Structural investigation of mineral by solidtate NMR.(a) 2D'H-*'P HetCor spectrum of
CollOsteoid/CHA/SBF (contact time = 10 ms) display the two distinct domains composing the apatite
platelets (i) the apatitic core whererthophosphate ions G'P) = 3 ppm) correlates with OHF*H)

= 0 ppmand (i) the hydrated disordered layer where HPGons (df'P) = 3.2 ppm) correlates with
water molecules @'H) = 4.9 ppm). This cotayer organization was also described for bapmtite
platelets’”. (b) The 10"'P NMR spectrum of CollOsteoid/CHA/SBF (blue line) can be quantitatively
fitted using the®'P line shapes extracted from the previous 2D experiments: apatitic phosphates
(green line; 47%), surface HE@purple line; 48%) and free phosphate from the bufetution (5%).
These proportions are consistent witatafound for bone apatite platelets’.
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Fig. S3CollOsteoid matrix structure(a) Paraffin section stained with VK staining shthe absence
of phosphate group X A o E il ...uX ~ e+~ D} e EA 3]}V }( ve }oo P v L
Ao & f ... u Xconfirniste abdence of calcium and phosphate.
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Fig. S4SEM observations of the surface of the mineralized matric@g CollOsteoid/SBF/SBF matrix
mainly exhibis spherulites and bigger aggregates (arrow) (b) CollOsteoid/CHA/SBF matrig ahow
A E] S5C }( PPE P& o]l « ~ EE}AeeX " 0 E A ...uX
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Fig. S5linvestigation of the matrices at the fibrillar levelArrows point out collagen fibrilSTEM
observations of uranytained ultrathin sections of (a) CollOsteoid, (b) CollOsteoid/SBF/SBF, (c)
CollOsteoid/CHA/SBF. (d)Without staining, the typical crosstriation is hardly observed in
CollOsteoid The presene of typical crosstriation in collagen fibrilsevidenes that the
fibrillogenesiswas properly inducedVisual artifacts due to the uranyl staining are observed in the
background of the fibrils in (a), (b) and (c). Scale bar 100 nm.
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Fig. S6Study of the cell viabilityoy Alamar Blue metabolicOsteoblast viabilityn CollOsteoid (),
CollOsteoid/SBF/SBIP¢ v }ooKeS }] I, I™ & ~%oe si7,d&21andB8 C
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Fig. S7In-depth osteoblast migration observeth the mineralized matrices. Braffin sections with
Hemalum staining(a) CollOsteoid/SBF/SBRRd (b) CollOsteoid/CHA/SBF matrices at daye2Bibit
the longer migration distancef osteoblasts iside $Z u]v €& o]l u §E] X ~ o E iii
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Fig. S8Matrix Metalloproteinases involved in collagen degradatioMP-2 is not detected by
Juupv}zZ]e8} Z ul*SEC § C 6 ~ U Vv ¢ u3 ]e} e EA § C 106 ~ []
... U X-PZR of MMR4 shows that this MMP is expressedadittime point in osteoblasts cultivated

in all matrices (Q).
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Fig. S9. DMP1 immunodetection (a) CollOsteoid (b) CollOsteoid/SBF/SBF and (c)
CollOsteoid/CHA/SBR. o & Al ...uX dZ o]PZS & S vPO ]Jv ~ ¢ Jv] 8§ e §8Z
is shown in (d) where the DMP1 labelling (darkish brown) is rlearlyseen. Inset scale bar 10

LouX
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Fig. S10. RIPCR of MERHNis gene is expressdyy osteoblastsluring all the studyn all matrices
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Fig. S11Mechanical properties of the different matrices assessed by rheologle Young modulus
Je T 8Ju » §Z 38}E P u} popues '[ U sp&E X
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Highlights
X Osteoblasts were cultured awsteoidlike matricesin terms of collagen density,
texture andD features
x We used gntheticbonelike apatite platelets terms ofstructure and properties

X Bone apatiteappears a® stimulus forosteoblastmigration inside the matrixand
differentiation intoearly osteocytes

X We provide evidence for a new pathwiay osteocytogenesiga osteoblast migration.

X Our results promise original models to study fundamental questions on
biomineralization
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