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Abstract

Bone nodelsset for studying apatite mineralizatitend to use excess of organic additives and a
very low concentration of collagen in the light of those described in the biological tissue. However,
the activity of soluble additives during mineral deposition is lyigdependent on their
concentration and confinement state, among others. Here, we investigate the role of concentration
of organic additives described as key components in bone mineralizatiaine bioinspired
synthetic polyaspartate mimicking nonHagenous protein (NCP), citrate and collagen, on apatite
formation. The precipitation sefp tends to mimic the acidic mineralization front in bone and was
monitored byin situ Raman ancdex situsolid-statenuclear magnetic resonance (ssSNMR). This
model helps to identify specific effects of organic additives on mineral formation. In particular,
we show that the sequence of apatite precursors often described ,inevimmorphous calcium
phosphate (ACP) and subsequent octacalciumphosphate (OCP) fornsatioticeably modified

by varying the concentration of the additives. NCP and citrate are identified as either inhibitor or
activator in the formation of calcium phosphate (CaP). Besides, collagen acts either as additives
or as organic scaffold below and above the liqurigstal threshold, respectively. This result
highlights that confinement drives thermodynamically apatite formation by slowing down the

kinetic formation of precursors, even at alkaline pH.



1. INTRODUCTION

Biomineralization is a multistepprocess whereby organisms create fascinating
multifunctional hybrid structures displaying hierarchical organization anddeéhed crystal
size, morphology, spatial orientation and polymorphs selettiime synergism between the
inorganic precursors and the organic matrix present in the biomineralization medulsntde
materials with enhanced mechanical resistance and distinctive optical properties as compared to
their synthetic counterpartS.This is greatly exemplified by bone, a biohybrid material recently
described as a fracthke organizatiorf. At the mineralization front, bone mineral is deposited as
nanometric crystals with a platelet morphology and thakis coaligned along the type | collagen
fibrils.>®

The preferred orientation of apatite crystals within the organic matrix and the development
of pathological calcification driven by the deficiency in specific biomolecules strengthen their
control over the nucleation and growth proced§é¢sowever, the exact role of organic molecules
on bone mineralization is still under debate.

Type | collagen (30 wt.% of bone and 90 wt.% of the organic compoireiisng is
described to nucleate bioapatite by binding'®@a its charged amino acids resid@é$Moreover,
the assembly of collagen molecules into a dense and fibrillar matrix prosidesfined
environmenti.e. inter- and intrafibrillar spaceshatalso support the supersaturation of the ionic
precursors of bone minerslindeedthe structure, theize and the thregimensional distribution
of bioapatite at larger length scales are described to arise due to confinement#ffects

In addition to collagen, nooellagenous proteins (NCPs) and other type of organic species
such as citrate are also reported to be involved in time and space in the mineralizing front of

bonel+1® Among the NCPs, osteopontin, osteocalcin and osteonectin are proposed to control the



nucleation of amorphous calcium phosphate (ACP) and its further conversion into‘dpatite.
common characteristic of the selected NCPs is the presence of carboxylic acidic groups that create
a high density of negatively charged domairith chemical affinity for C&" and apatite surface.

In this sense, calciwhinding polymers have been extensively used to mimic NCPs, specially
poly(aspartic acid) (pAsp), leading to the observation of a polymer induced liquid precursor
(PILP).2%22 In vitro studies have demonstrated that pAsp forms negatively charged ACP
complexes that infiltrate the gap zones by interacting with positively charged domains in the
collagen fibrils at the early stages of apatite mineralizafiéit?

Citrate is an abundant component of the bone organic matnk%o of bone or 5 wt.% of
the organic components) that plays multiple roles on bioapatite mineraliZatioSolid state
nuclear magnetic resonance (ssNMR) studies evidenced citrate as an interfacial and strongly
bounded molecule in borfé?° It was proposed that citrate binds to the facets of apatite crystals
preventing disordered growth thus controlling bone mineral in terms of size and morpticfogy.
Apart from this, citrate foster the nucleation of ACP and its subsequent intrafibrillar mineralization
by decreasing the interfacial energy between collagen and the nimeitad.>*

Although the involvement of the collagen matrix, citrate and NCP appear clear, the way
they act in space and time in bioapatite formation remainfus&lamental question. This may be
partially explained by the fact that the use of high pbysiological concentrations of organic
additives tends to stabilize kinetic CaP phases that are maybe not found in bone. Still, most studies
on biomineralizationaly on ex siticharacterization of the products, whitlay lead to structural
changes in the metastable phases due to dehydration during the isolation process and analysis.

Thus, combining in situ tex situstudies is of high interest to strengthen thectgsions.



Considering the challenges in probing the kinetic of the mineralization process, herein, in
situ Raman and ex sitsplid-statenuclear magnetic resonance (ssSNMR) were used to depict the
formation and structural evolution of biomimetic apatite in a bioinspired mineralization front
containing collagen or the additives pAsp and citrate at varying concentrations. By doing so, it is
possible to unveil the specific role of bone additives on the CaP precipitation (formation and
stabilization)In situRaman and ex sigsNMR are noiinvasive techniques allowing the study of
CaP phases while preserving their hydration state and preventing from artifacts inherent of
isolation processes. Strikingly, pAsp increases the lifetime of kinetic CaP intermediates while
citrate at physiological concentrations stabilizes ACP. In contrast, collagen determines the
structural properties of apatite regardless its concentration. Nevertheless, its role as organic
scaffold in driving thermodynamically the apatite formation is only observed above the liquid-
crystal threshold.

Unraveling the contribution of biomolecules during the pathway of mineral deposition and
assembly in bone contributes significantly to the understanding of morphogenesis and further
diseases caused by pathological mineralization; it also should be useful for the design of

biomimetic materials with suitable properties.



2. EXPERIMENTAL

2.1 Formation of biomimetic apatite within a bioinspired mineralization front containing
organic additives and collagen
2.1.1 Precipitation in solution with citrate or pAsp

The organic additives pAsp or citrate were dissolved in acidic aqueous solution containing
the ionic precursors of apatite Ca@H,O (110mM, Sigma), NaHPQ; (33 mM, Sigma), and
NaHCG (33 mM, Sigma).The Ca/(P + C) ratio was equal to 1.67 and the pH was adjusted to ~
2.5 with hydrochloric acid 50 pg miPolyAsp (L-aspartic acid sodium salt Bayer 1200 g #ol
was used according to the more common procedures found in the lit€?atuescontent of citrate
in bone is approximately 2% in maSs’ Therefore, different concentrationétrisodium citrate
(2.00, 0.25, 0.10 and 0.05 wt.% oesponding to 68.0, 8.3, 3.4 and 1.Mijwere used in relation
to the ionic precursors. As described previously, two flasks (35 mL, height = 50 mm) containing
the mixtures (20 mL) and covered with perforated Parafilm were placed in a 1L Boakbitd
flask containing fresh aqueous ammonia solution (30 wt.%, 8 mL) was placed in the beaker that
was sealed with Parafilm. Ntgj) diffusion into the flasks at ambient temperature slowly increases
the pH of the solutions triggering the precipitation afcwm phosphate (CaP). After six days of
reaction (pH~16a11), the solids were washed with distilled water then ethanol, to remove soluble
salts and nofponded molecules, centrifuged (6000 rpm, 10 min) and characterized. The CaP
precipitation in the presence of organic additives was complementary monitored byRarsdn
and ex situssNMR. The control experiment, i.de precipitation of biomimetic apatite in the
absence of additives in the same conditions, is described elsé\WA@R.refeence sample was

prepared as described elsewh&re.



2.1.2 Precipitation in the presence of different concentrations of collagen

Different concentrations of collagen were used in the precipitation of apatite: a low one
(2 mg mLY according to the procedures commonly found in the literature and, higher
concentrations to form organizations resembling those of the ngtivstéoid (40 mg mt) and

(i) compact bone (250 mg mi.%° All the solutions were prepared in acetic a0 mM).
Collagen was extracted from rat tail tendons following a classical proc®dtwethe 2 mg mt
system, the ionic precursors of apatite wassalved in the collagen acidic solution (pH = 2.5).
The 40 mg mt! system was prepared by an evaporation procédukecordingly, 100 mL of
collagen acid solution (2 mg ). containing the ionic precursors of apatite was left open under
a laminar flow hood for about 12 hours. This allows the evaporation of the acetic acid/water present
in the solution leading to the desired concentration of collagen. 250 rigcatiagen matrices
were formedusing a plocedure described elsewhemhich combines injection and reverse
dialysis'>*? Succinctly, an acidiacollagen solution at low concentration (~2 mg “Hlis
continuously injected in disk-shaped dialysis chamber which is in contact with a polyethylene
glycol solution (molecular weight cut off of 4 kDa). Thepolyethylene glycolsolution is
prepared by dissolving the polym@EG, 35 kDa, Fluka) in the acidic solution containing ionic
precursors of apatite that was used for collagée. concentration of the PEG solution controls
the final concentration of collagen in the chamber. Hotha samples, both fibrillogenesis of
collagen and precipitation of mineral were trigged by the increase of pH to a range of 1@ by NH
diffusion. The collagen concentration was determined by hydroxyproline titfdfidre temporal
evolution of mineral in the 250 mg rilsystem was investigated ex dityissSNMR. To this end,

the reaction was stopped at different intervals of time and the mineral characterized immediately



by 3P ssNMR. The 2 mg mtand 40 mg mt! systems were investigated in sliy Raman

spectroscopy.

2.2 Fresh bone sample

Bone was extracted from the proximal part of the diaphysis and distal epiphysis of the
humerus and femur fromy&arold healthy French sheep. The study was reviewed and approved
by the IMM Recherche’'s Institutional Animal Care and Use committee (IACUC) prior to starting.
The animal research received an agreement (h44%E) on September 82013 for a period of

5 years by the “SoudBirection de la protection Sanitaire” of the French Authorities.

2.3Following the precipitation of biomimetic apatite in situusing micro-Raman spectroscopy
In situ Raman spectroscopy was used to monitor the evolution of CaP precipitation. The

spectra were acquired with a KAISER Optical system equipped with a charge coupled detector

&&' DQG D /$6(5 ZLWK -12 mWQdoluBion = 4 crhaccumulation time
150 seconds, 6 scans per spectrum, 1 spectrum every 16 minutes) using a fiber optic Raman probe
equipped with a sapphire optical lens. The probe was immersed directly in the upper 2/3 of the
ionic solution of one of the two flasks. M{g) was then intrduced,and the chamber closed. The
probe was maintained fixed during the precipitation to avoid artefacts. A homeptade set up
was used in the presence of collagen due to optical perturbations induced by the precipitation of
fibrils. The setup allows remote analysis from the optical head {RtBbe785) of the Raman
spectrometer (Kaiser optical systems, Raman aealgXN1). Thedevice is based on a principle
similar to that of the immersion probe and involves a mounting that was screwed onto the optical

head and consists of an aluminum tube with threaded ends carrying a 10x lens. The whole assembly



was wrapped withlPTFE as illustrated in Figur81 Spectral analysis and decompositions were

performed using GRAM/AI software.

2.4 Ex situcharacterization

The final products were isolated, washed with ufimee water and dried at 37°C, then
characterized as follow.
Ex situmicro-Raman After 6 days of reaction the final products were characterized ex situ by
micro-Raman using a KAISER Optical system equipped with a charge coupled detector (CCD)
DQG D /$6(5 ZLWK -12 m@ Rresdution = 4 cthaccumulation time =20 s, 5
scans per spectrum) coupled with a microscope with a 50x lens.
Transmission electron microscopf transmission electron microscope (TEM JEOL 2011)
operating at 200 keV was used to obtain the TEM images. To this end, thessaemalelispersed
in ethanol and some drops were deposited on a lacey carbon film on copper grid.
Solid state NMR*H and 3P ssNMR experiments were conducted on an Avance 500 Bruker
VSHFWURPHWHU+RSHUDWQQ@IPPW02.40 MHz and)*C) = 125.03 MHz.
The t90°tH), t90°€P) and t90& ZHUH VHW WR Y, DQG V. UHVSIHI
were packed in 4 mm zirconia rotors and spun a4 &Hz. 3P direct acquisition spectra were
recorded in quantitative conditions use@eycle delay (RD) of 200 s and a 30° pulse, the number
of scans (NS) were set to 80. The 43P HetCor spectra were recorded using the following
parameters RD = 2 s; contact time+ 1 ms, NS = 380 for each 4@20 & increments depending
on the sample. Th&#H-13C CP MAS spectra were recorded using a contact time of 1 ms. The

chemical shifts were referenced (0 ppm) #8; 85 wt.% for*'P and TMS fotH and**C.



3. RESULTS

3.1 Effect of pAsp on CaP precipitation

Precipitation and subsequent conversion of CaP phases over the mineralization process
were tracked by following in sitilne evolution of the:PQy band (symmetric stretch) in the Raman
spectrgFigure 1A). Without any additives (referred as “control” expent), the precipitation of
biomimetic apatite occurs through the following sequence: amorphous calcium phosphate (ACP,
1.5h), octacalcium phosphate (OCP, 2.5h), CHA (> $0h).

In the presence of pAsp, a weak and broad band at 95hsonibed to the;PQO; typical
of ACP is observed in the Raman spectrum after 11h. This higher induction time compared to that
observed for the control experiment evidences the inhibitory effect of pAsp on the nucleation of
CaP. After 19h, the arising ofb shoulders at 953 and 962 éshows the crystallization of ACP
into OCP. The sharpening of the main band (FWHM = 174xm?) occurring with time (18
22h) indicates that OCP becomes more crystalline upon maturation. Sequentially (from 25h), the
OCP taracteristic shoulder at 962 ¢rdisappears indicating the transformation of OCP into a
poorly crystalline apatite. As the mineralization proceeds (> 25h), the hydroxyapatite maturation
is revealed by the sharpening of thesP®and and the shift towards 958 tm

After 6 days of reaction, the product (CHAsp) was isolated and characterized extsitu
investigate the effects of pAsp on the struciiifigure 1B-C) and morphologyKigure 1D) of
apatite. Observations on TENFigure 1D) shows that CHAAsp is composed of aggregated
platelets resembling to that found without additives (CHRpure S2A). The ex situmicro-
Raman spectra of CHA and CH#Asp are compared in Figud. No significant differences
(position, FWHM of 1PQy) were noted which suggsshat pAsp did not impact on the structural

features of biomimetic apatite. The diréd® MAS NMR spectrum for CHAvAsp displays a main

1C



VLJQD®P)E WS ppm typical of P in apatitic environmentRigure 1C, red line). The

1+ 31p CP MAS spectra were also recorded for Gb#¥sp (t, = 1 ms; FigurelC, blue line).

This experiment evidences protonated chemical environments afutidinks to magnetization

transfer from protons in spatial proximity. The-3'P CPMAS spectrum emphasizes two extra
resonances ascribed to HPFAOURP 2 & F®)Wi.3 andy i SSP $FFRUGLQJ WR SU
investigations of reference sampgieshe proportion of OCP is estimated to 10%. The asymmetric
resonance on the left side (red arrow) is evidenced using such ghamttis related to the
contribution of the amorphous layer of apatite and to a less extend t@badbphate sites in OCP.

Notably, OCP is not detected in th® ssNMR spectra of the control emphasizing the ability of

pAsp to stabilize this intenediate phase of CHA-{gure S2B).
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Figure 1. Formation of apatite in the presence of 50 ugmpRsp. (A) In situmonitoring of mineralization

by Raman spectroscopyhe blue line (951 cr), green lines (953 and 962 ¢jrand red line (958 ¢
represent the ACP, OCP and the apatite contributions, respectively. (B) Comparison betweeniaw-situ
Raman spectra of CHpAsp (blue line) and CHA (dashed black line). (C) QuantitafiveMAS NMR

(red line) and +: 3P CP MAS (= 1 ms; blue line)@ectra of CHA-pAsp. The asymmetric resonances
on the right correspond to HPOfrom OCP and on the left side (red arrow) is related to the contribution
of the amorphous layer of apatite and to a less extend tohtigphate sites in OC@) TEM imageof
CHA-pAsp.
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3.2 Effect of citrate on CaP precipitation

We first investigated the precipitation of biomimetic apatite in the presence of 2 wt.%
citrate, which is the concentration described in béigufe 2A).2>?’ At t=0, the in sittRaman
spectrum displays a large band in the region of ®D-cm' assiged to the carbon—carbon
stretching modesg(C—COO) from citrate chaifft After 3h, a shoulder at 951 chis observed
indicating the formation of ACP. The longer induction time in comparison with the control (1.5h)
shows that citrate delays the nucleation of CaP. This band intensifies as the reaction proceeds (at
least for27h) indicating the stabilization of ACP. The same precipitation pathway is found when
the concentration of citrate is about 10 times lower than that found iffOvR® wt.%) and ACP
is not converted into apatite at least during the inRé@man monitang (Figure 2B). Then, the
reaction was performed for 6 days and the products were isolated and characterized by ex situ
TEM, ssNMR and micrdRaman spectroscopy. The Raman spectra of a pure ACP sample and the
isolated products precipitated in the presence of 2 wt.% citrate-(R€R) and 0.25 wt.% citrate
(ACP-cit0.25%) are compared Figure 2C. The similarities between the spectra of ACitPate
and pure synthetic ACP samples confirm the stabilization of amorphous precursor even after 6
days of reaction. Notably, AGEIt2% displays larger Raman band as compared to-&tR25%
indicating a higher degree of disorder. THe MAS NMR spectrum of ACRit0.25% (red line)
VKRZV D UHVRQDQF H3®HI3I2 ppi picat of ACQUAe 2D). In addition, the
broadening of thé'P resonance seen on thk*!P CP MAS NMR spectrumdg 1 ms; blue line)
evidences the contribution of protonated phosphates and/or water molecules. Interestingly, ACP
cit0.25% seems more structured than pure syictA€P because of its smaller line width (FWHM

=4.75 vs5.80 ppm).
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TEM images reveal that AGEIt0.25 displays particles with irregular morphology typical
of ACP (Figure 2E, E’). The presence of citrate in A@R2% was investigated byC ssNMR.
Figure S3compares the #C CP MAS NMR spectra of crystallized citrate used as reference (red
line) and ACPcit2% (green line). Resonances peaks typical of citrate are observed QitR@P
WKH VLJJIO=V18D.4y 76.5 and 47.6 ppm are assigned to carboxylic group, quaternary
carbon and Ckigroups, respectivel?. 7 KH U H V R QBCR+F188 B ppni ascribed to inorganic
carbonate is also observed. This result indicates the presence of citrate on the surface and/or inside

the core of the mineral in AGP%cit.
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Figure 2. Formation of apatite in the presence of 2wt.% and 0.25 wt.% citrate. (A) anih @u
monitoring of mineralization by Raman spectroscopy of the systems containing 2wt.% and 0.25 wt.%
citrate, respectively. The blue line at 951 cemd the band at 940 crmepresent the ACP and citrate
contributions, respectivelfC) Comparison of the ex sitnicro-Raman spectra ACP-Cit0.25% (light

blue line) with ACPCit2% (blue line) and ACP (red line). (B}P ssNMR spectra oACP-cit0.25%.
Quantitative®P MAS (red line) and + : 3P CP MAS (= 1 ms, blue line) spectra of AGR0.25%. (E

and E’) TEM images of ACRIit0.25%.
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Experiments at lower concentrations of citrate (about 20 and 40 times lower than that found
in vivo) were then conducted to evaleidhe ability of this additive to stabilize ACP. At 0.1 and
0.05 wt.% citrate, the bands around 940'assigned to carborarbon stretching bands are not
detected in the Raman spectra due to low citrate concentrBigard 3A-B). The broad :8Q*
bard at 951 crittypical of ACP is observed aftebh of reaction for both samples. This induction
time is comparablaith the 2 and 0.25 wt.% systemsBh, Figure 2A-B) indicating that citrate
concentration (in the 0.0B5-wt.% range) does not play a significant role in the kinetic of ACP
nucleation. Then, ACP transforms into apatite with timBQu band shift to 957 cr. However,
this conversion is faster for 0.05 wt.% citrate: the full conversion is reached after 95 and 24h for
0.1 and 0.05 wt.%itate, respectively. Finally, OCP bands are not observed indicating that OCP
did not precipitate or its concentration is lower than 1034%.

After 6 days of reaction, the apatite formed in the presence of 0.05 wt.% citrate (CHA
cit0.05%) was is@ted and characterized by ex sticro-Raman, ssSNMR and TEMr{gure 3C-

E). Large aggregates of platelets are observed by TERNuUIe 3C). Observations at higher
magnification show that the platelets are similar to CHA in terms of size and morpheiggse(
3C").3* The way they organize is in agreement with previous observations showing that citrate may
favor oriented attachment of apatite crysfaldowever, the fact that)(TEM observations were
performed under vacuum ani) Guch alignment is observed for CHA without any additt®es
precludes conclusions on the role played by citrate on the paréigig€gation. The ex siticro-

Raman spectra of CHA and CH#A0.05% are similar in terms of R®ands position and
linewidth except for the band at 1070 ¢mvhich is more intense and consistent with the presence
of citrate Eigure 3D). This indicates that this additive does not induce major structural changes

in apatite as confirmed by tiéP MAS NMR spectrum where R®is in a similar chemical

16



environment in both sampleBigure 3E redline vs Figure S2). Additionally, no contribution
related to OCP was detected in the>'P CP NMR spectrum, which is consistent with the Raman
results. This indicates that citrate allatlve direct conversion of ACP into hydroxyapatite. Spectra
recorded using short contact times evidence the contribution of?HiR@n the amorphous layer

in the mineral (red arrow), also reported for biomimetic and bone affatite.
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Figure 3. Formation of apatite in the presence of 0.1 wt.%. and 0.05 witBate. (A) and (B) in situ
monitoring by Raman spectroscopy of mineralizing systems containing 0.1wt.% and 0.05 wt.% citrate,
respectively. The blue line at ~951 ¢and the red band at ~957 ¢mepresent the ACP and apatite citrate
contributions, respectively(C, C') TEM imagesof CHA-cit0.05%. (D) Comparison between Raman
spectra of CHAGit0.05% (blue line) and CHA (black dashed line). ¢ ssNMR spectra of CHA
cit0.05%. Quantitativé'P MAS (red line) andH-3*P CP MAS (= 1 ms; blue line) spectra
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3.3 Effect of collagen on CaP precipitation

Two concentrations were first used for collagen, a low (2 mgYmand a high
(40 mg mLY). The higher one tends to mimic the environment in the biological osteoid tissue in
terms of collagen concentratibhin both cases, a band at 888 tascribed to the stretching
vibration mode of the carbonic chain from acetic acid is observed in the Raman dggotra (
4A-B). As the reaction evolves through the increase of pH, this band vanishes while a new arising
band ascribed to acetate ion is detected at 927 émportantly, there is no collagen bands
observed in the PQOegion.

The 2 mg mt! system was first investigateBigure4A). A typical band of ACP at 950
cmitis observed after 2h. The displacement of the band towards 958emween 10h and 172h)
is ascribed to the progressive transformation of ACP into apatite. The sequentially band sharpening
indicates that apatite undergoes maturation.

No major changes in the pathway of apatite formation are detected for the 40 tng mL
system Figure4B) compared to the 2 mg rmiL This is in agreement with the precipitation of
spherulitic crystals in both systenidure 4C-D).*®

After 6 days of reaction, the products were isolated and characterized. Themicigiu
Raman spectra of CH&ol/2mg mL! and CHAcol/40mg mL! (blue in Figure 4E and 4F,
respectively) are compared to CHA and fresh bone.CByjiands of apatite are observed in the
range of 40Qk100 cm! namely 1PQy = 950 cmt and 2PQy = 410 cmt  3PQy = 1010 cmt and

4PQy = 550 cmt. Collagen bands are observed around 1200. cApatite in the samples
containing collagen and fresh bone sample display similar spectral signature in terms of position
DQG OLQH ZuBsahdRregeWdields the concentration of collagen (FWHM bone =18 cm

1 FWHM CHA<ol/2mg mL?, = 17 cm!, FWHM CHA-col/40mg mL! = 17 cm?). Conversely,

19



pure CHA is chareterized by sharper phosphate bands indicating a higher crystallinity (FWHM =
12 cm?). The ex sitt*P CP MAS ssNMR spectra of CH#ol 40mg mL*! (blue line) and pure

CHA (red line) are compared Figure 4G. CHA-col 40mg mL! displays a resonance peak at

/ 31P) = 3.0 ppm characteristic of biological apatite together with a shoulder on the left indicative

of amorphous layer and/or remaining ACP phase.
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Figure 4. Formation of apatite in the presence of collagen 2 mg amd 40 mg mit. (A) and (B) Insitu
monitoring of mineralization by Raman spectroscopy of the systems containing 2 manch40 mg mL

! collagen, respectively. The red band at ~958 corresponds to the apatite contributions. (C) TEM of
ultrathin section of CHAcol/2mg mL*and (D) SEM micrographs of CHéol/40mg mL?; for both, apatite

crystals aggregate into spherulites (white arrows). The light square in C indicates the enlarged section that
is shown in the inset. (EJomparison of the Raman spectraGiA-col/2mg mL?! (blue line) with CHA

(black dashed line) and fresh bone (red line). (F) Comparison between the Raman spectraalf 4y

mL? (blue line), CHA (black dashed line) and fresh bone (red I{@)*'P CP MAS NMR spectrumd

=1 ms) of CHACol/40mgmL™* (blue line) and CHA (red line).
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Because osteoid tissue is not mineralized, further investigations were performed with a
collagen concentration that mimics the suprafibrillar arrangement of mature bone
(250 mg mL, Figure 5).*2 In situ Raman investigations were performed in the presence of apatite
ion precursors but the high collagen concentration didaliotv the observation of phosphate
bands in the 94990 cm! region Figure S4). Therefore, the time evolution of minerals within
the 250 mg mtlcollagen matrix was only investigatbg ex sitt®'P ssNMR Figure 5A).

At t=0, a single narrow signal ascribed to free phosphate species in solution is observed
/31P) = 0.03 ppm (mainly #PQy/H2PQs at pH &) with a line width of FWHM = 45 Hz. After
0.5h, the pH increases through Ntiffusion and the resonance peak shifts to 2.7 ppm, although
the linewidth remains unchanged. This is ascribed to the formation of hydrogenophosphate species
(HP) related to the loss of protons in the solution. Surprisingly, this ionic species didanutates
remaining stable in the alkaline environment uih, whichcontrasts with the previous systems.
,OQGHHG $&3 IRUPV DIWHU K D VM £3/hbothe Gpieal MokdhaBdRisi W L R Q
line shape (FWHM = 4.2 ppm). This induction timenuch longer than that found in the control
(1.5h), pAsp (11h), citrate 2.0 wt.% (3h) and citrate 0.0.5 wt.% (5h). Finally, the-sigmaiving
LV REVHUYHG DIWHU K UHV X8Ry+ DIwithFVIHM H V8% QddnQaH SHD N
reflects thecrystallization of ACP into apatite. Although the linewidth is smaller to that found for
bone mineral (2.95 ppm), it is higher than that found for @8R40 mg mt! (1.5 ppm) and for
pure CHA (1.65 ppm). These results reflect the effect of collagennemnént i.e. high fibrils
density, Figure 5B) on both apatite structure and dispersion in GE@#l 250 mg mL! as
previously shown in the literatuté?® As seen in FigurelD, spherulites are observed in low
conentrated matrix while single particles-abgn with collagen (white arrows) at bohke

concentration as observed by TEMdure 5C). Note that the ultrathin section is not stained to
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avoid any misleading of interpretation between heavy metalsaiiteparticles as previously
shown??

2D {*H}3'P HetCor NMR experiments were performed to characterize the mineral formed after
72h (Figure 5D). Noticeably, the3P projections reveal the presence small amount of
K\GUR[\DSDWLWH ,QGHHG WZR GLVWLQFWP)\AL.IIDMO "HreZL WK V
observed with different linewidths: one sharp (2.9 ppm) that correlates with hydroxyl anions at

/ *H) = 0 ppmand one broad and more intense (3.0 ppm) that correlates with water molecules at
@H) = 4.85 ppm. Interestingly, although this suggests the coexistence of ACP and apatite in the
sample formed after 72h one cannot exclude the formation of apatite cmygtalg high
amorphous layer/crystalline core ratio. Indeed, first, the collagen/ACP signature is thinner than
that of pure ACP particles in terms of linewidth (FWHM = 4.2 ppm vebsBippm, respectively)

and second, ACP resembles the amorphous layer found in bone mineral and biomimetic apatite in
terms of chemical shift§'P) ACP/Col= 3.1 ppm,&'P) ACP/bone (3.2 ppm) an@*P) pure

ACP = 3.4 ppm.
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Figure 5. Formation of apatite in dense collagen matrix (250 mgmKA) Ex situ monitoring of
mineralization by"'P ssNMR. (B) SEM and (C) TEM images of unstained GE#/250 mg mLt* section
showing the high density of collagen fibrils forming a confined environment where CHA crystals co-
aligned with collagen (white arr@yvas described in bone. (D) 2B-2P HetCor experiment (1 ms contact
time) recorded after 480 min together wit® ' VSHFWUD HMAODREWHydBoXyI\Worh CHA)

D Q &H)= 5 ppm (water molecules from ACP).
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4. DISCUSSION

The kinetics of CBR precipitation described above for pAsp, citrate and collagen are
schematically summedp in Figure 6. ACP is the first phase to form in the presence of citrate,
pAsp and collagen regardless their concentrations as predicted by the Ostwald’'s S rule.
Compared to the control, the kinetic of ACP formation is slowdown in presence of all additives
probably due to the binding of €40 the negatively charged moieti#$3 However, we need to
emphasize that aside €athe role of phosphate is so far neglected as discussed Eafles.
formation of ACP athe early stages of bone mineralization proposed by Termine and Posner is
commonly acceptetf. However, amorphous precursors remain debated in biomineralization and
the nature of the first mineral phases deposited during bone formation remains as an unanswered
questior>>°

The nature and lifetime of the CaP internagesin vitro is controlled by the nature and
concentration of the additives, elgushite is not detected and OCP is rarely found in the present
work. pAsp is shown to enhance the stability of ACP with respect to OCP in the control
experiment, as evidead by both in sitiRaman and'P ssNMR Conversely, in the presence of
citrate (0.05 wt.%) and collagen, ACP crystallizes directly into apatite without forming OCP.
These results suggest that the additives modify kinetic and mechanism by which apatite forms.
Indeed, citrate has been shown tabgdize apatite over other CaP phasesOCP and brushite,
possiblyby different mechanisms including a decrease in the surface dn@migrs, a spatial
citrate/apatiterystallographienatclt®, anda selective binding between €and carboxyl group
of citrate®® Here, the noticeable difference between collagen and citrate is the lifetime of ACP.
Indeed, collagen leads to the formation of a transient ACP while citrate prevents ACP from

crystallization at physiological concentration (for t<6 day4. and**C ssNMRconfirms the
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binding of citrate ions onto the surface of ACP which is reported to decrease the exposition of the
mineral to the solutidf and to stabilize it in solution thanks to electrostatic repufSion.

Strikingly, precipitations in the presence of different concentrations of collagen revealed
that highly concentrated matrices with a cholesteric geometry typical of compact bone stabilizes
an ionic species prior to the nucleation of A@patite. This suggests that collagen acts either as
additives or as organic scaffold below and above the liguistal threshold, respectively. The
observation of such lorgrm stabilized ionic species suggests a ststalg local phosphate
supersaturation induced by collagen suprafibrillar organization raising interesting questions
regarding the role of collagen concentration on bone mineralization. It is not possible to distinguish
whether ACP is found as transient apatite precursor phase or as a surface layer Sfgptiite
'H-31P HETCOR spectra but it is worth mentioning that a high amorphous layer/crystalline core
ratio decreases upon apatite maturation in 84tad in biological system (bone and enarfil).
Several studies have shown that NCPs and charged polgameirghibit the nucleation and growth
of apatite and promote the ACP formatiéf* Herein, in addition to the in sitmvestigation of
the mechanisms by which biological molecules alter thengatiof apatite mineralization, we also
evaluated its impact on the structure of apatite. A fresh bone sample was used to strengthen the
results.

The apatite platelets form in the presence of citrate exhibit a lateral alignment as observed
by TEM (Figure 3C-C’) in agreement with previous observations showing that it favors the
oriented attachment of mineral crystals in b&té# This also emphasizes that this molecule
strongly interacts with the surface of minerals as showed by the ssNMR fe¥uBissides the
coordination between the negatively charged carboxylate groups andfthenSacitrate binding

on the mineral surface can also take placeH#aonding with structural water and OH groups
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forming the minera$’° Although Raman shows no differences between synthetic apatite (CHA)
and CHAcit, 3'P ssNMR reveals that the spectroscopic signature of amorphous layer in apatite
tends to be closer to bone mineral in the presence of cifigier¢2 and 3.

It is worth mentioning that apatite mineral obtained in the presence of collagen is
indistinguishable from fresh bone regardless its concentration strengthening that collagen itself
directs the formation of bone apatite defining its structural propettie¥:"®’2 This is ascribed
to the combination of stereochemistry, charge and the 3D arrangement of collagen, that provide a
structural template to the oriented nucleation and growth of apatite.

Therefore, one can hypothesize that inhibitors are needed to avoid pathological
mineralizationin vivo. Indeed, although the body fluid is supersaturated with respect to apatite,
the deposition of mineral only takes place at specific tissues thanks to the combined action of
initiators and inhibitors of mineralization. Biolagill molecules such as citrate and NCPs,
paradoxically favor physiological mineralization by selectively preventing apatite growth in
solution outside the collagen scafféfd®’* This is exemplified by the development of
pathological calcification and the diversity of CaP phases found in stoneedistas to the
deficiency of citratei(e hypocitraturia) and NCPs in the plasma and ufiné Additionally, these
organic components are important for the transport of ionic precursors to the mineralization
sites’”"’® The carboxyl groups from the molecules chelaté" Garming negatively charged
complexes which are attracted to the positively charged amino acids in céfiagmmce, even
though decreasing the concentration of free ions in solution, these complexes accumulate ionic

precursors in the calcified organic matfft?

All these results suggest that citrate and acidic cakiunding NCPs are involved in the earliest

stages of mineralization acting mainly ihthe prevention of pathological mineralization aimd (
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the delivery of C& rich complexes in the gap zones of collagen triggering locally the
supersaturation towards apatite but are not crucial for the oriented growth of apatite.
Complementary, current hypotheses consider a similar role for matrix egesidlich may
transport and accumulate calcium and phosphate ions outside the cells, that further associate with
the extracellular collagenoumased matrif®®* Conversely, tissutike concentration of collagen
allows the formation of a biomimetic confinement that stabilizes transient ionic species even at
alkaline pH. This possibly favors supersaturation of apatite ion precursors in specific sites leading
to the collagen/apatite emlignment as reported earligrOverall, these results show that collagen
acts either as additives or as organic scaffold below and above the cligstdt threshold,
respectively. This particularly meaningful since fibrils density increfasesthe nonmineralized
osteoid to the highly mineralized mature bone tis§ties

It is important to note that the mineralization in biologicategns is much more complex
thanin vitro models and that all these molecules should be present together with cells and a
multitude of specialized molecules at different concentratiareddition,other inorganic ions are
found in bioapatite such as?Sf3 Mg?"®* or F andmayinfluence the precipitation pathway in
vivo. In this respect, further investigations are needed to understand the interplay between such

organic componenf&’
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Figure 6 Schematic representation of the time scales for CaP precipitation without addititrel, in the
presence of pAsp, citrate and collagen (HP: hydrogenphosphatedioisy 6 daysColours and the
corresponding lifetime of CaP precursors are indicated in arrows: HP (yellow), ACP (blue), OCP (green)

and CHA (red) during the Cgbtecipitation pathway.
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5. CONCLUSIONS

By preserving the hydration state of both mineral and organic additweshow here how
concentrationof biological components in models for bone mineralization can modulate the
commonly accepted pathway of Calegpitation that iSACP, OCP and HAP. The synthetic pAsp
stabilizes OCP while it is inhibited by citra#t physiologicallike concentration, citrate appears

to preclude HARprecipitationwhich only forms at very low concentratiofollagen determines

the structural properties of HAP regardless of its concentration. With biomimetic high collagen
concentration, ionic species are stabilized prior to the nucleation of the mineral@haserk
highlights that confinement drives thermodynamically HAP fatian by slowing down the
kinetic formation of CaP precursoasd agrees with in vivobservations showing that «.[
mineralization process of bone.| occurs very rapidly after the selsembly of the collagen

molecules to collagen fibrils.[]%8
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Fig. S1 Schematic representatiohthehomemade in sitRaman set up developped for

the CaP formation in the presence of collagen: an aluminum tube with threaded ends
carrying a 10x lens and wrapped with PTFE was screwed to the optical head

a: quartz plate; b: sample; c; microscope lens d0© ring; e: cyindrical shell in PTFE;

f: aluminum tube; g: RamaviR-Probe (Kaiser Optical Systems); h: optical fibersiser

beam; j: collected Ramasignal; k: parafilm; I: 1L beaker; m: flask; n: NH



Fig. S2 (A-A’) TEM images of biomimetic apatite (CHA) and (B ss NMR spectra
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Fig. S3 Comparison of th&H-13C CP MAS ssNMR spectracét= 1 ms) of ACFcit2%
(green line) and crystallized citrate (red linRgsonance peaks from citrate are
observed at(¥3C) = 180.4, 76.5 and 47.6 ppm; they are assigned to carboxylic group,
quaternary carbon (Cq) and €groups, respectively. The resonance(&C) = 168.5

ppm is due to inorganic carbonate.



Fig. S4 Raman spectracquiredat different reaction time fo250 mg mL* collagen
matrix containing the ionic precursors
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