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Abstract

Biological mineralized tissues are hybrid materials with complex hierarchical architecture
composed of biominerals often embedded in an organic matrix. The atomic-scale comprehension of
surfaces and organo-mineral interfaces of these biominerals is of paramount importance to
understand the ultrastructure, the formation mechanisms as well as the biological functions of the
related biomineralized tissue. In this communication we demonstrate the capability of DNP SENS to
reveal the fine atomic structure of biominerals, and more specifically their surfaces and interfaces.
For this purpose, we studied two key examples belonging to the most significant biominerals family
in nature: apatite in bone and aragonite in nacreous shell. As a result, we demonstrate that DNP
SENS is a powerful approach for the study of intact biomineralized tissues. Signal enhancement
factors are found to be up to 40 and 100, for the organic and the inorganic fractions, respectively, as
soon as impregnation time with the radical solution is long enough (between 12 and 24 h) to allow an
efficient radical penetration into the calcified tissues. Moreover, ions located at the biomineral
surface are readily detected and identified through 3P or 3C HETCOR DNP SENS experiments.
Noticeably, we show that protonated anions are preponderant at the biomineral surfaces that are in
the form of HPO4* for bone apatite and HCOs? for nacreous aragonite. Finally, we demonstrate that
organo-mineral interactions can be probed at the atomic level with high sensitivity. In particular,
reliable {3'1P}-*3C REDOR experiments are achieved in a few hours, leading to the determination of
distances, molar proportion and binding mode of citrate bonded to bone mineral in native compact
bone. According to our results, only 50% of the total amount of citrate in bone is directly interacting
with bone apatite through two out of three carboxylic groups.
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Introduction

Biomineralization is the process by which living organisms produce minerals in order to
protect or stiffen their tissues, for instance. Many biominerals of different chemical composition are
found in nature. About 60 different biominerals have been described so far.! Two main families are
particularly abundant in nature, namely calcium phosphates and calcium carbonates. The first group
is mostly found in vertebrates in the form of hydroxyapatite (like in bones or teeth of mammalians),
whereas the second is found in invertebrates in the form of calcite or aragonite (like in the shell of
mollusks or gastropods along with the skeleton of stony corals).

Biominerals are usually closely associated to an organic matrix made of biological fibrous
macromolecules (such as proteins or polysaccharides) in order to form functional mineralized tissues.
Each biomineral possesses specific characteristics linked to the functions of the mineralized tissue in
which it is embedded. Among these features one can cite (i) the chemical composition, (ii) the
crystallographic structure, (iii) the size and the morphology of the crystals, (iv) the three-dimensional
distribution within the organic matrix. The atomic-scale structural description of biominerals in
mineralized tissue is thus crucial to understand the corresponding in vivo functions (mechanical or
optical properties, role in metabolism...) as well as their underlying formation mechanism. Whereas
numerous studies have been undertaken over years to understand the detailed structure of
biominerals,>** questions still remain open, in particular regarding the composition and organization
at their surfaces and interfaces. It is now recognized that a distinct mineral domain exists around the
crystalline core of biominerals in different calcified tissues such as bone,® dentin® or nacre.” This
surface domain is described as amorphous or at least highly disordered. In the case of bone apatite,
this surface domain is proposed to be involved in vivo in the structuration of platelets through a
specific interaction with water molecules.® Nevertheless, a fine structural description is still lacking.
This prevents a detailed understanding of the organo-mineral interface between the mineral phase
and the extracellular matrix that is known to direct the nucleation, the growth, the morphology, the
size and the 3D repartition of biominerals in vivo.

Solid-state NMR is in principle the method of choice to access a fine description of
biomineralized tissues.>!%! The intrinsic low sensitivity of this spectroscopy limits however its
applicability to the investigation of surfaces and interfaces in materials of low specific surface area
where the selective observation of surface versus bulk species is extremely challenging. In that
context, Dynamic Nuclear Polarization (DNP) has recently emerged as an appealing technique to
drastically enhance the sensitivity of solid-state NMR spectroscopy and, in particular, to amplify
signals at surfaces in an approach called DNP SENS (DNP Surface Enhanced NMR Spectroscopy).'? In a
DNP experiment, the material is typically doped with unpaired electrons that act as a polarization
source. These unpaired electrons are usually free radicals or metal ions. Upon microwave irradiation,
the high electron spin polarization is transferred to neighboring nuclear spins either directly or by
relayed mechanisms, resulting in signal enhancements by up to two orders of magnitude. One key
approach to obtain high enhancement factors in intrinsically radical free materials is the use of

incipient wetness impregnation,*>%4

which consists in wetting the powdered materials by a minimal
amount of radical containing solution. Binitroxides radicals like AMUPOL" in aqueous solutions or
TEKPOL®® in organic solvents are today the most commonly employed polarizing agents but others
are regularly introduced.’” Recently, it was demonstrated that their design can be computationally

assisted.’® If the first proofs of concepts were reported on model mesoporous silica matrices of high



surface area, recent applications of DNP SENS concern a large range of chemical systems such as high
performance organometallic heterogeneous catalysts, doped silicon surfaces, metal-organic
frameworks, ligand-capped nanoparticles, cementitious materials, quantum dots or active Sn-
zeolites.”®

A few studies have been reported in the context of biomineralization. DNP SENS has thus
been applied to investigate native bone tissue samples (cortical goat bone) by Sinha and co-workers,
where imino acid-aromatic interactions within the collagen matrix were demonstrated.?’ In parallel,
synthetic hydroxyapatite nanoparticles were studied by DNP enhanced *Ca and C NMR
experiments, providing new insights into the Ca?* surface species®! and the structural organization of
bulk COs% substituted ions.??

In this communication we investigate the contribution of DNP SENS to the comprehension of
surfaces and organo-mineral interfaces in natural biominerals through the study of two key examples
belonging to the calcium phosphate and calcium carbonate families: bone apatite and aragonite from
nacreous shells (Fig. 1). We show that DNP SENS performs extremely well on these materials, with
signal enhancement factors of up to 100. Notably, surface ions could be readily observed and their
nature revealed as hydrogen phosphates in bone apatite and as bicarbonates in nacre aragonite.
Moreover, we demonstrate that organo-mineral interactions can be probed at the atomic level with
high sensitivity. In particular reliable {3'P}-!3C REDOR experiments can be recorded in a few hours,
leading to the determination of quantitative distances between citrate and bone mineral in native
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Figure 1. Schematic representation of the DNP SENS approach for the study of cortical bone and

nacreous shell.



Materials and Method
Biological samples

The cortical bone tissue sample originates from a two-year-old healthy French sheep. This
sample has been extracted from the distal femoral metaphysis, and conserved 24 hours under sterile
conditions before analysis. The study was reviewed and approved by the IMM Recherche's
Institutional Animal Care and Use committee (IACUC) prior to starting. The animal research center
(IMMRecherche) received an approval (n°75-14-01) on September 08th, 2008 by the “Sous-Direction
de la protection Sanitaire” of the French Authorities.

One year-old European abalone, Haliotis tuberculata, specimens were obtained from France
Haliotis farm (Plouguerneau, France). After dissection, shells measuring around 1 cm long were
washed with distilled water before analysis.

13C and 3P DNP SENS CPMAS spectroscopy

DNP SENS experiments were performed on a Bruker spectrometer 400 MHz magnet
equipped with an Avance Il HD console and a 3.2 mm LT-MAS probe in the *H-3!P-13C configuration
performed at approximately 105 K. DNP was achieved by continuously irradiating the sample with
microwaves (MW) at 263 GHz generated by a Bruker gyrotron (9.4 T) and delivered to the probe by a
waveguide. The microwave power was optimized so as to obtain maximum enhancement. The cross
effect matching condition was set to the maximum positive enhancement of AMUPol using the
sweep coil of the spectrometer magnet. Sapphire rotors were used for optimal microwave
penetration.

Intact biological samples were first crushed into a mortar until the particles size looked uniform.
However, the particle size is inhomogeneous and is ranging from 5 to 100 um (Fig. S1). Powders are
then impregnated by 12 mM AMUPol solution in D,O/H,0 (vol. ratio: 90/10) or Glycerol/D,0/H,0
(vol. ratio: 60/30/10). The biological samples were equilibrated both at ambient temperature and
ambient pressure during 12 and 24 h for cortical bone and nacreous shell, respectively. The sample
was transferred in a 3.2 mm sapphire rotor, sealed with polytetrafluoroethylene insert to prevent
loss of solvent during the measurements and closed with a zirconia cap. The typical mass of the
analyzed samples is about 20 mg. The rotor was inserted in the cold DNP probe to perform the DNP
SENS experiments.

Carbon-13 and phosphorus-31 DNP enhancement factors (ecp) were determined by scaling the
intensities of the cross-polarization (CP) spectra with or without microwave (MW) irradiation. DNP
SENS CPMAS spectra were recorded with a 'H spin-lock radio-frequency (RF) field set at 100 kHz (at
the maximum of the ramp) and a *3C / 3!P spin lock RF field of 43.1 and 68.5 kHz respectively. A 70%
to 100% ramp was used for the spin-lock pulse on *H. SPINAL-64 decoupling®® was applied at a 100
kHz nutation frequency on *H during the acquisition period. DNP SENS two-dimensional (2D) HETCOR
spectra were acquired with eDUMBO-1,, homonuclear decoupling during the *H t; evolution period
to enhance resolution in the proton dimension.?* SPINAL-64 decoupling was applied at a RF field
strength of 100 kHz during the t, evolution period. Quadrature detection was achieved using States-
TPPI by incrementing the phase of the proton spin-lock pulse of the CP step.? The MAS rate was set
at 12.5 kHz for all experiments.



One-dimensional {*H}*3C{3'P} DNP CP REDOR? experiments were acquired using a 180° pulse length
of 7.3 us on 3!P to reintroduce the heteronuclear 3C-3!P dipolar couplings. A total of 176 scans were
accumulated for each 1D experiment.

For an heteronuclear spin pair the REDOR dephasing has the form:

1-S§) - 00 1= cos(2+2Dtsin2bsina)sin tdadb
ab

where a and [ are the Euler angles representing the internuclear vector orientation in the laboratory

frame, in a powder these angles are summed over all possible orientations. D (D = —/?Ig)'rggs ) is the
dipolar coupling. The simulations of the REDOR dephasing curves were done using a homemade
program. In the calculations we have summed the relative contributions of two 3C populations: i) a
31p-13C spin pair contribution of fixed dipolar coupling (i.e. of fixed distance). This population
corresponds to carbons standing at short distances of phosphorous atoms and governs the
dephasing rate. ii) Uncoupled 3C nuclei corresponding to carbons that are far from phosphorous and
that give no dephasing contribution to the REDOR curve. This population affects the value of the
plateau of the dephasing curve.

The data were fitted by varying the dipolar coupling and the fraction of uncoupled nuclei.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was carried out on an ULTRA Plus microscope (Zeiss,
Oberkochen, Germany) operating at 5 kV acceleration voltage. The crushed bone tissue sample was
deposited on an aluminum stud using conductive carbon adhesive stickers, and was subsequently
coated with approximately 5 nm of Au/Pd prior to imaging.



Results and discussion
1. Cortical bone
1.1. Bone apatite surface

Bone tissue is a natural hybrid composite material resulting from an intimate association of a
mineral phase with an organic matrix, mainly composed of type | collagen.?’” Type | collagen is a
structural protein found in the extracellular space of various connective tissues. The amino-acids
form triple-helices assembled into elongated fibrils.?® The mineral phase corresponds to nanosized
carbonated apatite crystals of platelet morphology (~1-5 nm in thickness, ~10—-40 nm in width and
~20-100 nm in length.)?® whose c-axis is alighed along the long axis of the collagen fibrils.2 Recent
data propose that bone mineral platelets are formed by the lateral association of needle-like
nanocrystals.3® Bone apatite is known to possess compositional and structural similarities with
synthetic stoichiometric hydroxyapatite (Hap), Caio(POs)s(OH).. However, in contrast to
stoichiometric Hap, bone apatite is structurally disordered, and compositionally nonstoichiometric
due to the incorporation of a substantial amount of anionic (COs%) and cationic (Na*, Mg%)
substitutions, as well as to the presence of ion vacancies into the crystalline structure.3! The most
relevant of these substitutions in biological apatites are the replacement of the PO,* (B-type
substitution) and/or OH™ anions (A-type substitution) by COs?" ions (up to 5-8 weight %). Bone
apatite is also characterized by a so-called “hydrated disordered surface layer” of ~0.8 nm thickness
that is mainly composed of divalent species such as Ca%*, HPO4*, COs* and structural H,0.32 Such
“hydrated disordered surface layer” was also identified in biomimetic nanocrystalline apatite.?
Recently, we evidenced that this hydrated disordered layer is analogous to an amorphous calcium
phosphate (ACP) phase®*** and is involved in the stacking of the apatite platelets along their c-axis
through the interaction with water molecules.®3®

The mineral component of bone tissue can be revealed by the 3!P DNP SENS CPMAS
experiments as reported in Fig. 2a (tcp = 5 ms). A single resonance characteristic of bone apatite is
observed around 3 ppm (with a line width FWHM =5 ppm) and slightly asymmetric (shoulder on the
left side). The DNP enhancement factor &cp 31p is found to be around 40 (+2) according to different
experiments conducted on similar samples. On the other hand, the organic fraction is observed in the
13C DNP SENS CPMAS spectrum (tcr = 2 ms; Fig. 2b) that displays the characteristic *C resonances of
type | collagen, in particular of its main amino-acids, glycine (Gly), proline (Pro) and hydroxyproline
(Hyp). We also note the strong resonance centered at 174 ppm corresponding to carbonyls belonging
to protein backbones and to carboxyl groups of acidic residues. In addition, a shoulder at 170 ppm is
observed that is commonly assigned to COs* present as substitution ions in the apatite crystal
lattice.3” Enhancement factors €i13c cp of around 60 (%5) and 50 (+5) were measured for the aliphatic
and carbonyl resonances of collagen, respectively; according also to different experiments conducted
on similar samples.

First, we note the ability of DNP to significantly enhance the different NMR signals of bone
tissue. The overall profiles of the 3P and 3C DNP SENS CPMAS spectra are similar to those obtained
by conventional, room temperature NMR experiments reported in literature,'®3 both in terms of
resonance number and relative positions. This indicates that neither the impregnation by the DNP
polarizing solution, nor the cryogenic temperature of the sample (100 K) leads to a structural
modification of the bone tissue. We also note that the 3C spectrum of Fig. 2b exhibits broader
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resonances than that reported on a fresh and hydrated bone sample at ambient temperature but is
similar to what was observed for dry bone samples.?® We ascribe this broadening to the low
temperature of the sample in DNP conditions that reduces the dynamic of collagen, leading to a
distribution of chemical shifts (inhomogeneous broadening). The overall structure of bone tissue is
thus preserved and DNP SENS spectra can be safely analyzed leading to confident structural
conclusions (see Fig. S2).

Second, we note that the &cp 31p and €i13c cp are rather high (40 and between 50 and 60,
respectively), which may be surprising at first sight as the bone sample investigated here corresponds
to cortical bone i.e. a dense tissue that does not possess any specific surface area. Nevertheless,
compact bone is a hydrated tissue in which three different levels of porosity are reported: (i) the
“vascular porosity” that corresponds to the space created during the excavation of the Havers and
Volkmann tunnels to allow vascularization of the tissue. This porosity corresponds to the diameter of
these tunnels (about 40 um), and is the largest in size within the cortical bone. (/i) The “lacuno-
canalicular porosity” refers to the lacunar spaces within the mineralized bone matrix, where is found
the osteocytes; as well as the canalicular endings hollowed out by osteocytes in order to form
communicating junctions. This porosity corresponds to the diameter of the canaliculi (approximately
0.2 um). (iii) The “collagen-apatite porosity” is the very narrow space that exists between collagen
fibrils and apatite particles; porosity the smallest in size, a few nanometers maximum.?%442 The high
enhancement factors observed here suggest that the radicals from the polarizing solution (i.e.
AMUPol molecules) are able to deeply penetrate cortical bone, including up to the collagen-apatite
porosity when the sample is immersed long enough in the DNP solution. In this study, we estimate
the optimal time of equilibration between 6 and 12 hours for cortical bone. Singh et al reported
recently lower carbon-13 DNP enhancement factors of 30 (versus 50 to 60 in the present study) on
cortical bone.? According to similarities with their experimental conditions (magnetic field of 9.4 T
and polarizing solution of 12 mM AMUPol in H,0/D,0 (90/10 v/v)), this difference can be explained
by shorter impregnation times (2-3 min) in their case. Note that no 3!P DNP enhanced NMR
experiments were conducted in their study.

Finally, we note that the enhancement factor is slightly higher for the organics where DNP
directly occurs from radicals homogeneously distributed inside the extracellular matrix and in
particular within collagen fibrils. For the inorganic part, DNP is relayed through H spin diffusion
inside the protonated apatite particles as the radicals will stand near the surface.
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Figure 2. a) *H-3P and b) 1H-13C DNP SENS CPMAS spectra of bone (DNP-impregnation solution
without glycerol). Main 3C resonances are highlighted. A total of 64 and 128 scans were recorded for
I13C and 3IP spectra respectively. * denotes spinning side-bands.

As mentioned above, bone apatite platelets can be described as core-layer particles where
an apatitic crystalline core is coated by a hydrated amorphous layer.23%3> The different types of
phosphate species composing bone apatite are readily evidenced in the two-dimensional (2D) H-3P
HETCOR (Heteronuclear Correlation) DNP SENS spectrum (Fig. 3a), with a specific emphasis on
surface species. Here we note that the drastic sensitivity increase provided by DNP allows one to
record such 2D experiments in about 30 minutes.

The hydrogen phosphate ions located in the amorphous-like surface layer of bone apatite
appear as a strong broad resonance correlating with water molecules from the DNP polarizing
solution (maximum at §(*H) = 6.6 ppm) and with protons from HPO,* at higher chemical shifts (§(*H)
up to 15 ppm).23*



The apatitic crystalline core of bone mineral particles containing orthophosphates is also
detected as a correlation resonance with OH™ protons from the bulk apatite lattice (3(*H) = 0 ppm).
An additional correlation at 8(*H) = 1.3 ppm is observed (Fig. 3b). We assign this signal to OH" close to
COs% in the apatitic lattice. Such assighment is based on previous studies of 3C-labelled CO3?-
substituted synthetic apatite where 'H-3!P-3C double CPMAS experiments have highlighted such
characteristic resonance that had been assigned to OH  near COs* in a B-type substitution position.*
Such resonance is difficult to observe by conventional NMR. According to our knowledge, it was
never mentioned and assigned before for bone apatite. Bulk hydroxyl ions in the (radical free) bone
mineral particles (thickness ~ 4 nm) here are expected to be polarized by relayed DNP by proton spin
diffusion,224445

Extracting the 3P slices from the 2D experiment (Fig. 3c¢) allows the comparison of the
corresponding phosphates resonances in the three detected environments (amorphous surface, bulk
lattice, COs*-containing bulk lattice) and highlights their differences in terms of structural
environment: (/) HPO4* in the amorphous layer displays a broad and slightly asymmetric line shape
characteristic of their disordered environment (§(3!P) = 3 ppm; FWHM = 5.3 ppm); (i) PO,* in the
apatitic bulk are slightly upfield shifted (8(3!P) = 2.9 ppm) and exhibit thinner line width (FWHM= 2.7
ppm); (iii) finally, PO4* close to B-type COs? exhibit a broader line width (LW= 3.3 ppm) due to a local
disorder induced by the ionic substitution.

OH- close to B-type CO,*

l oH

(a)

N

Apatitic core
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of PO, OH {
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Figure 3. (a) *H-31P DNP SENS HETCOR spectrum of bone (tcr = 5 ms; DNP-impregnation solution
without glycerol), (b) corresponding *H projection, (c) 3P traces extracted at 5(*H) =0, 1.3 and 6.6
ppm. A total of 16 scans were recorded with 128 t; increments, an increment step size of 60 us, a
recycle delay of 2 s.

Type | collagen is the most abundant protein in mammals and the major organic constituent
of various connective tissues such as tendon, skin, dentin or bone. The most common amino acid
motif in collagen respects the following sequence glycine-X-Y where about third of the X and Y
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residues are proline and hydroxyproline, respectively. The H-3C DNP SENS HETCOR spectrum (tcp =
500 us) of the bone sample shown in Fig. 4 displays the characteristic correlation peaks of collagen
for the aliphatic ( 3(*3C) from 10 to 80 ppm) and C=0 resonances (5(*3C) from 160 to 185 ppm). At this
contact time, under DNP conditions, we observe correlations with both NH (8(*H) at around 9 ppm)
and aliphatic protons (§(*H) between 1.7 and 4.3 ppm) for all carbon-13 resonances. In particular we
note a strong correlation of Gly Ca carbons with NH groups as expected (dashed line in Fig. 4).

The shoulder around 170 ppm that is usually assigned to COs* of bone apatite as B-type
substitution is also observed but, surprisingly, there is no correlation with bulk apatitic hydroxyls
(expected around 8(*H) = 0 ppm). Instead, the main correlation peak is centered at 8(*H) = 3.7 ppm.
Therefore, we postulate that this shoulder mainly comes from C=0 organic carbons and that the
fraction of inorganic carbonates at a similar chemical shift position is too low (between 5 and 8%w/w
in bone mineral®) to be evidenced through *H-*C HETCOR spectra.

Gly Ca

Pro Ca, Hyp Ca, Co
Pro CB
Pro Cy

c=o _ Carbonates

J

Hyp Cy

5 L
3tH(ppm)

10

15

20 1 1 1 1 1 1
200 180 160 140 120 100 80 60 40 20 0
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Figure 4. (a) *H-3C DNP SENS HETCOR spectrum of bone (tcp = 500 us; DNP-impregnation solution
without glycerol). A total of 32 scans were recorded with 96 t; increments, an increment step size of
60 us, a recycle delay of 2 s. * denotes spinning side-bands.

1.2. Bone apatite organo-mineral interface

The nature of the organo-mineral interface in bone has been widely debated in the literature
as the organic matrix is described to direct the formation of bone mineral. In particular, non-
collagenous proteins (NCPs) are proposed to control the nucleation and growth of transient calcium
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phosphate phases (such as ACP) and monitor their transformation into bone apatite.*®**” The collagen
matrix itself is also proposed as an essential actor in such process.”® Solid state NMR studies
contributed to the atomic-scale structural investigation of the organo-mineral interface through
13C{31p} REDOR experiments as the nuclei involved are predominantly located in distinct domains:
bone apatite for 3'P and the extracellular matrix for 3C. As a result, other species than protein such
as glycosaminoglycans® and citrate ions®®°! have been identified to be in close interaction with bone
apatite in mature bone tissue. The REDOR has also been used to investigate the role of mineralizing
proteins such as osteocalcin and osteopontin at the organic-inorganic interface in bone.>?

Nevertheless, such *C{3!P} REDOR experiments are particularly time consuming on natural
tissues with conventional MAS NMR spectroscopy. Noticeably, the total experimental time used by
Hu et al.>° to record four REDOR points (i.e. four **C REDOR spectra with 3'P irradiation and four 3C
REDOR spectra without 3!P irradiation) was 19 days! Given the signal enhancement factors discussed
previously, the experimental time of similar REDOR experiments should be drastically reduced with
DNP.

Figure 5a displays {*H}**C{3'P} DNP CP REDOR spectra of cortical bone (recoupling time Rt =
14.1 ms). The dephasing of carboxylate (COO") and quaternary carbon (Cq) resonances from citrate
ions (at 181 and 75.6 ppm, respectively) is observed in agreement with published data.*>*°* We note
also the dephasing of COs* from the apatitic lattice of bone mineral.

In order to evaluate the distance between citrate moieties and bone apatite surface,
variation of Rt was undertaken. The REDOR curves corresponding to COO" and Cq resonances are
plotted in Figure 5b-c. A total of 24 points (Rt up to 24.1 ms i.e. 185 rotor periods) were recorded in
11 hours. Numerical analysis allows P-C distance determination together with the fraction of citrate
involved in the apatite binding. According to best fits, COO™ and Cq groups are located at 0.5 nm from
the apatite surface. Such distances are in good agreement with published data, even if they are
found a little bit longer than in previous measurements (3.5 and 4.5 A for COO™ and Cq,
respectively).>® This difference is somehow difficult to interpret but we should note a difference in
sample preparation with the study of Hu et al.*® Freshly extracted bone sample was used in the
present study whereas Hu et al.*° studied a cryomilled and organic solvent (methanol/chloroform)
treated sample (femur cortical bone from a four-year-old cow). Such procedure might destabilize the
ultrastructure and/or dehydrate bone tissue. The removal of water molecules tightly bonded to the
surface of bone mineral surface induces the collapse of the collagen network and might lead to a
stronger adsorption of citrate ions onto the surface.

Thanks to the signal enhancement provided by DNP, REDOR experiments could be recorded
up to 24.1 ms recoupling time allowing the observation of a plateau of the dephasing signal that is
related to the fraction of citrate ions involved in the interaction with bone apatite. Assuming that the
resonances observed at 181 and 75.6 ppm are only related to citrate, we note that 80% of Cq exhibit
a significant dephasing meaning that 80% of citrate ions present in the bone tissue are involved with
bone surface binding. Similarly, only 50% of COO are concerned by a significant dephasing. Following
this observation, we can conclude that for one bonded-citrate only two out of three carboxylate
functions (0.5/0.8 = 0.625 ~ 0.67) are bonded to the mineral surface. Such result is agreement with
the bone mineral model developed by Davies et al.! in which citrate ions are entrapped within an
OCP-like structure as a structurally organized layer. Through numerical calculation they propose that
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one carboxylic group from citrate “is not coordinated to any calcium anions and is dangling into the

water channel” in coherence with our experimental data.

No strong dephasing was observed for type | collagen resonances evidencing “long” distances
between collagen fibrils and bone mineral platelets. The absence of direct bonding in mature bone
was already proposed® and is coherent with the presence of confined water molecules in-between
apatite particles and collagen fibrils, namely the interstitial water present in the collagen-apatite
porosity.>*
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Figure 5 : a) {*H}P3C{?'P} DNP CP REDOR spectra of cortical bone recorded with (black) and without 3P
(green) irradiation (R, = 14.1 ms; DNP-impregnation solution without glycerol; * denotes spinning
side-bands). Dephasing evolution of b) COO™ (181 ppm) and c) Cq (75.6 ppm) resonances with

increasing recoupling time (R;). Best fits are in blue, dephasing plateau is indicated as a red dashed
line and error bars are in black.
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2. European abalone Haliotis tuberculata shell
2.1. Aragonite surface

The shell of European abalone Haliotis tuberculata is a composite hybrid material composed
of calcium carbonate CaCOs; intimately associated to an organic matrix. In the adult shell, three
distinct layers are identified: an outer organic layer (the periostracum), an intermediate spherulitic
layer and an innermost nacreous layer.>® The mineral phase represents about 95 w% of the material
whereas the remaining 5 w% constitutes the organic matrix. The mineral phase in European abalone
is found as micrometric aragonite crystals for which the morphology differs as a function of their
location into the shell: irregular spherulitic crystals in the spherulitic layer and pseudo-hexagonal
tablets in the nacre layer. Whatever the layer, the aragonite crystals are embedded in an organic
matrix mainly composed of polysaccharide namely fS-chitin. In this mineralized tissue both the
organic (f-chitin) and the inorganic (CaCOs) counterparts are composed of carbons atoms. Moreover,
European abalone shell is a dense 3D organized tissue which is not vascularized and does not possess
any particular identified porosity. Thus, analyzing mineral surfaces and interfaces in European
abalone shell is much more challenging than in bone.

Aragonite crystals from mollusks shell have also a protonated disordered layer of ~5 nm
thickness that was identified as amorphous calcium carbonate (ACC) in mature nacre in Haliotis
laevigata "¢ or in forming nacre tablets in Perna Viridis.>” Recently, different disordered carbonate
environments were identified in Perna canaliculus and assigned to “exposed carbonate”, at the
surface of the aragonite crystals in interaction with the organics molecules, and “buried carbonate”
defects within the mineral bulk.>® Such “buried carbonate” could be associated to intracrystalline
organic molecules are entrapped within individual crystallites inducing anisotropic lattice distortions
in Perna canaliculus.>®

Here 3C DNP SENS experiments were used to selectively detect exposed carbonates. The 3C
DNP SENS CPMAS spectra of Haliotis tuberculta shell are displayed in Fig. 6. Different resonances can
be highlighted as a function of the CP contact time. At short CP contact time we observe mainly the
resonances of the organic moieties (Fig 6a), with an enhancement factor €i13c cp of around 100. The
resonances of f-chitin are identified (Fig. S$3), in particular the C3/C5 resonance at 73 ppm,
confirming the presence of this polysaccharide in the interlamellar matrix of abalone nacre.®®
Interestingly, additional resonances are observed in the range 20 to 50 ppm corresponding to
proteinaceous material.®* The contribution of the organic carbons is strongly attenuated at longer CP
contact times, while the resonances of carbonates in the protonated environments of aragonite
become clearly visible, among which a narrow resonance at 170.5 ppm (Fig 6b). This spectral edition
is permitted by differential longitudinal relaxation times along the applied radio-frequency pulse
(T1p(*H)), that are much longer for resonances of the inorganic part.>®*® An enhancement €13c cp of 11
was measured on the carbonate resonance with a glycerol-containing polarizing solution (versus €i3c
cp of 6 without glycerol; Fig. S4). Fig 6¢ shows an expansion of the CP MAS spectra in the low field
area and a comparison with a 3C single pulse spectrum. On the latter a single thin resonance at
8(13C) = 171.5 ppm is observed that corresponds to carbonate from crystalline aragonite.!* The
resonances of the organic matrix and of S-chitin in particular are not observed due to their very low
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proportion in the sample (less than 5 w%). Exposed carbonates, observed in the CPMAS spectrum at
long contact time, exhibit a slightly shifted resonance at higher field (170.5 ppm) and of larger
linewidth due to higher local disorder as compared to carbonates in crystalline environment. At short
contact time, the spectrum is dominated by the resonances of the organic matrix. This detailed
analysis is made possible by the extremely high sensitivity of DNP SENS and illustrates the great
potential of this approach to specifically enlighten surface species in biological calcium carbonates.

As expected and as is the case for the bone tissue, €i13c cp is higher for the organic matrix,
where DNP occurs directly, than for the inorganic part, where DNP is relayed through 'H spin
diffusion inside the amorphous layer. Overall, these results indicate as was the case for the bone
apatite, that the radical solution is able to penetrate the organic matrix when the equilibration time
is long enough (24 h here) and polarize efficiently both the organic and inorganic domains.
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Figure 6 :H-13C DNP SENS CPMAS spectra (DNP-impregnation solution with glycerol) of European
abalone shell : a) tcp =1 ms; b) tcp = 10 ms. The number of scans was 1200 and 128 in a) and b)
respectively. ¢) Comparison of the 1H-3C DNP SENS CPMAS spectra and the *3C direct acquisition NMR
spectrum (4 scans with a recycle delay of 600 s). Blue stars denote 3C resonances from glycerol. Black
stars denote spinning side-bands.
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2.2. Organo-mineral interface

Two-dimensional *H-*C DNP SENS HETCOR spectra of nacreous shell could also be recorded
in extremely short experimental times (16 min here). The HETCOR spectrum corresponding to a
contact time of tcp = 10 ms is depicted in Fig. 7 and reveals the nature of the exposed carbonates. A
strong correlation peak at 8(*H) = 14 ppm characteristic of HCOs ion®* demonstrates that a large
amount of exposed carbonates in the European abalone shell appears as protonated in the form of
bicarbonates ions. This result is coherent with similar analyses of nacre from Haliotis laevigata’ and
of shell from Perna canaliculus.®® Moreover, we do not observe any signal related to water
molecules, indicated that such surface species are not strongly H,O-bonded unlike bone mineral.
Taking into account that biomimetic amorphous calcium carbonate (ACC) do not contain any

substantial amount of bicarbonate ions,%%%3 %4

it seems unrealistic to assign the disorder layer around
aragonite crystal in nacreous shells to ACC stricto sensu but rather to a bicarbonate-containing

disordered phase.

The analysis of the 2D 'H-3C DNP SENS HETCOR spectrum also provides insight into the
nature of the organo-mineral interface. A strong correlation at §(*H) = 2.6 ppm is observed for
exposed bicarbonates indicating a close proximity with aliphatic moieties. While such resonance is
difficult to interpret due to a lack of resolution, it remains a direct signature of the organo-mineral
interface. According to Kono et al.,®® this cross-peak could be related to the H3 protons of S-chitin
(2.8 ppm) but we also might consider that this signal is related to the presence of acidic proteins that
are known to control the nucleation and growth of the mineral phase in such nacreous shell.%
Nevertheless, this example is a nice illustration of the potential of DNP MAS approaches for the
investigation of organo-mineral interfaces in carbonate-based calcified tissues.
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Figure 7 : *H-13C DNP SENS HETCOR spectrum of European abalone shell (tc» = 10 ms; DNP-
impregnation solution without glycerol). A total of 24 scans were accumulated with 20 t; increments,
an increment step size of 60 us, and a recycle delay of 2 s.
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Conclusion

In this communication we demonstrated that DNP SENS is a method of choice to study
biological mineralized tissues in general, and surfaces / interfaces of their corresponding biominerals
in particular. Even if bone and nacreous shell do not possess any identified mesoporosity, the
impregnation of the materials by aqueous-based radical solutions was found to efficiently distribute
the radicals probably due to the high intrinsic hydration level of these biomineralized tissues.
Concerning the inorganic fraction, signal enhancement factors 40 and 11 for bone apatite and
nacreous aragonite were reported, respectively. We demonstrated that the surface structure of the
crystals could be readily probed through *H-3!P or *H-3C DNP SENS HETCOR experiments evidencing
the presence of hydrogenphosphates (bone mineral) and bicarbonates (aragonite) as exposed
species.

Higher signal enhancement factors were found for the organic matrix, both for cortical bone
(between 50 and 60) and for nacreous shell (up to 100). This result is particularly promising in the
case of nacreous shell as the nature of the biomacromolecules composing mollusk shell layers
(periostracum, spherulitic/prismatic or nacreous layer) is still under debate.?! In that context, we
demonstrated that 3C DNP NMR experiments could reveal the presence of chitin as well as
proteinaceous material in European abalone Haliotis tuberculata shell.

Finally, we demonstrated that organo-mineral interactions could be probed at the atomic
level with high sensitivity. In particular, reliable **C{>'P} REDOR experiments were performed in a few
hours, leading to the determination of distances and molar proportion of citrate bonded to bone
mineral in native compact bone. Our data suggests that a significant proportion of citrate (20 %) from
cortical bone tissue is not bonded to apatite crystals and that the adsorption mode of citrate ions
involves two out of three carboxylate groups.
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Figure S1: Typical SEM image of crushed bone sample.
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Figure S2 : 13C CP MAS spectrum of fresh cortical bone recorded through a) DNP MAS conditions (Bo =
9.4T;RD=2s; tep =500 us, T =100 K, DNP-impregnation solution without glycerol. Total acquisition
time: 4 min) and b) standard MAS conditions (Bo=7 T; RD = 1.5 s; tce = 1 ms, Tams). Total acquisition
time: 15h30min). * denotes spinning side-bands.



Figure S3
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Figure $3: a) 23C CP MAS spectrum of chitin (standard MAS conditions: Bo =7 ; tce = 1 ms, Tams). Chitin
resonances are highlighted with dashed lines. b) and c) 'H-3C DNP SENS CP MAS spectra of European
abalone shell recorded in the following conditions : b) tce = 1 ms, DNP-impregnation solution with
glycerol (* denotes glycerol resonance); c) tce = 10 ms, DNP-impregnation solution without glycerol.
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Figure S4: *H-3C DNP SENS CP MAS spectra of European abalone shell recorded through DNP-
impregnation solution without glycerol (tce = 10 ms; 64 scans).
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