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Hair
(collab. J.  Doucet,

UMR 8502 CNRS UPSud)

Cricket appendix
(collab.  O. Paris,

MPIKG, Potsdam, Germany)

Sea urchin spicule
(collab.  H. Coelfen,

U. Konstanz,  Germany)

Elephant ivory
(collab. I .  Reiche,
UMR 8247 CNRS 

Chimie ParisTech)

Tooth dentin
(collab. E.  Vennat,

UMR 8579 CNRS 
Centrale Supelec)

Bone
(collab. INSERM U1033, 
UMR S 1146 / UMR 7371 
CNRS INSERM UPMC,...)

BIOCOMPOSITES BIOPOLYMERS

BIOMINERALS

SYNCHROTRON
µFOCUS X-RAY 

SCATTERING OF 
BIOLOGICAL MATERIALS

FOR BIOMEDICINE 
& ARCHAEOLOGY
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Pair distribution function (PDF) analysis (X-ray 
diffraction) of atomic-scale disorder
Collab. P. Bordet (Institut Néel)

ACOM-TEM (electron diffraction) analysis of 
mineral crystal structure at the individual 
nanocrystal level
Collab. E. Rauch, M. Véron (SIMAP) & J.L. Puteaux,             
C. Lancelon-Pin (CERMAV)

50 nm

FIB-SEM (focused ion beam) analysis of mineral 
nanoparticle organization
Collab. K. Grandfield (McMaster, Ontario, CA) &         
E. Vennat (Centrale-Supelec)

M. Verezhak
PhD thesis 2013-16
now @PSI (cSAXS)

SHG (second harmonic generation) imaging of the 
microfibril organization
Collab. D. Débarre (DYFCOM@LIPhy), I. Wang, J.C. Vial 
(MOTIV@LIPhy), E. Beaurepaire, M.C. Schanne-Klein 
(LOB, Palaiseau)

Fluorescence microscopy imaging of the cellular 
network in bone and dentin
Collab. D. Débarre (DYFCOM@LIPhy) & D. Rousseau 
(LARIS, Angers)

R. Genthial
PhD thesis 2013-16

now @McGill

ORDER/DISORDER MULTISCALE
DYNAMICS/

CIRCULATORY PATHWAYS
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http://www.medes.fr/home_fr/applications_sante/osteoporose/eristo/osteoporosis.html from W.H.O.
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Fogelman et al. (2008) J Nuc Med 12, 2000
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Based on current diagnostic tests (DEXA), 50 % of osteopenic fractures are unexplained !
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What lies beyond BMD ?

Can we identify nanoscale structural markers of 
bone diseases ?
More specifically, can the size and organization of 
the mineral nanocrystals be used as such ?

6Courtesy K. Grandfield@McMaster

1 µm

(HR)TEM: 
mineral nanoparticles

50 nm

TEM: mineralized fibrils



  

Courtesy K. Grandfield@McMaster

1 µm

TEM: mineralized fibrils(HR)TEM: 
mineral nanoparticles
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Probing the nanostructure of bone requires nanoscale resolution while achieving 
4-5 orders of magnitude higher fields of view...

x 100 000

7
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 SAXS analysis of bone provides average structural information on the 
mineral nanoparticles and their collective organization within the 
collagen matrix in the volume probed by the beam.  

OBSERVABLE

MINERAL 
NANOCRYSTAL

MICROFIBRIL

COLLAGEN

WOVEN BONE LAMELLAR BONE

STRUCTURAL MODEL ANALYTICAL 
PARAMETERS

ORIENTATION

SHORT-RANGE 
ORGANIZATION

SHAPE, SIZE

In bone, the diffraction peaks/rings result from the mineral crystal structure, while the 
SAXS signal arises from the electron density difference between the mineral 
nanoparticles and the collagen matrix.
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Collaborations: 
        ESRF (ID13), Grenoble, France

Riekel et al. (2000) Rep Progress Phys 63, 233 
            Kubec, Burghammer et al. (2017) J Synchr Rad 24, 413 

        BESSY II (µSPOT), Berlin, Germany
Paris (2008) Biointerphases 3, FB16

        SLS (PSI, cSAXS), Villigen, Switzerland
Bunk (2009) New J Phys 11, 123016

O. Paris
@Univ, Leoben

O. Bunk
@PSI, Villigen

M. BughammerC. Riekel
@ESRF
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(quantitative) scanning-SAXS imaging (qsSAXSI) is the 
process by which maps of structural parameters are 
derived from 2D SAXS patterns acquired in scanning 
mode using X-ray micro/nanobeams.

Pixel size: focal spot of the X-ray beam.
Pixel intensity:  scalar parameter derived from the 2D SAXS at each scan point.
Field of view: f (photon flux, detector sensitivity & speed, sample scattering power)

13 keV 

17 keV 

18 keV 
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W. Wagermaier, A. Gourrier, B. Aichmayer in Bio-inspired Materials Design: 
Function through Inner Architecture, RSC publishing, 2013.
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SAXS → nanoscale structural parameters
qsSAXSI → maps of nanoscale parameters

  provides a histological perspective of the nanoscale structure
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a b

I. Reiche
@IRCP, Paris

G. BoivinO. Bunk
@PSI, Villigen

D. Farlay
@INSERM, Lyon
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a

I. Reiche
@LAMS, Paris

G. BoivinO. Bunk
@PSI, Villigen

D. Farlay
@INSERM, Lyon
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Analysis of the T distribution (~ nanoparticle 
thickness) shows that the mineral nanoparticle 
characteristics provide valuable proxies of 
ultrastructural change but it is mandatory to take 
into account the sample histology (microstructure) 
to provide a biologically relevant analysis.



  

P. Roschger
@Osteologie, Vienna

O. Paris
@Univ, Leoben
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Gourrier et al.,(2010) J Appl Crystallogr 43, 1385

P. Fratzl
@MPIKG, Potsdam

 T increases by ~ 25 % (1 nm, intra-individual); additionally, there is a 
strong perturbation of the mineral nanocrystal organization. 

Fratzl, Roschger et al. (1996) 
J Bone Min Res 248, 11

Transiliac biopsy of an 82 years old woman with post-
menopausal osteoporosis treated with NaF    iatrogenic 
fluoride overdose  (150 g NaF in 10 years)   acute pain  and 
increased fracture risk.
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Conclusion1: the stack-of-cards model seems to pick up 
fluctuations much better than T-parameter fluctuations.

Gourrier, Farlay, Boivin et al., in preparation

D. Farlay G. Boivin
@INSERM Lyon

Conclusion 2: the fluorosis biopsy shows that one needs 
to take the spatial heterogeneity into account.

8.04 mm
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Gourrier et al.,(2010) J Appl Crystallogr 43, 1385
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Petters et al. (2000) Thermochim Acta 361, 131

DeJong (1926) Rec Trav Chim Pays Bas, 45, 445
Posner (1969) Physiol Rev 49, 760
Boskey (1975) J Dent Res 76, 1433

Rey et al. (2009) Osteoporos Int 20, 1013

Petters (2000) Thermochim Acta 361, 131
Wopenka & Pasteris (2005)Mater Sci Eng C 25, 131 

Note:   Laue & Bragg(s): 1912 !!!
 Debye: 1913

Bone mineral is “poorly crystalline”, i.e. contains a high degree of crystalline disorder.
→ gives rise to peak broadening & overlapping in spectroscopy and diffraction
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OH–, Cl–, F–

CO3
2–, SO4

2–, AsO4
3–, SiO4

4–

K+, Na+, Mn2+, Ni2+, Cu2+, Co2+, 
Zn2+, Sr2+, Ba2+, Pb2+, Cd2+...

4 Å

Model structure: Ca10(PO4)6(OH)2 
Bone apatite (?): Ca10–x[(PO4)6–x(CO3)x](OH)2–x ·nH2O

Apatite minerals have a very flexible structure  
that can accommodate at least half the perodic 

table of elements.

See also C. Rey, C. Combes et al.  @CIRIMAT, Toulouse
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OH–, Cl–, F–

CO3
2–, SO4

2–, AsO4
3–, SiO4

4–

K+, Na+, Mn2+, Ni2+, Cu2+, Co2+, 
Zn2+, Sr2+, Ba2+, Pb2+, Cd2+...

4 Å

Model structure: Ca10(PO4)6(OH)2 
Bone apatite (?): Ca10–x[(PO4)6–x(CO3)x](OH)2–x ·nH2O

Project: beyond SAXS: from mineral nanoparticles to mineral nanocrystals:
 what drives the nanoscale structure of bone mineral ?

OPTION 1: quasi-direct space analysis: ACOM-TEM
OPTION 2: reciprocal space analysis: PDF analysis
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+ =

E. RauchM. Véron
@SIMAP

J.L. PutauxC. Lancelon-pin
@CERMAV

M. Verezhak
PhD@LIPHY

Verezhak et al. (2018) Acta Biomater 73, 500

In automated crystal orientation mapping 
(ACOM) TEM, an ultrathin sample  is scanned 
with an electron nanobeam (> 2 nm) to record 
2D electron diffraction patterns at each scan 
position (similar to scanning-XRD).

 maps of crystal orientations are derived by correlating the measured diffraction patterns 
with simulated ones from an ideal crystal structure in all orientations.
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Although widely used, “traditional” X-ray diffraction analysis of bone fails in 
many cases due to the crystalline disorder. Pair distribution function (PDF) 
analysis seems to be an ideal tool to analyse this disorder.

P. Bordet
@Institut Néel

M. Verezhak
PhD@LIPHY

  14)( 0  rgrrG 
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CONCLUSION: Pair distribution function (PDF) @ ThomX for fundamental biomedical analysis of 
bone ultrastructure ?

 minimum requirements:
- high energy monochromatic beam: tested 78.25(78) keV @ ID11 (ESRF)
- high flux (> 1010 photons.s-1) [or months of beamtime...]
- small beam size (< 20 µm) with low divergence (< 1 mrad)
- scanning stage + synchronization (e.g. shutter)
- efficient detector, e.g. Pilatus/Eiger = high sensitivity + high collection frequency
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This work is supported by:

ANR MULTIPS
2013-2018

 additional wishlist: 
- chemical sensitivity (e.g. fluorescence, EXAFS)
- long-time instrument design



  



  

G. BoivinD. Farlay
@INSERM, Lyon
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4D (space) problem:
       →  2D real space scan coordinates
       →  2D reciprocal (diffraction) space coordinates

M. Bughammer
@ESRF
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(quantitative) scanning-SAXS imaging (qsSAXSI) is the 
process by which maps of structural parameters are 
derived from 2D SAXS patterns acquired in scanning 
mode using X-ray micro/nanobeams.
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W. Wagermaier, A. Gourrier, B. Aichmayer 
in Bio-inspired Materials Design: Function through Inner Architecture.
P. Fratzl, J.W.C. Dunlop, R. Weinkamer eds, RSC publishing in press.
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W. Wagermaier, A. Gourrier, B. Aichmayer 
in Bio-inspired Materials Design: Function through Inner Architecture.
P. Fratzl, J.W.C. Dunlop, R. Weinkamer eds, RSC publishing in press.

from reciprocal to real space imaging...



  

+ =

Control 700 °C 800 °C300 °C

100 nm100 nm

Due to the unusually small nanocrystal size in bone, a heated cortical bovine bone model 
with well controled size distributions was studied as a resolution object.

Verezhak et al. (2018) Acta Biomater 73, 500

 1st proof of concept of the potential of ACOM-TEM for structural analysis at the single 
nanocrystal level
but... main limitation = sample preparation...
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Apatite minerals have a very flexible structure  
that can accommodate at least half the perodic 

table of elements.
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