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Pathological calcifications (kidney stones, KS)
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a major societal/health problem worldwide
(in France, related costs per year > 800 millions l])

an intrinsic structural/chemical complexity
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Hydrated CaOx, Ca(C,0,),.nH,0, are ubiquitous
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Synthetic CaOx, Ca(C,0,),.nH,0
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Synthetic CaOx, Ca(C,0,),.nH,0
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Pathological calcifications (kidney stones, KS)

a major societal/health problem worldwide ]

(in France, related costs per yvear > 800 millions €)

an intrinsic structural/chemical complexity
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More complexity

3 current lack of MR Imaging techniques:
né Usstangard MRI technique, stones appearasanon-speci fi c

(Brisbane, Nat. Rev. Urol., 2016)

3 state of the art at hospital: m Computed Tomography (CT)
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Outline

Y NMR as a unique platform of characterization

3 dynamics

3 structure é
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The solid state NMR toolbox
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Structure, interfaces and local dynamics in KS

13C CP MAS NMR
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Structure, interfaces and local dynamics in KS «
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13C CP MAS NMR
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A focus on !H solid state NMR ;.
() ca

CaC204 n H,O
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A focus on 1H solid state NMR H3:4}
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A focus on 1H solid state NMR
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A focus on 1H solid state NMR

(a)COM

o3

(c)COT

o
S
3
w

P

{COD

{COM

[COT

IQQCA‘V
© e

1.50 1.60 1.70 1.80 1.90 2.00 210 2.20 2.30 2.40 2.50 260 2.70

N
"
[y
)
Y
5
"
N,
5
N
"
W
N

O-H..0A) |

[
=—j =
oy

8('H) / ppm




The subtle role of temperature

Hydrated Calcium Oxalates: Crystal Structures, Thermal Stability,
and Phase Evolution

Alina R. Izatl.llina,’kﬁf Vladislav V. Gl.lrzhiyff Maria G. Krzhizhanovsk,:;lya,Jr Mariya A. Kuz’minaﬁf
Matteo Leoni,i and Olga V. 14rank‘Kamenetskay:;f

Order and Disorder in Calcium Oxalate Monohydrate: Insights from
First-Principles Calculations

Published as part of a Crystal Growth and Design virtual special issue ‘Remembering the Contributions and Life
of Prof. Joel Bernstein’.

Margarita Shepelenko:f Yishay Feldman,i Leslie Leiserowitz,*’* and Leeor Kronik* "
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In situ transformations: modifying the temperature of the sample by MAS

13C CP MAS @ 5 kHz
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In situ transformations

e To: COM

13C CP MAS @ 30 kHz

13C CP MAS @ 5 kHz
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RO=5kHz

_ monoclinic (P2,/c)

4 carbon atoms
8 oxygen atoms

2 calcium atoms

2 water molecules

tetragonal (14/m) n
169.76 1 carbonatom
2 oxygen atoms

CcOoD 1 calcium atom

3 water molecules

triclinic (P-1)
2 carbon atoms

4 oxygen atoms
1 calcium atom
3 water molecules

From: e

180 175 170 165 160
(ppm)

19



An intermediate phase
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In situ dehydration: °Br MAS NMR
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From COT to COM

RO=10kHz

~ 9 hrs
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1H-13C SLF (Separated Local Field) by inversion of polarization

Zilm et al., Tekely et alé

CaOx monohydrate
COM

Cross Polarization
IH- 13C dipolar interaction

through space

«€é t Bteongerthe
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i nver s» on é
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(ppm) 23



1H-13C SLF (Separated Local Field) by inversion of polarization
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Zilm et al., Tekely et alé
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1H-13C (SLF) Separated Local Field by inversion of polarization

+ inv. time

Zilm et al., Tekely et alé
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Full interpretation of the 13C CP MAS NMR spectra of COM

P21/C Cl’ C2’ C3’ C4 17I2 17I1 17IO 16I9 16I8 16;7
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a COM phase

: P2,/c space group
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Full interpretation of the 13C CP MAS NMR spectra

P21/C Cl’ C2’ C3’ C4 17I2 17I1 17IO 16I9 16I8 16I7

(Ppm)

a COM phase: P2,/c space group
a disordered COM phase: statistical 12/m space group (Shepelenko et al., 2020) 27



The new phase (from NMRe¢ ) is ubiquitous in COM syntheses

CaOx monohydrate COM
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a COM phase: P2,/c space group

28



Towards artificial kidney stones

synthetic samples
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The new phase (from NMR) is ubiquitous in KS
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Outline

Y NMR as a unique platform of characterization

3 dynamics
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Dynamics of water molecules in COM and calcium Pyrophosphates (CaPP)

synthesis of labeled samples (}’O) by mechanochemistry

* * *
Angewandte . GDC h AJWM?;{::: CaC,0,:(H,;0) + H,0 —/——> CaC,0,'(H;0),H,0;.,) + (1-x)H,0 + xH,0
International Edition CeEmMie N  Chemical society (o IR analysis (99.9% D,0):
COM-BM-?H
Communication wul COM-BM-AGED-*H

(*H-labeling)  COM-SHAKE-H
> -~/ IR-MS analysis (0.1% D,0):
COM-BM-H

Unleashing the Potential of 70 NMR Spectroscopy Using
Mechanochemistry

< COM-BM-AGED-’H

Dr. Thomas-XaV|er Metro, Prof. Christel Gervais, Anthony Martinez, Prof. Christian Bonhomme, (ii) IR-MS analysis (0.5% H,*0):

Dr. Danielle Laurencin j% N COM-BM-'*0
(PO-labeling)  £oM-gM-AGED-"0

(iii) NMR/LG-SIMS analysis (90% H.,'70):
(i70-labeling)  COM-BM-AGED-’O
) .

H,70 (neq) C O M
Ca2P207~nH20 —— CazP207-nH217O

BM, 5 min, 25 Hz
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m-CPPT B t-CPPD
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24000
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JPC C, 2022; Faraday Discuss., 2023 32



Dynamics of water molecules in COM

170,1=5/2,Q

80°C .
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Outline

Y More sensitivity

solvant + AMUPOL
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The Ra n d aglaquesa calcium phosphate (hydroxyapatite, HAp)

R N

Papilla

Kidney Stone

A site Bsite

Ca;(PO,4)s(OH),

Sherer, Acta Biomater., 2018 35




Dynamic Nuclear Polarization (DNP) MAS

solvant + AMUPOL A SENSITIVITY
ot Q
i DNP juice "Impossible experiments"

@ A LOW TEMPERATURE & MAS

huge gain in nuclearpolarization!! (~ 100 K or loweré )

- — $
DNP juice depending on the sampleé
| | A enhanced spin locking during CP
u bulk A better homonuclear decoupling
A é

K spin diffusion /

Griffin, Bodenhausen, Emsleyé
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Natural abundance 43Ca DNP spectroscopy ( )

ny(*3Ca) = 26,94 MHz, 100 K, DNP juice: glycerol-dg/D,0O/H,0O (60/30/10; viviv) + AMUPOol,

sample: ~ 20 mg

nat. abund. 2D NMR

1D NMR

2D {1H-1}43Ca HETCOR CP MAS DNP

,J\fia

43Ca

DNP

< 1h

800 600 400 200 0
43Ca chemical shift/p.p.m.

-200 400 -600 -800

100 50 0 —50 —100
“3Ca chemical shift/p.p.m.

Nature Commun., 2017

Coll.: D. Lee, G. De Paépe, Grenoble, France




Some perspectives in the study of Ra n d aglaques
m < 100 ny

13C DNP CP MAS approach (400 MHz & 100 K)

\ =) saphire rotor

Duer et al. (J. Urol., 2011)

+ {AMUpol in D,0/H,0 (9:1)} ‘

"Unfortunately, it is challenging to collect
sufficient Randall’s plaque material in the mg to tens of mg quantities necessary for Bcrp) REDOR".

13C { ~ 15 min
/

200 150 100 50 0
(ppm)

400 MHz DNP Y ~ 3 hours
700 MHz & RTY ~ 43 hours'!

SIN per unit t12

625 in time

200 150 100 50 0 ~ 925
(ppm)
38



Some perspectives in the study of pathological calcifications

\ =) Saphire rotor

unique R plaque

+ {AMUpol in D,0/H,0 (9:1)}

disordered HAp cores

2D FSLG HETCOR — ~ 7 hours

10 L

.

H

20 15 10 5 0 -5 -10 -15 -20 |

20
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Outline

Y NMR as a unique platform of characterization
3 structure
3 dynamics

Y More sensitivity

Yy DNP crystallography

Yy Magic Angle Spinning MRI
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GIPAW calculations

DFT
periodic systems

all-electron hamiltonians

GIPAW

evaluation of j)(r’) using pseudopotentials

B,,()(r) = 1/c | &’ j)(r’) x

RS
CSA

EFG J

r-r’
1

r=rp

IDRIS

B structure / assianment of spectra

B amorphous slabs \

B distributions

5, Cq, J

Coll.: J. Yates, Oxford (UK)

(Ashbrook, Gervais, CB, 2012)

#® ROvAL SOCIETY D. Bryce
ap OF CHEMISTRY

AModern NMR Crystallography: Concepts and
Appl i ca@ii2®ns o

Disordered materials (Ashbrook, Gervais, CB)
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43Ca GIPAW calculations

NATIONAL HIGH

WIAGNETIC

.

FIELD LABORATORY

43Ca, 1 = 7/2, Q

d) ;r’ / \‘J \ CaC,0,.H,0

10 0 -10 i
4Ca chemical shift(ppm) — ........
40 30 20 10 0 -10  -20
6(**Ca)/ ppm

CrystEngComm., 2013 Chem. Commun., 2018
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Carbonate substituted hydroxyapatite (CHAp)

3 hundreds of publications (except NMR)

common qualitative observations
LW (P)T 3 <dg,(2P) >

3

Y
v oLw eH) 7

Y multiplicity / overlap of 13C resonances:

A,

3

Carbonated
Hydroxyapatite
Materials, Synthesis and Applications

ichael Fleet

B, A/B, B/Bé substitutions A site Bsite

challenges of quantitative nature

DNPeée + mobéeling é see: Peroos, de Leeuw, Ugliengo, Astala,
Ma r i sameéng others!

optimization of geometry at DFT level
PBE, van der Waals Grimme D3

VASP, QUANTUM-ESPRESSO, GIPAW 43



Synthetic carbonated nanosized HAp: DNP characterization

3 synthetic HAp, ~ 1wt % in C, labeled in 13C

3 1D, 2D, double- and triple resonance CP, SQ-DQ experiments

s | | OH (HAp)

g('H)~ 23
~ 30 sec.

- (%) ~ 23

~ 2 min.

20 1§ 1 5 0 -5 -

AMUPol ON {pem)
AMUPol ON
TOTAPOL ON - -
, TOTAPOL OFF A AMUPol OFF
20 80 a0 o 40 s 420 60 50 40 30 20 10 0 40 -20 30 40 50 60
TH (ppm) S1P (ppm)

=~ 2 min.

13C (ppm)

180 175 170 185 16D
{ppm)
AMUPaol ON
x *
I N _1] e
n AMUPal OFF
250 225 200 175 150 125 100 75

ON
OFF

BN ENETN

A site Bsite ,

Cayo(PO,)6(OH),
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Synthetic carbonated nanosized HAp: DNP characterization

Py
¥

3 synthetic HAp, ~ 1wt % in C, labeled in 13C

Py
T

3 1D, 2D, double- and triple resonance CP, SQ-DQ experiments

OH (HAp)

. A site Bsite
g(1H)~ 23
~ 30 sec.
M L] L]
. | N\ _A____Awmuroion | B sites A sites
g('H)~10 . > s TOTAPOL ON
- TOTAPOL OFF
120 80 a0 0 40 80 20
1H (ppm)
£(3'P) ~ 23 r
~ 2 min. AMUPol
~7h
20 15 10 5 o -5 -10
tpem)
j AMUPol ON
AMUPol OFF
0 50 40 30 20 10 0 10 =20 30 40 50 60
P (ppm)
E sites r_l_l
£(13C) ~ 23
~ 2 min. )
sites
— 4
180 175 1m0 185 180 174
ippm)
\ AMUPoI ON
e J X
. AMUPol OFF

250 235 200 175 150 125 100 75

13 Analytical Chem., 2017 45
C (ppm)



Towards structural models

o:‘o I O-e D p a- o ¥ )
0r <3 d q <3 <3 o. -
< b O-» b (s b O»
db < d <0 <0 <0 B sites A sites
| 4\
13C SQ
c axis -
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I O n O O ) ~7h ;
6 Oo oo 9 oo Q < :
L« D+
é m oo ? o oo /.
A R 1
6 oQ Co ? oo C‘ 174 172 170 168 166 164
13C {ppm)
é oa oo ¢ o 50
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Analytical Chem., 2017



Towards structural models Bsites  Asites

M
)

AMUPol
Q o Q f o) o .
Q p O-e O-» a P [ [ C
o> S| ¢ d <30 <d d b
g ) 0» 0-» ) (S e ¥ _ BcpQ
174 172 170 168 166 164
d o o d <3 d o cd 13 (pom)
o ¢ o o o ' o o d b
" 1
C axis |
|
P9 o 0 !
1

600 oocpoo 0
ém oo§> m oo‘
600 ooqoo oo
ém ooqm o
o

<’5 é o d | 47
Analytical Chem., 2017




Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B é + charge compensation mechanisms Y structural models

~ ¢d "kgz

‘ s

¢ 9O : [+]

£ ° ° ' I /
. d f 0! h v @ Q ; I
. Q9 ® @ oy
;. bog b G- , ’ d‘ ¢ ,‘
[E 5L J H ~
x - Ca,o(PO,)s(OH), HAp Ca,0(PO,4)sCO; A full

:

R

Cay0(PO4)24(OH)g HAp (1x2x2) Cago(PO,),4(OH)CO; A-d

A type (full, diluted)

Chemistry- Methods, 2023

CO,2
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Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B é + charge compensation mechanisms Y structural models

DH"

CauglPO,)4(OH); HAP (1x2x2) CauPOLu(OH)CO5 Ad

A type (full, diluted) #
Q
F X

/ y

Cay(PO4)12(OH), HAp (1x2x1) Cayo(P0O4)11(CO3)(OH); B-OH

Additional ﬁ

B type (with OH- or M = Na*, K*é )
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Carbonate substituted hydroxyapatite (HAp)

A, B, A/A, B/B é + charge compensation mechanisms Y structural models
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- X .
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)/ y / . . .
B /B associations
Cay(PO,)12(OH), HAp (1x2x1) Cayo(PO4)11(CO5)(OH)s B-OH

B type (with OH or M = Na*, K*é )
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Towards a global understanding of CHAp

related NMR data
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Silicate substituted HAp nanoparticles

Coll.: D. Marchat, Saint-Etienne, France
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