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CaCQ, applications

White color
Anti-caking property

Metallurgy and building Mechanical properties
Manufacture of paints, paper, rubber, plastics, glass... Physical stability

Cosmetics, personal hygiene products Low cost
Food industry ;
Water decontamination
Medicine

Biocompatibility

Low toxicity

Mild decomposition conditions
Biodegradability

Good absorption capacity

Ability to control particle parameters




CaCO; Polymorphism

Metastable

Porous structure
Developed surface

l

Efficient loading of active
molecules

Vaterite

Hexagonal crystal system

Aragonite

Orthorhombic
crystal system

Calcite

Trigonal crystal system




CaCOQ, particles: 3 polymorphs
Calcite e—

B ! PA3HOOBPA3HUE

“ | | MWHEPAJIBHBIX BU/IOB
C—x2a KAJIBLIUT

o (Gt

0. Ul

\ , KAJIBIIMT CaCO, Calcite =
i | (Mcnanackuit wnar)
| . Huoe, Tynzycka, K] it Kpaii
o i Hicmmxona (5, 1508 " KPA%

P Iceland spar, formerly
Z KAMBUAT Cico, Calcite “m/' known as Iceland CryStal,
i A is a transparent variety of
calcite (birefringence)

3
lewyun I'H., 1958

Fersman Mineralogical Museum RAS, Moscow



CaCQ, particles: 3 polymorphs
Aragonite

5 s

ll‘!' CaCOx Aragonite

w106 /m.: Poccun
mul

Fersman Mineralogical Museum RAS, Moscow



CaCQ, particles: 3 polymorphs
Vaterite (1903) is less stable form of CaCOs,

Heinrich Vater

was a pioneer in the
forest soil science, land
evaluation, forest
fertilization

~a greenish-whit st, which co

Spicules from the simple
sea creature Herdmania
momus contain large single
crystals of vaterite of
higher quality than those in %%
the synthetic vaterite used _ &

in previous structure

determinations (ESRF)

PR b

ntai

AT
>

Saxifraga sempervivum, an alpine plant produces

ns vaterite
Ll 8o e

.-




N
Variety of vaterite morphologies

16 hour

Trushina D.B. et al. Calcium carbonate vaterite particles for drug delivery: Advances and challenges // Mater. Today Adv. 2022.
Vol. 14, P. 100214

Trushina D.B., Bukreeva T. V., Antipina M.N. Size-Controlled Synthesis of Vaterite Calcium Carbonate by the Mixing Method:
Aiming for Nanosized Particles // Cryst. Growth Des. 2016. Vol. 16, Ne 3. P. 1311-1319

Mikheev A. V et al. Hybrid Core—Shell Microparticles Based on Vaterite Polymorphs Assembled via Freezing-Induced Loading //
Cryst. Growth Des. 2023. Vol. 23, Ne 1. P. 96-103



Vaterite
Size-controlled crystallization

CaCl,+Na,CO; = CaCO;|+2NaCl

Concentration of reagents OGO/ MQO%
LT Y
Temperature
pH :H ngn
Presence of additives, co-solvents I~ \—J Polymorph composition

Volume ratio of reagents
Mixing time and intensity
Influence of external fields

~ Size
Form

Porosity
—

The main objective
Crystallization of stable porous vaterite particles in a size-controlled manner

Focus on how to decrease the size




Micro-sized vaterite

Standard protocol allows vaterite with
the size ranging from 4.5 pm to 1.5 um

Influence of the concentration
of reagents on the size

5,0
45

4,0

= LTI 00 00 0RO LN
H Cal_Cite 0.5 %
3000 . vaterite 99.5 %

3,5 1

3,0

0.5 %

oy

2,0 H
2000

Particle size, pm

1,5 4

1,0 S

1000

05 T T T T T T T T T T
o0 o1 02 03 04 05 06 07 08 09 10

Salts concentration, M

0

10 20 30 40 50 60 70 80 90
Position [°2Theta] (Copper (Cu))

+ Trushina, D. B.; Bukreeva, T. V.; Antipina, M. N. Size-Controlled Synthesis of Vaterite Calcium Carbonate by
the Mixing Method: Aiming for Nanosized Particles. Cryst. Growth Des. 2016, 16 (3), 1311-1319.



Micro-sized vaterite

FIB (Ga ions) milling of a Pt-coated CaCO; particle

FIB

Pt coating

SEM

Data acquisition




Micro-sized vaterite

3D reconstruction of vaterite particle structure according to SEM images

CaCoO,

rores




Submicron-sized vaterite

Modified protocol allows vaterite with
the size ranging from 0.3 pm to 1.7 uym

Optimization of the reaction parameters:
v'Varying salts:co-solvent volume ratio (1:1 — 1:5)
v'Different T (25°C — 40°C)
v'"Mixing time from 30s to 3h

ADDITIVE (co-solvent):
ethylene glycol/ glycerol

[

Additive Salts conc., M
EG 0,165
EG 0,25

24 4
2,2 4
204 o
1.8 4
1,6 -
14 4
124
1,0 4
0.8
0,6 -
04
0,2 4

RRRRLH

I

caco3_05mkm
. calcite 0.6 %
. vaterite 99.4 %

W [05%
%94%] |
2000

Average particle size, um

T T T T T T T T T T ' 1000
65 70 75 80 85 90 95 100 105 110 115

»>
Additive concentration, M 253 '""t.s‘" “, ¥
9

* Trushina, D. B.; Bukreeva, T. V.; Antipina, M. N. Size-Controlled Synthesis of Vaterite Calcium Carbonate by the
Mixing Method: Aiming for Nanosized Particles. Cryst. Growth Des. 2016, 16 (3), 1311-1319.

» Trushina, D. B.; Sulyanov, S. N.; Bukreeva, T. V.; Kovalchuk, M. V. Size Control and Structure Features of
Spherical Calcium Carbonate Particles. Crystallogr. Reports 2015, 60 (4), 570-577.

Position [°2Theta] (Copper (Cu))



Mass crystallization

ADDITIVE (co-solvent):
ethylene glycol/glycerol

Mass crystallization

G < A

Q,
%*4 W
0. o
/p X
& O
+US

* V. Popova et al.
Nanomaterials (2021)

ADDITIVE: PEG+Tween-20+
DMEM + MgCl,

Template method

formation of CaCl,(s) ““‘:.( Y

Infiltration of domains inside  §j0,/CaCl,
SiO, particles mSiO,
with CaCl,(aq)
Infiltration with Drying and

annealing

®e%
*.. e®

reaction of CO,’ e®
with CaCl,(s)

Si0,/CaCoO,
« D.A. Eurov et al. Microporous
Mesoporous Mater. (2022)

« T.N. Pallaeva, A. V. Mikheev, D. N. Khmelenin, D. A. Eurov, D. A. Kurdyukov, V. K. Popova, E. V. Dmitrienko, D. B. Trushina.
High-capacity calcium carbonate particles as ph-sensitive containers for doxorubicin, Crystallogr. Reports. 2 (2023) 309-315



Template method

Mass crystallization

Mass crystallization

B

50090 nm (CaCO;—- 500) | 17275 nm (CaCO5-200) | 65115 nm (CaCO;:Si:Fe-50)

Polymorphic composition

99.4% vaterite Amorphous 100%calcite

Loading with doxorubicin
6.5 wt% 4.8 wt.% 4.0 wt.%

« T.N. Pallaeva, A. V. Mikheev, D. N. Khmelenin, D. A. Eurov, D. A. Kurdyukov, V. K. Popova, E. V. Dmitrienko, D. B. Trushina.
High-capacity calcium carbonate particles as ph-sensitive containers for doxorubicin, Crystallogr. Reports. 2 (2023) 309-315



In vivo evaluation of 50/200/500nm CaCQ, particles

Absorption s

Particle type

@ @
: : CD> BF \4!»
Blood half-life t,,, min el \\p

Balb/c e

| particletype

| 500nm 1.6 £0.7

2.240.9

9.24.7 s

2.610.7 heart rates of 8 - 10 o ﬁm“ o

beats per sec

In vivo pharmacokinetic profiles of Cy7.5-labelled CaCO3; in mice

300

= 500 nm = 500 nm PEG
e 500 nmPEG 200 e 200nm PEG N:
250 50 nm PEG

—_—

2200 - 150

o r——

= 150

—T
i

100

L _ &
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In vivo evaluation of 50/200/500nm CaCOQ, particles

CT26 Study design
mice bearing
Balb/c colorectal carcingma
- D .® P
Ay Intravenous injection of
2P Cy7.5-labelled CaCO;
Day 0 Day 8

In vivo biodistribution of Cy7.5-labelled CaCO; in mice (IVIS Spectrum CT)

1 500 nm PEG
18 } - 200 nm PEG

N o 50 nm PEG
— l_l_\ N=
- 5
&

*p=0.05

0.1

ﬂﬂ i ﬂ

Liver | Spleen |Kidneys| Lungs | Heart | Muscle | Tumor

Normalized average radiant efficiency (a.u.)




Pe3ynbeTtathl 1 BbiBOAL

Ona cuHtesa CaCO3; ucnonb3oBany METOAMKY MacCOBOW KpUcTannmsauum
B pacTBopax, a Takke TeMnnaTHbIM cMHTe3. OnNTuMmM3aumst yCcrnoBun

KpucTannunaauum no3sonuna nony4unTtb Yactuubl CaCO3; ¢ pasamepamm B
ananasoHe ot 500 go 50 HMm.

Ona yactuy 500HM umpKynauma yeennymBaeTcs nNpu narunmpoBaHnn: ty
yBenunymeaetca ¢ 1.6x0.7 go 2.2+0.9 cex.

Ona vactuy 200Hm t4, 9.2+4.7 cek.

[Mpn BHYyTpMBEHHOM BBEAEHUN DONBLUMHCTBO CYOMUKPOHHbIX U
HaHo4acTuy, CaCOs— 500HM/PEG, CaCO5;— 200HM/PEG n CaCO5;-50/PEG
aKKyMYIMpYOTCS B NeYEHU, ceneseHke, novkax. Yactmubl oagnHaKoBo
HakannuMearwTCs B ONYXOnu B npeaenax norpelHocTn. T. 0. NPUMEHEHUS
HaHO4YacTUL, U NONMMEPHOrO MOKPbITUA HEAOCTATOYHO, YTOObLI 3HAYUTENBHO
YyNy4ylwnTb JOCTaBKy NpenapaTtoB K OMyXosieBblM KNeTKaMm.



Acknowledgment

p H ¢ Pabora nonnepsxkana rpantom PH® Ne 21-74-10058

Poccuiickui
Hay4HbIA poHA

s ®HUI] «Kpucramiorpadus u poronuka» PAH,
CedeHOBCKUN YHUBEpPCHUTET, MOCKBa

s UBX PAH, Mocksa
o OTU um. A.®. Nodde, Cankr-IlerepOypr

¢ MHCcTUTYT XUMHUYECKOM OMOIOTHH U (hyHIAMCHTAILHOMN
menunabl CO PAH, HoBocubupck

Trushina.d@mail.ru

THANK YOU
s oo S00), BERRY MUCH!

A/ oN3NKA — St gl
HAYKAM 0 MU3HN



mailto:Trushina.d@mail.ru




Two main types of vaterite achitecture

Framboidsi&
(fromfr.la |
framboise — W4
raspberry)

All directions are
equal, framboids
are the result
crystal growth
via oriented
attachment of
primary grains
(non-classical R Wt 75 4 -,
CrySta| grOWth) T A B E‘S,A = AB' 1000070 m; ip“é’} s ' X45,000

Spherulites are
characterized by
! a radial-radiant
: internal structure
, due to the

« peculiarities of
crystal growth
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80 + Porosity Distribution by Original Density
. — Functional Theory
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go ] N 1 —500nm
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Classical theory (Ostwald ripening)

Critical nucleus

Dimer Trimer

b
—>

mted

Cluster ’

attachment
Building element:atom Amorphous <7 T~ Crystalline
: bulk phase e h a4 bulk phase
VS nano cluster @
C
I 1
Ostwald N \ 09, el N
ripening 5 - Il O ||
: G \ Atoms (molecules) /
11 v
Oriented attachment ®)

®®

Primary particles (clusters)
—> >}




. |

‘g . _E T T T T 1 T T T
Solubility 244
2 - amorphous
8 L T vaterite
g 12 F aragonite
- C m— calcite
3 6T —— 1
O SR ———————
Temperature 0 10 20 30 40 50 60 70 80 90
temperature T [°C]
S. Khoshkhoo, J. Anwar, Crystallization of R. Beck, J.-P. Andreassen, The onset of
Polymorphs: the effect of solvent, J. Phys. D: spherulitic growth in crystallization of
App. Phys. 26 (1993) B90-B93 calcium carbonate, J. Cryst. Growth 312

(2010) 2226-2238.



T ||

Radius of spherical critical Rate of nucleation — the number of
nucleus at given supersaturation nuclei formed per unit time per
unit volume
167> v? ]
e, = 2ywiki In J=Aexp|—
re =2vv/kT'InS Xp[ 3K T3(In S)’

S — supersaturation,
K — Boltzmann constant,

T — temperature,

y - interfacial tension, : Theoreticol

v - molecular volume i | _Experimental
5 Y
s \
S
z \

5 ‘Supetsaturation N

0 1 2

Supersaturation, S

¥ Girshick, Steven L.; Chiu, Chia-Pin //The Journal of Chemical Physics, 1990, 93, 2, 1273
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Pa3Hoobpa3une npeasoxKeHHbIX CTPYKTYP BaTepMTa

K.M.N. Burgess, D.L. Bryce / Solid State Nuclear Magnetic Resonance § (RREE) BRR-EEE Accepted 29 August 2014

the multiple structures

of vaterite CaCO3
hexagonal lattice monoclinic lattice orthorhombic lattice
P63/mmc Q/c ci Ama?2 Pbnm
Kahmi (1963) Mugnaioli (2012) Mugnaioli (2012) Le Bail (2011) Meyer (1960)
Meyer (1969)
G2
P6:22 Demichelis (2013) P21212,
Wang and Becker Demichelis (2012)
(2009) Ama2
Cc PAW DFT (this work)
PGS Demichelis (2013)
Demichelis (2012)
2/ DFT-optimized DFT-optimized
LDA method GGA method
P3,21 PAWDER [t vork) Medeiros (2007) | | Medeiros (2007)
""" Demichelis (2012)
c1* G1*
_____ P112,4 Demichelis (2013) Demichelis (2013)
Demichelis (2012)

Vaterite Crystals Contain Two Interspersed Crystal Structures
Lee Kabalah-Amitai et al.

Science 340, 454 (2013);

DOI: 10.1126/science.1232139




2 ¢a3pl: BaTepHT + KAJbIHT

I, 10, np.e.
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1 F .
- ] Yem OoJiblIle TEPBHIT
9 I 3
: ] uHzeke h pediekca,
B 411,420 ]
7 F / . TEM Y3Ke MUK, T.€. TEM
] : ] 00JIbllIEe pa3Mep
a0 HaHOYaCTUII B
3F \ °I° ; HaIpaBJIeHUN
1 _ mapaMeTpa penieTku a.
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20, rpaa.

VcxoHasa peHTreHorpaMMa 1 pe3yIbTaT
YTOYHEHHs MeToioM Purdesnpaa ais
OHOI0 13 00pa3I0B KapOoHAaTa KaJIbIIHA



A26, rpana.
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0,0
0,0

— T T T T T T T T T T
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

d. A"

3asucumocTs IIIIIIIB gudpakiimoHHbIX

MaKCHMYMOB OT 0OpaTHOTO

MEKIIJIOCKOCTHOI'O PaCCTOAHMA (HOCTpOQHI/Ie

1o Williamson-Hall)

KaxapIi ciMBOJI HA TJIaKOU
JIMHUU (paccYUuTaHHOU
MeTozoM Putdenbaa)
o3Hauaetr @Y (ITIIIITIB) a4
KOHKPETHOT'O ITUKa B MOJEJT!
Le Bail. Besinuunsl,
0003HaUEHHBbIE IIOJIBIMU
KBajI[paTaMH, ITOJTyUYEHbI
OT/ZleJIbHO UHTEPIOJIAIINEN
dyukiueit pseudo-Voigt Ha
JINHENHOM (poHe.

Hcnonb3yda METOOUKY
Bunbamcona-Xosia u
cootHouieHue Illeppepa
MIOJTy4eHbI pa3Mephl
HAHOKPUCTAJLIUTOB (00J1acTu
KOT€PEHTHOT'O PACCESTHUA)-
3HAUEHU JJINH TJIaBHBIX OCel
SJUTMIICOM/IA 27", = 1000(90) A
U 21y = 2r, = 500(50) A.
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Table 1 Structures proposed for vaterite: space group (SG) and lattice
parameters [A]

Reference SG a b ¢
Meyer!! Pbnm 4.13 7.15 8.48
McConnell ' P6322 7.135  7.135 8.524
Kahmi.,”? Sato and Matsuda'®  P63/mme  4.13 4.13 8.49
Bradley er al.' P6322 7.135  7.135 8.524
Meyer,’ Gabrielli e al.® P6s/mmc®  7.15 7.15 16.96
Dupont ez al. ' P63/mmc®  7.169  7.169 16.98
Le Bail e al’ AmaP 8.7422 7.1576  4.1265
Medeiros ez al." Pbnm” 4531  6.640  8.480

Wang and Becker'® P6522° 7290  7.290  25.302
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) ¢

W Super-cell |

. N

Fig. 3. Structure of a snapshot from molecular dynamics simulation with the
dashed lines highlighting the basic pseudocell and supercell. The structure is
projected on (001) plane. The large balls are calcium atoms. The balls and sticks are
carbonate groups.

»>
c a _ + -
[ —o—9 |©
(o] CcC OO0

Hg. 2. (a) Crystal structure of vaterite with disordered CO3~ group [ 16). Each COs has a one-third eccupancy. Ca** lons form a hexagonal lattice. (b) and (¢) Schematic view
of Ca** lattice (shown as 24 charge inside a circle) and CO3 ~ arientations. Thin dashed lines highlight the pseudo unit cells. Three possible orientations of COs lons are
shown in dashed and salid symbols. The configuration in (b) where the two neighboring CO, ions are pointing to the same edge of the prisms Is less stable than the one in
(c) where the two neighboring COs ions are pointing to different edges because of electrostatic repulsion between the oxygen atoms of CO4 in the former configuration.



v

FAg. 6. (a) An HRTEM image shows the threefold symmetry along [001). (b) A fast Fourler transform corresponding to the image (a). Two sets of diffraction peaks present and
were highlighted with small and larger circles, respectively. (¢) The HRTEM image generated from the primary diffraction peaks in Fig 4b.(d) The HRTEM image generated

from the satellite diffraction peaks in Fig 4b. (e) The HRTEM image of the highlighted regionin Fig 4c (f) The HRTEM image of the highlighted region in Fig. 4d. The basic
lattice and superattice are highlighted in Figs. «







