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" A
Outline

m Introduction to biomineralization

00 Examples: mollusk shells, crustacean exoskeleton, bone and
teeth, biosilica

m  Microstructural evolution and kinetics of biomineralization
0 Hierarchical microstructures
00 Transient amorphous precursors
m  Applications inspired by biomineralization
0 Bioinspired structural materials
0 Diatom-based sensing and drug delivery

0 Biomineralization processes in chemical synthesis and dental
therapies
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Biologically controlled mineralization

m Formation of inorganic solids by living organisms
m Hierarchical structure: organic matrix + inorganic phase
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(glass sponge) shells
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Mollusk Shells

© ACSReactions. All rights reserved. This content is excluded from our Creative Commons license. For more information, see N



https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/

'_
Mollusk Shells

m Calcite or aragonite crystals (> 95% by weight) with an organic
matrix (~ 5%)

0 Calcite: prismatic layer Prismatic components Nacre components:
calcite aragonite
. . intracrystalline proteins intracrystalline proteins
[ Aragonite: nacre layer e Beemehiensihe v bl

= Amorphous calcium
carbonate (ACC): a transient
precursor in shell formation

0 Reduces interfacial energy
barriers, allowing rapid
formation of uniform mineral

Nacre properties:

Prismatic properties:

IayerS puncture, crack prismati anisotropic;
propagation resistant fr;cture re;ist.ant;
0 Crystal phase controlled by e resihl et

matrix proteins
Chem. Rev. 108, 4455 (2008)

© American Chemical Society. All rights reserved. This content is
excluded from our Creative Commons license. For more information,
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Crustacean exoskeleton

m  Composition: chitin, proteins, and minerals (most commonly ACC
and calcite)

m Hierarchical architecture
00 Millimeter scale: layered mineralized composite
0 Micron scale: helicoidal Bouligand stacking
0 Nanometer scale: chitin fibrils wrapped in protein
m Mechanical properties

Crack resistance

Near-isotropic strength

O
0 Enhanced toughness
O
O Flexibility

Acta Mater. 53, 4281 (2005)
Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with permmission. 7
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Crustacean exoskeleton

m Molting: a process of shedding hard exoskeletons to facilitate
growth

m Calcium balance

00 Terrestrial and freshwater crustaceans store large amounts of
calcium to minimize calcium loss due to molting

0 Gastrolith: ACC and amorphous calcium phosphate in an organic
matrix

Zookeys 176, 103 (2012)

A Pair of gastroliths from the crayfish Cherax
quadricarinatus; B Internal striated structure visible on
natural fracture after slight acetic acid decalcification;
C Ultrastructure well visible after natural fracture and
high magnification: the mineral is precipitated as
nanospheres; D Organic matrix network revealed after
acetic acid decalcification.

Figure in Luquet, Gilles. (2012). Biomineralizations: Insights and prospects from
crustaceans. ZooKeys. 176. 103-21. 10.3897/zookeys. 176.2318. License: CC BY 4.0.
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Bone and teeth of vertebrates

— ~10pm —

m Composition

Enamel rods

0 Mineral phase:
calcium phosphate (

i TO®® g
G =

pN |

primarily as .
hydroxyapatite
[Ca1p(PO4)s(OH),]

Organic matrix:
mainly collagen type
| (in bone & dentin)
or non-collagenous
proteins (in enamel)

Maturation /~ Amelogenin
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degradation

—————— Enamel rod

Apatite - :—:—_:-\:\:
SN ——N B
crystals I8 AIIN Amelogenin
7 scaffold
Mineralization
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Amelogenin \)/:\/\S
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+— ~160 A —» self-assembly

Crown

Root

00 Water phase:
providing hydration PNAS 117, 21847-21848 (2020)

V. Vaissier Welbom, "Enamel synthesis explained", Proc. Natl. Acad. Sci. U.S.A. 117 (36)
21847-21848, https://doi.org/10.1073/pnas.2014394117 (2020).
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Bone and teeth of vertebrates

m  Amorphous calcium phosphate (ACP)
0 Act as precursors for crystalline hydroxyapatite

0 Provide shape flexibility: fill small gaps and coat collagen
fibrils evenly before crystallization

1 Allow controlled transformation and support nucleation

o N N

E j‘ ACP d_p Casein phosphopeptide-
ACP f amorphous calcium
4 F“\ phosphate nanocomplex
" oral bH <5.5 » ?\ : (CPP-ACP) in dentistry: state
i el of the art, Rev. Fac. Odontol.
@ </ Univ. Antioq 30, (2019)
) D <4 =P Biofilm

Loss of hydroxylpamo (HA)
mineral

Madrid-Troconis, C. C., & Perez-Puello, S. del C. (2019). Casein phosphope ptide-amomhous calcium phosphate nanocomplex (CPP-ACP) in dentistry:
state of the art. Revista Facultad De Odontologia Universidad De Antioquia, 30(2), 248—263. https://doi.org/10.17533/udea.rfo.v30n2a10
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Silica mineralization: diatoms and glass sponges

m Skeletons made of hydrated amorphous silica (SiO,-nH,0)

m Use organic molecules to guide silica formation, shape, and
patterning

0 Silaffins in
diatoms: induce
silica precipitation
and interact with

other molecules
to create self- G LAS S
organized silica H O U S E S

nanostructures

@jou ytmcr AIIght rvdTh content is Iddfm ur Creative Commons
license. For more informatio i -fair-

0 Silicateins in sponges: proteln Catalysts and scaffolds that
assemble silica into long, layered spicules
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Hierarchical structure of glass sponge spicule

. CO re-S he I I arCh iteCtu re © Biosilicain Evolution, Morphogenesis

and Nanobiotechnology

0 Protein-rich central core surrounded by
concentric layered amorphous silica
shells with thin organic interlayers

Science 309, 275 (2005)

© merican Association for the Advancement of Science. All rights reserved. This content is excluded from our Creative Commons license. For more information,

see "
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Transient amorphous phases: amorphous first,

crystalline later

m Lowering nucleation barrier
0 Ostwald step rule

1 Reduced interfacial
energy

0 Providing preferential
nucleation sites via
organic matrices

m  Solution phase infiltration
and deposition

m Crystallization by particle
attachment

a Critical nucleus O
Supersatura ted Pre-critical siz
solution } Growth

e
Bulk crystal
o%%?«o

009, T gy

Supersaturated
solution lonic clusters @ A"{‘_erhOUS Bulk crystal
solr

.........................
e e e e e e e e e e e e e e e e e e e e e

.........................
e e e e e e e e e e e e e

Nat. Rev. Chem. 5, 93 (2021)

© Springer Nature Limited. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see
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Transient amorphous phase stabilization

m  Organic macromolecules
(proteins, polysaccharides)

m Small ions: Mg?*in ACC
m Water and hydration shells

m Confinement by organic
templates

m Example: Mg?*-rich,
hydrated ACC stabilized
by SM50 protein in sea
urchin spicules before
transforming into single-
crystalline calcite

///

Cryst. Growth Des. 21, 6635 (2021)

© American Chemical Society. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see
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Hierarchical microstructural evolution

m Formation of amorphous precursor phase
m Assembly into mesoscale scaffolds

0 The amorphous precursor is transported and deposited into
organic scaffolds

= Controlled local transformation oo i
into nanocrystals \ \l
Collagen Collagen Haversian \_/

molecule ;- fibers canal

m Nanocrystal alignment along
the organic matrix

m Nanocrystals assemble into
macroscopic structures

Collagen

= fibril
Hydroxyapatite N

Hierarchical structure of human crystal Canalicull

cortical/compact bone - L I |
1nm 100 nm 1um 10 um 200 um

Mater. Sci. Eng. C 26, 1251 (2006) Size scale

Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with pemission.
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Amorphous materials in hierarchical microstructural
evolution

=  Shape molding flexibility
0 Can fill irregular or nanoconfined spaces
m  Avoidance of brittle failure

0 Premature crystal nucleation would create internal stresses
and cracks

m Kinetic control

00 QOrganisms can “freeze” the amorphous phase at desired
times or locations

m Hierarchical integration

0 Once the amorphous phase transforms, it connects
nanoscale, microscale, and macroscale order seamlessly

16



Bioinspired composites: nacre-inspired glass
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Science 364, 1260 (2019)
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Bioinspired composites: nacre-inspired glass

A Plain laminated glass Nacre-like, square tablets  Nacre-like, hexagonal tablets

B
' @
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Speed: 30x 3
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Science 364, 1260 (2019)
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Sponge-inspired buckling-resistant lattices

m Silica skeleton of Euplectella aspergillum consists of a square grid
overlaid with a double set of diagonal bracings

m The diagonal reinforcement strategy achieves the highest buckling
resistance for a given amount of material

a Design A b pesignB € DesignC d f x1072
s[] N ol .
- Tag T 14 1= Experiments <
\A.d Y *" | === Simulations
/N
L| § Tana> Tona > <€ Tona» <« 1.2
N __/]
TC‘nd

-
=)

0.8 -

0.6

Normalized effective stress (/)

S
'S

Strain, ¢

Strain, ¢ (%)

Nat. Mater. 20, 237 (2021)

© Springer Nature Limited. All rights reserved. This content is excluded from our Creative Commons license. For more information,
see https://ocw.mit.edu/help/fag-fair-use/
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Diatom-based single-molecule sensors

m Dual enhancement by diatom biosilica
00 Hydrophilic surface pulls droplets inward during drying
0 Porous structure amplifies SERS hot-spot intensity

5o N 4T
p) //
y
\ i
X

‘ rati . g
s, evaporation

~ J
2O 6 I @SN p g {*; ( )Q)
. 2N o f > . . *_'
sy @ T 00 8
3 0 2 M0 1 Q O J
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) )
IRy 2 52 b
J

T inkjet printing

296 T2 @0 1V
> ’ )
) J J
) J
)) : )y b) ) 2

))

&880 diatom O Ag NP glass ) droplet #target

© Wikimedia

( >/ air convection (© recirculation flow

Nanoscale 8, 17285 (2016)

© Royal Society of Chemistry. All rights reserved. This content is excluded from our Creative Commons license. For more information, see
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20


https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/
https://ocw.mit.edu/help/faq-fair-use/

" J
Diatom-based drug delivery

m Targeted drug delivery using genetically engineered diatom

0 Genetically engineered diatoms display GB1 protein domain
on their silica shells, enabling the binding of IgG antibodies

0 Hydrophobic drugs loaded into cationic liposomes, which
electrostatically adsorbed onto negatively charged biosilica

GFP

HRP activity / SiO, (U mg™)
o
(o)}

$ & Q¥ o P ggz
<Y Nat. Commun. 6, 8791 (2015)
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Polymer-induced liquid precursor (PILP)

1 1 H Stage 1 Stage 2

. Addlng p.OIylonIC p0|ymers - CO§' ---- - B AC:/cluster Polymer/ACC NPs

to a solution supersaturated e oG @ @] oo

with mineral ions A N
m Polymers interact with the > 1009

mineral ions, stabilizing - o | sosatn

them in liquid-like % /

amorphous clusters : :

4 o

m Infiltration into organic or PN R
porous matrices Growth substrate

Crystal
Stage 5 nucleation

m The precursor dehydrates
and solidifies

m The matrix guides the
alignment and orientation of
the crystals formed

] ™~

j= - ,—1,; ;x\'ig - -
CaCOj, crystal platelet  Occluded polymer

Nat. Commun. 9, 2582 (2018)

© Springer Nature. All rights reserved. This content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/
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Mineralization of collagen sponges mimicking bone
structures

m Develop bone-like collagen-hydroxyapatite (HA) composites using
the PILP process to mimic natural bone nanostructure

m PILP achieved
intrafibrillar
infiltration of HA via
capillary action
within collagen fibrils

= Nanocrystals aligned
along the collagen
fibril long axis ([001]
direction) matching
native bone

Acta Biomater. 6, 3676 (2010)

Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with permission.
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ACP-based enamel remineralization

m  ACP deposition, infiltration, and phase
transformation into hydroxyapatite crystals

m Stabilization of ACP

Renata Pereira, Bruna Guerra Silva, Débora
Alves Nunes Leite Lima, Giselle Maria

A Marchi, Flavio Henrique Baggio Aguiar.
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Dental Research and Oral Health 2 (2019):
062-072. License: CC BY 4.0.

Dent. Res. Oral Health 2, 62 (2019)
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Application of Biomineralization on Biomedical Engineering
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© MDPI (Basel, Switzerand). All rights reserved. This content is excluded from our Creative Commons license. For more information, see hitps://ocw.mit.edu/help/fag-fair-use/

Minerals 9, 68 (2019)
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