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ABSTRACT

Biological organisms produce organic-inorganic nanocomposite composites that are hierarchically organized in
composition and microstructure, containing both inorganic and organic components in complicated mixtures. The
process related to the generation and regeneration of organic-inorganic complex in nature is called
biomineralization process. Understanding how the process operates in a biological environment is a valuable
guide to the synthesis of novel advanced material and developing important industrial processes. Like the
mechanism of organisms, mollusks were also synthesized from interaction between organic matrices and minerals
and their morphology was designed through biomineralization. In this study, shell formation has been studied as a
bio-model and the application of biomimetics based on biomineralization is focused.
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o] BAolA sF A= Amstd 543 I1AE
s ABEIAY QATE ol Az 2
Bopeh & 4 oleh Aol Bk AAE
(biomineralization) & £3 33 A 534 EA7} ookt
PAE 7= AAARE st 9ek (Wilt and Killian,
2008 Jeronimidis, 2009). ¢|2]3t AAAEEL FHold A
234 EA Qox AL " Akele) 772 A4 Ao
Zlegivhs A sl Heoll sk UEFo] ofd v &
AEL o] &3lo] A5 224 (exoskeleton) & FA st}
£ AU ABFIASR ol st s Eel s
e AAE E8 dov]E= EAlt} (Mann, 2001; Fratzl,
2004; Colfen and Antonietti, 2008). 3} & o= 34
ol gal5l ol sRag olgsle] WbAES YT A
AL ukg712 Fol olitsteka 2AI|E A 28
Jt} (Lee and Choi, 2007; Mirjafari et al., 2007
Robert et al., 2009).
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1. A& Ao T

A o3 =A== U184 AR dubA e
AF-E3}714 (biomineralization Process) o]gfx %33k
(Lowenstam and Weiner, 1989; Mann, 2001). o]&
o] FAHe R Avrw AP oA U ez ol

HFFE dx=e frlEe] I wulEHL o] #E
(template) 2 3}o] Aol EAe= Fr1E2e] Ao ¥s
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1. Schematic view of "biomineralization-
demineralization-remineralization" cycle occurring in
nature. Reproduced from (Ehrlich el al., 2008) with
permission of Elsevier.

o8 EslEdet AYEESIF (remineralization
process) | ofsl] A= =d] Adel] EAH AFAEL
oF 2 #3AESE T3 A AAANEES FAdske A
Agtt (Fig. 1). webA o5 FespiAdes At As
spety) WA gt BEAAE TR EA Al AEe] gon 2
7] ABEstA e AT EaF 174)7] Fx]of B3t AF2 e
Ztslo] (Ehrlich et al., 2008) ikt AEFEo digt
TE AT 9L WL ik

2. YA A =

AREsd e F3 PEEE 71 F2AE AAR
(biomaterial) 2} 3}+=4] (Simkiss and Wilbur, 1989) tj
FA]] AAAEE EFEE2] we} 2o} 21 dAAEE]
sz Solck. ol AARARS F15E ek e A A
A 8-S Fds= A7 (Fratzl, 2004) 9} shFe} 7o)
- Aoz RE] AARAS HIss A 9T £33
= A& (Sarikaya and Aksay, 1992) 12]1 ferritin¥} 7+
2 o]24A4 (Mann, 1995), bacterial magnetite2} 722
A JeS $33k= Am (Frankel et al., 1979;
Blakemore, 1986) 9} q17hs 23t 5= A|ofe} 2 E
4 &% (Boyde, 1971) & sl 542 713 gtk o]
o} 7o) ARAGIA AT 4 e AAAEE v ke
128,000 F2] AAlsEZ 804 T2 Ak 9} 500 oF2 &
SHAS £33 5,000 5] sHF, 700 o452 A3
A dllxfet Ald e FEeo)E dAA
AEss 34 ZH Hlshe IR 5ol AAxA el
o AAAMEE A= AHA Eoltd (Ehrlich et al.,
2008; Sethmann and Worheide, 2008 Ehrlich et al.,
2009).
#HA7EA oF 60152 AAAR7E RuEglen (Mann et
al., 1989) w2 AEForpidol= 78k YAA B2
gRie  ebabbs (calcium  carbonate), QAR
(calcium phosphate), $~4F24 (calcium oxalate), ©]AH3}
T4 (silicon dioxide) ¢} 434 (Iron oxide) 53 728 &
Aol FgtE]o] glek (F1). olF AAANERE FolA HAdw
<+ oFE Aol £x5 o] Jv 54 5 w2 AEFe 9
45 TASH: BAEA AAFx0) wet 27 v 7] Fe)
°] t}34 (polymorphism) & 7FA] 1 glv}. ddsha oz <t
gk Felol WA (calcite) ¢ AF Fo FAEAC olg}
o] E (aragonite) B! AqstA o B Ao wA A}
AolAe E3] & = e FH]l vlEElo]E (vaterite) ¢
A3 ek (amorphous CaCO3) & 7-#=t} (Weiner
and Dove, 2003). o]} 72 ebibzkg-2 o3 o3k ¥z}
o] FAoRNE AARAS HIsh eE 2t olvsiE
2 dAEE] s Ak EARA ZEHT gl

lo
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Table 1. The types and functions of the main inorganic solids found in biological systems. Reproduced from (Simkiss and

Wilbur., 1989) with permission of Academic Press

Chemical composition Mineral form

Function / examples

Calcite .
. . Exoskeletons in corals,
Calcium carbonate Aragonite Eoos shell. molluse shell
CaCOs Vaterite Gfivit se’nsor
Amorphous d
Calcium phosphates Hydroxvapaptite Endoskeletons (human)
Ca10(OH)2(POy)s y yapap and other vertebrates bones and teeth
Calcium oxalate Whewellite Calcium storage and
CaC204 - nH0 Weddelite defense of plant
Metal sulfates Gypsum Gravity sensors or
CaSO0; - 2H;0 Celestite SRR
SrS0O,, BaSO4 Baryte
Amorphous silica Amorphous Valves of diatoms and defense mechanisms in
Si0q - nH20 P plant
. Magne?tlte Magnetic sensors
Iron oxides Goethite Chitons / teeth
FesOsa,7-Fe(O)OH - 5Fe;03 - H:O  Lepidocrocite, .
. . Iron storage proteins
Ferrihydrite
T T T T T 90
1E 4 14 4
&0
14 124
WW*.“-.#'-...%.....
70
— 7 104 m
Z 10+ 2 5] FED &
= z o Hardness o
= g - E g # Elastic modulus = DE
— 5 T =3
4 F40 =
o
4 " TP U reCeN Mannnonn 000 go m
24 30
24
o T inn ann . ann 4nn =0 En Du 100 200 300 400 500 ED;D
a 100 200 300 400 200 500
Depth (Ak Contact Depth (nm )

(a)

(b)

Fig. 2. Results from mechanical testing and analysis performed on polished shell samples. Hardness and Elastic
modulus values is obtained from nanoindentations at perpendicular to the cross-sectional surface. The measured
hardness of the folia was 3.2 + 0.1 GPa and the elastic modulus was 73 + 1.2 GPa. Reproduced from (Lee et al.,

2008b) with permission of Elsevier.

3. AAA 2 AR By

AAFES] 2 e A7 Ft B AngsAse] #
AL ubo} it} (Kamat et al., 2000; Li and Nardi, 2004;
Pokroy et al., 2004; Eichhorn et al., 2005; Lin and
Meyers, 2005 Cortie et al., 2006). o}2}iLL}o]ER o]Fof
A A72e] A% G4 okehurtolEst wlwste] 1,000 H) o]

Akol w}3]¢lA] (fracture toughness) & 7}A]aL 9l= 7o

a2 A glom (Hou and Feng, 2003) W4 o2 o]Fo]
A A7 59 S sk Al o3 yrAs A4
I AFZ=3 {13 =4 (Elastic Modulus) % 7
(hardness) EAS X9 F9v} (Fig. 2) (Lee et al.,
2008b).

BAAE F ABFIAZAA E S} 75 wkw
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M =
Wz A e o] e BaEe s PAE 93 F
o web 30 om 7b AAEAR 1 AR AT 5 0]
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Fig. 3. Shell formation of oyster, Crassostrea gigas.

veje] Saisieh o R4 BALE A4S A4S S
A7 s A A 7= g sicke] stes 2 Addy
T 5AS 7R v oA As AL eabge] 2
Arstaor FHofg s AA MR e
2 FH3l= Zle g w3 FHY (Politi et al., 2004). ©2o] A
A olure] A% Ry sl ow ojfoldl ojuhg TSI
0] 24 olSelE D] vhavdire] RIvieh AT
o gH AR WES zeska o]z Qld sMbguke
2 o] FojAl B4 vjwsle] $43k ArE Helvke Zs &
Qlgk 4= glolch (Wang et al., 1997). wehA o]5 A A=

o] %l% Fg ArstA EAS 1 -olEe 34 HFY
-3b7] $lste] 7o) g atAo] ABEE A
Z g ZEE3 glrh  (Stenzel, 1964;
Medakovic et al., 1997; Checa, 2000; Checa et al.,
2005; Lee et al., 2006a and 2006b). o]E o]l &2 =
7o) @4 SRS 7] do} Aol 54 B (DY 2
Z7)) oA A A7 (adult shell) PAZ A3 g} (Fig.
3). si7ke] WA A ool AAEAL e TS
739 W4 9 ABA SHS AP BAS Fulshv
ol fr|MEH2AZ EAg} (Grégorie, 1972).

4. §7]vll 8 2 (Organic Matrix)

2o ojuisF siAES F 204 E uke}l o] 93
wt% ol TAFE o R o]FolA glom L] fr|viEY
227} izt el A8 FrEAE 24 Tl g
o7 FEEY WA o falEe AT SalE A o
T E840® vl 5 glon ofnfshRe] - EnlEE A
2 7€y} fAket ERAR <A 9t} (Lee and Choi,

2007) o5 v71uﬂ£€%* OM He s ks
2

92w (Belcher et al., 1996) &84 whzle]l AL 5]
Eeno] AR dee suTo s B AR o
AT ARAAE S5l 484 TR eBlZa I
sl Zog B uE vl 9t} (Lowenstam and Weiner,
1989). 7 U Wil zjolo] AlejoA= AbAe] EAS
7RI glom AfAo g AgAdo)n 7w Ad (cross-link)
= chilAe] E3EE o]Fo]A glrt (Addadi and Weiner,
1985). :;s] GhilA o] 28BN e ol oA e}l
A A7 = AYEAE wo| gl 9=
How e 3]2% olt} (Hare, 1963).

ojis® A #¥H IS vkt AAel(phase
transition)o] Zshsl=e] ol Astea 4 W Aeis
7o) B35l A Defolnl olulsin AAzA el
4 24 (endogeneous activity) ¢} 742 Q15 <3
7274}

5. 33} E334 FA (Blomlnerallzatlon Curve)

Nz FA A elA AgE= ke Aol A7+
71&2] FA vAe w71=e 54 A et 0}
Yzt g4z weh 2ofet 22 AR S X
sk doll® AFd ARE =5 5 gle Aotk ofe ?

& AN ZleE o3 ekt FEle A4 T2AE e
ATee AFT ARE AFTE 5 v okt & - °]‘:‘r

Lee 5 (2006a) < §-2]u2} At dellA &4
= (Crassostrea gigas) & 7 A FA o
F2 AAelet 4% 2715 R 3 Qe
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Table 2. Fractions of CaCOj3; and organic matrix in molluscan shells

Abalone (Kaplan, 1998)

Oyster (Lee et al, 2007)

CaCO3 (Wt.%)

93 +£1

92 + 1

Organic Matrix (Wt.%) 5+ 1

3+1
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Fig. 4. Biomineralization curve of oyster, Crassostrea gigas.
Variation of the fractions of amorphous CaCOs,
aragonite and calcite in the different development
stages.

gk up ole} (Fig. 4). 18 404 & 5 915 271 wfjo} @
prodissoconch I ©AloA= FAF 9| ©ibdse] A=
3 dA A7te] AFe & FA ©AQl prodissoconch II
dA A= olgtilo|Er} F2 4% ubd juvenile THA|
¢l dissoconch QAN AE Wald <] o] F7E o]F3ch
o}-2# dissoconch @AM 72| wiE AJAo] 3=
o olsh e 2] st W4 B4 olslshFel Aeerd
543 seRde pesel A¥E 4+ oo WA
prodissoconch II gHA|= 2Fo] alksle] AAslr] A #A
o2A AT ANAE AF] 3 Bdol A Ffohe o
Aol Sibe. web Bdol A B55p7] BAolA el 2
o} 2 FEo] N ER Jidor Axs) ¥ ofetun
0157} Sl e 28 B4R 443 4 9l Ae
A=) olgfafe]Ee] A 7§E_ (Mohs hardness)
= 3.5-445 2 3R] WA R $438 A5} 7R )
D} (en.wikipedia.org). 3t Dissoconch Aol 4] ¥}afA4lo]
ABEE o) okl ze] ua] Walde] Az e
AR £xo| 7]9)gr 7 (Busenberg and Plummer,
1986) ¢ 2 =it} Dissoconch §HAl= = sfjzto] ]3|
Aol FAste] 4AE APATE ol AL 34
= ke o7 o] 273 4 glen] oF F5e) slalA
olgliiyo|ERT} AR &5} w2 EAS zh= vkejAlo] A
29 4 oo obedl Bl AT 9 A5 o
Dissoconch tHA|ol| Al w2 AApo] HZ=w Q) w3l 2=
s)7to] Aol AW 7 ehAlet FAY el Al of
ehmjol aelw eles o]l Assle A oA A2
oA S Fol A9 A gl 75
2 A SR olslE 4 9 Zelth olF oA 7
¥ (activation barrier) 2] oA sl B s o

¥ o K
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Thermodynamic A

AG )+ AGga)

Solution
(M*3q + Xag)

Amorphous

Kinetic B

Final mineral (crystalline)

Fig. 5. Simplified scheme of the crystallization pathways
under thermodynamic and kinetic control. Whether a
system follows a one-step route to the final mineral
phase (pathway A) or proceeds by sequential
precipitation (pathway B) depends on the free energy of
activation associated with nucleation (n), growth (g),
and phase transformation (T) (Reproduced from Ref.
(Colfen and Mann, 2003) with permission of
Wiely-VCH.)

EAleke Agoleat o ASRAS ol gle] B
sk gl 27 Qs g P
kvl Bed AUAE Aol Lmshs A
oliAe] 408 AN RH oin 228 Hasht

2 2y AR o] ALl Zogt UAE Fr3= Ao] A
Zo o e = & ol (Fig. 5).
6. 17 v A2 A
iz ) EA8le AW RAL bt 54 2
As szt B4 AN VA FA TS o] Erhy o
214 9lt} (Haris and Chapman, 1994). welx =izt A
ol szt o) EAjeRe while] 54 wAe 7185 &
o] Ao 19 9 WAt e AReRe A 5
A Fered WS Fad a4 B89 5 Yok
szl EAlsks AAUREAe ¥4 SR Felo) A

= tJZEF A (Fourier Self Deconvolution, FSD) £ 9]
£3}9ic}. FSD+ Stoneel] 93] S A|2j=9)iL (Stone,
1962) Kauppinen $o] ®EZAzZRozw =oslgiown
(Kauppinen et al., 1981) 1990 t]o] E<] IR, UV, XAl,
Ramant oot 2477l Zgstw gl
(Goormaghtigh et al., 1990; Fu et al., 1994; Choi and
Kim, 2000; Shi et al., 2003).

FSD 71 olsto} 22 w7 47 A ZAdpehae)
oAFES ¥AT A7 (R 3) site A B
Aol7E AR Eat 7t ol EAlsRe Tl o3
A A Al Ao} glee e 4
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Table 3. Dominant mineral form of CaCOsand the fractions of protein secondary structure of oyster shell during
prodissoconch |, prodissoconch Il and dissoconch. Reproduced from (Lee el al., 2006a) with permission of Bull. Mar.

Sci.
Stage Prodissoconch | Prodissoconch 1l Dissoconch Adult
Mineral Form Amorphous CaCO3 Aragonite Calcite Calcite
Stage Prodissoconch 1 Prodissoconch II Dissoconch
Type L1 L2 L3 L4 L5 L6 L7 L8 J1 J2 Adult
Alzl};jh 3.3 4.1 12.0 17.2 11.3 11.7 13.4 15.2 16.5 20.0 22.2
Beta-sh
oot 15.4 15.2 45.2 39.0 41.5 45.5 42.6 40.8 31.2 28.9 30.3

Turns 48.9 32.2 12.6 10.3 24.1

20.2 21.7 21.8 18.8 12.6 16.0

Random 221 333 159  16.6 9.5 10.8 142 11.3 13.2 9.4 11.1
Betg'an 4.8 10.6 13.0 14.5 10.4 6.9 6.4 8.2 16.6 18.3 20.4

Prodissoconch I @|el A= 7743 eibdso] sfzhe] 4
gelgiel A47e8 4 g 2499 548 acilo
E o EF24de g Fx sfeS 7 m
prodissoconch I @A A we —‘:'F—Er—g— A F = Ao =
247 Aeagol) ABAL 3
Prodissoconch II ©AoA= He} 25 (
-anti) ¢ #F=Fo] AA| TR Tzl 50% o] & AR5k
o} dnbA e wel FaE AFe}t L ofghayo|ER o] F
0 2o WAl Bl WA pxz oA o
(Weiner and Traub, 1980; 000000). Weiner®} Traub
(1980) & ofehmiel =g} vigh PEES JAFENA 54
& o]g3le] olgluile)lEe] A€A  wjdF (Preferred
orientation) T} FAHA L A3t v} Q). ZHF o7k A
A] prodissoconch II ©HA|ol| A A= we} 225 FAF
Ba4e) ofefmfolE Ao F& ofelijol 9] HAle]
dolshe Aew pels Zol e sl obge
dissoconch w42l AMZ (J2) T AA) )7 (adult shell) U]
of £l WA olATes s dlag 243§ Ao
o] v ARt A Foldd = ik ofeh 22 A=
7 F Ao BoJsh= A o)xx2] 4] dissoconch
lolA FRE 4 e dulsh Ase 2 4 ook
ol shzte] HAdAALE 27 FAF A dA]l A DAL
Ae Az AR 54 TR e e dEA v
(Weiss et al., 2002). uj=}x AF=344 34 2 bz
ojaE A 7 & AFEA, AE, 44 7M] 5 o=

s

7 (exoskeleton) & 7}A]= ol AEEE o] Aeskal 2 A
geta 54 1 A7l 28 5 3ls Aotk

7. 92 F ) R 3= I

ok A (2. HollA AFE g2 AR RS FAT) oFgA 2
zﬂgz‘;uq E}a.o_ 73143}.‘__ 7 ]uﬂea)\oﬂ s r/}_oc}:
& AEE AA olfolA gk ) kel EAlsHE of
3 AL ol gsle] Al EAL
& AnsA stz 3 A4 dolgieh ¥ 45 AFx

AR AR} e olulofie 1T} seh ol Sehi B
‘]
e}

A g2 e 7R 1 9lge] Fals
A olulsiFel b ofetant
o= o) o7l sield #5349 T (N66, N14,
nacrein, N16, MPSP) ] 7% F542 3 AbAolm] Al
ZA ol ake] Belpzute] (ZXZ, ZXXZ (Z: AHA, X: &
) o MEFEE AL G5l elslglek £ ol
23} olz}

Z & 3T
ao|Ee) AAS FAT 4 gt RuHgle) (Samata
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Table 4. List of the known molluscan shell proteins. The main characteristics of each protein are given: molecular weight
(MW), theoretical isoelectric point (Theor. IP), solubility, main amino acid residues (Dominant AA). Reproduced from

Ref. (Marin and Luquet, 2004) with permission of Elsevier)

Genu S Protein  Microstructure Ref MW (kDa) Theor. Type of
enus P name (mineral) e (amino acid) 1P Solubility
. . nacre Kono et al, 62.8
Pinctada maxima N66 (aragonite) 2000 (568) 8.68 soluble
nacre Kono et al, 16.4
N14 (aragonite) 2000 (140) 54 soluble
. nacre Miyamoto 50.1
P fucata nacrein (aragonite) et al, 1996 (447) 6.8 soluble
Samata et
N16 or nacre al, 1999 15.4 6.1 soluble
pearlin (aragonite) Miyashita (129) ’
et al., 2000
B
nacre Sudo et al, 61.7 .
\I] MBI 60 (4 ragonite) 1997 (738) 4.9 insoluble
A prisms Sudo et al, 32.8 .
5 MSI 31 (calcite) 1997 (334) 3.8 insoluble
Vs .
prisms Zhang et 9.3 .
i MSL 7 (calcite) al, 2003 (95) 6.7 insoluble
. Tsukamoto 48.3
Aspein et al, 2004 (413) 1.4 soluble
| Marin et 66.7
Pinna nobilis mucoper nacre al, y 4.9 soluble
in (aragonite) (636)
2000
Sarashina
. . foliated and Endo, 76.4
Patinopecten  yessoensis MSP-1 (calcite) 1998 and (840) 3.4 soluble
2001
prismatic .
Atrina rigida Asprich shell Gotliv et soluble
; al., 2005
(calcite)
. myostracum Lee et al, 18.4
Crassotrea sigas MPSP (aragonite) 2006b (160) 3.9 soluble
.. . nacre Shen et al, 142.2 .
Haliotis rufescens  lustrin A (aragonite) 1997 (1428) 8.1 insoluble
nacre Michenfeld 9.9
AP7 (aragonite) er et al, (8.8) 5.2 soluble
& 2003
fe! Michenfeld
A AP24 (arr;agfﬁte) er et al, (11?7'% 5.3 soluble
S 8 2003
T . Perlus- nacre Weiss et 9.3
R . laevigata trin (aragonite) i, 2001 (84) 8 soluble
(0]
P . nacre Mann et 18.2
0 Perlucin (aragonite) al., 2000 (155) 2 soluble
D
. . Dermato lamellar Marxen et 16.6
A Biomphalaria glabrata -pontin (aragonite) al, 2003 (148) 6.3 soluble
. nacre Miyamoto 57.6
Turbo marmoratus ~ Nacrein (aragonite) et al., 2003 (538) 5.8 soluble
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Practical Application

ol x|/ &3
S|

LS 27 28§ 27

O] MH3} e

X2 7|18

Biomineralization

Shell Organic Crystal Mineral Regenera-
Formation Identification Shape Change tion
Fig. 6. The correlations between biomineralization and practical application.
et al., 1999; Kono et al., 2000). ©|5 $2AchAg ¥3} AA| a8l (Biomimetics) 2 2.8 Ald E2F Fo(7 3}
sl g e AR AT AEA ) A4S AA5] ol gt AEYE Fusty oF ) Hold
w 4 4% ARREY AF9 AT HAE ATE T BARY SU% AASES AR 4252 9% st
3 & o W] A S Aotk ago] whee] vle 24 55 03?‘}0% ol ZalAY o]&

8 4B A7) A 43 3w

AZ7HA Sl AEaA QT Rk FoA o7t A%
Aol ciet 28} sizte] WA R AR E4S el
FIEe| el distel dohusit. & e oo} e

o g o ARESNY A7 B ol AnS oA
R A 28 AL TR % D AAZEIA o] sk

& AT A7 o B89 5 9T AAHeE wAFLA
e} (Fig. 6). 2047] o] Ahle w3 ) Aksle] 930
& ASAHOE oFolA ghom Aol theslest e
ol Aol wet 1 Ee BelAA) hskal Al AB
7%l dha At 2ol gl A7 sl wehell 4w
& AEA0) EAT glov olge] A7e ANFe F
0 874 A4 olgeha Al ARES P 7]
S B AESS Busy gk ol5) 24 Al
B G AR 15 A AR s @ Aol

o,

MEEstatd 7o IS £ YHe3s

1. A A) 2433} (Biomimetics) €] J 2] 2 F&

o zH o]F Abgl Holel A
Az ksl A (Bio)s} ‘“‘” (mimetics) o]t thol2]
Aol olsolA slon] Aad B B4 2elw Ae 7%
& e AR AEE BT Rk o] s
shc}, YA 2HEEke ‘biomimesis’, ‘biomimicry’, ‘bionics’,
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Fig. 7. (Experimental setup. (A) Preparation of templates with g2D micropatterns for mineral deposition. Photoresist
micropatterns were formed on a glass slide by standard photolithographic procedures. The micropatterns
consisted of isolated photoresist features--for example, a square array of posts, with the feature sizes of < 10 ym
and an aspect ratio of > 1. The micropatterned substrate was coated with a transparent, 5-10-nm-thick film of gold
or silver. A nanoregion (red circle) of a SAM of HS(CH:),A (ACO-H, SO3H) that induces the nucleation of calcite in
a controlled orientation was deposited on Au (Ag) by thetip of an atomic force microscope. The remainder of the
surface was derivatized with a mixture of alkanethiols of different lengths terminated in phosphate, methyl, and
hydroxyl groups to create a disordered organic surface that suppresses the nucleation of calcite and favors the
formation of ACC. The functionalized substrate was covered with a thin, gas-permeable polymeric film, such as
polydimethylsiloxane (PDMS). (B) Calcium carbonate deposition. The q2D substrate was placed in a 1M CaClz
solution (pH = 9) in a closed desiccator containing (NH4).CO3 powder. The diffusion of CO- through the PDMS film
results in the formation of a mesh of metastable ACC in the interstices of the framework. At the preformed SAM
nanoregion, calcite crystal nucleates and triggers the transformation of the ACC film. (C) SEM of a sample
micropatterned single calcite crystal fabricated as described in (A) and (B). In the experiment shown, the
photoresist pattern was a square array of 3-um posts separated by 8-um spaces, and the nucleation site was a
SAM of HS(CH2)11SO3H on Au. The size of the holes increased from 3um in the amorphous film to 4.2 + 0.5um in
the crystal. (Inset) Large-area (-50 um?) TEM diffraction, showing that the section is a single crystal oriented along
the caxis. (Reproduced from (Aizenberg et al., 2003) with permission of the American Association for the
Advancement of Science)

2. A 37 0354y _,;:;q] |4 (Information-Technology) ] §-3 <A77} 753t FoF2A]
Aizenberg 5 (2003) 2 Alsloll A 7149l s ded] Al o] £ EAR7)ES o]l 1 &

ol AEES s Erhe|e] UEal brittle stare] 5 4% 25 ovA 3 AARE ] A o]4E 5 IS
e AFsle] o)2 Bakg wl= A|Zo|| Fgslux sk Zo|t}.

(Fig. 7). o]¥3t 7]&& dt=A| A7 7lez Fgspd NT Park?} Meldrum (2002) & X719 27 TxAE 27

(Nano-Technology / BT (Bio-Technology) / IT AAA 2 B-g3le] 3D o] ek FxAS AT
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H =
4 ks Aol A 4kd Awtel] 85 4= 9l WPHEA
A} & 4 glck
Lee 5 (2009a) = f7|vjE= 20| o) 735l 3= o7t
W MR OE 3 2 59 542 o83 A3 A
3l Fefo S 7= Si0p wekE A (Fig. 9). o]
o} e AFE AANEE AAAR ARt Aol 77k
x4 st L o] F& S0, s A Ve
]

FeE FAAATE ARz FF A2 IS
Fig. 8. Templated CaCO3 single crystal in a polymeric 715Ae] AR S FA 2 oA Fopel &8 £ S
replica of a sea urchin skeletal plate. (Reproduced from Zoltt.
\(/I;?rlk Vca:r;ld) Meldrum, 2002) with permission of Lee, KB = (2009) & o|us}& sj7he o]fale] tloFal
iely-

Bottom

Fig. 9. SEM images of a folded stick-shaped structure after coating by ADS (Aerosol Deposition System) and chemical
treatment. (b) an enlargement of inset (top view) in (a), The granular particles typically less than 5 um were identified
on a separated film from oyster shell. (c) an enlargement of inset (middle) in (a), The thickness of film is about 2-3 p
m. (d) An enlargement of inset (bottom) in (a), An irregular structure (white arrow) not flat film was identified at
bottom side. Reproduced from (Lee el al., 2009a) with permission of Elsevier.
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Fig. 10. (a) and (d) are SEM images of TiO» (P25) and WOs; particles before thermal heating, respectively. (b)-(c) SEM
images of NayTisO13 nanorods after theraml heating of TiO2 (P25) with shell. (e)-(f) SEM images of Na;W4O13
nanowires after theraml heating of WO3 with shell. (c) and (f) are enlargements of inset in (b) and (e), respectively.
Reproduced from (Lee KB e/ al., 2009) with permission of Elsevier.

PFE A g FEAE PSS 2ug v o
(Fig. 10). o5& o7 v EAshe Y=gt 4] e 2e)
o AR R IR DA BAPHL olgshe] A2
2 TG F5T colEhiolst 928 AsHES 5] o)
9B 4Y WA AFLA FAS AT BESHE

o

o

X
il
o
o o
ofy

3. 448 24 ¥4
Adelld dite 42 ARERLE 24 F oHR 72
ek A WA TRl alst 2] AAAel 3}
= AEFolA Evlsle 22E ol8sks A7 (Lee H. et
al., 2006 Kamino, 2008) ¥} Zwjulle] wulcta} 7ho] Af
s 24 of 7)lg ARE vien Az AAEA A
o T35t A7} (Geim et al., 2003). F AT =5 ZH7ke] Ak
A 2E)3 e A, DS T e FokRA AkiA
Ql dfepiato] FPsste 4 Akgle

al

—

=2 A
RN L RS
§% Aoleh, g Aty E S P Fel ARsjglEn
A Eneh FA] BEol Aol glof vhF A FUr}
=

E Aple] FBste] B9} AEs 2R 2ee] A Ho] 34
He AEL ekt (47 o $314, 2009). Xin %
(2008) 77 #Ee)7} (replica) 712 ol gshe] Aol 3]
32 waele] AR Eelo] 23} Ee] MAEEE 8.25%
a7l B8 Baslgich o5 ols 2e Bao] 4ol
Aefe] TRe] EAske A4 2719 2719 GaeE 5

>

A ARlelA] B3] % 4 9t HBA AR
it ook $AA B9 S Yoz AA o v chop
2

<)
a7 AHgEla 9l £AY (http://en.wikipedia.org). 53]
g =%

Al Soll F2 AREIL e &4 EAEA I F o}
§ St 534 (aspect ratio) 7} v
AdEer aF, FekaE ] FAAR AR A A= U
7k &3t 7] wiel drkadaeal 2 &
288 FAlof SAAR EjFst] Agak W P4 B
so g-&o] 7hsst, 53] AAE 2 (A AAl ARE-E
72%) 2 AHgshd We akster) Flsle] Folo] ERHE
o} A S FAA SFAAE FAAY ZRHAR] 2
ol 71di=Ele AdaAEA AATH L % 3 A 552
2 7]1& A3 7ked (kaolin), &2 (tale) 59 ZHE
48 + e 758 &R Z8o] s A4
(Tegethoff, 2001). o] A7AE> Ao 4 24
oA BkEoAl= ek ZAAs} 7S Z8slGich dE
So s vlavize] Eafel we BAE) TR Alo]
(Bischoff, 1968; Nancollas and Sawada, 1982; Park et
al., 2008t F§HTHAS] EAL BARE 71375
o239t} (Kitamura et al., 2002; Lee et al., 2009b).
Nancollas ¢} Sawada (1982)+= 2 F2] {73 71A¢] &
Ae ebdae] 49 243w (crystallinity) & 93¢
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px fEstee] x2S folsH FowH Y FH

o].a].:,l\,].o]E AAL AAsl= Ao w Husty g)on Park
S (2008)2 #7137} whadlse] A7bE el 'k

4 Sgge Aolges A e e o
sx E4ol ot Ao} W B4 W 54 He)
[<]

E
'l bl
2 (e8]
T A)\Mr/]'

lo

n o?a iy

4. 018§ A4 ¥4
AFEshag el 34 a7

Qlzke] W 52 A 4 9l

u]-o] Oaﬂ }\]Z—]HE-] ST

(Schanek, 1998; Landi e

oF % sk o33 opzA
%X—;O wAZ A =2 A
2o @7l AR
2003) w 2] 3 Adel ofut
elolE (apatite) &= Q1FAH o2 HAo] 7hlsskAut AAIF )
et 2715 2As]els 2 vekd e SHel ol ¥
A 2 AEET v)wsle] wj$ BE3 EAS A gtk
upebA ekt Feljoh 271 Helgd 2L S5ARER F
e A A el A Al BAARA S Fier] 913
mog Fw oluelo]EE FEE= vlrlo] olukale]l o
3} |4 71%o]t} (Aoki, 1991). Wu % (2004) ARSE
Al eRibdgo 7 o] AAAFL] g EA
ol g3t} olstelolE Al Tealsiet. $4 A

i e

Q_'fﬂ,

mo mlo r ol

i
ox M

HArt A
Aol AZe AT Co uFEHY SAFE Aol A Zeldle 7
of ek Elol olsfelolES 2EE A% Azebdl v
A= 712E-A7](carboxyl group)7} Zgs 44 <
o2 AsAoz ojstelel=s] AL golshal sisich

m&—'_,d
ol v ok

bz eibgo g o]FolAl 7 f EAENE 'tk
o I A2 flxol w2} ok Apo]E Helok o= A
2ol wx Folgh FArS ®old| Liao 5 (2007) o]9} 7
< el FE3p] FebAla whikdle] FxF pHe| wel =
Ao ma v patsels)y E3 25 sl AT
AL ZEple] 3ol 29 siAke] A2AA7)7) Aokl gk
Ao FEE Folv A By AAEC] ¥HE A
ek ole e AFE2 FF lume] 3 2 HA] YA
APAAE A YA 72 A7l 2/ 285 F 2
7] ef et

Aol EAlslE 2ASE A45ds Ak AL el A
22 olgsle] wrle4 BAL PALA st Am AA%
AgolA wl- w AT dnlel & 4 giek Aoz e
A7} ololelolE ol ol Az Ao SgalnA )
= Qs 84 A AdMes B s Q) Qs
glom 7pAALT Eak sh) B4 LEAT Yok A,
AAAEE] A7} 255 Ak e ATE A2 AT 2
obA BA9| Aol 2L BFE AEAL AR THA 4
= gl R Aol S 2tk A BREE SR
A3l A7} A AAUEE 2 F A Al 7 5 9

-

. $4H 0w AAEAT o] BA0] EAleks olske) A
2 2 098 AW Hash ol HA5 4T B2
E3 242 43} 3ot} (Trask et al., 2007). <1
A SEE o get 2o 3] Aze ololtiolet Aze i
Az Bt ATE B3} sk ok

Lee 5 (2004)2 wln]e] Fx3b4 43 A7h 24 A
o g e it Fol o 3 AR} A £l o
A AR Uyt BAE aiAh o o] 3o w4
Are] SRS FEAR 5 Ak Akt vf Yk o7 2
o] 7 Uk =2 (nano-crack) A A oA YgialEo] 7
stelo] A7} A Az AR SAS Bl 0" TS
<+ ok at opyel FEhEAl, vage o] Foke 2 A
A Tole AL e Aow wsElch

5. QA 2x} F3A o) A3tk x: A 7|e

ool  EAEHA ERbEe o] Fz &
(skeleton)& FAsl= AHAEL 4 Ul EAsl= 2
o] &3} olitsle A E o] §3le] ¥bE o R o]FoiAl sfzt
FAg) o] 3L FAHLR Avry og ok 94
7] Fof olisletar) g Hell Sl A

tlo o I

£_|.4

CO3(g) «—CO2(aq) (1)

be 34

& el &ale ol dstetart St AiE o] @it
3= 24

COgz(aq) + Hs0 <—HCOs (2)

I ¥ ehilo] Fekat (bicarbonate) ©]-2-3} ik o] 202 W
== 2

H,COs; «<H* + HCOy 3)
HCOs «<H* + COs* 4)

st 2 B o3} 24 o

e e

Ca®* + COs* —CaCOs; | (5)

dubdez (D-(6) #de =84 A oAw waghdsd
FTEE o] 25 vhEE (3) o] AA wH-e £ AA A
&% A9 F=Hct st} Regina w32 Mahinpey

= (2007) ZAT (3) BA ) HYAFFE Aakst 27 2.6 x
10 5 1.7 x 10" 2 27k Auteleick okeel (2) B4 (3)
AL whE A7 el A= e R ekl 34 A A 1)

o
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Fig. 11. Scanning Electron Microscope images of crystals synthesized by bovine carbonic anhydrase Il (a-d)
and HDS from regenerated shell (e-h). The mineralization experiments at T = 25°C was carried out. The
calcium carbonate was synthesized according to a different reaction time (a and e: 3hr, b and f: 6hr, e
and g: 12hr, d and h: 24hr). (i) shows the crystal growth magnitude of calcium carbonate by bovine
carbonic anhydrase Il and HDS, respectively. Reproduced from (Lee el al., 2008c) with permission of

Elsevier.

e Aske 24% A48t (Gutknecht, 1977). ®3F 4
LB ol] 35l o] itzleta= vhAL, FEbAbo] 27} BhAF o] 2
5 Ul 7 AR o e setA FelE SAsHA A
AZko] 7h53ict.

SollA Awgh olaksiekae] B A3 A (1-5)F
o]uﬂjﬂ%’.ﬂ 3‘,]]71- 57&1 UJ 7-‘]7:]]‘250]]%-] Z‘lsﬂﬂ 1-/\ o]_9_ g
TR 12 A A4S 1Este] 7R ek
A 4HAE 72 5 ok (Wilbur, 1972). 1A *}-45}]
< AAR 3l &EujA (external medium) THE] Z
o]} FERt o] o] QIiE= 1 &4, 21F7 (mantle) ]
oA siz FAdel Hojsls A} Ao ok
(mucopolysaccharide) 7} 3AJ== 2thA|¢} oulshiFo A
Az} 7ol AAH extrapallial spacedoll ] ebakz:
2 FAol o]FoA= 3 wle}t FAH kel 24
ol S Ae 4 AR A FES 5 gk eRelA F
e A TEAL] 247 542 Foll we} 2le]E Kol

FUF FUAE 44 B9 sz ) EAAE 8
oIt} (Odum, 1957).
bl A AT R o atsieka] ABIReIA FEHE of
o ARE AA e SES Al &5 WA 2e
WAIFEE T S P AASS Bags
548 olgslo] o B WE Sz APeE fron
9lt} (Chgwidden et al., 2000). 214)7|% Y& AFE3}7}
% °q:r7‘7‘]'*ﬂr A7 A ATAE] 0|9} 2e DAL
2 Agsle] FRtol sl RS STz ol akslet
= x]ﬂa}_]_x} 3= A7) thekst Alzbol|A] o] Fojx] L ¢)
tHBond et al., 2001; Mirjafari et al., 2007; Lee and
Choi, 2007; Lee et al., 2008c). ‘%_V{} =19334d &
] Sl Ao $IEE ol8elel AEAE 04
S GATECNS Me} 28 AAAE FHI 45T
W Aol EAleRs dEe ARAGIA Heln g
(Meldrum and Roughton, 1933). ®3l shile4g54E 5
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Fol} olenns} Akelrle 245w 2o Aestd 1)
ut olue}l ABE394 (biomineralization)o® U4
FeS Y3l Aew d#A 9t} (Miyamoto et al.,
1996 Medakovic, 2000).
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