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Biomimetic Mineralization and Hard Tissue Repair
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(‘Department of Chemistry, Zhejiang University, Hangzhou 310027, China)
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Abstract: Biomineralization is an importance process of hard tissues (such as mollusks shells, and vertebrates
bones and teeth) formation, by which the precipitation of minerals are controlled in biological systems to enhance
hard tissues functions. Its products, biominerals, have hierarchically ordered structures, super mechanical
properties, and many important physiological functions. This inspired the designs and fabrications of organic-
inorganic hybrid biomaterials for hard tissue repair via biomimetic mineralization (in vitro and in vivo). This
review mainly summarizes the fundamental principles of biomineralization and the main biominerals, the
principles and new findings of crystallization pathways, the mechanisms and recent advances in collagen
mineralization that closely related to hard tissues repair, the hierarchical structures of hard tissues, and recent

break-through of hard tissue repair via biomimetic mineralization and their perspectives.
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J\H5 (octacalcium phosphate , OCP) Fll — 7K B 2 & £5
(dicalcium phosphate dihydrate, DCPD), #%\ b8
TE IS F PR ARO, — S B fe 41 40 a5 Ak i
BSOSO S WA AN E S AR BER S

LYY S AEWANIE R E SR, BRAK
TSR Z R 2454 T 1 A 5 009 1 24 PR RN i
JAR TR EZ AT E a0 2 9oy T2 45 il
e VERERA A [R] 1 BEASSLA= A, T LA ) 20



%6 MM

S MET A A S AL E R 1051

R 05 B AL 58 o0 S R 2B | D RED Az A2 A4 15
M S P AT A AT LA A RS DL FE 2 A
FATIRERE B R T 2 P RE Bl R IR 1 DI BE
A BRI RIATT . 7S SRR 5 T A B
TEH,

2 HWHIHE S

21 miEEHEgRMNERKEER

W R Y R B R RS
i PR AL AR AR R A MR 8 L A B
(classical nucleation theory, CNT), U f& ¥ 51 43 A
T BEIR T WS RE SRR T A A 20 i SR
WKy, eI TR W e A R R AR AR A ih g
(AW 3 B LB 27 S W — v W ST 1, S0
ey FrmE A M EEAG), X H ST G,
H i TR O TA] X 5 2OE A o RE(AG) Se 1S = K
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Fig.1 Relationship between free energy and size!!
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S AZ AL L AT S0 A O P W R AR
JSAZ 23 18] 53 A1 FER A ]

AR S TR A AN rh S gk S A K 0 T
e G b A AR A 1 TR 2 0 IR B 8 A e R
AR R, AR5 HEA SRS S AR R 2 T A K
BEH BT ) BB RO B A e, B R AT R B
s PR R E I R 9 B A KOk LB R K
RO R SR T A P T D BB AR A A B A
(Terrace), 55 B & 1M FRAE 5 B (Step), 5 B F 16
BIFZY A RVEFLYT (Kink), S RA K i A2 o a5 T
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A RRE MR B TR, SRR XA B T
W VAR 3 B8 OB I 9K SO |, P Ak S R 45
FETEE AR, IX T A i A AUAFAE TR IR A5 8 ki
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TAHYDINRRL DR . RNBIRIUE NCPs Bk
5 R P IR I A A, R T ST A P ST A Y
JE R =S ERZ S
3.1 REYFSHESAIRERILR
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Fig.2 Multistage structure of bone™
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P
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~

G0), WA i AR AR ¢ Bl RO HE TR O K
UKL S (E AR 290 30 nm)(2 ), BB A ik
20 K Y 5 A 21 2 T R A R BT AR (AR 2928 100
nm)(3 ), TR 2k Ak S 21 R LR I A A T i TR
(ELAE 2920 800 nm)(4 )., AR LT 4k sR4 A [R) J7 ) £
PEHES | T T 2 Bl 1 ) £F 4 R AL BRI | 45— 52 e
FEATURE %) 2T 24 SR 2 SR A 15, A 5 Rl A ) 5 1
SRS AL R B RIEE CRIVEE )5t R B B
B SR A 2 AL S IR S5 A (BN 6~8 um)(5
%), PLES AR R B HES P A bR B 0 R A
FE6 9, Hob AR A2 0RO IR o
Tilt A A Rl A 22 ) S A R 5 A SCECHES Rl A
ANTRIHES 7 2 i 28 ) 17 i A 8 28 el 2 1 ) il I
JZ(T ),

1 nm 10 nm 100 nm 1 pm 10 pm

100 pm

Ruler below the diagram demonstrates the typical scale distribution of each assembly level. IP, interprism; L, longitudinal plane;

P, prism; RL, Retzius line; T, transverse plane; Ta, tangential plane; X, prisms appear as bands of approximately cross-sectioned;

Y, prisms are relatively longitudinally arrayed

B3 MK R 22 K 9 24 il T 45 4 7 B &L (O 4% HE 497

Fig.3 Schematic illustration (not drawn to scale) of the hierarchical assembly of enamel structure,

from the millimetre to the nanometre scale'
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(R R K AT AT 5 N Rl R AL I 9 R 454
R SR B i R A R R AR
4 55 e 1 (ELAE S s 2 Rl A 52 I, S T BE A 1
HG A A B B0 IR 05 A= 7 AR TR A A
YA R R TR, AW A R N
AR AT W S 1 ELRE A AL RS ACP AE o 2 M 1k
AURTIRAR NI A — S0 2R AT 58 TARH ACP

”:.;’"\?."ﬁm
Repaired\

A

N
“Native ' & \

Scale bars, 20 pm (A), 2 pm (C~F)
4 ST I 2 R BUAE A: (A) TR I R SIS A 28 Rl S i 47 B U B 15 (B) 18 5205 A R By = 2 JRL T O I R I
(C) (A) &L e 5] Pl A s A 47140 P 5 PR 1R (D) B S5 A4 28 il Jo o T 61, 4 ol J e R 2 R B 2 TR 52 T
R IR 235 A3 24l A AURA A 180 552 (IS, ) B A ) O i) B9 T LA 52 9 24 il Jo A1)

Fig.4 Replication of the complicated structure of enamel: (A) Scanning electron microscope image showing both acid-etched

enamel and repaired enamel; (B) A three-dimensional atomic force microscope image of repaired enamel; (C) High-

magnification scanning electron microscope image of the red circle in (A); (D) Cross-sectional view of final repaired

enamel, where both enamel rods and inter-rods were repaired, R and IR represent for enamel rod and inter-rod,

respectively; (E, F) Enamel rods with different orientations which can be repaired”
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A0 K UKL A SR 55 Wik T TP R BOR IE S, AR,
ACP ZBERRAS A WAR RS, EW W h AR 5 & A=
NG R AE BRI R ) T & B R L A T
FEF MBI E AR E ACP &4 W) 1 T 2 Fil
LB . Reynolds 55738 iof % £ 11 W 2 K (casein
phosphopeptides, CPP)R2E ACP, S8 T 5 YR b ot 3%
JZH AL, Zhang S50k BLRE R fh7C BEBE-ACP Ab
PR AT DA EAE ZRTZ . BR ACP S HAP 40K
PR AT T A Rl S B RS BC AT, Li S5
BT 20 nm B9 44 K BL B R A0 UKL | 12 ROT 5 2
JoT () BEACZH LA, AT LAAR S b TR B0 50 1) A
F AR B AR WK TR I 2 5 B AL
AE. ARG LI 98 K L IR A UKL TT LU 52 2 il
J5t, {EL AT S 8 2 Rl S 3 T 1)l A BB R A 454
TEMEERE b Li SRR A8 2R A 20 nm BEIR 5
WKL, A A P R e 2R3 7 A
RAFIUMAPERER S R 22 JF B g i )2
A LA B 209 2K Wl K A7 i 1A 1 T HE 8 R il B
“An SR A RERAAE

AR UL b0 A48 52 T BT LUIAS 3 A BT AL
PPEREARIRAE ), (HJ2 ZAG 3 BAT RARJZ 9 45
g 64 2F Rl SR AL R AT 2 — N BRI PR T4,
Shao SFHE T KRR BN A= Yy A B e A BT Y
R RLR AR W0 Ak v R A7 AR 1Y A TS € TR0 )
B AS G0 LTI S, R A T BRI A 2 R
&, IFLAAE N AR B - fb e B BT, iR R
B, A IZA R B A R i Y Rk o TR U
ACP J2 B A= Wy w AL o, T LA 5 58 b o |
ARBE AT M E TR AR I R BT R T 2~
10 pum W0 AR 1852 5 50k Rl 5T J2 A7
W I Y ST AN AE B S T P Rh B AR AR LB IO
HARB Y 2 RS URE . BEEIMMERES
RIRF R BTAR TR, b T AR EZE i AME A KB
R TR A% 25 SR A AT LA 52 AN [ B 1w ) 28 il R A 1)
B LR R ROBE 0 4 28 Bl B 2B 52 i e 7
WA 52 25 Rl o USRS T R, A B F A
16 5 N < SEDRLECRD 7217 A A AR IR
52 FEREMEE

SFRUBUN B A, flf]iE S DEB % % AH
ORI R S B2 5 P AR BN R R A
H PRI [l S AR o B i I, 40 v S AR ™ 1 |
H 5% B ) SRR AT BB A AR BN, JF H
MELUIE R B AT BR B i R, 8 A R R R

B BT BB A 15 R ZU R | B R A
AW BO B2 | 2075 XTI IR AR AL HEA TS R R A

S5 A 5t ELAT Rl AR SR AN [ 1) 4 R A A
A ER N SRy A 3 N S X 3 W 5B U N
RIS &t 1B N Y V& ol I SR bu N 41 D O i Ne B R N
JE SR AT AT LA 20l 445 700 98 A D £ A I 246 | 3
RS 285 500 /4 B 55 28 A I 22 180 1) 906 1 D 384 iRl &4
S RE | FURG 45 700 /A Wi AR U RE A T 2 4 P 3 O FLF
JE 2T 2 B 5 B A O A O BT A A 4 50 2 (]
HA SR, B e R 4T 4 e B R /R T 2 A R
R it R 285 700 /A% Bl 55 28 AR Joit 22 [l A 04 A K R R
B, BRI R &8 K 0 JotE sz B e s g xt
I BESE TR T AR A 2 AR T
AT FEAT Ak DL A 2 A S5 RN 5 L S D5 2 A 1 A )
Wi fige

TEF AT H NCPs A2 2] RE#AEH . Gower
BALE 2 pAsp PAA 55 T AE 5 B B r il T
RATHL NCPs , 78 15 i 5 J50 5 4k 75 T A T AR 2 58 i
PERCR . Olszta 55005 3 5 T PAA PR SEH T R
LT U N R (B R 5, I £ 1h PILP 4 i i 7 Ak
MG, J5 R, S pAsp FTES 2 BB NCPs,
H T PILP AR SE B 1 5 41 4 0 W R 4% A 7 0
A0 TE A Y A B e B 8 R il S S
AEYE PR EEAR S, ZMIR K, Jee 5 PIE 1T
i P Tl R ke 2 1 2 18 e A 1) TE AL R Ak B8 1 L AL
TR R R A S5 PILP HOoR S
J2 L 28 4 PILP 5 AR 38 T 552 30 R AR e Jit B o
MW Ak, Jee 57K I i D XS LR rh 3145 19 A= )
Ji J S A0 AT DL i PILP s 24k, BbAh | i fi1ie
& B #5351 (osteopontin , OPN) 38 1K &2 Jit £ 4 AT LA
R 1 R DAL A £ A N R0 i — 2D B AR T NCPs P84
WAL s,

R R S5 1| Gower PR ZH & I PAA ML) 52
PR S 27 A 4k, 5T R ] pAsp, FRATA IR
fiff JOT (1 e E L 2 5 e SF AR SRR AR Y G B S 8,
Wang 5797 SR B #Y PAA(100 mg - mL™)AS BE O}
Fi PILP MU s | PR A 1 2 4R 4 1k A I
1 B 1 PAA(1 000 mg-mL™) A DL 2 ACP, Bij 1k
HARAR 21 40T LA™ A (E 2 o A i ) &5 ZE 4 T
300~500 mg-mL™" J& 1~ F3 3 1 VR V]

i3 PILP A] 52 B AR Ji e Jt (%) P50 4k {4k
B W RIAEAE DU ey % 2 2 1~2 M A
(AR ), 3300F F 3 2o 5 26 T A& 52 A 5 A I R 7



%6 MM

S MET A A S AL E R 1057

FAT S 2R BRI R 2 B R B Pk 1
T EAEENE L, HERREA S S R E
BAA A XS AT T HFEE A #EE . Chen 57F
G 0% B IF 7S I e D 1 R I I ST R R A 1 F A TR
MDAk, B AR B ) 2E MR F A AR e
M, R RN BRSSP R N 7 d g 2 d,
I A FROOR T AR R I IR AT A, R
WIRAEE—E WM, RINTERANAYEAL D &
W A AT RR £, 52 JE &, Shao 57k L4 ik
A8 i T Ak L g i mT DA 4 e e 7 Ak 1) 0 A B ] RN
R SR AR IR SRR 5 i
JE 2T 4k 1) LTI A AT TR, LS TR L
BB M ST Y 1 B AT R R T L I AR A S

"N C25 C50 C100

4k 5 ACP B MR Z 8] i ST RE , LA s B AT IFE AR
A 50T A4 AR | DT A 2 7 4 o8 ) 0 O R B
FEEETRAL SRR A KAL) A T el 8l
Wi B R AR He S50 i BEALG 7 H
A5 R BT I A I B R R R R T R A
14 AR S B 7 A5 I S T 5 A% | I3 2 R R
JE 2T 2 v i) 5 B e Rk
4% 2 d,

Y B 42 48 168 4 2 I IR 9 v R (B
T ol RS 285 70 A e D, 4 5 B L A A 1 T A

SRR 45 1 KA R0t 098 i T & T e Ak
B AR 42 300 T A DRk —E B Gu SR A G 22 711
VERER, A8 22 K P B 3 40 rh T 1

5 (a~d) #7052 T Ab 3 /AR A A6 T T A0 390 17 e D 2 1 D 2 24 0 RR A ACP B9 TEM & L RL: 50 nm;
(a) RALILILIFLF4E, 0=106.7°+8.7°(F- B {E+SD, n=30); (b) B J5 JELF 4E (] 2.5%102 mol - L A7 R 46
T4k £1), 9=83.3°+4.3°(n=30); (c) B LF 4 (F 5%107 mol - L Fr i R £h Tl &b £11), 0=66.8°+7.7° (n=30);
() 11T ACP 9 (9=0°) T 5 B0 e ME 1 C e BSR4 1 0.1 mol L K 58 UL ) (ol
SAED K327 B ). (e) e JSLZF 4R 90 90 45 B (N: NRJSLZRR, €25, €50, C100: 48 BT AFEE TR
2.5x1072 5x1072 F1 0.1 mol - L™ AL B 1 1 J5 I £F 4, B: % 15); () A& Fi(g) % 0.1 mol- L™ #r iR 1
AL 8 5 A B D A TIM P 2 2 0k 7 I R/ 4 T8 7 (N 340 .
5 HAP ALY SAED B, AR 1 pum)™
Fig.5 (a~d) Representative TEM images of the deposited ACP on the collagen fibrils with/without citrate pretreatment;
scale bar: 50 nm; (a) N-collagen fibrils, 6=106.7°+8.7° (mean+SD, n=30); (b) C-collagen fibrils (pretreated with
2.5%107 mol- L citrate), =83.3°+4.3° (n=30); (c) C-collagen fibrils (pretreated with 5102 mol- L™ citrate),
0=66.8°%7.7° (n=30); (d) Swelled C-collagen fibrils (pretreated with 0.1 mol-L" citrate) as the result of ACP
wetting (0=0°). Insets of (a~d): SAED patterns indicate the amorphous phase; (e) Mineral contents of collagen
fibrils (N: N-collagen fibrils; C25, C50, C100: collagen fibrils pretreated by 2.5x1072 5x107, and 0.1 mol-L™

citrate, respectively; B: pig bone); TEM image of ultrathin section of remineralized dentin without citrate

pretreatment (f) and that with 0.1 mol- L™ citrate pretreatment (g) dotted lines to guide the eye for the boundary

of resin/collagen and remineralized dentin (R)/intact natural dentin (N) (Insets: SAED patterns matching that of

HAP; Scale bar: 1 pm)™
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HEE AT R A RSB, (A7 K
FARFNA TR A B4 RS AR, R S A B R A7
FEHE S SN S 7 /4 T R 1 XURS: | BT DL
BHOOFFE SR T2 &0, H A, Ik R LR 2 1Y
HAE S bt 32 B A ST 32 PR L R AT AR R A (4 A
R FAT TG 5 A A U G i B R 45
MR E RN, BKIME . FHL-THLE & 4
R RE L B — R R B I A R L
FeAfi A Ak B AR AR 5E

HAP BRAE R B 0 P 3 s ML BB A1 | B Bl Ay
HA @ AawEE, BAESEIE G B
TRAZE X R S ) 1) B S T RE ) TR T AN A
3¢, BRI A RSH RS0 HAP R85 it AR
A B8 AE T, Cai 5589 £ T AN W RS 19 HAP 94
P/NE I YA S 1 A S (WIDG I = o [T e e 1
(mesenchymal stem cell,MSCs) I8 P8 41 L (U20S)

HGE 520 | B HAP 94K 0k AT LU i MSCs 11
g, FIEHIE T U208 AR, BIRG R Gk
HAP BSR T LUAR #E 5 T A0 A= & (HIE AN [|) T
Y IR B IR AT, H R R R A R Y (100) A T, 4
TERGEIEBE KA AW F R0, Liu 551895 1 T 28 B
R HAP(p-HAP) 1B IR HAP, 5% & AT Y 248 g A=
Py RO A R R R S R B Rk
HAP AH I, B AT (100) 1 09 Fr Ik HAP B & 35 {2 F 1
Ji4] 7055 1 4 L (MSCs) ) 41 B 736 3 AR 1434k, 3k 4
HIF 5 %ok 2 T B At v ) 0 Al I A 1) 2 S
HAAHERENSHEEXL,

BT HERR S0 ) 0B IR A5 1 K U MR A R4
1 RSB 5 S BE ) R B B S R B AR R
EAAAEAUBE REAS I A R Moussa S5E87& BLFE i
B WA A5 A Wy W s vh 5 | N2 T A R mT LA DR/ b A
Rt 35 A ) b 2 W HLBRME R X8 2 B TR AE
14 1 A1

BRICHLE PI0E g EZ R4, B e —
AT, SR A PL-TCHLE SR, Bif5 & fA HlL-
TCHLIL A AR 2 A8 5 Gt () BRAR AL ) i A5
GHLT R 6 (PAG)/HAP 9IKEAMEL, 456 T
HAP WLEYEYE LE YA 25 VE RN PAG6 DL 5 B HLAH
SRR RE I AR S SRR TEAL S FIBLA 1 g
Bl KAR, BREWEME . RIS N TE Wm0 1
A, — oA YA AL PLBE BRI R KR AW
O INEFHE R e R WA R O T T
B R BB AR, 9 40 40 TR £F 4E R (bacterial
cellulose, BC) HA K U 1Y A Wy AH 25 1 A 25 WL AR
fit, Hu %™ £ 7 BC/HAP & & Mk, SE 80 T B
PR,

R AR R ER B RS RS B 5 )R
RGN T EAMREE T EORIE, BAAE
e B PRI 52 Vb B HROK RS SE PR R
Kirillova 5 ™l 2 7 £ T #% f2 VU 5 (tetracalcium
phosphate) FlI IR 22 28 1R 52 45 1Y — Fh 57 BY 5 Kl 5
A S ) PR b S R R RS A SR, R
JLA3 b PR il DRt 7 A8 52 T 880, 9 T o8 e T i, LA AR
R E AR,

R 1 148 52 i R B AR G A MU S HE A L (R
BT 1 B I R — S B RT3 ) R AR <R
197 K EE R R ] i T RE A, RA AR 2 M B Y
B B T OB AE 1 B 1% VA Y R g PR A | 36 T
TR FH AT 4 A e DR B8 TSR A4 i 2 25 348 o He -
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P Nonoyama SRR T — T AR A XL 4% 7K Bt
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Micro-CT

H&E staining

o REE NGy oy B AR BUR 7 1 il 4600 b )3 2
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M AT K G K A S A R A R 1
JiE |, R BT LASE AR YT BB AN IR — A
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PRIGTTAEAE ASE S J g 3 FE X BER I v | FRATT
WA b2 2] R JROF AT AR | IFE a5 A4
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Masson trichrome staining

Control

S FE

PAA/PASP

HAP

P-control

Cluster-loaded
hydrogel

6 10 JAJE, X IR PAA/pAsp \HAP P-control I AKFE KN & 1#2E; (A, D, G, J, M) fARMEE AR CT B4,
(B, E, H, K, N) fRRAM 10 HE Je 25 R, A 45 7 Gl i e (2 (88 ) AL Bt o CB (AR 1 CK RS
(C, F, 1, L, 0) BATREMER Masson = (5 (45508, LLKCH B4 DX (8 00 T8 ) A4 1] 4520

Fig.6

In vivo bone regeneration of control, PAA/ pAsp, HAP, P-control, and cluster-loaded hydrogel group after 10 weeks:

(A, D, G, J, M)Representative reconstructed micro-CT images; (B, E, H, K, N) Representative HE staining results,

with zoom-in images of the bone defect margins (green rectangles) and defect center (black rectangles); (C, F, I, L, 0)

Representative Masson trichrome staining results, with zoom-in images of the bone defect regions (black rectangles)
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