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ABSTRACT Peptides with sequence (EEEEEEEEDSpESpSpEEDR) were synthesized to mimic the
biomineralization function of non-collagenous protein over the type I collagens. The results show that
the peptide can be bound to Ca2+and type I collagen by electrostatic interactions. Moreover, synthetic
peptide is conducive to calcium ions binding and promotes the nucleation and formation of minerals on
the surface of collagen fibrils. Designed peptides also presented a function of accelerating type I collagen
fibrillogenesis and the formation of fibrils bundle or network.
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0+, 2"�$��)$�2,(&�� I 133"

#�1+�442&, !'���2,-3, 4#�

��"#5-3,#����5-3�2"��!��

�6  ��"5)!$�$����"# (dentin

matrix protein 1, DMP1)[1],   3�564.%&

5) RGD #6�/7��!��$7"# (bone

sialoprotein, BSP)[2,3] ���'��''�33"#

)$���*��633"#, ������74#

2,�6, $�"'�()#6)()08, )84

78��83��09:1�9&:�#!!��

�!$ [4,5]�

I 133�'$�$���!$���;;, ,

(�+���!!9<, ����2539)���
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*5�:!&25���$�=;+  , # C >

,<?33:;@5 [6]��=!"���, 333�

� 476>-�A��B6<C.6!&33"

:;, !&9)=/'D7/47?>� 67 nm E

0&!!��F?)=/5���!&, )=/��

�=��!$, 1��$���%�&�$�D(�

��)GH [7]�

 @2AB3, %&633"#�=;+�39

�$�#Æ�� [8,9]��4 ��!$�, �3@%

>�%&633"#,"$7"# (bone sialoprotein,

BSP)�$I5"# (osteocalcin OC)�$��7="

# (dentine phosphophoryn, DPP) )$����"

# (dentin matrix protein 1, DMP1)�F?"#��

A8C?�56&C?  @9A%'33!B��

�, F?12�!B/J�:�33�)=/�F?

"#�%&&5$�%7�CB�C?�%, /8$
�=;+  �!�,0�6)8�95)�� [10]�

�D:C�&K EEEEEEEEDSpESpSpEEDR

(E8DS) DL? BSP ) DMP1 "#��E!

*�&K&5� BSP �ED;1�%&!!J

DSSEENGNGDSSEEEEEETS) EDESDEEEEEEE

EEE, F?56�4.%)=%��;.%&5

=CB��C?)$�=;+�39�#Æ�
� [11,12]� DMP1 "#&K&5�$�FE�
DSESSEEDR #6, $�33"#�C?�% [1]�

�$!$F�)E(�, <&=�33�;;�

��'9�>$�E(FG, GGH(G<&4��

%�/7$����=#48=633"#HI�

G>, %&$���5>?G<12�633"#,

 /7��M����!�, ����  �25�

� [13]�5�4#���J8I� (polyelectrolyte))

&JNI�=%�� (polyvinylphosphonic acid mar-

comolecules)'@JA"#�*�J���� [14,15]�

>�,O<633"#B?PG48=K�&@H)

C@H�D�KL�AQ�'O<��>��, 5(

LM#��4E&�%B, O<$�12!!)*�

�&K, 8#IJ4F?633"#�����, N

K<$/733��������D:C12�&

K#6 (EEEEEEEEDSpESpSpEEDR), ��#C?

CB���%�'33:;�47��  =33

�� M�&%, %'GH633"#'33�47

���H�

1 %&'(
1.1 )*+,-./012

=�L4B&MB&633"#'@&K

E8DS(EEEEEEEEDSpESpSpEEDR)(CN > 85%),

#�;.%0+7<=%�DH�

=� Pins �IOJ�"M [16], %KNR�9%

&� I 133"#�ON&L<KKN@MEN, �

OPFN#Q33:;'O:;�B�N�B1�

33:;�'�PS 0.15 mm, � 10 cm TU�"

:;�N#P�GP�SH�V NI5�WX, A

1�NB�6Q(JQ, � 4 KNB�6�LM��

RRSN�9�33:;�I� 10 mmol/L HCl �

<�S 10 h, A1B� 45 min (B�� CR21F, Hi-

tachi, Japan, YS: 15000 r/min, 4 K;  SB�!T

3B)�=1N*U<0G< NaCl L , 8 NaCl �

NN 0.7 mol/L,3(QÆ/7�I�ZN�<B�

30 min�NO*U<1N3P��? 10 mmol/L HCl

�<�, Q�QÆ, �I1R<TUS�NTUSR

<RJ< (20 mmol/L Na2HPO4, pH=7.4) �, �

4KSTU 24 h,A1B� 45 min,Z�3V"VTU

24 h, 91�TUS��I��<S'6T�33S

<�N33S<TTU[1�? 10 mmol/L HCl �

<, 6U 2 mg/mL 33�<, MP� 4 KVWT��

1.2 )*3456078
=�X$W3MY (steady–state agarose gel

system)[17](Z 1) �U&K����%�W9X@Y

XZ (agarose) ?NB�6�G[\V\�I, Æ8

& 3%�YXZ�<�N#T] 50K S1��G

< NaCl�Tris–HCl)&KS<,8#9:^N': 2%

YXZ, 150 mmol/L NaCl, 10 mmol/L Tris–HCl�-

32A!I=�&K^N, ��' 0�0.03�0.3�3�30

) 100 µg/mL�NÆW�YXZXB�< 5 mL [

S"<Y�HTU (VW��@' 1000Da) �Q]

X�, Y#W3�1�<C�=Q]<�#�CQ]

<�&�': 6.5 mmol/L CaCl2, 150 mmol/L NaCl,

20 mmol/L HEPES, pH=7.4, =Q]<�&�':

3.9 mmol/L Na3PO4 150 mmol/L NaCl 20 mmol/L

HEPES, pH=7.4, � 37 KQ] 7 d�Q]�<�X

<7_ZZ�6, XS 1 mL/h�2A!`1, NW3

9[08< 10 mL �^\%�<�, G[\ 80 K8

#Q��I, �\ 9Ya 1 mL�N[%�<%

9 1 ]bcZ\^�^dÆ_

Fig.1 Scheme of steady-state agarose gels system
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1 mL bg& 10 mL, ��`@C�=3@�=�3�

Chai (172–8035, Japan) `@CB�3@, =�

=a%aQM�U=%bB�3@ [18]�

1.3 ,-/)*034
� 2 mL �cjc�G< 1.5 mL 33�<

(2 mg/mL), ZbG 30 &K�< (1 mg/mL), Q�

XB18? 4 KVW�b��HTU (SpectraPor–3,

VW��@' 3500Da)NjcY_�NcjcR<"

� 200 mL^N' 2 mmol/L CaCl2 �<�kc�,A

8 1 h 1�kc�G< 200 mL RJ< (1.2 mmol/L

NaH2PO4–Na2HPO4, pH=7.4)�Q]� 37 KS7<

1 d�7 d 1!`�=c!2A-dG&K, #le`

43�

1.4 :;<=78 (CD)

=�dÆQi�U&K'CB�� 33'&

KXB1Æ:!!�d��Æ8`j�Vm: �

< A: 0.4 mg/mL &K, 0.1 mmol/L HEPES,

pH=7.4; �< B: 0.4 mg/mL &K, 3 mmol/L CaCl2,

0.1 mmol/L HEPES, pH=7.4; �< C: 0.6 mg/mL

I 133, 5 mmol/L tris–HCl, 150 mmol/L

NaCl, pH=7.4; �< D: 0.6 mg/mL I 133,

0.4 mg/mL &K, 5 mmol/L tris–HCl, 150 mmol/L

NaCl, pH=7.4�=�dÆQie JASCO J–715 dicro-

graph(Jasco Corp, Tokyo, Japan) =*J-4Vm7

<`j�̀ jRN' 20K,�<edN' 0.01 cm,n

O@f)SN��' 260∼190 nm ) 100 nm/min�8

fnO9,af�

1.5 >?@=78 (FTIR)

��6T33�33/&K�33/CaCl2�3

3/&K/CaCl2 Vm,   33/&K���<TU

Vm, 7<e@ai�U�9 10 mL 0.6 mg/mL �3

3�<,� 0.1 mol/L NaOH�<c��g\ pH=7.0

1TTU[, 6U33Vm�9 10 mL 33�<, G

< 0.4 mL &K�< (1 mg/mL), XBah�b, Z

� 0.1 mol/L NaOH �\ pH=7.0, P8 30 min 1T

TU[, 6U33/&KVm�9 10 mL 33�<, G

< 0.4 mL &K�< (1 mg/mL), XBah�b, G

< 1.4 mL CaCl2 �< (0.1 mol/L), Z� 0.1 mol/L

NaOH �\ pH=7.0, P8 30 min 1TTU[, 6U

33/&K/CaCl2 Vm�N33/&K���<B�

(5000 r/min), UQ 3 f1TTU[, 6U33/&K

���<TUVm��e@aie (MAGNA–IR 750

FTIR, Maclesfield, UK) �UFg4Vm, nO@f

' 400–4000 cm−1�

1.6 AB0CDEF
NTTU[1�33/&K���<VmL2�

g83*, obdN' 10 nm, �nO8cS (LEO–

153, Germany) fh#!d, F�8h' 5 kV�

2 GHIJK
2.1 )* E8DS I,-LMNO0GP

&K E8DS 'CB��33'&KXB�1�

dÆQi"Z 2 I3�pi (b) 5e, &K E8DS �

6�<�i�<Cfpi$�jM�CB�(#Æ

:!!I�Yd, � 198 nm D[jg7�jg, �

217 nm D[jeB�hg, ';1� β– k7!

!, "pi (a) I3�pi (c) �5;1�33q

ihk!!, S 198 nm TU��D%7�hg, '

� 215–227 nmD��Dgr�jg�G<&K1, X

9 2 ^`/jilklsmk̂ `smkZ_smmZ

_/^`klsmlnntuol

Fig.2 Comparative CD spectra study. (a) E8DS

peptide solution with calcium ion; (b)E8DS

peptide solution; (c)collagen solution; (d) col-

lagen mixed with E8DS peptide

9 3 mZ_k̂ `opmlZ_kjilopmlZ

_qpjilm^`qnopmlZ_lros

u

Fig.3 Comparative FTIR spectra study. (a) colla-

gen; (b) collagen mixed with E8DS peptide;

(c) collagen with calcium ion; (d) collagen

mixed with both E8DS peptide and calcium

ion
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B�<�dÆQiii$�)C334F�!i, 5

e&K�G<0-td33�Æ:!!41�>��

222 nm�jg) 198 nm�hgP79, 5e&K'

33A)I�947����4���!G5e, 3

3dÆQi�jghg�P7=]?33���q

ihk!!�dj�%B, &K E8DS '33�!B

G7933qihkk)ukl��, 8qihk!

!dj�

=33�33/&K�33/&K/CaCl2 Vm�e

@Chai�U"Z 3I3�pi (a)'33"#�

;1 FTIR i, ,(1rgnmQo I�II�III�#�

Qo I g (1656 cm−1) =]? C=O �vstZ, II

g (1542 cm−1)=]QoÆ� N—H�lppuZ)

C—H vsuZ�Bg, III g (1243 cm−1) 'QoÆ
� C—NvsuZ) N—H�lppuZ�Bg�B

@, 3400 cm−1 ?��Chg=] N—H ) O—H �

vwuZ�=aZ 3 � (a) ) (b) i, �33�G<

&K133�e@ai�g00qI�d�, 5e3

3�g !!0qI�eB�d��>�CxIj,

Qo I g7N�IPG�7?Qo I g=]? C=O

�vstZ, F&��&K E8DS�<@M��4.

%)Jp.%�vr�B@, 3400–3450 cm−1 D�7

ngdr9, 5e33�� N—H uZ%�&�� 

9&K�&%�&K E8DS $�7h8&, &�'3

3��.��sA8C?I�47��, 8 N—H v

wuZ7N<<oq�

=aZ 3 � (a) ) (c) i��Qor, & p

[: �33�<�G<CB�1, QoÆ�qDir
7NBvoq, yg0I�9eBd�: Qo I r7

1655 cm−1 wZ 1631 cm−1, I�9ew, 'Qo
II�III rxq�tz, ,(�CB�'33��R�
)KÆ�S�I�Æ0��O����33/CaCl2

TTU[���, CaCl2 �R�)S�0+*! �
��, NR�)S�j#$ “nw” �  ��s “n

w” � C=O Æ�vsuZ) N—H Æ�lppuZ

� yt, -1�e@ai, z�r?s� “nw” u

u� “nw”�S�v5j[e@uZai�%B, Z

� (c)i�Qo I�II�IIIr�7N<<$Yr9�=

aZ 3 �� (a), (c), (d) i, IjQo I r�gfe

Boq, Qo II�III 5xtz�F5e, �&K��

�SQo I r��R�'CB�!By&, #uZ7

NSo�Ny<�

2.2 )* E8DS 03456+,-/)* E8DS T
U34

=�X$W3MY�U&K E8DS ��=%C

����%, �3�Chai)=a%aQM�U#

W3�C=3@ (5 1)�& p : =#&K^N�

PG, #!&�C=u3@eBPG�F5e, &K

=C=u$�%7�!��%, >^N�&K�<�

zw{y&�CB�)=%bB�, %'/7���

39�&K E8DS $�56� 8 D4.%, ��+&

DC!B0+, /7=%C����

V 1 ]bcZ^`v�m^`^`{tol

Table 1 Effects of E8DS peptide on nucleation of hydroxyapatite in steady-state agarose gels

Concentration of

polypeptide/(µg/mL)
0 0.03 0.3 3 30 100

Concentration of Ca+P/(µg/mL) 0.20±0.09 3.81±0.54 6.16±0.62 13.62±1.11 15.93±1.21 38.62±5.50

9 4 Z_^` 1 dkZ_^` 7 dkZ_/^`^` 1 d qpZ_/^`^` 7 d wxlrosu

Fig.4 Comparative FTIR spectra of mineralized collagenous fibrils. (a) mineralized collagenous fibrils

for 1 day; (b) mineralized collagenous fibrils for 1 week; (c) mineralized collagenous fibrils with

E8DS peptide for 1 day; (d) mineralized collagenous fibrils with E8DS peptide for 1 week
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9 5 vo_fZ_/^`v�^` 1 dkZ_v�^` 1 dkZ_/^`v�^` 7 d qpZ_v�^` 7 d

wxl SEM yu

Fig.5 SEM images of mineralized collagenous fibrils. (a) Mineralized collagenous fibrils with E8DS

peptide for 1 d; (b) mineralized collagenous fibrils for 1 d; (c) mineralized collagenous fibrils

with E8DS peptide for 7 d; (d) mineralized collagenous fibrils for 7 d

=dG&K)qdG&K���33:;�e

@ai�U, "Z 4 I3�900–1200 cm−1 �g=]

PO3−
4 ν1, ν3 g, #� 951 cm−1 ) 987 cm−1 Dg

��=]? ν1PO
3−
4 )$�=;+  �� PO3−

4

u+=%C�=WvsuZ� PO3, 5e��'=

%C  (' TEM z/8�{|!G�{, B!

Gqs3)�900–1200 cm−1 � PO3−
4 ν1, ν3 g)

1650 cm−1 �Qo I g�g�9a (PO3−
4 /amide I)

=]?�� M��/��3@a, Q|9�� M

���N�-3�33/&K M��� 1 d ) 7 d

1� FTIR iCxU PO4
3−/amide I �9a�

�' 0.4478 ) 0.6988, 'C33�� M��'

0.3509 ) 0.4601�7B&v, =#��()�|��

��NeB�>, &K�dG5eB�>933��

�N�

N&K E8DS G<33|��� M, �� 1 d

) 7 d 1���33:; SEM !d"Z 5 I3�

Z 5a ) 5b ��'&KdG�133:;�� 1 d

1� SEM !d�dG&K133��!"&�P'

40 nm TU�33:;, yxB,<.6, 7�y!

"&�Pgz�33:;`�'�qdG&K�3

3�� M�, 33:;`�Pg2, �:7 3–10b

33:;!&, �P' 130–300 nm�7B&v, &K

/7933:;���!", 4w33:;y}5?

47,<, j#.6, !&9ri�z:;u{$&

:;`9�Z 5c ) 5d '[�� MQ] 7 d 1�

33:;�!d�'�� 1 d �!G4F, dG&K

1�33:;y}5?!&gz�:;`u{$9�

1��dG&K1�33:;, #:;`5�&ve

B���|, "Z 5c �}}I3�

*J!G5e, &K E8DS��*2j9:C*

�, /733"#:;�, 2j==%C  ���

���33:;�!&H(33���~��#:;

���nmEDx5, }}x5):;��x5 [19]�

�+,(���i&JB!&�z/7:;����

�33:;�����, %&"#�z/7:;�i

&JB,8:;�PPG�����,�33�� M

�G<&K1, 33:;`eBdz, ��33:;

`?$&9i�F5e, &K�<@�%&#6�z

�'68yÆ?z{, �33:;A)|}~~, 9

:!&�#!!�&K�G<=?33:;���

$�eB�/7���&K'33�!B, �+9<

@�!�0+�&K�zC?�33�)=/, ~#

33:;�>"5, !&E0&.6�56�!�0

+�F' l�!����633"#*�6~4

F,,(���#�:!!�<@�R�)=%�;
.%��=%bw{<@�CB�, 7'�����

���
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3 G K
=]:CB&��4633"#'@&K

E8DS(EEEEEEEEDSpESpSpEEDR), &K E8DS '

CB�)33����A8��4!B�=]&K

E8DS, E8DS $�%7���C=u����%�#

?33 – &KXB M�|���, &K�G<�

~?33:;���!", PG9!�0+, /79

=%C�33:;5���, 33:;���NeB
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