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1.����

 

������ �� ���� ���(scaffolds)� ����� �

�� ��� ��� ��� ��� � ��� �� �� ����

� ��� ����� ��� ��� ��� ��� �� ��� 

�� ��� �� ��� ��� ��� ��� � ��� ���

�� ��.1-3 ��� ���� ���� ��� poly(L-lactic acid) 

(PLLA), poly(glycolic acid)(PGA)� ���� ��� ����� 

poly(D,L-lactic-co-glycolic acid)(PLGA)� �� ��� ����� 

��� ���4 ��� ��� ���� � � �	� �� ��� 

���� �� ��� ��� ��� � ��.  

�� �� �� ���� ��� �� ��	�� PGA� ��

�� ��� �� ��,5 � ���,6-9 ����,10 �	���� �

�� ���� ���
11, ���� ���,12 
� ���,13 3�� �

�� ��
14 � � �	� ��� �� ��� ��� ��� ��

�� ���	� ��� ��� ���� ��� �� �� �� 

����� �� ���� ��� 

 � 
�� ����� 	

���(orthopedics)� ��� �����
15-17 ���� �� ��� 

��� ���. �� ���� �� ��	� �����18-22 ��

� ���� ���� ��� �� ��� ����� 	�. �� 

�� �� ��	�� ��,18,19 ��20,21 ��� ����� ��
22 

������ �	� �� ��� ��� ���� ��� carboxylic 

acid� citric acid� �� ��� �� ���� ��� �� ���

� ���� ����� 	�. �� ��� �� ��� ��� �

� �� �� ���� � ����6-9 ��� ��� ���� �

�� ��� ��� ��� ���� �� �	� ���� ��

� ��� ���� ��� � �� ��� ���. ��� � �

��� ��� ��� ��� ��� ���	� ��� ���� 

�� ��.  

� ����� ��� ���� ���� �� �� � �� �

�� PLLA ���� �� ��� ��� 
�� �� �� ��

� �� ��� ���� �� ��� ��� ���� ��� 

��������������������������
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��� �� �� ��� ��� ����	(PLLA) ���� ���� �� ��� ���� ��� ��� ��� 

��� 
�� ���� �� � ���� ��� ��� ���� �	���. ���� 	�� PLLA ���� �

�� � ���� ���� ��� ���� ��� ��� 	���� ��� ����� ��� PLLA ���� 

��� �� � ��� �����. PLLA ���� ��� ���� ���� ���� 	�� 10 wt% ��� ��

�� �� PLLA ���� ���� PLLA� ������ ����� �� � 
�� ��� � � �
�. �

� �� ��� ��� ��� ���� ���	� � ���� ��� ��� ����� �� �� ���� 

��� �� ��� ��� ��� ��� �� ��� ��� ���� ��� ��� ��� ��� ��� �

� ��� ��(hard tissue regeneration)�	� ��� ��� 
	� ����.�

 

Abstract:�Melt extrusion foaming process for the preparation of poly(L-lactic acid) (PLLA) scaffolds was carried out and 
the effects of foaming conditions on the pore structure of PLLA scaffolds and their mechanical properties were in-
vestigated. The porosity and mechanical properties of fabricated scaffolds were compared with the scaffolds obtained from 
the salt leaching method as well. It was found that the optimum pore structure was achieved when the PLLA melt was kept 
in extruder for the maximum decomposition time of blowing agent. In order to maintain the proper scaffolds structure, the 
blowing agent content should be less than 10 wt%. It can be concluded that melt extrusion foaming process allows for the 
production of scaffold having higher mechanical properties with reasonable pore size and open cell structure for hard tissue 
regeneration even though it has less porosity than scaffolds made by salt leaching process. 
 

Keywords: biodegradable polymers, poly(L-lactic acid), scaffolds, melt extrusion foaming, blowing agent. 
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��� � ���� ��� ��� PLLA ���� �	 ���

��.  

 

2. ��  
 

2.1 ���������� 

� ��� ��� ��� �� �� ���(Mw) 145000� PLLA

� Cargill-Dow��� �
�� ����	� ��� ����� 

Cellcom-A(���H2NCON�NCONH2, FDA CITE�21CFR172.806)� 

Kumyang���� �
�� �����. �� � ��� �� �

� ��� ���� ��� Mettler Toledo�� TGA(Model�TGA-

50)� ���� 190�250 ��� �� �� ��� ���� � �

��� ��� �� ���� �� 	�� ��� 	�� ���

��. � ���� �� ��� ���� ���� ��� sodium 

chloride(NaCl)� Samchun Pure Chemical��� �
�� �� ��

� ball mill� sieve shaker� ���� NaCl 
� ��� 125 µm� 

���� �����. �����(CHCl3)� Samchun Pure Chemical 

Co.�� �� ��� ��� �����.  

2.2 ����������� 

�� �� ��� �� ��� ���� PLLA� ��� 5�20 

wt% ��� � dry blender� ���� ���� HAAKE�� �� 

���(Model�Rheomex 300P)� ���� PLLA ���� ���

��. �� ��� �� rod ��� ���� ��� ��� �� 

��� 190�250 �� �	�� PLLA ���� �
�. �� ��

� �� ��� �� ��� ���� ��
�� 10�40 rpm	� 

���� PLLA ���� ���� ����� ����� 1�10 

min	� �����. � ��� �� PLLA ���� ���� �

�� NaCl 	�� 88 wt%� PLLA/NaCl ���� ���� 4�� 

�� ������ �� 	��� PLLA/NaCl/CHCl3 �	� ���

��. �� PLLA/CHCl3� ��� 0.02 wt%� ��� PLLA� 	�

� �����. ��� PLLA/NaCl/CHCl3 �	� ��� 3 mm� �

�� culture dish� �� �� ��� 60 �� ���� 
�� ��

�� CHCl3� ���� PLLA/NaCl ���� �����. ��� 

���� ��� 25 �� 
��� ���� NaCl� ���� PLLA 

��� ���� �
�.  

2.3 ��� �� � �� �� 

�� �� ��� � ���� ��� ��� PLLA ���� �

� �� � ��� ��� ���� ��� Hitachi�� ���� 

���(SEM Model�S-2500C)� �����. ��� SEM ��	�

�� Media Cybernetics�� ��� �� ����(Image-pro plus)

� ���� ���� �	���. �� LLOYD�� �����

��(UTM Model�LR-10K)� ���� KS M 3006 �	� �� �

�� ��� �	���.  

 

3. �� � ��  
 

3.1 �� ��� ���� �� ��� ��� �� 

Figure 1� �� ��� �� �� �� ��� ��� ��� 

PLLA ���� ��� ��� �� 	�� SEM ��	� ���


�. �� ���� 	�� 5 wt%�	� screw� rpm� 10���. 

���� �� �� �� �� ��� ���	� �� 190 �� �

� ��� �� 230 � ����� ���� �� �� �� ��

� ��� ����� ����� ���� ���� �	� ��� ��� 

�� ����� ���� ��� � � ��. �� ��� �� �

� close cell� ���� �� open cell� ��� ���� ���

�� ����� ��� ��� ��� ��� � � ��. ��� 

�� 210 �� �� 100����� ���	� ��� ��� ��� �� 

��� ���� �	� �� �� open cell� �� �� ����

� ��� ������ ��� ��� ���
�� � � ��. 

��� �� ��� ��� �� ���� �� ��� �� 	


� 
�� ���. �� PLLA ���� ��� � ����� �

���� ���� �� �� ��� ��� ��� ��� ��

�� 
�� ���. � ���� �� ��� ���� ��� �

��� ��� Figure 2(a)� �� ���� �� ����� ��

�
� ��� ����� ���� �� ��� ���� ��� 

Figure 2(b)� ���
�. ���� �� �� �� ����� �

��� �� �� �� ��� ���� � � ��. �� �� 10 

rpm	� ��� ���� ����� ��, ���� 	�� PLLA

� ��� �� ��� ��� ��� ��� ���� � �� �

�� ���� ����� 3�4��� � � �
	� �� Figure 

3�� �� �� �� 210 ��� �� �� ��� ��	� �

�� � ��. ��� 210 ��� Figure 1(b)� �� ��� ��� 

���� �� � ��� � � �� ��, � ��� ����� 

�� ��� ���� ����(190 �) �� �� ��� ��� 

� � � � � � � � � � � � � � �

 (a) (b) (c) (d) 
 
Figure 1. SEM microphotographs of PLLA scaffolds obtained by the melt extrusion foaming process at (a) 190, (b) 210, (c) 230, and (d) 250 � 
(blowing agent content: 5 wt%, screw rpm: 10 ).�



200� �����	� 

���, �29� �2�, 2005� �

���� PLLA� �� ��� ���� 
	� � �� open cell� 

�� �	� � � �
�.  

Figure 4� 210 ��� ��� �� ���� rpm � ����

� ���� 	�� PLLA� ����� ��� �� �� �� 

��� ���
�. ���� �� �� �� rpm� ����� 

�, PLLA� �� ����� ����� 	���� ��� ��� 

���� � � ��. ����� �� �� ���� ���� 

�	���� ���� ��� �� ��� ��� ����� 
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Figure 2. TGA thermogram of blowing agent used in this study (a) 
isothermal spectrum and (b) differential spectrum.�
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Figure 3. Relationship between the residence time of PLLA melt in 
the extruder and the maximum decomposition time of blowing agent 
at various blowing temperature.�

� � � �

 (a)  (b) 
 

� � �  
 (c)  (d) 

 
Figure 4. Effect of the residence time of PLLA melt in the extruder on 
the pore structure of PLLA scaffolds(blowing agent: 5 wt%, tem-
perature: 210 �). (a) 10, (b) 20, (c) 30, and (d) 60 rpm.�

 
 (a)  (b) 

 
 (c)  (d)  
Figure 5. Effect of the blowing agent content on the pore structure of 
PLLA scaffolds (screw rpm: 10, temperature: 210 �). (a) 5, (b) 10, 
(c) 15, and (d) 20 wt%.�
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�� � � �� �� ��� ��� �� � �� 	��� 
� 

� � ��. Figure 5� ���� 	�� �� �� ��� ��� 

SEM ��	� ���
�. ���� �� �� �� ���� 	�

� 15 wt% ���� �	�� pore� ���� � � ��. �� 

���� 	�� ���� �� �� �	���� ��� ��� 

���� ���� ��� ��� open cell� ���� ��� open 

cell� ���	� �� ���� ����� ��� ����� 

��� ���� ��. 

Figure 6� �� ��� screw rpm ��� ��� 	�� �� �

��� ��� ���
�. Figure 6(a)�� �� �� �� ��� 

	�� screw rpm� �� 5 wt%� 10 rpm	� �� 210 ��� ��

��� � ��� ���� ��� � � �
	� �� ���� 

screw rpm� ������, � ����� ����� ���� �


� 	�	� � � ��. �� ��� ���� ��� 	�� 

����� Figure 5�� �� �� �� ��� ��� ���� �

��� �� ���� 
�� � � �
	� ���� 	�� 10 

wt% ��� �� close pore� ���� ��� � �
�. ��� 

��� �� � ���� ��� Cellcom A� ���� ���� �

� 210 ��� ����� 3�4�(10 rpm)	� ���� ���

� �� �� ��� ����� ��� �� ��, ��� ��� 

open cell ��� �� ���� ���� � � �
�. �� ��

�	� ����� ������ ��� �� ���� 80% ��

� ���� ��� �� �� �� ��� ��� ��� ���� 

�� � ��� ��� � �
�.  

Figure 7� � ���� ��� ��� PLLA ���� ��� 

�� � ��� SEM ��	� �	�� ���
�. Figure 7�� 

�� �� �� � ���� ��� ��� ���� �� 	� 

� ��� ��� ��� ��� ���� ��� ���� �

�� open cell� ��� � �� ��� �� � ���� �� � 

cell� ��� ��� �� �� ��� ��� ��	� � � �

�. ��� �� �� ��� ���� Figure 1(b)� �� �� �

�� ���� ��� � ���� �� ��� ������ �

��	� ������ ��� ��� ��� ��� open cell ��

� �� ���� �� � ��� ��� � �
�. 

3.2 ���� ����� �� ��� �� �� 

Figure 8� ����� �� ��� ���� ����� ���


�. Figure 8(a)�� �� �� �� 250 ��� ��� ��� �

��� �� ��� ����� ��� � � �
�. �� Figure 

8(b)�� �� �� �� �� ���� screw rpm� ����� 

Figure 6�� ��� �� �� ���� 	��� ����� ��

�� � � �
	�, Figure 8(c)�� �� �� �� �� ���

� ���� 	�� ��	� �� ����� 	�	� � � 

�
�. ��� ��� ���� ��� ��� ��� ��� �

�� ��� ��� ���� 	
� 
�� ��� �� ���

�. �, ��� 	�� ��� ���� ��� ��� ��� ��

�� ���� ��� ��� 	�� ���� ����� 	�� 

��� 	�� ��� ���� 	��� ��� ��� ��� �

���. Figure 9� � ���	� ��� PLLA ���� �� �� 

� ���� ���� ���� ����
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Figure 6. Porosity of PLLA scaffolds obtained by melt extrusion 
foaming process as a function of (a) blowing temperature, (b) screw 
rpm, and (c) blowing agent content.�

� � �  
 (a)  (b) 
 
Figure 7. SEM microphotographs of PLLA scaffolds obtained by salt 
leaching method�(a) pore size�100�150 µm, porosity�85% and 
(b) pore size�100�150 µm, porosity�75%. 



202� �����	� 

���, �29� �2�, 2005� �

��� ��� ��� ���� ��� ��� �� �	���. �

� �� �� ��� ��� ��� ���� ��� ��� �� 

� �� ��� ���� �� ����, screw rpm ��� ���

� 	�� �� 210 �, 10 rpm, 5 wt%� ��	� ��� ���� 

� �� ��� ��� ��� ���� �� �� ��� ��� 

��� ���� ��� ���� �� ��� �� �	���. �

��� �� �� �� � ���� ��� ��� ��� ��� 

��� ��� � � ��. �� � ��� �� ��� ���� 

�� ���� ��� ��� ���� ���� ���� �� 

PLLA ��
�� �� ��� �� ����� ���� 	�� 

�� �� �� �� ��� ��� ��� �� ���	� 	�

� �� PLLA ��
�� ���� ��. � ��, �� �� ��

� �� ���	� �� ��� ��� ��� ��� 
	� �

��� ��. ��� ��� �� �� ��� ��� ��� ��

�� �� ���� �� ��� ��� 	�� ���� ���

� � �	� ��� �� � ���� ��� �� ��� ��

� ��� ��� ��� �� ��� ���	� ��� ��� 


	� ����.  

 

4. ��  
 

� ����� �� �� ��� ��� PLLA ���� ���

� �� ��� ��� �� � �� ��� ��� ��� ��

� ��� 
�� ����� �� � ���� �� ��� ��

�� �	�� ��� �� �	� �� � �
�.  

1) ��� ���� Cellcom A� ���� �� ���� 	� 5 

wt%, ���� 210 � � ���� 3�4��� ��� ��� �

�� ��� ��� ��� ���� �� ���� ��� � �


�.  

2) �� �� ��� ��� ���� �� ���� 10 wt% �

�� ���� ���� 
� ���� ����� ���� 	�

� ���� �� 
�� ��� 
	� ����� 	���� �

��� ��� ���� 	��� ��� � �
�.  

3) ����� ��� ��� ��� ��, ��� ��� ��� 

���� ��� ���� ��� ��� �� ���� �����.  

4) �� �� ��� ��� ��� ���� � ���� ��

� ��� ���� ��� ��� ��� ���� �� 	��� 

�� ��� ��� ��� ��� ���� ��� ���	� �

�� ��� 
	� ����.  

 

��� ��� ��� 2004��� ����	 ������ ��

� �	� 
��� ��	� ���
	� �� 	�� �	��.  

 

����  
 

 1. D. W. Hutmacher, Biotechnology, 12, 689 (1994).  

 2. R. Langer and J. P. Vacanti, Science, 260, 920 (1993).  

 3. L. G. Cima, J. P. Vacanti, D. Ingber, D. Mooney, and R. Langer, J. 

Biomech. Eng., 113, 143 (1991).  

Figure 8. Tensile strength of PLLA scaffolds obtained by melt ex-
trusion foaming process with various blowing conditions at 210 �. 
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Figure 9. Tensile modulus of PLLA scaffolds obtained by melt 
extrusion foaming and salt leaching method with similar porosity. 
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