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Fig. 1-3 Image of (a) spinner and (b) monolayer flask.�
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Trapped extra 
cellular matrix�
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Adhered cells�(d)�(c)� Contacted cells�

Fig. 1-4 Schematic illustration of cell adhesion sequence. (a) Medium within cells 
are spread on a scaffold. (b) ECM is trapped to scaffold. (c) Cell contacts on a 
scaffold through ECM. (d) Cell extends its filopodium to adhere to the scaffold.�
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Fig. 1-5 Intracellular anchor proteins composed of focal adhesion.�
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Fig. 1-6 Comparison of cells adhered to (a) two dimension and (b) three 
dimension scaffold.�
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1. 2. 2� ʫĔ˾Scaffold˿  
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Fig. 1-7�Mechanism of osseointegration generated between osteoblast and titanium. 
(a) Interspace between bone and titanium become filled with interstitial fluid. (b) 
Calcium phosphate nanocrystals deposit on surface of titanium and osteoblast gets 
active. (c) A neonatal bone is formed between bone and titanium.�
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"�!�8̀�:7(ɉɧ=đ˷�9�3%ť˰!�9́�'�3̀Ʋ˷Ê=÷>�đČ

"û):9đ˷ǥ%�ɸȜ%ǨÙ�: �9́À¥Ȝ%(̀ʹŅ'đČ!(BR$#.�

˳	7Ƃî�:�ʃǩ˾FBS˿= 10%ȯŎǨÙ�9́ 

� đČ�%÷0:9ŰÊ'�! Mg2+" Ca2+(Ȅ%ɉɧƃȣ"įƃ$˚¬%�9́Ohnuma

7[39](đČ�' Mg2+" Ca2+'˒=ʠȼ�9�"!̀ɉɧ'ƃȣ=ŶÐ��́Fig. 1-8%Ȫ

�6�% M̀g2+'ǨÙ˒
Ķ$�Ĕô%(ɉɧ" ECM'ƃȣ
œ08̀ɉɧ
Ēƪ	7ĭ

Ɲ%Õ˧� C̀a2+'ǨÙ˒
Ķ$�Ĕô%(ɉɧ˙ƃȣ
œ08 ɉ̀ɧõĚ
ƃȣ��%R

�K|V|'ȅŮ!Ēƪ%ƃȣ�9"ēù� �9́ 

 

  

Fig. 1-8 Schematic illustration of cell adhesion behavior of with or without Mg2+ and Ca2+.�

Cell-Cell binding�

C
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C

M
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�
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M
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Single cell�
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� ¥Á'ɉɧ(g^
ǟÞ�9%��8̀ƿ�$ÑǷ=ï� �9́©�)̀ɲ=ơ�9

�"!ʮ˹ɉɧ(ĊɚÑǷ=ï�̀ɮ=¡)��"!ȹɥɉɧ(őŔÑǷ=ï�̀ʃǥ


Ǡ:9�"!ʃȻÁȝɉɧ(�>ƕÑǷ=ï�9́�:7'ÑǷ(̀ɖȭ� ǅƷȜÑǷ

"û):9 ǅ́ƷȜÑǷ(àĥȜ$ÑǷ!($�4'' ŋ̀ɟ%ĘǏăģ'�Ȱ"��9́

�'ǅƷȜÑǷ=ɉɧ
ï�9�"!̀ɉɧ'ĘǏũ5 ECM'Ȏȍɩ×
ö��̀Êà


­ʾ�:9 ʦ́ĉ7[40](Nz�M�M|%ď¾��ȹɻɉɧ%úƦȜ$¡ĹÑǷ=���

9�"!̀ÑǷ=��� �$�ȹɻɉɧ"ǒʯ� ̀˩ǓÑǷ%69íɚ×
ĘÙ�9

�"=ēù� �9́ 

� ��'6�%̀ĘǏăģ%(àĥȜ$ÑǷ	7ǅƷȜ$ÑǷ0!ƿ�$ÑǷ
Ĥċ�9  ́

 

 

1. 3� ƃȣũɉɧ'đ˷l~VT  
 

� �:0!% ɉ̀ɧ5ɉɧ=đ˷�9�3%ť˰"$9ʫĔ5Ű˖ăģ=ʟƜ�� Ǉ́%̀

ƃȣũɉɧ'đ˷l~VT%�� ʟƜ�9 F́ig. 1-9%ɉɧđ˷l~VT=ǁŐȜ%Ȫ�́

ɉɧđ˷ȏ'jzTN5]@[Rx%ˆË$˒'ɉɧ=ƉȰ˾Fig. 1-9a˿�̀A�Hxm�

YÁ!đ˷˾Fig. 1-9b˿�9 ĆO2ǹŎ 5%!ǬŎ 37 °C'ǭǵȌė%�� ̀đ˷Ēƪ%ƃ

ȣ��ɉɧ(ĘǏăģ=ǨÙ��đČ�!̀ōˬ%ƃȣ� ōˬ¿¥%ŋ
96�%ĘǏ

�9́�'"�̀ɉɧ'Ʋ˷ªɐ5ɡŏȃ=Ɓ˝�9�3%̀ťʏ%Ŧ� đČ'�ƅ=

ʄ�́đ˷Ēƪ%ƃȣ��ɉɧ'įŎ
�Ĩ��%$9"̀ɉɧ'ĘǏũ(Ƽȸ%ɿ�̀

ƣɋȜ%(ǌǱ�9́�'ȉʢ(ƃʗˤī˾Contact inhibition˿[40]"û):9́�'�3̀

đ˷Ēƪ¿ˬ%ĘǏ��Ƒ��'ɉɧƑ=ťʏ"�9Ĕô%( �̀Ŏɉɧ=Õ˧˾ Fig. 1-9c˿

� Ăí˾Fig. 1-9d˿�̀¤įŎ!ÃŎƉȰ̀đ˷�9ťʏ
�9́�'§ƻ(�ɸȜ%ɒ

�"û): �8̀�'§ƻ=ɜ8ʴ��"!̀Ųƥ'ɉɧƑ=ȇş�9́ 

� »ʵ��6�%̀ɉɧđ˷(ğˋÊ
ų§ƻ%68ʄ<: �9́ƉȰ'ǐˡ!(ǽɾ

ȅŮ'jzTN5]@[Rx%�ĨƑ'ɉɧ"đČ=Ɖ
§ƻ'1!�8̀đ˷'ǐˡ!

(ťʏ%Ŧ� jzTN5]@[Rx'ōˬ%ƃȣ� �9ɉɧ'Ƒ5ȅŮ=£ȠŁ˲ţ

˕%68ʔİ�9��!6�́�	�̀ɉɧ'Õ˧"Ăí'ǐˡ!(̀Ȁ˦$§ƻ=ťʏ

"�9́�"�)̀�ɸȜ$ɉɧđ˷!ȏ�7: �9Y�fJʥÊʖˎɈ%69ɉɧ'

Õ˧"Ăí!(̀Y�fJʥÊʖˎɈ=Ɛń�9Ó%ɉɧ={�ˏəʆȍȋ˵Ėǔ˾PBS˿

!Ǟǡ�9́�:(̀đČ%÷0:9ʃǩ
Y�fJʥÊʖˎɈ=˛ī�9�3!�9́

ǞǡŜ̀Y�fJʥÊʖˎɈ=Ɛń� ̀ƑÊ˙A�Hxm�YÁ%˪ɝ�9́ɉɧ=£

ȠŁ˲ţ˕%68ʔİ� ̀ťʏ%Ŧ� ž"�5in[\@�K=ʄ��"!ɉɧ=đ
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˷ˬ	7Õ˧�9́Õ˧��ɉɧ=ĂíŜ̀đČ=Ù� ɉɧ=Ǟǡ�9́�'Ŝ̀ɉɧ

'1=î8É��3%˅ŤÊ˧%	� ̀�Ƕ1ǥ=ſ 9́ÃŎ̀đČ=ǨÙ� ɉɧ

�"Ăí�9�"!̀ɉɧ'Õ˧�6+Ăí'§ƻ
ħ��9́�'6�%̀ɉɧ'Õ˧

"Ăí'§ƻ(ƉȰ"đ˷'§ƻ"ǒʯ� ̀Ğ
'§ƻ=ťʏ"�9́�'�3̀N�

Yrb�Ry�
Țȍ�9ç˟(Õ˧̀Ăí'§ƻ�%ȍ�9�"
Ğ�́��'�"	

7̀đ˷ÝȈ=ö���9�3%(̀Õ˧�6+Ăí'Ɨǚ=ƍĀ�9ťʏ
�9́ 

 

 

1. 4� ɉɧ'Õ˧"Ăí  
 

� Ʃȼ!(̀�ɸȜ$ɒ�§ƻ!ɉɧ'Õ˧"Ăí%ȏ�7:9Y�fJʥÊʖˎɈ'�

Ȱ!�9^{lR�=(�3̀�'ˎɈ5ˎɈ=ȏ�$�!ɉɧ=Õ˧̀Ăí�9Ɨǚ=

ʟƜ�9́  

Cell culture 
process�

Fig. 1-9 Cell culture process in case of adhered cells. (a) Cells are spread on a 
cell culture dish/flask. (b) Cells adhere to a substrate of the cell culture dish/
flask. After that, (c) enzyme are spread to adhered cells and these cells are 
pipetted. (d) Cells are collected and rinsed in a centrifuge tube.�

(a)�

(b)�

(d)�

(c)�
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1. 4. 1� ˎɈÆȋ=ȏ��Ɨǚ  

 

� �ɸȜ$ɉɧ'Ăí%(̀ɉɧ'�ʫ=Êʖ�9�3%^{lR�=(�3"� Y�

fJʥÊʖˎɈ
ȏ�7: �9́��%�ɸȜ%ɉɧđ˷%ȏ�7:9ˎɈ=ʵ-9́ 

 

˾i˿^{lR� 

� »ʵ��6�%̀^{lR�Æȋ(�ɸȜ$ɉɧđ˷!ƃȣũɉɧ'Õ˧̀Ăí%ŋ


¨ȏ�: �9Ɨǚ!�9 ɉ́ɧ=Õ˧�9�3%(^{lR�ǹŎ
 0.025	0.050%

' Trypsin-EDTA%ɉɧ=ƑÊ˙ǣǴ� ž̀"�5in[\@�K�9�"!ɉɧ=Ēƪ

	7Õ˧��9́�'˂ȯ%�� ̀Y�fJʥÊʖˎɈ!�9^{lR�(Ēƪ%ƃ

ȣ��ɉɧ'�ʫ=Êʖ�9ÝƯ
�9
̀ɉɧ=�- Õ˧�9�3%(^{lR�

%69Õ˧ÝƯ��!(�âÊ!�9́�'�3̀Õ˧'ʌÚ"� ž"�5in[\

@�K$#'ȃȋȜ$ÑǷ=Ïȏ�9́$�̀^{lR�=ȏ�9Ĕô%(̀đČ%÷

0:9 Mg2+5 Ca2+$#'�«'ˠAE�
ÊʖˎɈ'˛īÔ"� ¶
�3̀̂ {lR

�=ȏ�9Ó%âÊ%ɉɧ=Ǟǡ�9ťʏ
�9́�'^{lR�Æȋ(̀ɉɧ'Õ˧

"Ăí'Ɨǚ"� ŋ
�ɸȜ%ȏ�7: �9 Úmegaki7[42](^{lR�Æȋ%6

9ɉɧ'Õ˧Ɨǚ(̀Ɉƛ
ɉɧ=Õ˧òɩ!�9
̀�Ɨ!ɉɧ'ĘǏũ=¤Ǫ��

9"ēù� �9́�ɸȜ%kY'ɴɵ	7ȍŰ�:9ˎɈ!�9^{lR�(̀Ħ«

!đ˷Ēƪ	7ɉɧ'�ʫ=Êʖ�9ɩ×4˺�́�	�̀Y�fJʥÊʖˎɈ!�9

^{lR�(ÙǔÊʖ%68ɉɧɱ=Ɔµ�9ç˟ũ
�9[43-45]́Revel [46]7(^{

lR�ÆȋŜ'ɉɧ=ʧƱĎ˩ģ˲ţ˕˾SEM˿%68ʔİ�̀ɉɧ'úą%Ĥċ�9

ECM��!$
̀ɉɧ˹Ƶ4Êʖ�:9�"=ȩʝ��́0�̀Hirai [47]7(˖ƞ˙'

^{lR�Æȋ%68 Ǉ̀%ɉɧÊʉ�90!%ʏ�9ƞ˙
ĘÙ�9"ēù� �9́

�'6�%̀^{lR�'¨ȏ(ɉɧ%Ɔµ=ë/��"
ñ
	7ůŧ�: �9́  

 

˾ii˿NzM`�W 

� NzM`�W(�%Nz�M�=Êʖ�9ˎɈ!�8̀NzM`�W'Êʖɩ×(^

{lR�684ə5	!�9́0�̀NzM`�W(^{lR�"˄� Mg2+" Ca2+$#

'�«'ˠAE�
˛īÔ"� ¶	$�ũʥ	7̀đČ"ǧô� ȏ�9�"
!�

9́�:7'ũʥ	7̀NzM`�W(�ɸȜ%ɉɧ=Ɍɛ	7ä˧�9�3%ȏ�7

:9[48, 49]́Kloskowski7[50](BPI'ɯɨ	7ķʬ�ȝɉɧ=ä˧�9�3%Ȕ$

9 4 Ȱ˳'ɉɧä˧Ɨǚ=ȏ��"�;̀^{lR�%69ä˧"ǒʯ� NzM`�

W%69ä˧(Ğ
'ȍɉɧƑ=Ăí!�9"ēù� �9́�	�̀NzM`�W(
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Nz�M�'ÊʖʺŎ
ˀ
̀^{lR�Æȋ"Ȕ$8ȄĨ'Y�fJʥ'1=Êʖ�

9�"	7�ɸȜ%đ˷Ēƪ	7'ɉɧ'Õ˧�Ăí%(ȏ�7: $�́ 

 

˾iii˿]@Tf�W 

� ]@Tf�W(ţȍȃȐƬ'ˎɈ!�8̀^{lR�684Êʖ
ə5	"$96�

%ʠƒ�:�Y�fJʥÊʖˎɈ!�9́Y�fJʥ'Êʖ
ə5	$�3̀]@Tf

�W(�ȝɉɧ$#'ɉɧ˙ƃȣ'ŕ�ɉɧ=ɉɧõĚ
��%ƃȣ��ɉɧR�^'

ȅŮ!đ˷Ēƪ	7Õ˧[51, 52]�9�3%ȏ�7: �9́ɉɧR�^(̀1. 1ȼ!ʟ

Ɯ��đ˷ȝɰ$#'Ɍɛ=ŘŰ�9"�%ȏ�7: ɉ̀ɧõĚ
ƃȣ��ȅŮ!�9́

�'�3̀ɉɧįŎ(�˜%˃� �8̀�'ȅŮ!(.">#ĘǏ�$��3̀ɉɧ

=ĘǏ��9ȟȜ%(ȏ�7:$�́ 

 

 

1. 4. 2� ȃȋȜ$Ɨǚ  

 

� ^{lR�5NzM`�Ẁ]@Tf�W$#'ˎɈÆȋ(̀ɉɧ'ʇˬ5úą'Y�

fJʥ=Êʖ� ɉɧ=Õ˧�9́�$<�̀ˎɈÆȋŜ'ɉɧ'ʇˬ5úʱ'Y�fJ

ʥ(Êʖ�: �0�̀ƃȣƞ'Y�fJʥ	7Ĝà�9́�'�3̀ɉɧ'ʇˬ5úą

'Y�fJʥ=ÊƮ�9Ĕô%(̀ˎɈÆȋ%68ɉɧ=Õ˧̀Ăí�9�"(ƥ0�


$
̀Y�fJʥ
Ĝʥ�$�6�%ȃȋȜ%Õ˧�9�"
ƥ0��́ˎɈj{�!ȃ

ȋȜ%Õ˧�9Ɨǚ"� ̀V|TJ}�f
�ɸȜ%ȏ�7: �9́V|TJ}�f

(ˎɈ=ȏ�$��ʇȜ$ɉɧÕ˧Ɨǚ'*"�!�9́V|TJ}�f'»ȸ%(Os


î8��7: �8̀đ˷ˬ=Ƌ9�"!ɉɧ=ȃȋȜ%Õ˧�9́ɉɧ,'ȃȋȜ$

ƃʗ%68 V̀|TJ}�f(ɉɧ=Ɔµ� ǟũ'¤�5ǌǱ[53, 54]=ő�ʨ���3̀

ɒ�'�3'ɉɧ'Õ˧%(ȏ�7: �$�́ 

 

 

1. 4. 3� àĥȜ$Ɨǚ  

 

� ɉɧ=µ���%đ˷Ēƪ	7Õ˧ Ằí�9Ɨǚ"� ̀ˎ Ɉj{�!'ɉɧ'Õ˧�

ĂíƗǚ
Ǖ37: �9́ɉɧ'úą'Y�fJʥ=Êʖ��̀	�ɉɧ=Ɔµ���

%ɉɧ=Õ˧�9Ɨǚ"� ̀àĥȜ%đ˷ˬ'ȅŮ=Ĝà��9Ɨǚ
�9́��%�

:0!%ēù�: �9Ɨǚ=ʟƜ�9́ 
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˾i˿ǬŎŦȺũp{q=ȏ��Ɨǚ 

� àĥȜ$ųǚ=V|TJ}�f�ĝ!ˎɈj{�%ɉɧ=Õ˧�9�"
!�9Ɨǚ

"� ǬŎŦȺũp{q'Ïȏ
ēù�: �9́ǬŎŦȺũp{q(̀ǬŎĜà%6

8p{q'ƨȸŘȅ
Ĝà�9˺ÊģƪƔ!�9́Fig. 1-10%ǬŎŦȺũp{q=ȏ�

�ɉɧ'Õ˧l~VT=Ȫ�́ 32 °C ��'˺Ǭ!(ɉɧ
ƃȣ�9 poly 

(N-isopropylacrylamide (nIPAAm))
íɚ� �9˾Fig. 1-10a˿́�	�̀đ˷ˬ= 32 °C

68¤Ǭ%�9" poly (nIPAAm)
¡Ĺ�9�"!ɉɧ
Õ˧�9˾Fig. 1-10b˿́Ēƪ

ʇˬ%ǬŎŦȺũp{q=¯˶�9�"%68̀Óʵ'ũʥ=ȏ� ɉɧ˙'ƃȣ=ɔ

ż��ȅŮ!ɉɧ= ECM�"Õ˧� ɉ̀ɧ=R�^ȅ%Ăí[55-57]�9�"
!�9́

�'�3̀ǬŎŦȺũp{q=N�\@�K��đ˷Ēƪ=ȏ�9�"!̀ˎɈ=ȏ�

9�"$
ɉɧ=đ˷Ēƪ	7Ăí�9�"
!�9́ǬŎŦȺũp{q'Ēƪ=ȏ�

 ɬɵ[58]5�ȝ[59]̀ʕɱ[60]$#'ɉɧ	7ɉɧR�^=ŘŰ�9ʛ1
ēù�: 

�9́�7%̀ɉɧR�^=ʎƑː&9�"!ĞĻ'ɉɧɌɛ=ŘŰ[61, 62]�9�"


!�9́Ngo 7[63](̀ǬŎŦȺũp{q%68ŘŰ��ĞĻȅ'ȹɻR�^%�ȝR

�^=ː& ̀ȍ¥Á%ʳ�ȅŮ'ɉɧɌɛ=ŘŰ� ̀ɉɧɌɛ'ŽÞ=ʔİ��́

�'6�%ǬŎŦȺũp{q(ɉɧR�^=ŘŰ�9�3'Ɨǚ"� ȉċ̀ŋ
ȏ�

7: �9́�	�̀ɉɧ=Ăí�90!% 30Ê��ťʏ!�9�3̀˖ƞ˙'ǬŎ¤

�%69ɉɧ'Ɔµ
ůŧ�: �9́ 

 

˾ii˿˓-ZE�|ìŦ=ȏ��Ɨǚ 

� ǬŎŦȺũp{q'6�%ˎɈj{�!ɉɧ=Õ˧ Ằí!�9Ɨǚ"� ˓-ZE�

|ìŦ%69Õ˧
�9́�:(̀ʣ˩£=˓Ēƪ%æÙ� E{OnlZ_Ļ=˓Ē

ƪ	7ˊ¹ɫ˧�9ìŦ=ȏ� ƃȣũɉɧ=Õ˧��9Ɨǚ!�9[64]́À¥Ȝ%(̀

�'E{OnlZ_Ļ˾CGGGKEKEKEK[65]˿(̀˓Ēƪʇˬ%Ɏô�9�3'RT\

A�ˍÌ˾C˿̀?|F�ZE�|ɷłɌɛàäÊģɱ=ŘŰ�9ˍÌ˾KEKEKEK˿̀

ɉɧ=ƃȣ�9�3'ˍÌ˾GRGDSP˿	7ƾŰ�: �9́ʣ˩£=æÙ�9�"!

˓Ēƪ"RT\A�ˍÌ'Ɏô
Ëƕ�:̀E{OnlZ_Ļ""4%ɉɧ4˓Ēƪʇ

ˬ	7Õ˧�9ȉʢ
ʨ�9́�'Õ˧Ɨǚ( 5 ÊȯŎ!ɉɧ=˓Ēƪ	7Õ˧òɩ!

�9́Kageyama7[66](ʃȻƾʻ=ɉɧɌɛÁ%ŘŰ�9�3%̀˓t[H=Ƙ��˓

ĺƸ%ʃȻÁȝɉɧ=đ˷� ɉ̀ɧɌɛÁ!˓-ZE�|ìŦ%69Õ˧=ȏ� ʃȻÁ

ȝɉɧ=�Ƹ	7Õ˧� ʃȻɌɛ=ŘŰ��́�'Ɨǚ(Õ˧%ťʏ$ƞ˙
Ȧ
̀

ɉɧ=Ɔµ��%Õ˧�9�"
!�9́�	�̀đ˷Ēƪ%˓t[H=Ƙ�ťʏ
�

8̀đ˷Ēƪ
˓%˜Ĩ�:9"��ǆǻ
�9́�$<�̀Ēƪ
¼=ʷ˂�$�� 
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3̀£ȠŁ˲ţ˕=ȏ�9�"
!��ɍƞʔİ
Ą˨!�9́0�̀˓=¨ȏ�9�

"	7̀]@Tp�Qk|ʍü%Ïȏ�9�"4NT^ˬ	7Ą˨!�9"��9́ 

 

 

1. 5� ɉɧđ˷'ÝȈà  
 

� ƃȣũɉɧ=ğ˒%ĘǏ��9�3%(̀đ˷Ēƪ%ƃȣ��ɉɧ=Õ˧̀Ăí� Ã

ŎƉȰ̀đ˷�9ɒ�§ƻ
ťʏ!�9́ɉɧ(�ɸȜ%ŵʅɣ'ų§ƻ%68đ˷̀ɒ

��:9
̀ÃȍáȘ'ǘȘ%ȏ�9Ĕô%(̀ɽğ$˒'ɉɧ=ɒ��$�:)$7$

�́�'�3̀ɷÞđ˷RT\s%�ʇ�:9ɉɧđ˷RT\s'˘Ț
ʄ<: �9́

Ʃȼ!(̀�:7'ɉɧđ˷RT\s%�� Ɋ��9́ 

 

  

(a)�

Shrunken poly 
(nIPAAm)�

Suspended ECM�

Scaffold�

Adhered cells�

(b)�

Extended poly 
(nIPAAm)�

Detached cells�

Detached ECM�

Fig. 1-10 Schematic illustration of cell detachment sequence by using temperature-
responsive polymer. (a) ECM and cell adhere to poly (nIPAAm), when poly (nIPAAm) is 
shrunken above 32 °C. (b) ECM and cell detach from poly (nIPAAm) when poly (nIPAAm) 
extends below 32 °C .�
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1. 5. 1� ɷÞɉɧđ˷RT\s  

 

� ɉɧ=ÃȍáȘ'ǘȘ%ȏ�9�3%(ɽğ$ɉɧ
ťʏ"$9́�ɸȜ%ÃȍáȘ%

iPSɉɧ=ȏ�9ˣ%( 1̀09	7 1010ȯŎ'ĦĨ��ɉɧ'ªɐ
�òǆ!�9[17] �́'

6�%̀ğ˒'ɉɧ=ȇş�9�3%ɷÞɉɧđ˷RT\s
Ȟ>%˘Ț�: �9́

Thomas 7[67]5 Nakajima 7[68](~o[^d�_=Ïȏ��ǖȏȜ$ɷÞɉɧđ˷RT\

s=ʍ§�� F́ig. 1-11% Nakajima7
˘Ț��ɷÞđ˷RT\s˾ Auto Culture, Kawasaki 

Heavy Industries, Tokyo, Japan˿=Ȫ�́�'ɷÞđ˷RT\s˾2200 × 1400 × 2100 mm˿!

ʄ�ɉɧđ˷Ɗ§'ǖȏũ(˺�
̀ų§ƻ=~o[^?�s%�Ƣ�����%˂��̀

ʊɝ
ŀğà� �0�ÿ˱
�9 F́ig. 1-12%ɷÞđ˷RT\s=ȏ��ˣ%ʄ<:9�

ʼ'Þ§!�9ɉɧ'ʔİ̀đČ'�ƅ̀ɉɧ'ɒ�%ʏ�9l~VT=Ȫ�́ɉɧ'ʔ

İ5đČ'�ƅ(Ƒǐˡ'äɇ$l~VT!ʄ��"
!�9
̀ɉɧ'ɒ�%(ʎ˦$

l~VT
ťʏ!�9́�'�3̀ɉɧ=ɒ��9�3%(ƿ�$ʊɝ=ťʏ"�̀"


%ɉɧ'Õ˧=ʄ��3%�ɸȜ$ɷÞđ˷RT\s%(Ƽ3 ğ�$ž"�ǅ=Ƈʰ�

 �9́�$<�̀ɉɧ'Õ˧5Ăí=÷2ɒ�'ʎ˦$l~VT=~o[^%�Ƣ��

9�"
ʊɝ'ŀğà=ő�ʨ��ƣ4ğ�$éă"��9́ 

 

 

 

  

1000 mm�

Fig. 1-11 Image of Auto Culture made by Kawasaki Heavy Industries. Human 
silhouette as control is 180 cm (https://www.khi.co.jp/auto_culture/).�
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(a) and (b) Observing process�
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Fig. 1-12 Each operation processes in cell culture by using auto cell culture machine. (a) and (b) 
are processes for observing cells on cell culture dish. (c) – (e) are processes for changing old 
medium to fresh medium every a few days. (f) – (o) are processes for subculture when cell 
density comes closer to confluent. (a), (c) and (f) are shown cell culture phase in incubator (37 
°C, CO2 5 %). (d) and (g) are shown that old medium is sucked out by a Pasteur pipette. (e) is 
adding fresh medium. (h) Cells are washed by Phosphate-buffered saline (PBS). (i) is adding 
trypsin.  (j) Cells are shaken by orbital shaker to detach. (k) Cells are retrieved  by a pipette and 
(l) moved to a centrifuge tube. (n) Periodically cell suspensions need centrifugation to increase 
the concentration of cells. (m) Medium are removed by a Pasteur pipette. (o) A part of cells in (p) 
are speeded to new flasks.�

(f) – (o) Subculture process�

Incubator 
37 °C, CO2 5 %� Pipette�

Old 
medium�

(f)� (g)� (h)�

Trypsin�

(i)�

(j)�Shaker�

(k)�

Centrifuge 
tube�

(l)�

Centrifuge�

(n)�

(m)�

Cells within 
medium�

(o)�

PBS�
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1. 5. 2� �'�'ɉɧđ˷RT\s  

 

� ɷÞɉɧđ˷RT\s�ĝ%4ɉɧđ˷=ÝȈà�9�3'ʊɝ(ƑĞ
ɢƶ�: �

8̀�:7'ƽʏ%�� ʟƜ�9́ 

 

˾i˿�ȴɃuSx�| 

� ɷÞđ˷RT\s'ǖȏũ=Ð˜�̀ɷÞà�9đ˷l~VT=ƉȰ"đ˷%˜Ĩ�

9�"%68đ˷RT\s'ĵĎà=Ć9�"
!�9́�ȴɃuSx�|[69](ĵĎ

à%ŰØ��đ˷ʊɝ'�©!�9́�ȴɃuSx�|( Fig. 1-13'ǁŐĆ%Ȫ�6�

%ɉɧđ˷uSx�|̀đČo^|̀p�l̀GT�ƅǅ	7ƾŰ�: �9́ɉɧđ

˷uSx�|(uSx�|Á%ǽƑ'�ȴɃ=Ŕ8ľ7� �9́�:%68̀ɉɧ


�ȴɃ%ɏ08̀đČ=ŢȌ���ˣ%4ɉɧ(Ǡ:�%uSx�|Á%Ȓ09́�'

6�%đČ=ŢȌ�9�"!̀Ɩ˻$đČ=ɉɧ%ªɐ�̀đČ�ƅ'§ƻ=ȡ
�"


!�9́0�̀đČ
ŢȌ� Ʉ
˗� �9�"	7̀N�Yrb�Ry�'{T

J4¤Ǫ!�9́Housler 7[70](ʻʃňɉɧ˾HSC˿Ó˸ɉɧ=�ȴɃuSx�|!đ

˷�̀đČ=ŢȌ��9�"!Țȍ�9�>ƕŦ×%68ɉɧ'Êà=­ʾ����"

=ēù� �9́�	�̀Õ˧"Ăí(ų§ƻ!ʄ<$�:)$7�̀�7%�ȴɃu

Sx�|%69ƃȣũɉɧ'đ˷!(ɉɧ
�ȴɃ%ɏ1�
�3%ɉɧ=Õ˧̀Ăí

�9�"
˨��́�'�3̀Ǣˁũɉɧ5ƃȣũ'œ�ƃȣũɉɧ��=ıʢ"� 

¨ȏ�: �9́ 

 

Medium�

Pump�

Hollow fiber module�
Fig. 1-13 Illustration of hollow fiber cell culture module.�
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˾ii˿Ti`�jzTN 

� Ti`�jzTN˾Fig. 1-4a˿(ŞƬ̀Ǣˁũɉɧ'đ˷[21]%ȏ�7: ��́�	

�̀ƣʳ!( iPS ɉɧ=(�3"�9ƃȣũɉɧ'ğ˒đ˷,'Ŧȏ"� Ti`�j

zTN%69ƃȣũɉɧ'Ǣˁđ˷[71, 72]
ǝȟ�: �9́�'Ĕồƃȣũɉɧ(

Ti`�jzTNÁ!ɉɧĕ=ŘŰ� ĘǏ�9́���̀�:7'ɉɧ(ƃȣũɉɧ

!�8̀jzTNōˬ%ƃȣ���%đČ�=ǳ<�9ťʏ
�9�3̀ɑ��đČ=

ƌź�9ťʏ
�9́�'Ɨǚ!(̀ƃȣũɉɧ= 3 Ǉ¹Ȝ%đ˷�9�"
!�9�

3̀đČ˒%ı�9đ˷!�9ɉɧƑ'Öô
�ɸȜ$äĻđ˷"ǒʯ� ˴ʭȜ%ö

��̀ÝȈȜ%đ˷�9�"
òɩ!�9́�	�̀ɉɧĕ
ğ�
$9%�: ̀ɉ

ɧĕ'�Ť�ʳ'ɉɧ(Ʋ˷�ʫ[73]5ƃʗˤī[41]=ő�ʨ���3 ä̀Ļđ˷%ȏ�

9 T jzTN˾Fig. 1-4b˿684ɉɧ'ĘǏũ5ǟũ
¤��9́�:7'ÿ˱=ʖǗ

�9�3% 1. 1. 1!»ʵ��6�%̀̀ A~�j@|Y=¨� ɉɧĕ=ĵ�
ɔż[18]

� ̀°¥Ł
ȍ�$�6�%�9$#'ĿĠ
ʄ<: �9
̀ɉɧĕ'Á³"ĝ³

'ɉɧ!Ȍė%)7��
ȍ� �0��3%̀č�$ɉɧ=đ˷�9�"(Ą˨!�

9́0�̀ɉɧ=ä¥!Ăí���Ĕô%(̀ɉɧõĚ
ƃȣ��ɉɧĕ	7ɉɧ=�

���%ä˧�9�"(˨�
 Ý̀ȈȜ%ä˧��ɉɧ=Ăí�9�"
!� �$�  ́

 

 

1. 6� ɉɧđ˷%��9ʩ˭ǜžÞ'Ŧȏŵʅ  
 

� ^{lR�=ȏ��ɉɧ'Õ˧̀ĂíƗǚ!(̀ɉɧɱ=Ɔµ�̀ɉɧ'ǟũ=¤Ǫ�

� �0�́ɷÞđ˷=(�3"�9ɉɧ'ğ˒đ˷%(̀ˎɈ=ťʏ"�$�ɉɧ'Õ

˧̀ĂíƗǚ
Ǖ37: �9́�	�̀ˎɈj{�!Ăí!�9ǬŎŦȺũp{q5˓-

ZE�|ìŦ=ȏ��Õ˧Ɨǚ(̀ɉɧ=đ˷�9đ˷Ēƪ%ȄǍ$ƪƔ=ȏ�9ťʏ


�8̀�ɸȜ%ʄ<: �9ɒ�Ɨǚ%Ĵ¾�9�"(Ą˨!�9́��!Ʃȧȳ!(̀

ɉɧ=Õ˧�9�3'Ɨǚ"� ʩ˭ǜžÞ%ȣȟ��́ȍȃĿĥ'Êˑ!(̀ñ
	7

ɉɧ=Ȩę� DNA 5Y�fJʥ=ŹÉ�9�3'Ɨǚ˾XaL�Ry�[74]˿"� ʩ

˭ǜžÞ=ȏ� �9
̀ȍɉɧ=Ȩę��%ʩ˭ǜžÞ=ǿĳ�9�"(ǒʯȜƖ��

ʛ1!�9 Ʃ́ȼ!( �̀:0!ɉɧ%ȏ�7: ��ʩ˭ǜžÞŵʅ%�� ʟƜ�9́ 
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1. 6. 1� ˈ ģĴ¾,'Ŧȏ  

 

� XaL�Ry�%ȏ�7:9ʩ˭ǜžÞ(ɉɧůǸǥ%Hvh\�Ry�=Țȍ�� ̀

ɉɧ=Ȩę�9́Hvh\�Ry�"(̀ʩ˭ǜžÞ%68ǔ�%Ċ×Ł
ȍ�̀Ȧƞ˙

%Ǜ'Țȍ"ǤǱ
ʨ�9ȉʢ!�9́�'"�̀Țȍ�9Ǜ
Ľę�9�"%68̀Ȥ

˙Ȝ%ğ�$ʆƈĊ×
Țȍ�9́�:
ɉɧ=Ȩę�9éă!�9́ʳŇ!(̀�'H

vh\�Ry�=ˈ ģĴ¾%Ŧȏ�9Ɨǚ
ȩȶ�:�́ 

� ˈ ģĴ¾( iPSɉɧ'ǂȶ5ˈ ģǘȘ=ʄ��3%ťʏ$ŵʅ!�9 Ş́Ƭ̀̍  ģ

Ĵ¾(}^~BA|T5?]cBA|T%68ʄ<: ��
̀�:7(ˈ ģĜȔ%6

9ɉɧ'
>à5BA|Tŭư%69ɉɧǑũ'{TJ	7Ħ¿ũ
ÿ<: ��́�'

�"	7̀ʩ˭ǜ=Ïȏ��Xcp}�Ry�%69ˈ ģĴ¾Ɨǚ˾Fig. 1-14˿
Ƅƶ�

:�́Xcp}�Ry�!(̀Hvh\�Ry�%68ţĵ$Ǜ=Țȍ�� ̀�:=ɉ

ɧ%ǿĳ�9�"!ɉɧɱ%Ȳ=ȴ�̀��	7ˈ ģ=Ĵ¾�9Ɨǚ!�9[75, 76]́�

'6�%̀Hvh\�Ry�'ʒǁ=ˆË%ÐŠ�9�"!ɉɧ=ǌǱ���%̀ˈ ģ

Ĵ¾%ȏ�9�"
!�9́ 

 

 

1. 6. 2� ɉɧǟũ'ö�,'Ŧȏ  

 

� ʩ˭ǜŵʅ'ȚĹ%68ʳŇ!(ʩ˭ǜžÞ'É×=ʠȼ� ̀ɉɧ'ǟũà%ȏ�7

: �9́ȍ¥,'ʩ˭ǜžÞ'Ŧȏ»"� ̀1990 Ň�	7ʩ˭ǜžÞ(˹ŷǘȘ%Ƥ

Ý!�9"ēù�:Ģ3� H́eckman7[77](ʩ˭ǜžÞ=ǿĳ�9�"!Ƨǿĳɞ"ǒʯ

� ɪ˹'˹ŷǘȘ%ʏ�9ƞ˙
 37.8%Ȧɚ��"ēù� �9 0́� K̀ristiansen7[78]

(ʩ˭ǜžÞ=ǿĳ�9�"!Ƨǿĳɞ"ǒʯ� ǃ˹'˹ŷǘȘ%ʏ�9ƞ˙
 37.7%

Ȧɚ�:�"ēù� �9́Ś7(Hvh\�Ry�'Țȍ�$�¤É×'ʩ˭ǜf|T

˾LIPUS =˿˹ŷ'ǘȘ%ȏ�� ĹIPUS=˹ŷˋ£%ǿĳ�9"ʮ˹'Ű˖
­ʾ�: 

ʮ˹ũ˹'˹ŘŰ
ƛ09�"
ēù�: �9[79]́�'ǘȘƗǚ(̀ȉċ!(ű
Ĉ!

4®˟ˆŦ�: �8 F̀ig. 1-15a%Ȫ�Ĳȏ'ʩ˭ǜžÞǿĳʊɝ!�9 SAFHS (SAFHS® 

4000J, TEIJIN Limited., Osaka, Japan)4ʤě�: �9́ 

� �:%�ˢ� F̀ig. 1-15b%Ȫ�6�% LIPUS=ȏ��đ˷ɉɧ'ǟũ=ö���9ȧ

ȳ
ƑĞ
ēù�: �9́"
%̀ʮ˹ɉɧ[80]5˹ɻɉɧ[81, 82]%�� (̀ĘǏũ5

Nz�M�$#'ɉɧĝq^{[JT'Ȏȍɩ×
ö��9�"
ēù�: �9́tF

aUs(Ɯ7	!$�
 ʩ̀˭ǜžÞ
ʮ˹ɉɧ5˹ɻɉɧ%ǅƷȜÑǷ[83]"� §ȏ�
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 �9�3!�9"�<: �9́ 

 

1. 6. 3� ɉɧqaix}�Ry�,'Ŧȏ  

� ʳŇ̀ɉɧqaix}�Ry�'Ɨǚ"� ̀qAJ~]eATÁ%ʩ˭ǜžÞ=Ûž

� ̀ɉɧ=đ˷ˬ%Ŋ¦ĥȜ%ˍɝ�9ȧȳ[84-87]
ēù�: �9́ʩ˭ǜžÞ	7

Țȍ�9˭ˮǠ%69ɉɧqaix}�Ry�[88, 89](�'*"�!�9́©�) Friend

7'ȧȳK|�l!(̀Ŗũʇˬǜ˾SAW˿%69˭ˮǠ=ȏ� ţĵ$Z[l�'ǥǲ

Á%ǫ=Țȍ��̀�>ƕŦ×%68ȿģ5ưɺǥ=ǥǲ'�Ť!Å˥��9ŵʅ[90-92]

%Ŧȏ�̀ɉɧ=˥ȱ��9ȧȳ[93-96]=ʎƑēù� �9́ 

 

 

  

Fig. 1-14 Schematic illustration of transgenics by using sonoporation.�

Cell nucleus�
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� 0�̀˭ˮǠ�ĝ%4̀Ċ˩Ɉģ%Ûž�:�ćƤžÞ	7Țȍ�9Ĩċǜ=ȏ� ɉ

ɧ=qAJ~l}�^�%qaix}�^�9ȧȳ
ʄ<: �9 Ẃiklund7[97, 98]'ȧ

ȳK|�l!(̀žņĜʠ��ʩ˭ǜžÞ%69qaix}�Ry�=ȏ� qAJ~l

}�^�' 100°'BC|'�%�:�:Ķ˒'ɉɧ5ȿģ=ˍɝ�� �́:7'Ɨǚ(̀

Hvh\�Ry�
Țȍ�$�ƫ��!ʩ˭ǜžÞ=¨ȏ� �8̀ɉɧ=Ɔµ���%

qaix}�Ry�=òɩ"� �9́ 

� ��'6�%̀ʩ˭ǜžÞ=ÐŠ�9�"!ɉɧ=ǌǱ���%̀ɉɧ=Ɗ§!�9ŵ

ʅ
ĞƑēù�: �9́  

Fig. 1-15 Application of low-intensity pulsed ultrasound (LIPUS). (a) Fracture-hearing 
equipment: SAFUS. (b) An experimental procedure exposing LIPUS to cells (http://
medical.teijin-pharma.co.jp/zaitaku/product/safhs4000j/).�

Cells in scaffold�

LIPUS generator�

24 well plate�Medium�
(b)�

(a)�
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1. 7� Ʃȧȳ'ȟȜ  
 

� Ʃȷ!(̀ÃȍáȘ'ȉȅ"ɉɧđ˷ŵʅ'ʜɉ%�� ʵ-� 1́. 1ȼ!(̀ʳŇ'Ã

ȍáȘ'ȚĹ%ʶŞ��ɉɧđ˷ŵʅ'ʾǉ"̀�:%"4$�˺ÝȈ$ğ˒đ˷ŵʅ=

ȩȶ�9�"'ťʏũ=ʟƜ��́��% 1̀. 2ȼ!(̀ɉɧ=đ˷�9�3%ť˰' 3ğ

ʏɈ%�� ʘë��́0�̀1. 3ȼ!(̀ɉɧ'đ˷l~VT¿¥%�� ʟƜ�̀�'

�!4ɉɧ'Õ˧"Ăí'Ɨǚ%Ǿǻ=ŗ 1̀. 4ȼ!(ȉċ�ɸȜ%ȏ�7: �9ɉɧ

'Õ˧Ɨǚ!�9^{lR�"�'�'Õ˧Ɨǚ=ʜɉ%ʵ-� 1́. 5ȼ!(̀ɉɧđ˷'

ÝȈà=ȟǀ"� ˘Ț�:�ɷÞđ˷RT\s=(�3"��đ˷RT\s%�� ʟ

Ɯ��́đ˷RT\s=ȏ�9ˣ%4̀ˎɈ%69Õ˧̀Ăí=ʄ� �8̀�'Ɨǚ(

ŞƬ"Ĝ<7$�"��9́�$<�̀ƃȣũɉɧ'đ˷ÝȈ=ö����3%(̀ɉɧ

'Õ˧̀ĂíƗǚ=ƍĀ� ɉɧ'ǟũ=ɔż�9�"
ːʏ!�9́�'�3̀ɉɧ=

Õ˧�9Ɨǚ"� ʩ˭ǜžÞ%ȣȟ� 1̀. 6ȼ!(ɉɧĿĥ%ŞƬȏ�7: ��ʩ˭ǜ

ŵʅ%�� ʵ-�́ŞƬ'ɉɧĿĥ	7̀ʩ˭ǜžÞ=ˆË%ÐŠ�9�"!ɉɧ=ǌ

Ǳ���%̀ɉɧƊ§=ʄ��"
!�9�"=ȩ	3�́ 

� ��'�"	7̀ɉɧ'ǟũ=ɔż� đ˷=ɓ�9�3%(ɉɧ'Õ˧̀ĂíƗǚ'

ƍĀ
ťʏ!�8̀�:=Īȉ�9�3%Ʃȧȳ!(̀Ēƪ%ı� ÝȈȜ%žÞ=Țȍ

!�9ćƤžÞ%ȣȟ��́�$<�̀Ʃȧȳ'ȟȜ=̀đ˷Ēƪ'ćƤžÞ=Ûž!�

9ɉɧđ˷]eAT=Àȉà�̀ʩ˭ǜĐ'ćƤžÞ%68ɉɧ=Õ˧�9ųǚ=ȩȶ�

9�""��́À¥Ȝ%(̀(�3%ćƤžÞ=Ûž�9�3'đ˷Ēƪ'ƪƔ'ˇĨ=

ʄ�̀ɉɧĘǏũ%¸:�đ˷ˬ=ʇˬƍʥ%68ŘŰ�̀�:=ȏ��ɉɧđ˷ā=ʍ

§�9˾2ȷ˿́��%̀ćƤžÞ"^{lR�=Ɍ1ô<� ̀Ȕ$9žņ'ćƤžÞ=

Ûž��ˣ'ɉɧ'ĂíȈ=ʠ-9˾3ȷ˿́�7%̀Ēƪ'ćƤžÞ"NzM`�W"Ɍ

1ô<� ƃȣũɉɧ'Õ˧=ʛ1̀ɉɧ'ĂíȈ5Õ˧̀Ăí��ɉɧ'ĘǏũ=Ɯ7

	%�9˾4ȷ˿́0�̀ˎɈ%69ɉɧ'Ɔµ=ˉ�9�3̀ćƤžÞ"ÄǬÑǷ=Ɍ1

ô<� ˎɈj{�!'Õ˧=ʛ1̀ɉɧ'ĂíȈ=ȩ	39˾5 ȷ˿́��'ȧȳ	7̀

ɉɧĿĥ'ȥʑ"� ̀ɉɧ=Õ˧�9�3%ťʏ$ƫ�=ƺʙ�̀�7%ǅƷĿĥ'ȥ

ʑ"� ̀˺ÝȈ%ɉɧ=đ˷�9�3'ƫ�=Ǖ39́�:7'ȥʑ=0"3 6̀ȷ%

Ɏʡ=Ȫ�́ 
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2� ȡĈǭǅǖçȾÛ  
 

� ŎƷ&ɅçȾèŏ$ÄƓ4
àŋıÅ:Ãı �7ǅǖçȾÛ:ǭ��7�!:ƞƜ!

�7Ɇ°�Ɯ$&Ʌ-�çȾèŏ!��ɅıÅÄƓ%©8�ŏľ%�	5Ɩ�ȘÒģ$©

8�ŏľ:șû�Ʌșû��çȾèŏ$ǫȷµƕ:Ń�Ɇ�%çȾèŏ%� çȾ��ǅ

ǖ%îŨģ!ĳƣįÅ$���ŝǷ�Ʌǫȷµƕ
ǅǖ%ŵģ$Ì,�ęȹ:Ʃ	07Ɇ

�%ěɅ�8:Ɨ��ǅǖçȾÛ:ǭ��Ʌǭ���ǅǖçȾÛ%ŋÄģ:Ʃ	07Ɇ 

 

 

2. 1� çȾèŏ%ŏľ%șû  
 

� ŎƦƲ &Ʌǅǖ%Àȳ%�0$çȾèŏ$àŋıÅ:Ãı�7�!:Ķś�7Ɇàŋ

ıÅ:ÄƓ4
Ãı�7�0$&ŤŜƜ Q¤ɃQuality factorɄ%ɂ�ŏľ
©8��7ɆŤ

ŜƜ Q¤!&Ʌ 

Q =  !0!2−!1    Ƀ1Ʉ 

 ûǒ�87ƉťªĽ �7Ɇ�� Ʌω0Ʌω1Ʌω2&�8�8¯ıf~G %¯ı×ŲĽɅ

¯ıf~G%č¥Ƀ�×ŲĽ¥Ʉ$���ıÅA_xF~
¯ıf~G%È¤!#7×Ų

ĽɅ̄ ıf~G%Ð¥Ƀɂ×ŲĽ¥Ʉ$���ıÅA_xF~
È¤!#7×ŲĽ �7Ɇ

�ǝƜ$ɅȡĈŏľ&ɅDvQŏľ2ɂ¸öŏľ!Ūȋ�� Q ¤
ɂ
ɅıÅÄƓ$©8

�ŏľ �7!��7Ɇ�%�0ɅŎƦƲ &ȡĈŏľ:ĳƣģǅǖ%çȾŏȂ$șû�

7�!!��Ɇ 

� 1. 2. 2 ǽņ��4�$Ʌb>BnYw<x!��ŮƗƜ$Ɨ�58��7ȡĈŏľ$Q

Y|yQȣɃSUS316LɄ2WU|#"
�7
ɅŎƦƲ &ɅŪȋƜù� ÂČģ$©8�

SUS316L:Ɨ�7�!!��ɆSUS316L%Æøħ¸: Table 2-1$ƫ�Ɇĳƣģǅǖ%çȾ

èŏ!�7�0$&ɅçȾZ=XOu2gvQK çȾ�8�ĳƣģǅǖ!Óƹ%ŵģ:

ŋ�7ǅǖ:çȾ �7çȾèŏ:�7ġǯ
�7Ɇ�ǝƜ#çȾZ=XOu2gvQK

#"%çȾèŏ &Ʌ1. 2. 2$ƫ��4�$ǅǖ%ĳƣƓ:ɂ07�0%ǫȷĺȂ
Ń�8

��6Ʌǅǖ%ŵģ:ǋĮ�7�!
 �7ɆŎƦƲ Ɨ�7çȾÛ1ÓŠ$ǅǖ%ŵģ

:ǋĮ�7�0%çȾèŏ �7ġǯ
�7Ɇ 
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2. 2� çȾèŏ%ǫȷĺȂ  
 

� ȡĈèŏ%ǫȷĺȂ$&ɅŠ�#łű
�7Ɇ�!�'ɅAbdal-hay5[99] &mwCiz
vG[|ɃPCLɄ!mw�ȞɃPLAɄ:ǮÒ��Ɩ¸Ǵģǚ:WU|ǫȷ$K~Y=|H�Ʌ

�%� ɀǟǅǖɃMC3T3-E1Ʉ:çȾ�7!ǅǖ%îŨģ&ōµƕȷ!Ūȋ��Ô��7

�!:éÖ���7Ɇ�	�Ʌ�%Ɩ¸Ǵģǚ%K~Y=|H$&ɅWU|èŏ$ PLA Ƃ

Ź! PCLƂŹ:ëĐěɅ12ňȦ 37 °CȴÞŬ� �ƍ��7ġǯ
�7Ɇ�%4�$Ʌɂ

¸öǚ:ȡĈçȾèŏ$K~Y=|H�7łű &ɅµƕizSQ
ǮȲ �6Ʌ-�è

ŏ	5K~Y=|H��ǚ
Àȳ�7�!
ĦĢ�87Ɇ��
��Ʌ�%4�#łű:

Ɨ�7�!#
Ʌǅǖ%çȾȷ!��%èŏǜ�%ǫȷƑģ:Ô���7ĩű%Ʃƶ
ȟ

ǯ!Ǔ�587Ɇ 

� èŏǜ�%ǫȷƑģ:Ô���7ĩű% 1 �$Ʌǅǖ
ĳƣ�7èŏ$·¶:ÂČ�7

Ǻ.
éÖ�8��7Ɇ�!�'ɅLee5[100]&AXW|H$46ǅƁ:ÂČ��WU|ç

ȾǺȿƎ� d[Ƙő%ǅǖ:çȾ��îŨģ!¸ÆǗÁ:ǹ���Ɇ�%ǈŔɅŦǕǍ

ǋǟǅǖ%îŨģ
Ô��7�!!ɅɀɁȦȂǅǖ!ŦŚǚǍǋǟǅǖ%ɀǟǅǖ)%¸

ÆǼă
 Ȕ�87�!:éÖ���7Ɇ�8�ò$1ɅAXW|H[101, 102]2{>tĻ

ȵÂČ[31]ɅM|\hvQ[[103]$46ȡĈèŏ$·¶:ÂČ��ǫȷ ǅǖçȾ:Ǩ�!Ʌ

çȾèŏ%·¶$�÷��ǅǖ%ŵģ
Ô��7�!
éÖ�8��7Ɇ 

� ŎƦƲ &Ʌǅǖ%çȾèŏ%ǫȷµƕĩű!��Ʌƽ�#izSQ �6#
5Ʌư�

%Ƒğ:ŋ�7·¶:þŇ$ÂČ �7Ğƾöf~^|HɃFPPɄµƕ$ųƞ�7�!!�

�Ɇ�ĉ5[36]& Ti-6Al-4Vèŏ$�ȞÆU|HQY|ƾö:ĪĂ��·¶:ŋ��çȾǺ

ȿƎ:ƀ§�Ʌ�%� d[ƘőɀɁȦȂǅǖɃKM102Ʉ:çȾ�� LDHŵģ:ſû��

ǈŔɅ·¶:ÂČ��èŏ çȾ��ǅǖ%Ɩ÷Ɠ
ōµƕȷ çȾ��ǅǖ!Ūȋ��

Table2-1�Chemical composition of stainless steel alloy 316L (wt %). 

C Si Mn P S Ni Cr Mo Fe 

0.018 0.28 1.25 0.037 0.023 12 16.25 2 Bal. 
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Ô����!:éÖ���7Ɇ�5$Ʌȥ�5[35]&ɅTi-6Al-4V èŏ$Ğƾö:ĪĂ��

·¶:ŋ��çȾǺȿƎ:ƀ§�Ʌn?QƘőǍǋǟǅǖɃL929Ʉ:çȾ��ǅǖ%ĳƣ

ģ!îŨģ:ǹ���Ɇ�%ǈŔɅFPPµƕ:Ń��çȾǺȿƎ� çȾ��ǅǖ%ĳƣģ

2îŨģ
ȤȷƦƪ:Ń��çȾǺȿƎ� çȾ��ǅǖ!Ūȋ��Ô����!:éÖ

���7Ɇ��%4�$ɅçȾèŏ$ FPP µƕ:Ń�Ʌ·¶:ÂČ��çȾèŏ &Ʌǅ

ǖ%îŨģ2ĳƣģ
Ô��7�!
éÖ�8��7Ɇ�%�0Ʌ2. 1 Ƽ șû��

SUS316Lèŏ çȾ��ǅǖ%ŵģ%Ô�:ƞƜ$ɅSUS316LǺȿƎ%ǫȷ$ FPPµƕ:

Ń��Ʌ�%� çȾ��ǅǖ%îŨģ2ĳƣįÅ:ǹ���Ɇ 

 

 

2. 2. 1� Ğƾöf~^|HɃFPPɄµƕ:Ń��èŏ%ǭ�  
 

� èŏ$&Ʌ«ȏ�� SUS316L:Ɨ��ɆZ=QGƒɃƟĚ 15 mmɅÊ� 4 mmɄ$ɂȒ

ƨƥ¹ŀŤɃHS-45AC g;>|CX[ɅĒØYG^Cřĕ�ƬɅƭõċɅńŎɄ:Ɨ��

ŤŜÂČ��Óŏ%�ł%Ƹȷ:ɅAqw~ǂɃ#240	#1200Ʉ:Ɨ��Ʀƪ��Ɇ�%ěɅ

ƾĚ 20	50 µm ƯĔ%OwCɃSiO2ɄƾöɃDvQe~RɅ��ǭ�ĨɅŒ�ɅńŎɄ!

<xo]ɃAl2O3ɄƾöɃ<xo]Ʌ��ǭ�ĨɅŒ�ɅńŎɄ:Ɨ��f~^|HǬǑɃ^

u~n}hvQU~Ʌ��ǭ�ĨɅŒ�ɅńŎɄ$46 FPPµƕ:Ń��ɆFig. 2-1$ȃŗ

äȵöȼĞȤɃSEMɄɃS-4700Ʌřĕ�Ƭńƶa>YG`zP~RɅŒ�ɅńŎɄ$46ǲ

Ā��ĪĂƾö:ƫ�Ɇ-� FPPµƕŐ�: Table 2-2$ƫ�Ɇ�%Ő�$�ɅOwCƾö

:Ɨ��µƕ��ǺȿƎɃSsɄ�4(<xo]ƾö:Ɨ��µƕ��ǺȿƎɃSaɄ:ƀ§�

�Ɇ-�ɅŪȋ%�0$Ȥȷƒ$Ʀƪ��ǺȿƎɃSpɄ1ƀ§��Ɇ 

 

 

  

Fig. 2-1	Typical features of (a) SiO2 and (b) Al2O3 particles.  

50 µm 

(b)�

50 µm 

(a)�
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2. 2. 2� èŏ�%·¶%ǲĀ  
 

� ÑǺȿƎ%ǫȷƿ�:y~NȼĞȤɃVK-9710Ʌřĕ�ƬE~A|QɅôȨɅńŎɄ$4

6ſû�Ʌèŏǫȷ$Ęħ�8�·¶%ƒĥ: SEM !¬øȼĞȤɃGX51ɅBw|cQř

ĕ�ƬɅŒ�ɅńŎɄ:Ɨ��ǲĀ��Ɇ#�Ʌ¬øȼĞȤ$47ǲĀ &Ʌǫȷ$^X

IxqXE:Ń�Ʌèŏǫȷ%·¶:¡ǿ��ěɅĿ0¹ŀűɃ¨Ŀǳ 15 °Ʉ$46ŀȷ:

ƀ§ɃFig. 2-2Ʉ��ǲĀ��Ɇ 

� Fig. 2-3$ÑǺȿƎ%ƻǩĒãƿ�ɃRaɄ:y~NȼĞȤɃVK-X120Ʌřĕ�ƬE~A|

Fig. 2-2 Schematic illustration of tapered section method.�

15°�

Electroless nickel plating�

Specimen�

Cutting surface�

Table 2-2 Condition of FPP treatment. 

Peening pressure, MPa 0.6 

Peening time, s 30 

Nozzle distance, mm 100 

Shot particle SiO2, Al2O3 

Particle supply rate, g/s 1 
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QɅôȨɅńŎɄ$46ſû��ǈŔ:ƫ�ɆÓß	5 Ss%·¶& Sa%·¶!Ūȋ��ô

���!
9	7Ɇ-�Ʌǀ 30 °¨��ƒĥ SEM$46ǲĀ��ǺȿƎǫȷ: Fig. 2-4

$ƫ�Ʌ¬øȼĞȤ$46ǲĀ��ǫȷȍ¦%ǺȿƎŀȷ: Fig. 2-5$ƫ�Ɇ�85%ß!

ĪĂƾö%ĘɃFig. 2-1Ʉ	5ɅĪĂƾö$�÷��Ƒğ%ƚ#7·¶
Ęħ�87�!


9	7Ɇ°�Ɯ$&ɅSs %ǫȷ&ŪȋƜ#05	#�×Ų%·¶
Ęħ�8��7�!Ʌ

Sa &ŪȋƜɂ×Ų#ĞǱƜ·¶
Ęħ�8��7�!
9	7ɆFig. 2-6$�%Šö:š

ĕƜ$ƫ�ɆÓß$&ÓQI~x ĪĂƾö%šĕß1ĵ	8��6ɅĞƾö%Ęƒ
Ȋ

²�874�$·¶
Ęħ�87�!:ƫ���7Ɇ 

 
 
 
 

 
 
  

Fig. 2-3 Surface roughness of specimen treated by FPP with silica, 
Ss, and alumina, Sa, particles, and polished mechanically, Sp.�
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Fig. 2-4 Typical feature of specimen’s surface. Note that (a) and (b) are the 
images of FPP treated surface by using SiO2 particles, (c) and (d) are the 
images of FPP treated surface by using Al2O3 particles, and (e) and (f) are 
the images of polished surface. 

3 µm�

(a)�

1 µm�

(b)�

3 µm�

(c)�

1 µm�

(d)�

3 µm�

(e)�

1 µm�

(f)�

Fig. 2-5	Optical microscopic images of FPP treated surface by 
using (a) SiO2 and (b) Al2O3 particles. 

Specimen�

Plating�

5 
µm

 

20 µm�

(b)�

Specimen�

Plating�

5 
µm

 

20 µm�

(a) �
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2. 3� ǅǖçȾƑģ%ǹ�üȿ%łű  
 
2. 3. 1� çȾȷɃèŏɄ%ƀ§  
 

� 2. 2. 1$ƫ�� FPPµƕ:Ń��ǺȿƎ%çȾȷ:Ŵŷ�7�0$ɅAU`~x$ŸƆ�

�ȅȸŲŴŷ��Ɇ�%ěɅB~[Gy~hɃ121 °CɅ2ŬáɅ20¸ɄɃLBS-245ɅTOMYɅ

Œ�ɅńŎɄ$46ƃǡ��ɆǄòǍ:ƋĂ��Gw~|j|W± ƃǡ��ǺȿƎ:�

ƍ���Ʌ24?@xiy~[%ēȷ$ȝǑ��Ɇ 

 

  

Fig. 2-6 Schematic surface roughness of FPP treated 
substrate with (a) Si and (b) Al particles.  

(a)�
Si particle�

(b)� Al particle�

Substrate�

100 µm�
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2. 3. 2� ǅǖ%ƀ§  
 

� Ŏüȿ &ĳƣģǅǖ%�ư �7ȉɀǅǖ:Ɨ��Ɇȉɀǅǖ&Ɩě 4-6 ȓȦ%�?

O%ǛȧƼ	5ĲÎ��ɆǛȧƼ%ɀȻ	5ȉɀǅǖ: 1 mm3%f~Rƒ%ǆǏƎ$¹ȭ

�ɅǆǏƎ:?OƘőǧŽɃFBSɄɃFetal Bovine SerumɅSigma-AldrichɅMOɅUSɄ: 10 %

Â��VxjXKĺñ>~Hxçâ /ŘȾŻÒƐ F-12 apɃD-MEM/Ham's F-12 with 

L-glutamine, phenol redɅØ¬ǁǥČŞřĕ�ƬɅŒ�ɅńŎɄ�4(īƖƐȂ:żÂ��ç

â$�ŉƆ��Ɇ�%ěɅw|ȞǎǪƖƕȽìŭɃPBSɄɃUCvb>Břĕ�ƬɅƄȁɅ

ńŎɄ ŴŷěɅǅ	
Ƨ�Ʌ«+"%çâ$ 0.15%KvJ]~TɃU>i IɄɃC0130Ʌ

Sigma-AldrichɅMOɅUSɄ:Â��Ʌ>|Euj~U±Ƀ37 °CɄɃCPE-2601Ʌřĕ�Ƭdv

M{ɅŒ�ɅńŎɄ 16ňȦ3�
6!ĹĬ��ɆƂǴ��ƂŹ: 70 µm%]>z|qX

Oug=xU~ɃCell strainersɅCorningɅNYɅUSɄ������������������

$Ʌǅǖ:ȗĠ¸ȳ$46ĦƇŹ	5Éȳ�ɅPBS  2 Ü����Ɇ�%ǅǖ:³´¡÷

ŹɃb|b|C~ɅńŎP@_Y=XGQřĕ�ƬɅŒ�ɅńŎɄ$ĦƇ�ɅZ=~ig

w~NɃ-80 °CɄɃMy BioɅNational Health FundɅWarszawaɅPolandɄ± 1ń¡÷��ěɅ

Ź�Ƶǃ�$³´¡÷��ɆŎüȿ &Ʌ�%³´¡÷��ǅǖ:Ǵ´ěɅ3 ń$�ĔɅ3

ÜǊ��Ç¸$Ǚ¸Æ���ȉɀǅǖ:Ɨ��Ɇǅǖ:çȾ�7�0%çâ$& FBS :

10 %Â��VxjXKĺñ>~Hxçâ/ŘȾŻÒƐ F-12 ap:Ɨ��Ɇǅǖ%çȾ& 75 

cm2gvQKɃ90075, TPP Techno Plastic Products AG, Trasadingen, SwitzerlandɄ:Ɨ��Ǩ�Ʌ

gvQK$ĳƣ��ǅǖ: PBS  2 ĔŴŷ�Ʌ[wiO|Ƀ0.05w/v% Trypsin-0.53mmol/l 

EDTA}4Na Solution with Phenol RedɅØ¬ǁǥČŞřĕ�ƬɅôȨɅńŎɄ:ļĐ�� 3

¸Ȧ>|Euj~UɃ37 °CɅCO2 5%ɄɃCPE-2600Ʌřĕ�ƬdvM{ɅŒ�ɅńŎɄ± 

ȶǑ��%�ɅfkXY=|H ÜÍ��ɅǊ�:Ǩ��Ɇ 

 

 

2. 3. 3� ǅǖ%îŨģüȿ  
 

� ƚ#7·¶:ŋ�7ǺȿƎ� çȾ��ȉɀǅǖ%ŵģ:Ǿ*7�0$Ʌǅǖ%îŨģ

:Ʃǻ��ɆîŨģ:Ʃǻ�7�0%çȾǺȿ%Šö: Fig. 2-7$šĕƜ$ƫ�Ɇ24?@x

iy~[%ēȷ$ȝǑ�8�ǺȿƎɃSsɅSaɅSpɄ%� ǅǖçȾǺȿ:Ǩ��ɆîŨģ%

ǹ�&ɅǺȿƎ�$ 1.5 × 104£%ȉɀǅǖ:ĸư�Ʌ>|Euj~U± 72ňȦçȾě$

[wiO|$ 3¸ȦŸƆ��ěɅfkXY=|H ǅǖ:ÀȳɅÜÍ��ǧƔǶƻƝɃA116Ʌ

<R{|řĕ�ƬɅŒ�ɅńŎɄ$46ǅǖĽ:ſû�7�! Ǩ��Ɇ  
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2. 3. 4� ȼĞȤ$47ǲĀ  
 

� ǅǖ%ĳƣ%Šö:Ǿ*7�0$ɅSEM!Ǧ¬ȼĞȤ$46ǅǖ%ŠƠ:ǲĀ��Ɇ 

 

ɃiɄȃŗäȵöȼĞȤ$47ǅǖ%�ȇ%ǲĀ 

� ǫȷĘƒ%Ȗ�
ǅǖ%ĳƣįÅ$Ì,�ęȹ$���ǹ��7�0$ɅǺȿƎ$ǅ

ǖ
ĳƣ���7Šö:ȃŗäȵöȼĞȤɃSEMɄ$46ǲĀ��Ɇ#�ɅǲĀ%�0

%ǅǖǺľ:�7�0$´ǈ�ƍű[104]:Ɨ��Ɇ°�Ɯ$&ɅǺȿƎ�$ 24 ňȦȶ

ǑçȾ��ǅǖ: 2.5%HxUx<xZd\ŭƂŹɃØ¬ǁǥČŞřĕ�ƬɅŒ�ɅńŎɄ

$ 20 ¸ȦŸƆ�7�! àû��ě$ɅAU`~xŭƂŹɃ20Ʌ50Ʌ80%Ʉ$ 15 ¸�

�ŸƆ��Ĝ�$Ǚŭ��Ɇ100%AU`~x Ŵŷ��ěɅ100%AU`~x$ 30¸Ȧ

ŸƆ��Ʌú­$Ǚŭ��Ɇ�%ěɅt-hWx<xK~xɃŒ�ÆħČŞřĕ�ƬɅŒ�Ʌ

ńŎɄ$ 15¸ȦŸƆ��%�ɅŁ�� t-hWx<xK~x$Ǒķ��´ǈ�ƍ��Ɇ´

ǈ�ƍ��Ǻľ: t-BuOH´ǈ�ƍŤɃVFD-21SɅřĕ�ƬƢƳZb>QɅǠåɅńŎɄ

$46ŅǢ���ǅǖ:�ƍ���Ɇ�%ěɅBQo?pK~U~ɃHPC-1SɅřĕ�Ƭ

ƢƳZb>QɅǠåɅńŎɄ$46BQo?p:ǅǖǺľ$K~Y=|H��ɅSEM 

ǲĀ��Ɇ#�ɅÂȒȵá: 2.0 kV$Ǹû��Ɇ 

 

  

Fig. 2-7 Schematic illustration of cell assay composed of FPP treated surfaces.�

24 well plate 

Cell�

Specimen�

Growth Medium�

Modified 
surface�
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ɃiiɄǦ¬ȼĞȤ$47ǅǖ%<GW|g=vq|[%ǲĀ 

� èŏ)%ǅǖ%ĳƣįÅ:Ǿ*7�0$Ʌ<GW|g=vq|[:Ǧ¬ȼĞȤ$46

ǲĀ��Ɇǅǖ:ǲĀ�7�0%½µƕ!��ɅǲĀ�7ǅǖ:àû�7�0$Ʌǅǖ

: 2.5%HxUx<xZd\ŭƂŹ$ 20 ¸ȦŸƆ�Ʌǅǖ:ú­$àû��ě$ƙȷŵ

ģ¿ Triton X-100ɃSigma-AldrichɅMOɅUSɄ$ 15¸ȦŸƆ��Ɇ�%ěɅPBS$ 1.0%

?OǧŽƘő<xho|ƂŹɃØ¬ǁǥČŞřĕ�ƬɅŒ�ɅńŎɄ! 0.1%Tween 20

ɃSigma-AldrichɅMOɅUSɄɅ0.02%<PÆ][w?pɃØ¬ǁǥČŞřĕ�ƬɅŒ�Ʌ

ńŎɄ:żÂ��Ɩħ�� BSA-PBST $ 30 ¸ȦŸƆ��Ɇ#�Ʌ��- %ǨƯ&ǅ

ǖ$Ǧ¬ŖǞŹ:ŸȐ��7�0%�ƀ§ �7Ɇ�ƀ§:Ǩ��ǅǖǺľ:z~Vo

|}g;z>P|ƂŹɃ568g;z>P|ɅThermo Fisher ScienceɅMAɅUSɄ$ 1ňȦ

ŸƆ��<GW|g=vq|[:ŖǞ�ɅBSA-PBST :Ɨ��Ç¸Ŵŷ��Ɇ#�Ʌǲ

Ā�1çȾȷ:�ƍ��#�4�$ BSA-PBST$Ÿ��Ɇ 

 

 

2. 3. 6� ǅǖ%ƮÅģüȿ  
 

� ĳƣģǅǖ&ɅǅǖÓð
ĳǵ��ȯ$&ɅĳǵȰý:Ȅ��#�4�$ȟ#7�!:

Ț��ƮÅ�7[105]Ɇ�%ƮÅ
Ʌǅǖ%ŵģ2îŨģ$ęȹ:Ì,�1%!Ǔ�587Ɇ

�� ŎƦƲ &Ʌƚ#7Ğƾö:Ɨ�� FPP µƕ:Ń��ǺȿƎǫȷ%·¶%Ȗ�
Ʌ

ǅǖ%ƮÅ%�Ň�$Ì,�ęȹ$���ǹ���Ɇ°�Ɯ$&ɅFig. 2-8a$ƫ�4�$O

wK~|Lp$46 24?@xiy~[Ƀ92024ɅTechno Plastic Products AGɅTrasadingenɅ

SwitzerlandɄ%?@x±$�¹6:�6ɅºŌĳƣƺĨ:�ĠțɃ±Ě 4 mmɄ$Ȭû��

ƒĥ ǅǖ:ĸư��Ɇ�Ġț$ĳƣ���7ǅǖ: 2 ňȦ>|Euj~U± çȾ��

ěɅOwK~|Lp:Î6ò�ɃFig. 2-8bɄɅ72ňȦ>|Euj~U± çȾ��ɃFig. 2-8cɄɆ

�%ěɅǦ¬ȼĞȤ:Ɨ��ɅǺȿƎǫȷ%Ñț� %ǅǖ%ŋƉ:ǲĀ��Ɇ#�ɅFig. 

2-9$ɅǦ¬ȼĞȤ$46ǲĀ��ƺĨ%ǽņß:ƫ�ɆÓß%ǲĀȺæɃ0.16 mm2Ʉ$ǲ

Ā �7ǅǖ%Ľ:ſû�Ʌ�Ġ	5%Ȉȳ!ǅǖĽ%ȧ�:ǹ���Ɇ 

 

 

 

 

 

 



2Ʒ� ȡĈǭǅǖçȾÛ	
 

 37 

 
 

 
 

 
2. 3. 7� <m[~OQ%»¼üȿ  
 

� ǅǖ
ÿȱ���7ȯ$&Ʌǅǖ%îŨģ
žą�7�� #
Ʌǅǖ%¸Ű�7M>

[C>|$46Ʌ<m[~OQɃǅǖŧɄ
ǅǖ$Ǽă�87ÏǗģ
�7Ɇ<m[~O

Q
Ȅ�7	Õ	:Ʃǻ�7�0$ɅÑǺȿƎ� 72ňȦçȾ��ǅǖ: FAM-FILICA in 

vitro Apoptosis DetectionɃFAM-XXX-FMK KitɅKQr}b>Břĕ�ƬɅŒ�ɅńŎɄ:

Ɨ��ŖǞ�ɅǦ¬ȼĞȤ$46ǲĀ��Ɇ  

Fig. 2-8 Schematic illustration of the steps involved in cell migration assay.�
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Fig. 2-9 Schematic illustration of observed areas.�
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2. 4� ǅǖçȾƑģ%ǹ�ǈŔ�4(ǓĀ  
 

2. 4. 1� ǅǖ%îŨģ!ĳƣįÅ$Ì,�·¶%ęȹ  
 

� 2. 3. 3 ȏ*�łű:Ɨ��Ʌǅǖ%îŨģ:Ǿ*�ɆFig. 2-10$ɅÑǺȿƎ� ȉɀǅ
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ǻ0587Ɇ�8&ĳƣģǅǖ �7ȉɀǅǖ&Ǻȿ

Ǝ�%·¶%Ƒğ%Ȗ�$4��îŨģ
ñÆ���0!Ĵſ�87Ɇ 

� ·¶%ŋƉ$4��îŨģ
ñÆ��ǯÝ$���Ǿ*7�0$Ʌ2. 3. 4 ȏ*�łű:

Ɨ�� SEM$46ȉɀǅǖ	5�ć��ƴȄɃĞǉūɄ%ƒĥ:ǲĀ��ǈŔ: Fig. 2-11

$ƫ�ɆÓß	5ɅFPPµƕ:Ń�� Ss! Sa�%ƴȄ%�ć
ɅSp$ĳƣ��ǅǖ	5�

ć�7ƴȄ!Ūȋ��ȼǣ#�!
9	7Ɇ!
$ɅîŨƓ
Ŋ1ɂ� Sa$ĳƣ��ǅǖ 

 

 

 

  

Fig. 2-10 Comparison of the number of proliferated cells, Np. Cells are 
seeded to the specimens and cultured for 72 hr, and then collected by 
trypsination and measured by haemocytometer. The number of seeded cells 
is 1.5 × 104, Ns (mean ± SD, n = 10, *: p < 0.05, **: p < 0.01).�
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Fig. 2-11 Chondrocytes on substrate are imaged by SEM. Note that (a) 
and (b) are the images of cells adhered to Ss, (c) and (d) are the images of 
cells adhered to Sa, and (e) and (f) are the images of cells adhered to Sp. 
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2. 4. 2� ǅǖƮÅ$Ì,�·¶%ęȹ  
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Fig. 2-12 Relationship between number of cells, Nc, and distance 
from center of substrate, l. Cell distribution on (a) the whole 
substrate and (b) 2.5 / 3.0 mm away from the center of substrate. 
Cell density is the number of cells, Nc, / observation area, A�mean 
± SD, n = 8, **: p < 0.01�.�
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2. 4. 3� ǅǖçȾ$©8�Ğƾöf~^|Hµƕǫȷ%șû  
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Fig. 2-13 Fluorescent micrographs of cytoskeleton actin filaments staining. Cells 
adhered on the FPP treated substrate by using (a) SiO2 and (b) Al2O3 particles. 
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2. 5� ȡĈǭǅǖçȾÛ%ǭ��4(ǅǖũģǹ�  
 

� SUS316LQY|yQȣɃ2. 1Ƽ șûɄ$<xo]Ğƾö:Ɨ�� FPPµƕɃ2. 3Ƽ ș

ûɄ:Ń�ɅǅǖçȾèŏ:ǭ��Ʌ�%çȾèŏ:Ɨ��ǅǖçȾÛ:ǭ��7Ɇ 

 
 
2. 5. 1� ȡĈǭǅǖçȾÛ%ǭ�  
 

� Fig. 2-15 $ǭ���ȡĈǭǅǖçȾÛ:ƫ�ɆŎçȾÛ& FPP µƕ:Ń��ȡĈèŏɅ

OwK~|LpïɅȡĈǤɅOwK~|LpǤ	5şħ�8��7ɆȡĈèŏ�4(ȡĈ

Ǥ&Ʌ{>tĻȵÂČŤɃMGW-JLɅřĕ�ƬƏȠgv>Qǭ�ĨɅŒ�ɅńŎɄ:Ɨ�� 

Fig. 2-14	Schematic illustration of cell proliferation sequence to (a) Ss and to (b) Sa after 
seeding. (a) Cells concentrate locally and proliferation become lower due to contact 
inhibition. (b) Cells spread to the whole specimen and proliferation is maintained. 
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Ê� 1 mm% SUS316Lȣ%œŏ:ÂČ��ǭ���ɃFig. 2-16ɄɆ-�ɅOwK~|Lpț
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Fig. 2-15	The diagram of cell culture device composed a metal cultivation 
substrate, a silicone rubber wall, a metal top plate, and a silicone rubber cover.�
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Fig. 2-16 Dimension of (a) the cell cultivation substrate and (b) the metal top cover. 
All dimensions are in mm.  
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Fig. 2-17 Dimension of (a) the silicone rubber wall and (b) the silicone rubber cover. 
All dimensions are in mm. �
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ȾWs|b~ź� 11 mmɅƟĚ 40 mmɄɃ93040, TPP Techno Plastic Products AG, Trasadingen, 
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2. 5. 2� ȡĈǭǅǖçȾÛ%ǅǖũģǹ�%łű  
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2. 5. 3� ȡĈǭǅǖçȾÛ%ǅǖũģǹ�%ǈŔ  
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2. 6� Ąĭ  
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Fig. 2-18 Comparison of number of proliferated cells, Np, on the conventional cell culture 
dish with polymer substrate, Sp, and the device with metal substrate, Sm. Cells were 
cultured for 72 hr (mean ± SD, n = 3). The number of seeded cells is 1.5 × 105, Ns. 
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3� XtfKy!ÒĪę¹$36Ɗƕ%³ǚ  
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ǦFig. 3-1aǧ$ū#6Ŝú%XtfKy9ġõ��ÒĪę¹9·ę�ǨƊƕ9³ǚ�6ǦFig. 

3-1bǧǩ�%³ǚ��Ɗƕ9ÎÂ�6�!!��ǦFig. 3-1cǧǩ 

 

 

3. 2� ÒĪę¹9·ęÄƖ#×ǢÍ%Ưƭ!Ƨ�  
 

3. 2. 1� ×ǢØĮ%ÒĪ�Ƭĳ  
 

� ×ǢØĮ$ę¹9¸ŤŮ$ŧ���6�0$ØĮ%ÒĪę¹9Ũ�6�!!��ǩ�%

�0ǨĪǕƨƉŉ$36ÒĪ�Ƭĳ9Ũ��×ǢØĮ%ÒĪę¹n{Y9Ƭĳ��ǩ×Ǣ

ØĮ%Āţ&Ǩ|ƜŮ$Ũ�47��6×ǢW=TKq!Çľ%á��%×ǢSoy`{ 
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Fig. 3-1 The cell detachment process using trypsin and resonance vibration. (a) Cells adhere 
to the cell cultivation substrate. (b) Trypsin is spread, and resonance vibration of the cell 
cultivation substrate is excited. (c) Cells in medium may be collected by pipetting. 

Trypsin�

Adhered cell�Cell cultivation 
substrate�

Detached cell�

Resonance 
vibration 

(a)�

(b)�

(c)�
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Ǧűā 40 mmǧ9Ÿ��6�0$Ǩø 48 mmǨãƤ 48 mmǨ¿� 1 mm!��ǦFig. 3-2ǧǩ 

×ǢØĮ$·ę�76Ǟßę¹n{Y9ĪǕƨƉƬĳPdXǦANSYS 15.0ǨI>`]TX

ĸü�źǨı�ǨĦĭǧ9Ũ��ÒĪ�Ƭĳ��Ň0�ǩƬĳ$Ũ��šĉ�9 Table 3-1

$Ź�ǩÒĪ�Ƭĳ$35Ą47�ÒĪę¹n{Y%|�9 Fig. 3-3$Ź�ǩ���ǨÚŪ

į�&ǨØĮ 4 Ǘ$ǈƓ��iuXƑƌŨ%ž9ÒèƂ!��ǩÇÑ	4Ǩ�Ć9ĩáę

ø!��§ţ%ƅ9|�Ī�6Ǟßę¹n{Y�3)�Ć9ƅ!��¼æţ%ƅ9|�Ī

�6Ǟßę¹n{Y
çÔ�6�!
8	6ǩĭŷſ &ŅƻŮ�ŀ%ę¹n{Y �6

�74%Ǟßę¹n{Y9Ũ�6�!!��ǩ×ǢØĮ$ǆĔŮ	�¸ŤŮ$§ţ!¼æ

Fig. 3-2 Dimension of the cell cultivation substrate: 
elevational and plan view. All dimensions are in mm.�

1�
48
�

4�

4�

48�

Table 3-1 Physical properties used in eigenvalue analysis.�

	� Stainless steel Piezoelectric ceramic plate Adhesion layer 

Young's modulus (N/m2) 19.3 × 1010 3.56 × 10-9 2.5 × 109 

Poisson's ratio 0.3 0.29 0.4 

Density (kg/m3) 7.98 × 103 7.6 × 103 2.3 × 103 
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ţ%ÒĪę¹n{Y9·ę�6�0$Ǩę¹·ę$Ũ�6ÓǜƉå%Āţ�3)ÓǜƉå

ƥǞ$ǈƓ�6ǜļaQ{y9ǅ®$ňè�6ćƨ
�6ǩ�-5Ǩ·ę���ÒĪę¹

n{Y%Ƙ%ƽ�$���ǨÓǜƉå9Ũ��ÒĪę¹Ģ$íĈ��ÊĬŮ#(�.9ŭ

ŧ��6�!$3��Ǩ¸ŤŮ$ďī%ÒĪę¹n{Y9·ę �6ǩ�%�0ǨFig. 3-4

%3�$Ǩ¿�ĤÈ$­ļ�7Ǩ�Ǟ$ǜļ9���� 4 �%ŁĤĀ%ÓǜƉå9ǈƓ�

6�!9Ɣ��ǩ�%ŁĤĀ%ÓǜƉåǦ15 mm × 15 mmǨt = 0.5 mmǧ9×ǢØĮ �6

SUS316L Ĳ%×ǢǞ!Áí%Ǟ$ěŴ�Ǩ¿�ĤÈ$ÊĬŮ#�ōǜÓ9¾¶�7'ďī

%ÒĪę¹n{Y
·ę�76ǩ 

� �%ÓǜƉå%ǈƓ%äÿĉ9ĺƮ�6�0$ǨØĮ 4 Ǘ$ǈƓ��iuXƑƌŨ%ž

9ÒèƂ!�ǨĪǕƨƉŉ$36Óǜ�ĽǂǃĎƬĳ9Ƥ��ǩÓǜ�ĽǂǃĎƬĳ$Ũ�

�ÅĮģ%šĉ�9 Table 3.1ǫ3.4$Ź�ǩÓǜƉå%Åǜļ$¾¶�6�ōǜÓ%¢µÊ

ŊĢǨ�3)Åǜļ*%¾¶ǜÓ%�Ųô9Þ»��Ǩ·ę�76ÒĪę¹n{Y9ŸƲ

��ǩ Fig. 3-4 %ǈƓ$���ǨÅÓǜƉå%ǜļ$Ç�Ų%ǜÓ9¾¶��aQ{y 1

!Ǩǜļ A! D9Ç�Ų$Ǩ�7$í��ǜļ B! C9ƿ�Ų$��ǜÓ9¾¶��aQ

{y 2$í��Ƭĳ��ǩ#�Ǩ¢µǜÓ& 10 V!�ǨƬĳ$&ĪǕƨƉƬĳPdX ANSYS 

15.09Ũ��ǩƬĳƌĵ9 Fig. 3-5$Ź�ǩÇÑ35ǨaQ{y 1$ÊŊĢ 18.3 kHz%�ō

ǜÓ9¢µ�6!§ţ%ƅ9Ė�ÒĪę¹n{Y
·ę�76�!
8	6ǩ-�ǨaQ 

 

  

-0.67� 0.16� 1�

(a)� (b)�

10 mm�

-1� 0� 1�

Fig. 3-3 Out-of-plane vibration mode obtained by eigenvalue analysis using 
ANSYS. The color bars indicate the normalized displacement in the out-off-
plane direction by the maximum value. (a) A nodal circle is produced on the 
substrate at 17.3 kHz, while (b) a nodal cross is produced at 11.5kHz. 
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Fig. 3-4 Dimension of the cell cultivation substrate with piezoelectric ceramic 
squares. The cell cultivation substrate and the piezoelectric ceramic squares are 
bonded by epoxy adhesive that has a thickness of 0.05 mm. All dimensions are in 
mm. Four piezoelectric ceramic squares are defined as A, B, C and D, respectively.�

1�

4�

1� 4�

48�
15�

48
�

15
�

1�

0.
5�

0.
05
�

Stainless steel plate�

Piezoelectric ceramic disk�

A� B�

C� D�

Table 3-2 Dielectric matrix of piezoelectric ceramic plate�

Dielectric matrix  F/m 

ε11 3.50 × 10-9 

ε22 3.50 × 10-9 

ε33 3.56 × 10-9 
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Table 3-3 Piezoelectric matrix of piezoelectric ceramic plate�

	� X (C/m2) Y (C/m2) Z (C/m2) 

X 0 0 -9.297 

Y 0 0 -9.297 

Z 0 0 28.681 

XY 0 0 0 

YZ 0 17.632 0 

ZX 17.632 0 0 

	� X (N/m2) Y (N/m2) Z (N/m2) XY (N/m2) YZ (N/m2) ZX (N/m2) 

X 10.35 × 1010 5.09 × 1010 5.09 × 1010 0 0 0 

Y 5.09 × 1010 10.35 × 1010 5.09 × 1010 0 0 0 

Z 5.09 × 1010 5.09 × 1010 10.35 × 1010 0 0 0 

XY 0 0 0 2.63 × 1010 0 0 

YZ 0 0 0 0 2.63 × 1010 0 

ZX 0 0 0 0 0 2.63 × 1010 

Table 3-4 Anisotropic elasticity matrix of piezoelectric ceramic plate�
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{y 2$ÊŊĢ9 12.0 kHz%�ōǜÓ9¢µ�6!¼æţ%ƅ9Ė�ÒĪę¹n{Y·ę

�76�!
8	6ǩFig. 3-5%ęø­õ& Fig. 3-3!¼­ǡ����6�!	4ǨƯƭ�

�ÓǜƉå%ǈƓ$3��ØĮ$ďī%ÒĪę¹n{Y9·ę �6!��6ǩ 

� �}%ĺƮƌĵ$Ø��ǨÓǜƉå�3)ǜļaQ{y%ƱƊ9 Fig. 3-4%3�$ňè�

�ǩ 

 

 

3. 2. 2� ×ǢÍ%Ƨ�  
 
� Fig. 3-6$×ǢÍ%Ľǂ9Ź�ǩĭ×ǢÍ& 3. 2. 1 Ưƭ��ÓǜƉå9Ƶ5���Ǐð

Ƨ×ǢØĮ! 2. 5. 1 Ƨ���KtG{yHmÜǨǏðƟǨKtG{yƟ	4ĽĎ�7�

�6ǩ#�Ǩ×ǢǞ& 2. 5. 1!Çľ$<ulZƆå9Ũ��ąƆåc{[yFǦFPPǧ¬Ŧ

9ĥ���6ǩÓǜƉåǦC-213ǨëÝOslTEMǨǝñǨĦĭǧ!×ǢØĮ%ěŴ$&Ǩ

2ŐőÆAjDKƇěŴ²Ǧ<suR>X AR-S30Ǩ_yUkyzLoayĸü�źǨ¤ûǨ

Ħĭǧ9Ũ�Ǩ×ǢØĮ!ÓǜƉå9ǞßĤÈ	4¶Ó��ěŴ��ǩ#�Ǩ¶Óį�&Ǩ

Óµ9 3 N/m2!�Ǩ¶ÓĨǒ9 12Ĩǒ!��ǩKtG{yHmÜ&×ǢØĮ�3)ǏðƟ

%ǒ$ 4 ĭ%]L9Ũ��Ę.Ƽ/�!$3��đĖ�7��6ǩ×ǢØĮ!KtG{y

HmÜ ĽĎ�76×ǢSoy`{%űā& 40 mm �5Ǩ×ǢǞ	4ǏðƟ- %ǥ�

& 11 mm �6ǩ 

  

Fig. 3-5 Results of the piezoelectric-structural harmonic analysis using ANSYS. 
The nodal circle is (a) present in harmonic analysis as driven by the piezoelectric 
elements at 10 Vp-p and 18.3 kHz, as is (b) the nodal cross at 10 Vp-p and 12.0 kHz. 
In the former case, all elements are driven in phase (pattern 1), while for the latter 
adjacent elements are driven out of phase with respect of each other (pattern 2). The 
color bars indicate the normalized displacement in the out-off-plane direction by the 
maximum value.  

-1� 0� 1�

(b)�

-1� -0.24� 0.46 

(a)�

10 mm�
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3. 2. 3� ×ǢØĮ%ę¹Ţĉ  
 

� Ƨ���×ǢØĮ%ę¹Ţĉ9Ŗè��ǩ#�ǨÒĪę¹%·ę$&ǨFig. 3-7$Ź�3

�$×ǢÍ$d;yEKryL@]v{QǦWF-1946BǨA\AdÎƹƯƭewTEǨŻâ

òǨĦĭǧ!ÛøÍǦHSA 4011ǨA\AdÎƹƯƭewTEǨŻâòǨĦĭǧ9Ũ��ę

¹9·ę��Ǩv{JYTfsę¹ƭǦLV-1800ǨïǎŖÍǨŻâòǨĦĭǧ!BKwMG

{fǦWave Surfer 454ǨTeledyne LeCroyǨı�ǨĦĭǧ9Ũ��×ǢØĮ%ę¹ǁú9Ŗè

�Ǩ�%ĂǨę¹ǁú	4ęø9ƭƄ��ǩ 

 

(b)�

Piezoelectric 
ceramic disk�

Fig. 3-6 Cell culture device with piezoelectric ceramic plates. (a) Structure of the 
device, (b) back side of the device, (c) and (d) are actual views of fabricated cell 
culture device. 
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� ×ǢØĮ$§ţǨ¼æţ%ƅ9Ė�ÒĪę¹n{Y9·ę��Ǚ%ÊŊĢŢĉ9ƴ+�ǩ

�#8�ǨÓǜƉå%ǜļ$�ōǜÓ9¢µ�ǨÊŊĢ9Þ»��#
4×ǢØĮ} ę

ø
ĩá!#6�Ɠ %ę¹ęø9Ŗè��ǩ#�Ǩ¾¶ǜÓ& 50 V!��ǩFig. 3-8$�

7�7ęø
ĩá!#6�Ɠ %ę¹ęø%Ŗèƌĵ9Ź�ǩĩá%ęø9Ź�Ùď&Ǩ

§ţ%ƅ9Ė�ÒĪę¹n{Y9·ę��Ǚ$&×ǢÍ%�Ć �5Ǩ¼æţ%ƅ9Ė�

ÒĪę¹n{Y9·ę��Ǚ$&�Ć	4íƫƐ}$ 14 mm%�Ɠ �6ǩÇÑ	4Ǩ§

ţ%ƅ9Ė�ÒĪę¹n{Y%ÒĪę¹Ģ& 15.9 kHzǨ¼æţ%ƅ9Ė�ÒĪę¹n{Y%

ÒĪę¹Ģ& 13.5 kHz �6�!
8	6ǩ 

� ��$ǨÓǜƉå$¾¶�6ǜÓ9|è!�Ǩ�Ć	4íƫƐĤÈ$ę¹%ęø9Ŗè

��ǩ¥�Ů$&Ǩ¢µǜÓ%ÊŊĢ9 15.9�3) 13.5 kHz!��ǨFig. 3-9aǨ3-10a$�

7�7Ź�3�$×ǢØĮ%�Ć	4ŵ¾ĤÈ$ 2 mmǒǘ ęø9Ŗè��ǩFig. 3-9bǨ

3-10b$Ŗèƌĵ9Ź�ǩ#�Ǩ¾¶ǜÓ&×ǢØĮ%ĩá%ęø
 1 µm!#63�$ƴ

ƅ��ǩFig. 3-935Ǩ§ţ%ƅ9Ė�ÒĪę¹n{Y9·ę��Ǚ$&Ǩ×ǢØĮ%�Ć


ĩáęø!#6�!
8	6ǩ-�Ǩ�Ć	4 12 mm�}ǚ7��Ɠ %ę¹
�Ć 

%ę¹!ƿ�Ų �6�!	4Ǩ§ţ%ƅ9 1�Ī�6ÒĪę¹n{Y
·ę�7��6 

Fig. 3-7 Schematic illustration of experimental setup for 
characterizing resonance vibration. The vibration of the cell 
culturing device is measured by the laser Doppler vibrometer.  
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�!
8	6ǩ|ĤǨFig. 3-1035Ǩ¼æţ%ƅ9Ė�ÒĪę¹n{Y9·ę��Ǚ$&Ǩ

×ǢØĮ%�Ć	4íƫƐ}$ 14 mmǚ7��Ɠ
ĩáęø!#6�!
8	6ǩ-�Ǩ

�Ć	4 18 mm%�Ɠ- �Ć %ę¹!ƿ�Ų!#6�!
#
ǨŖè��ęø%ºǈ

&Ƭĳ%ƌĵ!|ƛ���6�!	4¼æţ%ƅ9 1 �Ī�6ÒĪę¹n{Y
·ę�7

��6�!
8	6ǩ�}%�!	4Ƨ���×ǢÍ$&ďī%ÒĪę¹n{Y
·ę�

7��6�!
ŸƲ ��ǩ  

Fig. 3-8 Relationship between the vibration amplitude, Av, and the driving frequency, fd, 
with driving voltage of 50 Vp-p. (a) The nodal circle and (b) the nodal cross modes are 
excited.  
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Fig. 3-9 Amplitude distribution. (a) The measurement direction of vibration amplitude. (b) 
The experimental results normalized by maximum amplitude, Ad, at 18.3 kHz, and the 
analysis results normalized by maximum amplitude, Aa, are provided at the computed 
resonance of 15.9 kHz.  
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Fig. 3-10 Amplitude distribution. (a) The measurement direction of vibration amplitude. (b) 
The experimental results, Ae, at 12.0 kHz, and the analysis results normalized maximum 
amplitude, Aa, are provided at the computed resonance of 13.5 kHz.  

(a)�

Displacement�
-1� 1�0�

10 mm�

0 

0.5 

1.0 

1.5 

0 5 10 15 20 

A
a�

Distance from the center of the substrate (mm)�

Analysis�

Experiment�

1.5�

1.0�

0.5�

0�

A
e�

(b)�



3Ɓ� XtfKy!ÒĪę¹$36Ɗƕ%³ǚ	
 

 61 

3. 3� XtfKy!ÒĪę¹$36Ɗƕ³ǚéǣ%Ĥŉ  
 

� ĭƅ &ǨƊƕ×Ǣéǣ%ŗ��3)XtfKy!ÒĪę¹$36Ɗƕ³ǚĤŉ9Ũ�

�Ǚ%Ī¸ĉ!ÎÂ��Ɗƕ%Ōĉ2×ǢØĮ$Ńç��Ɗƕ%Ōĉ9ư��6Ĥŉ$�

��Ƴħ�6ǩ 

 

 

3. 3. 1� ×ǢÍ%ŗ�  
 

� Ƨ���×ǢÍ9Ũ��XtfKy!ÒĪę¹$36³ǚéǣ9Ƥ��0$&Ǩ×ǢÍ

9Řƞ�6ćƨ
�6ǩ×ǢÍ9Ƌ.ƀ�6°$ǨKtG{yHmÜǨǏðƟǨKtG{

yƟ9B{XEv{eǦ121 °CǨ2ņÓǨ20­ǧǦLBS-245ǨTOMYǨı�ǨĦĭǧ$35�

4	�0Řƞ��ǩ|ĤǨ×ǢØĮ&ƦǞ$ÓǜƉå9 2 ŐőÆAjDKƇěŴ² ěŴ

���5ǨB{XEv{e2�şŘƞÍ#"%ŕúÞ»9¯Ũ�6ŘƞĤŉ &Ǩ×ǢØ

Į!ÓǜƉå%şƚþŤ
á�
ū#6�!	4Ǩ¶ş�%×ǢØĮ!ÓǜƉå%á��


ū#6ƚþŤ Þ»��Ǩ×ǢØĮ	4ÓǜƉå
|Ǉ±
7��-�ǩ�#8�Ǩŕ

úÞ»9¯Ũ�6Řƞ¬Ŧ9��Ă%×ǢØĮ &¸ŤŮ#ÒĪę¹%·ę
 �#�ǩ

�%�0Ǩ×ǢØĮ9AQ^{u$ŏŚ��ƸǟŊŋŎ�ǨŋŎĂ%ØĮ9 UVŞî~ 3


�Š���ǩ�%ĂǨǄǉǋǦ<OI>YǨIspĸü�źǨáǔǨĦĭǧ$ 15­ǒŏ

Ś�ǨPBS ¼­$ŋŎ�6�! Řƞ��ǩ 

 

 

3. 3. 2� Ɗƕ%ŗ�  
 

� ĭƁ 1Ǩ°Ɓ!Çľ$�?Kũİ%ƺǤƊƕ9Ũ��ǩ�?K%ƙǓƅ	4ĚÃ��

ƺǤƋƒ	4ƺǤƊƕ9½ǚ�Ǩ|úª«�ç��Ă$ǨƬ«��éǣ$Ũ�6�0$×

Ǣ��ǩ3Ħ$|úǨ3Îƍ��¼­$Ɨ­»���ƺǤƊƕ9Ũ��ǩƊƕ9×Ǣ�6�

0%×Õ$& FBSǦFetal Bovine SerumǨSigma-AldrichǨMOǨUSǧ9 10%¶��RugTG

ĠÞ>{Fu×Õ/ķǢőÆš F-12_mǦD-MEM/Ham's F-12 with L-glutamine, phenol redǨ

Ë ƈơóĻĸü�źǨı�ǨĦĭǧ9Ũ��ǩƊƕ%×Ǣ& 75 cm2dsMG9Ũ��Ƥ

�ǨdsMG$ěŴ��Ɗƕ9 PBSǦQCs`>Bĸü�źǨřƶǨĦĭǧ 2úŋŎ�Ǩ

XtfKy9ġõ�� 3­ǒ>yDqg{QǦ37 °CǨCO2 5%ǧǦCPE-2601Ǩĸü�źbs

IxǨı�ǨĦĭǧ¦ ǝƓ��%�ǨchTV=yF ³ǚǨÎÂ��Ǩƍ�9Ƥ��ǩ 
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� ƺǤƊƕǦ1.5 × 105�ǧ9 3. 3. 1 Řƞ��×ǢÍ$ğż�Ǩ24Ĩǒ>yDqg{Q¦

 ×Ǣ��ǩ�%ĂǨ×ǢØĮ$ěŴ���6Ɗƕ9ż	%Ĥŉ ³ǚ��ǩ 

 

 

3. 3. 3� Ɗƕ%³ǚĤŉ  
 

� Ɗƕ%³ǚéǣ$& Table 3-5$Ź� 5�%Ĥŉ9Ũ��ǩ�~$�%Ĥŉ9Ƴħ�6ǩ 

1. XtfKyǦ0.05%ǧ!ÒĪę¹Ǧ§ţ%ƅǧ$36³ǚ 

0.05%%XtfKy-EDTAǦ0.05% Trypsin-0.53 mmol/l EDTAz4Na Solution with Phenol 

RedǨË ƈơóĻĸü�źǨı�ǨĦĭǧ$Ɗƕ9ŏŚ�ǨÊŊĢ9 15.9 kHz!�

�§ţ%ƅ9 1�Ė�ÒĪę¹9 3­ǒ·ę��³ǚ��ĂǨƊƕčśŐ9ÎÂ��ǩ 

2. XtfKyǦ0.05%ǧ!ÒĪę¹Ǧ¼æţ%ƅǧ$36³ǚ 

0.05%%XtfKy-EDTA$Ɗƕ9ŏŚ�ǨÊŊĢ9 13.5 kHz!��¼æţ%ƅ9 1

�Ė�ÒĪę¹9 3­ǒ·ę��³ǚ��ǩ�%ĂǨƊƕčśŐ9ÎÂ��ǩ 

3. XtfKyǦ0.025%ǧ!ÒĪę¹Ǧ§ţ%ƅǧ$36³ǚ 

0.025%%XtfKy-EDTA $Ɗƕ9ŏŚ�ǨÊŊĢ9 15.9 kHz !��§ţ%ƅ9 1

�Ė�ÒĪę¹9 3­ǒ·ę��³ǚ��ǩ�%ĂǨƊƕčśŐ9ÎÂ��ǩ 

4. XtfKyǦ0.025%ǧ!ÒĪę¹Ǧ¼æţ%ƅǧ$36³ǚ 

0.025%%XtfKy-EDTA$Ɗƕ9ŏŚ�ǨÊŊĢ9 13.5 kHz!��§ţ%ƅ9 1

�Ė�ÒĪę¹9 3­ǒ·ę��³ǚ��ǩ�%ĂǨƊƕčśŐ9ÎÂ��ǩ 

5. XtfKyǦ0.05%ǧ!chTV=yF$36³ǚǦăİĐŉǧ 

0.05%%XtfKy-EDTA$Ɗƕ9 3­ǒŏŚ��ĂǨchTV=yF$35³ǚǨ

ÎÂ��ǩ#�ǨchTV=yF$36'4��9�Ŕ�6�0$ǨchTV=y

FĨ$&Ǩ1000 µm chTQ{%�Ƃ9×ǢÍ%ÜǞ$ƽ��ǨÜǞ$čśŐ9�

8�63�$chTV=yF9 10ÎƤ��ǩ 

 

 

3. 3. 4� ÎÂ�3)Ńç��ƊƕĢ%ŖèĤŉ  
 

� ÎÂ��Ɗƕ%Ģ9Ŗè�6�0$Ǩ3. 3. 3$Ź�� 5�%Ĥŉ ×ǢǞ$ěŴ��Ɗƕ

9³ǚ��ĂǨ³ǚ��Ɗƕ9×Õ�!ÎÂ��ǩÎÂ��čśŐ$Xtayeu{ǦTrypan 

Blue SolutionǨ0.4%ǨThermo Fisher ScientificǨMAǨUSǧ9 1Ǫ1%´Æ Œ¶��ĂǨĶ

Ɲ�7�łƊƕ9ǖß��ǨŧƊƕ%.9ƣťƭƄůǦA116Ǩ<Nxyĸü�źǨı�Ǩ 
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Ħĭǧ$35Ģ��ǩ 

� ×ǢǞ$Ńç��Ɗƕ%Ģ1ÎÂ��Ɗƕ!Çľ$Ŗè�6�0$Ǩ3. 3. 3$Ź�� 5�

%Ĥŉ ×ǢǞ$ěŴ��Ɗƕ9³ǚ��ĂǨ³ǚ��Ɗƕ9×Õ�!ÎÂ��ǩÎÂĂ

%×ǢǞ9 3 Î PBS  ŋŎ��ĂǨXtfKy-EDTAǦ0.05%ǧ9ġõ�Ǩ10 ­ǒ>yD

qg{Q¦$ǝƓ��ǩ�%ĂǨchTV=yF$35×ǢØĮ$Ńç��Ɗƕ9£�³

ǚǨÎÂ��ǩÎÂ��čśŐ$Xtayeu{9 1Ǫ1%´Æ Œ¶��ĂǨĶƝ�7�

łƊƕ9ǖß��ǨŧƊƕ%.9ƣťƭƄů$35Ģ��ǩ 

 

 

3. 3. 5� ÒĪę¹9·ę��Ă$×ǢǞ$Ńç��Ɗƕ%­õ  
 

� ÒĪę¹9Ũ��³ǚ��Ă$×ǢǞ$Ńç�6Ɗƕ%­õ9ĺƮ�6�0$ǨƊƕ9

Ƣ ĶƝ��Ă$ÒĪę¹9·ę��ÎÂ�Ǩ×ǢǞ9Ƣ Ǡąǐ ƪì��ǩ#�ǨƊ

ƕ%ĶƝ$&CuO>yǦC1430ǨThermo Fisher ScientificǨMAǨUSǧ9Ũ��ǩCuO>

y&ŧƊƕ9ƏƝ$ĶƝ �6Ƣ ¡ŬĶƝ%ē� �6ǩĶƝ°$°¬Ŧ!��Ǩǀ÷

%×Õ	4ŝƣœ×Õ$Ɠĝ��>yDqg{Q¦ 30­ǒǝƓ��ǩ�%ĂǨƊƕ9 PBS

Table 3-5 Cell detachment experiments with 5 different conditions  

	�
Trypsin concentration 

(%) Vibration (µm) Nodal 
shape Pipetting 

Trypsin and circle resoance 
vibration 0.05 0.2, 0.4, 0.6, 0.8 Circle - 

Trypsin and cross resoance 
vibration 0.05 0.2, 0.4, 0.6, 0.8 Cross - 

Half trypsin and circle 
resonance vibration 0.025 0.2, 0.4, 0.6, 0.8 Circle - 

Half trypsin and cross 
resonance vibration 0.025 0.2, 0.4, 0.6, 0.8 Cross - 

Trypsin and pipetting 0.05 - - ��
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$35ŋŎ�Ǩŝƣœ×Õ$ 0.1%%�ŽŜú öǌ��CuO>y9Œ¶�Ǩ>yDqg

{Q¦ 30­ǒǝƓ��ǩ�%ĂǨū#6ęø%ÒĪę¹9·ę��ĂǨƊƕ9XtfK

y$ 3 ­ǒŏŚ�ǨchTV=yF$35³ǚǨÎÂ��ǩƊƕÎÂĂ%×ǢǞ9Ƣ Ǡ

ąǐ ƪì��ǩƪì&�Ć	4íƫƐĤÈ$ 6 mmǒǘ Ƥ�Ǩ×ǢØĮ$ěŴ���6

ƊƕĢ!Å�Ɠ %ę¹%ęø9Ņƻ��ǩ 

 

 

3. 3. 6� ÎÂ�3)Ńç��Ɗƕ%Ûńĉéǣ%Ĥŉ  
 

� Ɗƕ%Ōĉ9ƴ+6�0$Ǩ�%ėĿ% 1 � �6Ɗƕ%Ûńĉ$���ÎÂĂ%Ɗƕ

9Ũ��ĺƮ��ǩ5 �%Ĥŉ ÎÂ��Ɗƕ9 24 ?@ufv{XǦ92024, TPP Techno 

Plastic Products AG, Trasadingen, Switzerlandǧ$ 1.5 × 104�ğż�ǨƊƕ9 72Ĩǒ×Ǣ��ǩ

�%ĂǨXtfKy$ 3 ­ǒŏŚ�ǨchTV=yF$35Ɗƕ9³ǚǨÎÂ��ǩÎÂ

��čśŐ$Xtayeu{9 1Ǫ1 %´Æ Œ¶��ĂǨĶƝ�7�łƊƕ9ǖß��Ǩ

ŧƊƕ9ƣťƭƄů$35Ģ��ǩ 

� ÎÂ��Ɗƕ%. #
ǨŃç��Ɗƕ$���1Ɗƕ%Ōĉ9ƴ+6�0$ĺƮ9Ƥ

��ǩéǣĤŉ9 Fig. 3-11$Ź�ǩÇÑ%3�$ǨǦaǧƊƕ×ǢÍ$ 5.0 × 105�%Ɗƕ9

ğż��Ǩ24 Ĩǒ×Ǣ�6ǩ�%ĂǨǦbǧXtfKy!ÒĪę¹$35Ɗƕ9³ǚǨÎÂ

�ǨǦeǧ|Ǉ%×ǢÍ%×ǢǞ$Ńç��ƊƕĢ9Ŗè�6ǩŖè��ƊƕĢ%ùÖ�9Ń

ç��ƊƕĢ!��ǨǦcǧŅƻ!��XtfKy!chTV=yF$35³ǚǨÎÂ��Ɗ

ƕ9Ǧgǧe  Ŗè��Ģ��¨ú×Ǣ�6ǩXtfKy!ÒĪę¹$35³ǚ��Ă$Ń

ç��Ɗƕ�3)XtfKy!chTV=yF$35ÎÂ��Ɗƕ9¨úğż��Ɗƕ9

×Ǣ��ǩ×Ǣ 72ĨǒĂ%Ɗƕ9XtfKy!chTV=yF$35ÎÂ�ǨƣťƭƄů

9Ũ��ƊƕĢ9ŖèǦfǨhǧ��Ņƻ��ǩ 
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Detached cells 
are counted 

(e) All cells are collected by trypsin 
and pipetting method to be counted�

Trypsin�

Pipetting�

Remaining cells are counted 

Using the average 
number of cells as 

a reference�

Trypsin�

Pipetting�

(c) Cells are collected by 
trypsin and pipetting method 

Trypsin�

(b) Cells are collected by trypsin and 
vibration treatment with single nodal circle�

(d) Remaining cells continue 
to be cultured for 72 hr�

(g) The same number of cells as (f) 
are reseeded and cultured for 72 hr�

(a) 5.0 x 105 cells are seeded and cells cultured for 24 hr�

Cell subculture device�

(h) All cells are collected by trypsin 
and pipetting method to be counted�

Cells are counted 

Trypsin�

Pipetting�

(f) All cells are collected by trypsin 
and pipetting method to be counted�

Cells are counted 

Trypsin�

Pipetting�

Fig. 3-11 The experimental procedure for comparing the cell proliferation performance between 
trypsin and resonance vibration with single nodal circle (vibration amplitude of 0.6 µm) and trypsin 
and pipetting method. Experimental procedures of trypsin and vibration treatment are (a), (b), (d) 
and (f), and experimental procedures of controlled trypsin and pipetting treatment are (a), (c), (g) 
and (h). (e) is just for ensuring the number of remaining cells with trypsin and vibration method.  
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3. 4� XtfKy!ÒĪę¹$36Ɗƕ³ǚéǣ%ƌĵ  
�3)Ɣì  

 

3. 4. 1� ÎÂ�3)Ńç��ƊƕĢ%Ņƻ  
 

� 3. 3. 3 ƾ+�Ĥŉ9Ũ��Ɗƕ9³ǚ��ĂǨ3. 3. 4 ƾ+�Ĥŉ9Ũ��³ǚ�3)

Ńç��ƊƕĢ9Ŗè��ǩFig. 3-12$§ţ%ƅ9Ė�ÒĪę¹n{Y9Ũ��Ǩū#6X

tfKyŜú$ŏŚ�Ǩū#6ę¹ęø ÒĪę¹9·ę��Ǚ$ÎÂ�3)Ńç��Ɗ

ƕĢ%Ņƻƌĵ9Ź�ǩ-�ǨFig. 3-13$¼æţ%ƅ9Ė�ÒĪę¹n{Y9Ũ��Ǩū#

6XtfKyŜú$ŏŚ�Ǩū#6ę¹ęø9·ę��Ǚ$ÎÂ�3)Ńç��ƊƕĢ%

Ņƻƌĵ9Ź�ǩ�74%ƌĵ	4Ǩ·ę�6ÒĪę¹%ęø9Û¶��Ǚ$ǨÎÂ �

6ƊƕĢ
È}�6�!
8	6ǩ�%ƌĵ&Ǩū#6ÒĪę¹n{YǨū#6XtfK

yŜú9Ũ��ÙÆ$1Çľ%�È9Ź���5ǨÒĪę¹%ęø%á��$�ç��³

ǚǨÎÂ �6ƊƕĢ
Þ»�6�!
ħ4	!#��ǩ 

� 1.3ƅ Ƴħ��3�$Ɗƕ%Ûńĉ%Ţĉ	4ǨŃç��Ɗƕ%Ûńĉ9ư��6Ǚ$

&¨×Ǣ��!�$×ǢǞ$ěŴ���6Ɗƕ%êú
Ǎƨ �6ǩ�#8�ǨÎÂ�3

)Ńç��Ɗƕ%ÆƭĢ$í��ǨŃç��Ɗƕ%´Æ9ƴƅ�6�!
ī-��ǩ#�Ǩ

ǀ÷%×Ǣ &ěŴĉƊƕ9×Ǣ�6Ǚ$Ǩ¨ğż�6Ɗƕ%´Æ9Æƭ% 12.5%Ǧ1/8ǧ

�ƽ[21]!#63�$ƍ��6�!
à�ǩ 

� Fig. 3-12,%ƌĵ	4ǨXtfKyŜú9 0.025%!�Ǩ§ţ%ƅ9Ė�ÒĪę¹9·ę�

�Ǚ$&Ǩęø
 0.6 µm%!�$Ńç�6ƊƕĢ%ùÖ%´Æ
ÎÂ!Ńç��Ɗƕ%Æ

ƭ% 14.7% �6ǩ-�ǨFig. 3-13 %ƌĵ	4ǨXtfKyŜú9 0.025%!�Ǩ¼æţ%

ƅ9Ė�ÒĪę¹9·ę��Ǚ$&Ǩęø
 0.4 µm%!�$Ńç�6ƊƕĢ%ùÖ%´Æ


ÎÂ!Ńç��Ɗƕ%Æƭ% 14.6% �6ǩ�74%į�&Ǩĭéǣ%� ǀ÷%Ɗƕ×

Ǣ�6Ǚ$¨ğż�6´ÆǦ12.5%ǧ$ĩ1ƽ��!
8	6ǩ 
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Fig. 3-12 Ratio of the collected or remaining cells to the number of collected cells by 
trypsin and pipetting method. The number of collected cells, Nc, or remaining cells, Nr, 
by using trypsin and resonance vibration are normalized by the number of collected cells, 
Ntry, by using trypsin and pipetting method. (a) Collected by full-trypsin and circle 
resonance vibration. (b) Collected by half-trypsin and circle resonance vibration. Cells 
are seeded to the cell subculture device and cultured for 24hr, and then collected by the 
nodal circle (mean ± SD, n = 4).  
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Fig. 3-13 Ratio of the collected or remaining cells to the number of collected cells by 
trypsin and pipetting. The number of collected cells, Nc, or remaining cells, Nr, by using 
trypsin and resonance vibration are normalized by the number of collected cells, Ntry, by 
using trypsin and pipetting method. (a) Collected by full-trypsin and cross resonance 
vibration. (b) Collected by half-trypsin and cross resonance vibration. Cells are seeded to 
the cell subculture device and cultured for 24hr, and then collected by the nodal cross 
(mean ± SD, n = 4).  
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3. 4. 2� ÒĪę¹9·ę��Ă$×ǢǞ$Ńç��Ɗƕ%­õ  
 

� 3. 4. 1%ƌĵ35ǨXtfKyŜú9 0.025%!��Ǚ$Ǩ§ţ%ƅ9Ė�ÒĪę¹Ǧę

ø 0.6 µmǧ!Ǩ¼æţ%ƅ9Ė�ÒĪę¹Ǧęø 0.4 µmǧ9·ę��Ɗƕ9³ǚ��Ă%

×ǢǞ9ƪì�6�!!��ǩ#�Ǩ3. 3. 5$ƾ+�Ĥŉ9Ũ��ƪì�ǨƊƕ%­õ9ƴ

+�ǩFig. 3-14$§ţ%ƅ9Ė�ÒĪę¹9·ę��Ɗƕ9ÎÂ��Ă%×ǢǞ$Ńç��

Ɗƕ%Ƣ ©ų9ǨFig. 3-15$¼æţ%ƅ9Ė�ÒĪę¹9·ę��Ɗƕ9ÎÂ��Ă%×

ǢǞ$Ńç��Ɗƕ%Ƣ ©ų9Ź�ǩ�74%Ñ	4ǨƊƕ&×ǢǞ}$Ńç�6�!


8	6ǩ-�ǨFig. 3-16$Ɗƕ­õ!ęø­õ9Ź�ǩÇÑ	4Ǩ§ţ%ƅ9Ė�ÒĪę

¹9·ę��Ǚ$&ǨƊƕ%ŃçĢ!ęø%á��&ÁŅ�%Ǔ�$�6�!
8	6ǩ

|Ĥ Ǩ¼æţ%ƅ9Ė�ÒĪę¹9·ę��Ǚ$&Ǩ�Ɠ$36Ɗƕ%ŃçĢ%ôū&Ǩ

§ţ%ƅ9Ė�ÒĪę¹9·ę��ÙÆ!Ņƻ��ï��ǩ�%Ŧũ&ǨŦċŮ$&ƅ!

#6×ǢǞ%�Ć ���1ǨÒĪę¹9·ę��Ǚ$&ę¹���-�ǦFig. 3-10ǧ�0

 �6!Ɣ�476ǩ�%�0Ǩ¼æţ%ƅ9Ũ��Ǚ$&Ǩƅ}$Ɗƕ9Ńç��6�

!
ÐǛ �5ǨƊƕ%³ǚ!ę¹%ęø9Ņƻ�6éǣ$&ǅ���#�ǩ�}%�!

9Ǒ.Ǩ�Ă%éǣ &§ţ%ƅ9Ė�ÒĪę¹9Ũ��Ɗƕ%³ǚǨÎÂ9Ƥ��!!

��ǩ 

 

 

3. 4. 3� ÎÂ�3)Ńç��Ɗƕ%Ûńĉ  
 

� 3. 3. 6$Ź�Ĥŉ9Ũ��³ǚ�3)ÎÂ��Ɗƕ%Ûńĉ9ƴ+�ǩFig. 3-17a, b$Ǩ

³ǚ��Ɗƕ9 72Ĩǒ×Ǣ��Ă%ƊƕĢ9Ź�ǩ#�ǨFig. 3-17a$&ǨXtfKyǦ0.05%ǧ

!§ţ%ƅ9Ė�ÒĪę¹Ǧĩáęø 0.6 µmǧ$35³ǚ��Ɗƕ!ăİ%XtfKy

Ǧ0.05%ǧ!chTV=yF$35³ǚ��Ɗƕ9Ņƻ��ƌĵ9Ź�ǨFig. 3-17b $ǨX

tfKyǦ0.025%ǧ!§ţ%ƅ9Ė�ÒĪę¹Ǧĩáęø 0.6 µmǧ$35³ǚ��Ɗƕ!

ăİ%XtfKyǦ0.05%ǧ!chTV=yF$35³ǚ��Ɗƕ9Ņƻ��ƌĵ9Ź��ǩ

Fig. 3-17a35Ǩăİ%XtfKy!chTV=yF$36³ǚĤŉ!XtfKy!ÒĪę

¹9Ũ��³ǚĤŉ &ǨÎÂĂ%Ɗƕ%Ûńĉ
Çľ �6�!
8	6ǩ-�ǨFig. 

3-17b35Ǩ��Ŝú%XtfKy9Ũ��Ɗƕ9ÎÂ��Ǚ$&ǨÎÂĂ%Ɗƕ%Ûńĉ


ĪČ$È}���6�!
8	6ǩ�}%ƌĵ	4ǨÒĪę¹9Ũ��Ǚ$1ǨÎÂ�

�Ɗƕ%Ōĉ&�~�#��!
ħ4	!#��ǩ�4$Ǩ��Ŝú%XtfKy9Ũ�

�³ǚǨÎÂ��Ǚ$&ǨƊƕ%Ûńĉ
ăİ%XtfKy!chTV=yF$36Ĥŉ 
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Fig. 3-14 The cell distribution after the half-trypsin and circle resonance vibration. The 
maximum amplitude of resonance vibration was selected to be 0.6 µm. They are 
fluorescent microscopy images of calcein-stained cells. (a) Center of the substrate, (b) 6 
mm from center of the substrate, (c) 12 mm from center of the substrate and (d) 18 mm 
from center of the substrate.  

500 µm�500 µm�

500 µm�500 µm�

(a)� (b) �

(c)� (d)�

500 µm�500 µm�

500 µm�500 µm�

(a)� (b) �

(c)� (d)�

Fig. 3-15 The cell distribution after the half-trypsin and cross resonance vibration. The 
maximum amplitude of resonance vibration was selected to be 0.4 µm. They are 
fluorescent microscopy images of calcein-stained cells. (a) Center of the substrate, (b) 6 
mm from center of the substrate, (c) 12 mm from center of the substrate and (d) 18 mm 
from center of the substrate.  



3Ɓ� XtfKy!ÒĪę¹$36Ɗƕ%³ǚ	
 

 71 

 

 

 

 
 

 

 

 

  

Fig. 3-16 The number of remaining cells, Nr, excited by (a) circle resonance 
vibration, and (b) cross resonance vibration per initial state, Ni. Absolute value of 
vibration amplitudes, |Ae|, are compared with number of the cells remaining on 
the cell cultivation substrate after the subculture process (mean ± SD, n = 4).�
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 ³ǚ��Ɗƕ%Ûńĉ35�7��6�!
8	6ǩ�7&ǨXtfKy%Ŝú9Ơ0

6�! Ɗƕ%Ğ�9�Ŕ���0!Ɣ�476ǩ�#8�Ǩ³ǚ¸ĵ%ý�ǊƉ9ÒĪ

ę¹!Ƌ.Æ8�6�! ǨXtfKy!chTV=yF9Ũ��ăİĤŉ!Ņƻ��Î

Â��Ɗƕ%Ōĉ
È}�6�!
Ź�7�ǩ 

� ³ǚ��Ɗƕ%. #
ǨŃç��Ɗƕ$���1�%Ûńĉ9ư��6�0Ǩ3. 3. 6$

Ź�Ĥŉ9Ũ��Ńç��Ɗƕ%Ûńĉ9ƴ+�ǩFig. 3-18a, b$ǨXtfKy!ÒĪę¹

9Ũ��³ǚ��Ă$×ǢǞ$Ńç��Ɗƕ9 72Ĩǒ×Ǣ��Ă%ƊƕĢ9Ǩăİ%Xt

fKy!chTV=yF$35³ǚǨÎÂ��¨úğż�� 72Ĩǒ×Ǣ��Ă%ƊƕĢ9

Ņƻ��ƌĵ9Ź�ǩ#�ǨXtfKy!chTV=yF$35³ǚǨÎÂ��¨úğż

��ƊƕĢ&XtfKy!ÒĪę¹9Ũ��³ǚ��Ă$×ǢǞ$Ńç��ƊƕĢ!ÇĢ

$ƴƅ��ǩƊƕ%³ǚ$&ǨFig. 3-18a &XtfKyǦ0.05%ǧ!§ţ%ƅ9Ė�ÒĪę

¹Ǧęø 0.6 µmǧ9Ũ�6�!!��ǩ-�ǨFig. 3-18b &XtfKyǦ0.025%ǧ!§ţ

%ƅ9Ė�ÒĪę¹Ǧęø 0.6 µmǧ9Ũ�6�!!��ǩ�4$Ǩū#6Ŝú%XtfK

y!ÒĪę¹$35Ɗƕ9³ǚ��Ă$Ǩ×ǢØĮ$Ńç��Ɗƕ%Ûńĉ9Ņƻ��ƌ

ĵ9 Fig. 3-18c$Ź�ǩFig. 3-18a! Fig. 3-18b35ǨXtfKy!ÒĪę¹$35³ǚ��

Ă$×ǢØĮ$Ńç��Ɗƕ&ăİ%XtfKy!chTV=yF$35³ǚ��Ɗƕ!

Ņƻ��ĪČ$Ûńĉ$�76�!
8	6ǩ�%�!	4ǨÒĪę¹9Ɗƕ$·ę��

Ǚ$Ǩ×ǢǞ$Ńç�6Ɗƕ&Ǩăİ%XtfKy!chTV=yF$35³ǚǨÎÂ�

�Ɗƕ!Ņƻ��ǥ�Ōĉ9ƎĖ���6!Ɣ�476ǩ-�ǨFig. 3-18c35ǨXtfK

y%Ŝú9Ơ06�! Ǩ×ǢØĮ$Ńç�6Ɗƕ%Ûńĉ
È}�6�!
8	6ǩ�

%�!	4Ǩ¸ĵ%ý�ǊƉ9ÒĪę¹!Ƌ.Æ8�6�! Ǩ×ǢØĮ$Ńç�6Ɗƕ

%Ōĉ
XtfKy!chTV=yF9Ũ��ăİĤŉ!Ņƻ��È}�6�!
Ź�7

�ǩ 
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Fig. 3-17 Comparison of number of proliferated cells, Np, after collection using trypsin and circle 
resonance vibration. (a) Comparison of number of proliferated cells, Np, by using full-trypsin and 
circle resonance vibration method to trypsin and pipetting method. (b) Comparison of number of 
proliferated cells, Np, by using half-trypsin and circle resonance vibration method to trypsin and 
pipetting method. Cells were cultured for 72 hr (mean ± SD, n = 4, *: p < 0.05, **: p < 0.01). The 
number of cells is normalized by that with trypsin and pipetting method, Ntry. The number of cells in 
the initial state is 1.5 × 104.�
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Fig. 3-18 Comparison of number of proliferated cells, Np. Cells were cultured for 72 hr. The number 
of cells is normalized by that with each trypsin and pipetting method, Ntry. (mean ± SD, n = 4, *: p < 
0.05, **: p < 0.01). (a) Comparison of number of proliferated cells, Np, by using full-trypsin and circle 
resonance vibration method to trypsin and pipetting method. The number of cells in the initial state, 
Ni, is 5.33 × 104. (b) Comparison of number of proliferated cells, Np, by using half-trypsin and circle 
resonance vibration method to trypsin and pipetting method. The number of cells in the initial state, 
Ni, is 5.75 × 104. �
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3. 5� ïĕ  
 

� Ɗƕ
ěŴ��×ǢǞ$ÒĪę¹9·ę�6�0$Ǩ×ǢǞ%ÒĪę¹n{Y9ĪǕƨ

Ɖŉ%Ƭĳ$35Ň0�ǩ�%ĂǨǏðƧ×ǢÍ%×ǢǞ$ěŴ��Ɗƕ$XtfKy9

ġõ�Ǩ×ǢǞ$ÒĪę¹9·ę��Ɗƕ9³ǚ�ǨXtfKy!ÒĪę¹$36Ɗƕ³

ǚ%ĪŨĉ!³ǚǨŃç��Ɗƕ%Ōĉ9ƴ+�ǩ�%ƌĵǨ�~%ŶƩ9Ą�ǩ 

 

• ÒĪ�Ƭĳ$35×ǢØĮ%ÒĪę¹n{Y9Ň0Ǩ×ǢØĮ%ƦǞ$ŁĤĀ%Óǜ

Ɖå9 4ĴěŴ��ǅ®#�ōǜÓ9¢µ�6!Ǩ§ţ%ƅ!¼æţ%ƅ9Ė�ÒĪ

ę¹n{Y9ǆĔŮ$·ę �6ǩ 

• ę¹ęø!Ńç�6ƊƕĢ%Ǔ�9ƴ+�ƌĵǨ§ţ%ƅ9Ė�ÒĪę¹n{Y9·

ę��Ǚ$&ę¹ęø!Ńç�6ƊƕĢ
ÁŅ��6�!
ŸƲ�7�ǩ|Ĥ Ǩ¼

æţ%ƅ9Ė�ÒĪę¹n{Y9·ę��Ǚ$&ę¹ęø!Ńç�6ƊƕĢ$ŲǓ


Ʋ047#	��ǩ�%ƨÏ!��Ǩ×ǢǞ$ęø
 0 µm!#6¼æţ%ƅ9Ā

Ď�6�!
ÐǛ �5Ǩƅ%Ǉ­1ąï#ę¹
ŭŧ���0 �6ǩ 

• XtfKy!ÒĪę¹$35×ǢǞ	4³ǚ��ƊƕǨ�3)Ńç��Ɗƕ%Ûńĉ

&ǨXtfKy!chTV=yF$36ăİ%³ǚĤŉ ³ǚ��Ɗƕ!Çƃ �6

�!9ħ4	$��ǩ�%�!	4ǨÒĪę¹%��&Ɗƕ%Ōĉ9�~���$Ǩ

Ɗƕ9ÎÂ �6�!
Ÿ	047�ǩ 

• ×ǢØĮ%ÒĪę¹9·ę�6³ǚĤŉ$���ǨXtfKy%Ŝú9Ơ06�! Ǩ

³ǚǨ�6�&Ńç��Ɗƕ%Ûńĉ&Ǩăİ%XtfKy!chTV=yF$35

³ǚ��Ɗƕ!Ņƻ��È}�6�!
ŸƲ�7�ǩ�7&Ǩ�Ũ�6ǊƉ%Qya

EƷ­ƬƖµ9ý06�! Ɗƕ9Ğ���$Ɗƕ9³ǚ�6�!
 �6�!9

ŹÌ���6ǩ 
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4� GtFZ|P!ÏĬĔ·$14  

ƍƗ%±Ǜ  
 

� įƄ &ǩ3Ƅ Ƨ���ǑñƧÕǣÊ7Ŭ��ǩGtFZ|P¬ũ!ÕǣÖİ%ÏĬĔ

·7Ǝ-Ä6��ƍƗ%±Ǜ7ư-4Ǫ¥�ű$&ǩǑñƧÕǣÊ ƍƗ7Õǣ��ǩG

tFZ|P!ÏĬĔ·$14ƍƗ%±Ǜ%ĬŬĈ�1(ËÀ��ƍƗ%ĿŴǩËÀĀ%ƍ

Ɨ%ŌĈ7Ļƭ�4Ǫ 

 

 

4. 1� GzOgX  
 

� 3Ƅ ƍƗ±Ǜ$Ŭ��XugKz&ǩƍƗƚ7ę��ǩƍƗ%ÚńĈ0ŌĈ7�ŕ��

4ǪQzaDƶ7­ƫ�4ǌƌ&XugKz�Þ$/Ŀ�#/%
�4Ǫ��'ǩGtF

Z|P&ƽǥƍƗ7ƽǥƎƒ	2»Ǜ�4�.$Ŭ�254ǪGtFZ|P%QzaDƶ

%­ƫƘ³&�
ǩƽǥƍƗ7ƽǥƎƒ	2»Ǜ�4�.$&GtFZ|P$ºğĩǓŏ

Ŝ�4Ćƨ
�4Ǫ}ģ ǩ3. 4. 3%ƕë	2ǩǌƌ%±Ǜ¶Ķ
ü�*�
ĂĲ%Xug

Kz!diTV;zE$14±Ǜģŉ!Ņƾ��ǩËÀĀ%ƍƗ%ÚńĈ
Æ~�4�!


ź�5�Ǫ�#6�ǩXugKz%�63$QzaDƶ%­ƫƘ³
��GtFZ|P

7ÏĬĔ·!Ǝ-Ä6��ƍƗ7±ǛǩËÀ�4�! ǩǌƌ$14ƍƗ%ę�7�ŕ�

���ǩƍƗ%±ǛǩËÀ
ÂƘ �4!ƕ�254Ǫ�%�!	2 Fig. 4-1$ź�1�$ǩ

ƍƗ
ĖŶ��ÕǣÖİǧFig. 4-1aǨ$GtFZ|P7Ğõ��ǩÕǣÖİ$ÏĬĔ·7µ

Ĕ��ƍƗ7±Ǜ�ǧFig. 4-1bǨǩ±Ǜ��ƍƗ7ËÀ�4ǧFig. 4-1cǨ�!!�4Ǫ 

 

 

4. 2� ǑñƧÕǣÊ%ĜƜ  
 

4. 2. 1� Ðǝƌä%Ʃų�  
 

� įƄ / 3 Ƅ!ÅĿ$ǩÕǣÖİ%Ĕ·7¶Ŧű$ū���4�.$ÏĬĔ·7Ŭ�4

�!!��Ǫ�%�.ǩÕǣÖİ& 3Ƅ!ÅĿ$ö 48 mmǩãƥ 48 mmǩ½� 1 mm%ýť 
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% SUS316LĴ7Ŭ��ǪįƄ &ǩ3Ƅ%Õǣǟ$Ńå��ƍƗ!Ĕ·Ĕö%ǔ�ǧFig. 3-16Ǩ

%ƏĶ!ƕë	2ǩÏĬĔ·7¶Ŧű$µĔ �4§ť%ƈ7 1 �Ē�ÏĬĔ·o|Y7

Ŭ�4�!!��Ǫ�%�.ǩ3Ƅ!ů#3§ť%ƈ7Ē�ǟÞĔ·o|Y713¶Ŧű$

ÕǣÖİ$µĔ�41�$ǩÐǝƌä%ýť7ÝĪ�4�!!��Ǫ3Ƅ ă�ÏĬĔ·o

|Y%ƏĶǧFig. 3-3Ǩ	2ǩ§ť%ƈ7 1�Ē�ÏĬĔ·o|Y&ǩ�ą7īàĔö!�

�§ť%ƈ7Ē�ǟÞĔ·o|Y �4�!
6	4ǪÕǣÖİ$ǉĐű	�¶Ŧű$§

ť%ÏĬĔ·o|Y7µĔ�4�.$&ǩ�%ÏĬĔ·o|Y7µĔ�4�.%Ðǝƌä

%ǊƔ7ǈ®$ňç�4Ćƨ
�4Ǫ�#6�ǩ§ť%ƈ7Ē�ÏĬĔ·o|Y7µĔ�

Collagenase�

Adhered cell�Cell cultivation 
substrate�

Detached cell�

Resonance 
vibration 

(a)�

(b)�

(c)�

Fig. 4-1 The cell detachment process using collagenase and resonance vibration. (a) Cells 
adhere to the cell cultivation substrate. (b) Collagenase is spread, and resonance vibration of 
the cell cultivation substrate is excited. (c) Cells in medium may be collected by pipetting. 
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4�.$¶Ŧ%1�Ðǝƌä7ǉĐ�4�!!��Ǫ�%�.ǩ½�ģÆ$­Ľ�5ǩ�

ǟ$ǝĽ7����§ĴÓ%Ðǝƌäǧø40ǩt = 0.5 mmǨ7ǊƔ�4�!7ƕ��Ǫ�%§

ĴÓ%Ðǝƌä7Õǣǟ!¿ì%ǟ%�ą$ĖŶ�ǩ½�ģÆ$ÈĮű#�ōǝÐ7¼´

�5'Ďĭ%ÏĬĔ·o|Y
µĔ�54ǪFig. 4-2$ź�1�$Ðǝƌä7ĖŶ��Õǣ

Öİ% 3D oWv7�č�ǩǫǘ$ǊƔ��jvXƑƏŬ%ƀ7Ïçƅ!�ǩ¢³ǝÐ7

10 V!��Ðǝ-ľǄǅčƫĵ7ƥ��Ǫ���ǩ3Ƅ!ÅĿ$Ðǝ-ľǄǅčƫĵ$ Table 3.1

ǭ3.4%ţĈ�7Ŭ��Ǫ�%ƏĶǩFig. 4-3$ź�1�$ÈŊğ 19.1 kHz%�ō�Ã7Ð

ǝƌä$¢³�4�! ǩ§ť%ƈ7Ē�ÏĬĔ·o|Y
ÕǣÖİ$µĔ�54�!7

ŹƲ��Ǫ 

 

 
 

 

  

Fig. 4-2 Dimension of the cell cultivation substrate with a 
piezoelectric ceramic disk. The cell cultivation substrate and the 
piezoelectric ceramic disk are bonded by epoxy adhesive which have 
a thickness of 0.05 mm. There are elevational and plan views. All 
dimensions are in mm.�
�
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�

4�

4�
1�

ø 40�0.
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0.
05
�

Cell cultivation substrate�
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ceramic disk�48�
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4. 2. 2� ĜƜ��ǑñƧÕǣÊ  
 
� Fig. 4-4$ÕǣÊ%ľǄ7ź�ǪįÕǣÊ& 3Ƅ Ƨ���ǑñƧÕǣÊ%Ĕ·ä7 4. 2. 1

 ǉç��§ŲÓ%Ðǝƌä$Ɣ�Ę��ľǄ �4Ǫ#�ǩÐǝƌäǧC-213ǩêÜOt

mTDMǩǞòǩĥįǨ!ÕǣÖİ%ĖŶ$&ǩ3Ƅ!ÅĿ$ 2ŐőÄ?kBKƊĖŶ°ǧ:

tvR<X AR-S30ǩ_zUlz{Lpazĺû�Żǩ¤úǩĥįǨ7Ŭ�ǩÕǣÖİ!Ð

ǝƌä7ǟÞģÆ	2´Ð��ĖŶ��Ǫ,�ǩÕǣÖİ!KuG|zHnÛ ľč�5

4ÕǣSpz`|%ųÿ& 40 mm �3ǩÕǣǟ	2Ǒñơ, %Ǧ�& 11 mm �4Ǫ 

 

 

4. 2. 3� ÕǣÖİ%Ĕ·ŤĈ  
 

� Ƨ���ÕǣÖİ%Ĕ·ŤĈ7ŗç��Ǫ3Ƅ!ÅĿ$ÏĬĔ·%µĔ$&e9zDKs

zL>]w|QǧWF-1946Bǩ?\?eËƼƮƬfxTDǩżâóǩĥįǨ!ÚöÊǧHSA 

4011ǩ?\?eËƼƮƬfxTDǩżâóǩĥįǨ7Ŭ�ǩw|JYTgtĔ·ƬǧLV-1800ǩ

îǏŗÊǩżâóǩĥįǨ!@KxMG|gǧWave Surfer 454ǩTeledyne LeCroyǩĳ�ǩĥ

įǨ7Ŭ��ÕǣÖİ%Ĕ·ǃù7ŗç��Ǫ�%ĀǩĔ·ǃù	2Ĕö7ƬƇ��Ǫ 

� &�.$ǩÕǣÖİ$§ť%ƈ7Ē�ÏĬĔ·o|Y7µĔ��ǚ%ÈŊğŤĈ7Ĩ2

	$��Ǫ�#6�ǩÐǝƌä%ǝĽ$�ōǝō7¢³�ǩÈŊğ7Ý¸��#
2Õǣ

Öİ%�ą %Ĕ·%ǃù7ŗç��Ǫ#�ǩ¼´ǝÐ& 10 V!��ǪFig. 4-5$Ĕ·ǃù 

-0.76� -0.12� 1�

10 mm�

Fig. 4-3 Result of the piezoelectric-structural analysis using ANSYS. The 
vibration mode shape excited with 19.1 kHz AC input. The color bars 
indicate the normalized displacement in the out-off-plane direction by the 
maximum value. �
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Fig. 4-4 Schematic illustration of a cell culture device with a piezoelectric ceramic disk. 
(a) Structure of the device, (b) back side of the device and (c) photograph of fabricated 
cell culture device. 

(c)�
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	2ƬƇ��ÕǣÖİ�ą %Ĕ·Ĕö7ź�ǪÅÎ	2ǩµĔ��ÏĬĔ·o|Y%Ï

ĬĔ·ğ& 17.2 kHz �4�!
6	4Ǫ 

� ��$ǩÐǝƌä$¼´�4ǝÐ7}ç!�ǩÕǣÖİ%Ĕ·Ĕö%­õ7ŗç�ǩÕ

ǣÖİ$µĔ�4Ĕ·o|Y7ŹƲ��Ǫ¥�ű$&ǩ¢³ǝÐ%ÈŊğ7 17.2 kHz!�

�ǩFig. 4-6a$ź�1�$ÕǣÖİ%�ą	2ŷ¼ģÆ$ 2 mmǓǙ Ĕö7ŗç��ǪFig. 

4-6b$ŗçƏĶ7ź�Ǫ#�ǩ¼´ǝÐ&ÕǣÖİ%�ą%Ĕö
 1 µm!#41�$ƴƈ

��ǪÅÎ13ǩÕǣÖİ%�ą
īàĔö!#4�!
6	4Ǫ,�ǩ�ą	2 12 mm

�~Ǜ5��Ɣ %Ĕ·
�ą %Ĕ·!ǁ�Ŵ �4�!	2ǩ§ť%ƈ7Ē�ÏĬĔ

·o|Y
µĔ�5��4�!
6	4Ǫ�~%�!	2Ƨ���ÕǣÊ$&Ďĭ%ÏĬ

Ĕ·o|Y
µĔ�5��4�!
ŹƲ ��Ǫ 

 

 

 

 

Fig. 4-5 Relationship between the vibration amplitude, Av, and the driving 
frequency, fd, with driving voltage of 10 Vp-p. 
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Fig. 4-6 Amplitude distribution. (a) The measurement direction of vibration 
amplitude. (b) The experimental results, Ae, are at 17.2 kHz; the analysis 
results, Aa, are provided at the computed resonance of 19.1 kHz.  
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4. 2. 4� ÕǣÖİ%ŖùÝ¸  
 

� ÏĬĔ·7µĔ�4!ǩ?]vC|%ęá$13Ĕ·���4ÕǣÖİ	2š7Ű�4

ÂƘĈ
Čć�54ǪƍƗ&ÈÍ%ŪÙ%Ŗù$ĝĊ �3ǩ44 °C7ƺ�4ŪÙ� Õǣ

�4!ūå�4�!
ǜ��[112]Ǫ�%�.ǩÏĬĔ·7µĔ��ǚ%Õǣǟ%Ŗù7ŗ

ç��Ǫ#�ǩÕǣÖİ%ŖùÝ¸%ŗç&<zBrh|Qǧ37 °CǩCO2 5%ǨǧCPE-2601ǩ

ĺû�ŻbtIyǩĳ�ǩĥįǨ%� ƥ��ǪÕǣǟ%Ŗù%ŗç$& K Óšǝì

ǧ103JT-025ǩSEMITECĺû�Żǩĳ�ǩĥįǨ7Ŭ��ǩĔ·%µĔı�7ƍƗÕǣèǤ

!ÅĿ%ÈŊğ 17.2 kHzǩīàĔö 1 µmǩµĔĩǓ7 3­Ǔ!��Ǫ 

� Fig. 4-7$Õǣǟ%ŖùÝ¸7ź�ǪÅÎ13ǩÕǣÖİ$à�#ŖùÝ¸&Ʋ.25#

�Ǫ�%�!	2ǩįèǤ$Ŭ�4Ĕ·%µĔı� &ǩƍƗ%ŌĈ$þǡ7¾+���

%Űš&#��!
Ź	.25�Ǫ 

 

 

4. 3� GtFZ|P!ÏĬĔ·$14ƍƗ±ǛèǤ%ģŉ  
 

� įƈ &ǩƍƗÕǣèǤ%Ř�0GtFZ|P!ÏĬĔ·7Ŭ��ƍƗ7±Ǜ�4ģŉ

%Ĭ¶ĈǩËÀ��ƍƗ%ĿŴǩ�1(�%ŌĈ7Ư��4ģŉ$���ƳĨ�4Ǫ  
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Fig. 4-7 Relationship between the substrate temperature of the cell 
culture device and time. 
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4. 3. 1� ÕǣÊ%Ř�  
 

� Ƨ���ÕǣÊ7įƄ èĤ�4GtFZ|P!ÏĬĔ·$14±ǛèǤ$Ŭ�4�.

$&ǩÕǣÊ7ŚƟ�4Ćƨ
�4ǪŚƟ%ģŉ& 3. 3. 1!ÅĿ �4
ǩ��$¥�ű

$¨ė�4ǪÕǣÊ7Ǝ-ƃ�4¯$ǩKuG|zHnÛǩǑñơǩKuG|zơ7@|

XDw|fǧ121 °Cǩ2ņÐǩ20­ǨǧLBS-245ǩTOMYǩĳ�ǩĥįǨ$13�2	�.Ś

Ɵ��Ǫ}ģǩÕǣÖİ&?Q^|v ƹǠŊŋŎ�ǩUVŠí� 1
�Ţ���Ǫ�%

ĀǩǆǋǍǧ:OI<YǩItqĺû�ŻǩàǕǩĥįǨ$ 15­ǓŏŜ�ǩPBS º­$

ŋŎ�4�! ŚƟ��Ǫ 

 

 

4. 3. 2� ƍƗ%Ř�  
 

� įƄ%èǤ /ǩ2ǩ3 Ƅ!ÅĿ$�=KŭĲ%ƽǥƍƗ7Ŭ��Ǫ�=K%ƛǔƈ	2

ĕÁ��ƽǥƎƒ	2ƽǥƍƗ7»Ǜ�ǩ}ùª«�å��Ā$ǩƫ«��èǤ$Ŭ�4

�.$Õǣ��Ǫ3ĥ$}ù%Ɛ�7 3ËƓ3ƿ�ǩº­$ƙ­¸���ƽǥƍƗ7Ŭ��Ǫ

#�ǩƍƗ7Õǣ�4�.%ÕÑ$& FBSǧFetal Bovine SerumǩSigma-AldrichǩMOǩUSǨ

7 10%´��RvhTGĜÝ<|EvÕÑ/ĹǣőÄţ F-12_nǧD-MEM/Ham's F-12 with 

L-glutamine, phenol redǩÉ¡ƋƢôļĺû�Żǩĳ�ǩĥįǨ7Ŭ��ǪƍƗ%Õǣ& 75 cm2

etMG7Ŭ��ƥ�ǩetMG$ĖŶ��ƍƗ7 PBSǧQAt`<@ĺû�ŻǩśƵǩ

ĥįǨ 2ùŋŎ�ǩXugKz7Ğõ�� 3­Ǔ<zBrh|Qǧ37 °CǩCO2 5%Ǩ¦ 

ǞƔ��%�ǩdiTV;zE ±ǛǩËÀ��ǩƐ�7ƥ��Ǫ 

� ƽǥƍƗǧ1.5 × 105�Ǩ7 4. 3. 1 ŚƟ��ÕǣÊ$Ěž�ǩ24ĩǓ<zBrh|Q¦

 Õǣ��Ǫ�%ĀǩÕǣÖİ$ĖŶ���4ƍƗ7ž�%ģŉ ±Ǜ��Ǫ 

 

 

4. 3. 3� ƍƗ%±Ǜģŉ  
 

� ƍƗ%±ǛèǤ$& Table 4-1$ź� 6�%ģŉ7Ŭ��Ǫ��$�5�5%ģŉ7Ʊƍ

$ƳĨ�4Ǫ 

1. GtFZ|P!ÏĬĔ·$14±Ǜ 

0.10%%GtFZ|PǧGtFZ|P Type IǩSigma-AldrichǩMOǩUSǨ$ƍƗ7ŏ

Ŝ�ǩÏĬĔ·7 3­ǓµĔ��±Ǜ��Ǫ�%ĀǩƍƗČŝŐ7ËÀ��Ǫ 
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2. XugKz!diTV;zE$14±Ǜ 

0.05%%XugKz-EDTAǧ0.05% Trypsin-0.53 mmol/l EDTA{4Na Solution with Phenol 

RedǩÉ¡ƋƢôļĺû�Żǩĳ�ǩĥįǨ$ƍƗ7 3 ­ǓŏŜ��ĀǩdiTV;

zE$13±ǛǩËÀ��Ǫ 

3. XugKz!ÏĬĔ·$14±Ǜ 

0.05%%XugKz-EDTA$ƍƗ7ŏŜ�ǩÏĬĔ·7 3­ǓµĔ��±Ǜ��Ǫ�

%ĀǩƍƗČŝŐ7ËÀ��Ǫ 

4. GtFZ|P!diTV;zE$14±Ǜ 

0.10%%GtFZ|P$ƍƗ7 3 ­ǓŏŜ��ĀǩdiTV;zE$13±ǛǩËÀ

��Ǫ 

5. GtFZ|P$14±Ǜ 

ƍƗ7GtFZ|P$ 3­ǓŏŜ��±Ǜ��ĀǩƍƗČŝŐ7ËÀ��Ǫ 

6. ÏĬĔ·$14±Ǜ 

ÏĬĔ·7 3­ǓµĔ��ƍƗ7±Ǜ��ĀǩƍƗČŝŐ7ËÀ��Ǫ 

 
 

 

 
  

	�
Collagenase  

concentration (%) 
Trypsin  

concentration (%) 
Vibration 

(µm) Pipetting 

Collagenase and 
resonance vibration 0.10  - 1.0 - 

Trypsin and pipetting - 0.05 - � 

Trypsin and resonance 
vibration 

- 0.05 - - 

Collagenase and pipetting 0.10  - - � 

Collagenase 0.10  - - - 

Resonance vibration - - 1.0 - 

Table 4-1 Cell detachment experiments with 6 different conditions  
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4. 3. 4� ËÀ��ƍƗğ%ŗçģŉ  
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4. 3. 6� ǢĄǒ$14ƪëģŉ  
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ǧNational Institutes of HealthǩMDǩUSǨ7Ŭ��ƍƗ%īàǟſ7ŗç�ǩGtFZ|
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ǧiiǨƣ¡ǢĄǒ$14ƍƗ%czBruz%ƪë 

� ƍƗ7 4. 3. 3$ź�ģŉ ±Ǜ��Ā$ǩÕǣǟ$ƍƗ
Ńå�4	�#	ƴ)4�

.$ǩƣ¡ǢĄǒ$13czBruz7ƪë��Ǫ&�.$ǩƪë�4�.%ƍƗưġ
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ruz7ķƝ�ǩBSA-PBST 7Ŭ��º­ŋŎ��Ǫ#�ǩƪë�/Õǣǟ7�Ţ��

#�1�$ BSA-PBST$ŏ��Ǫ 

 

ǧiiiǨƷĸÓǝäǢĄǒ$14ƍƗƦǟ%ƪë 

� ƍƗ%à��0ĖŶQzaDƶ�� #
ǩ±Ǜ��ƍƗ%ĿŴ7Ʊƍ$ƴ)4�.

$ǩƍƗƦǟ%Ŀä7ƷĸÓǝäǢĄǒǧSEMǨ$13ƪë��ǪGtFZ|P!ÏĬ
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zE��ǩSEM ƪë��Ǫ#�ǩ´ǃǝÐ& 2.0 kV$Ʈç��Ǫ 
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4. 4� GtFZ|P!ÏĬĔ·$14ƍƗ±ǛèǤ%  
ƏĶ�1(ƕë  

 

4. 4. 1� GtFZ|P!ÏĬĔ·$14±Ǜģŉ%Ĭ¶Ĉ  
 

� 4. 3. 4 ǀ)�ģŉ7Ŭ��ǩGtFZ|P!ÏĬĔ·ǩ�1(XugKz!diTV;

zE$13±Ǜ�ǩËÀ��ƍƗğ7ƴ)�ǪFig. 4-8$ËÀ��ƍƗğ7ź�ǪÅÎ13ǩ

GtFZ|P!ÏĬĔ·$14±Ǜģŉ &ǩĂĲ%XugKz!diTV;zE$14

±Ǜģŉ!ÅƆ%ƍƗğ7ËÀ �4�!
6	4Ǫ,�ǩFig. 4-9$ËÀ��Ā%Õǣǟ

$ĖŶ���4ƍƗ%czBruz7 4. 3. 6 ǀ)�ƣ¡ǢĄǒ$13ƪë��ƏĶ7ź

�Ǫ#�ǩŅƾ!��ËÀ¯%ƪëƏĶ/ź�ǪÅÎ13ǩËÀ¯$ƍƗ
ĖŶ���4

ťċ%Õǣǟ~%czBruzǧFig. 4-9cǨ!Ņƾ��ǩGtFZ|P!ÏĬĔ·ǧFig. 4-9aǨǩ

�1(XugKz!diTV;zEǧFig. 4-9bǨ!/$*!8"czBruz
Űŧ���

#��!
6	4Ǫ!
$ǩGtFZ|P!ÏĬĔ·$14±Ǜģŉ7Ŭ��ƍƗ7ËÀ

��Õǣǟ &czBruz$14Ű¡
£
Ʋ.25#�Ǫ�~%�!	2ǩGtFZ

|P!ÏĬĔ·$14±Ǜģŉ&ǩĂĲ%XugKz!diTV;zE$14±Ǜģŉ!

Fig. 4-8 Comparison of number of collected cells, Nc. 
Chondrocytes were seeded into the cell culture device and cultured 
for 24 hr. Cells were then collected by either collagenase and 
resonance vibration, and trypsin and pipetting method (mean ± SD, 
n = 8). 
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ÅƆ%ƍƗ%±ǛƘ³
�4!��4Ǫ 

 

 

 
  

Fig. 4-9 Vinculin fluorescent microscope images of chondrocytes on substrate after 
detaching cells by each method. (a) Collagenase and resonance vibration method, 
(b) trypsin and pipetting method. (c) Reference: before collecting process. 
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Fig. 4-10 Comparison of the number of proliferated cells, Np. Cells were 
cultured for 72 hr after collection using collagenase and resonance vibration 
method, and trypsin and pipetting method. The number of reseeded cells, Nr, is 
1.5 × 104 (mean ± SD, n = 8, **: p < 0.01). 
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� 4. 3. 5 ǀ)�ģŉ7Ŭ��ǩGtFZ|P!ÏĬĔ·�1(XugKz!diTV;z

E$13±Ǜ�ǩËÀ��ƍƗ%ÚńĈ7Ņƾ��ǪFig. 4-10$±Ǜ��ƍƗ7 24=>v
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4. 4. 2� ËÀ��ƍƗ%ĿŴ  

 
� 4. 3. 6 ǀ)�ģŉ7Ŭ��ǩËÀ��ƍƗ7Ą­÷ŔǢĄǒ ƪë��ǪFig. 4-11a, b

$GtFZ|P!ÏĬĔ·ǩ�1(XugKz!diTV;zE$13±ǛǩËÀ��ƍ 

 

 

Fig. 4-11 Modulation contrast microscope images of chondrocyte collected using 
(a) collagenase and resonance vibration method, and (b) trypsin and pipetting 
method. (c) Comparison of the maximum area of cells collected, A (mean ± SD, n = 
15, **: p < 0.01). 
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Fig. 4-12 Scanning electron microscope images of chondrocyte on dish. 
These cells were collected by collagenase and resonance vibration (a), (b), 
(e) and (f) and, trypsin and pipetting (c), (d), (g) and (h) method. Reseeded 
cells were cultured for 3 min (a) - (d) and 2 hr (e) - (h). 
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4. 5. 1� ÏĬĔ·
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Fig. 4-13 Schematic illustration of cell collecting sequence by (a-c) collagenase 
and resonance vibration method and by (d-f) trypsin and pipetting method. (a) 
Collagenase breaks down extra cellular matrix, (b) cell is detached from substrate 
by vibration, (c) cell membrane is not damaged. (d) Trypsin breaks down extra 
cellular matrix and cell membrane, (e) cell is detached from substrate by water 
pressure, (f) cell membrane is damaged. 
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Fig. 4-14  Comparison of the number of (a) collected cells, Nc, and (b) proliferated cells, Np. 
(a) Cells are seeded into cell culturing device and cultured for 24 hr, and then collected by 
either collagenase and resonance vibration method, trypsin and resonance vibration method, 
and resonance vibration method. (b) Chondrocytes were reseeded after collected by either 
collagenase and resonance vibration method, trypsin and resonance vibration method, and 
resonance vibration method and cultured for 72 hr. The number of reseeded cells, Nr, was 
1.5 × 104 (mean ± SD, n = 4, **: p < 0.01).�
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Fig. 4-15 Comparison of the number of (a) collected cells, Nc, and (b) proliferated cells, Np. 
(a) Cells are seeded into cell culturing device and cultured for 24 hr, and then collected by 
either collagenase and resonance vibration method, collagenase and pipetting method, and 
collagenase method. (b) Chondrocytes were reseeded after collected by either collagenase 
and resonance vibration method, collagenase and pipetting method, and collagenase 
method and cultured for 72 hr. The number of reseeded cells, Nr, was 1.5 × 104 (mean ± 
SD, n = 4, **: p < 0.01).�
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4. 6� îđ  
 

� ƍƗ±Ǜ$�Ŭ�4ǌƌ%QzaDƶ­ƫƘ³7ü.4�! ƍƗ7ę���$ÏĬĔ

·$13ƍƗ7±Ǜ �4ÂƘĈ
ź�5��.ǩXugKz13/QzaDƶ­ƫƘ³
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±Ǜ��ǪįèǤ$13GtFZ|P!ÏĬĔ·$14ƍƗ±Ǜ%ĬŬĈ!±Ǜ��ƍƗ

%ŌĈ0ĿŴ7ƴ)�Ǫ�%ƏĶǩ��%ŸƩ7ă�Ǫ 
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5� Ŝþ«ť!Ïįę³$03Ɩơ%­Ǫ  
 

� ıƍ &ǹ3ƍ Ƴ���ǠõƳÖǴÊ6Ŵ��ǹŜþ«ť!ÖǴ×Ĳ%Ïįę³6Ɨ,

Á5��Ɩơ%­Ǫ6ƾ,3Ǻ �ź$&ǹę³ä!��ŀƒ��ǠõƳÖǴÊ%ÖǴ×

Ĳ$Ŝþ«ť6�|�3�-$ǹǠõƳÖǴÊ6Ŝþ«ť�|JLSj$ƼƟ�3ǺǠõ

ƳÖǴÊ%ÖǴǮ6¥¸�#
1Ïįę³6±ę�ǹÖǴǮ$ěƀ��Ɩơ6­Ǫ�3Ǻ

�%ăǹ­Ǫ��Ɩơ6Ë»�ǹË»�4�Ɩơĥ6ŝé��Ɩơ%­Ǫ%į²ċ6ľƻ

�3Ǻ 

 

 

5. 1� FvMdU  
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�{�3�! ǹƖơ
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�{�3�!
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5. 2� Ŝþ«ť�|JLSj  
 

5. 2. 1� Ŝþ«ť�|JLSj%Ƴ�  
 

� ǠõƳÖǴÊ$±ę�3Ïįę³6ã�#�0�$ǹǠõƳÖǴÊ$Ŝþ«ť6�|�

3�-$ 3 ƍ Ƴ���ÖǴ×Ĳ%ƲǮ%Ðǫƕä
ěƀ���#�ǠõǗ§$Ŝþ«ť

6�|�3�!!��Ǻ�%�-ǹƳ���ÖǴ×Ĳ%��ǹıêǵ &Ŝþ«ť%�|

6Ư�ǰÕ6á��ƃ� �3 3 ƍ Ŵ��ņĨā%Ðǫƕä6 4 �ěƀ��ǠõƳÖǴ

×Ĳ6Ŵ�3�!!��Ǻ 

� Fig. 5-2a$Ƴ���Ŝþ«ť�|JLSj$ǠõƳÖǴÊ6ƼƟ��ŃÿÎ6ǹFig. 5-2b

Fig. 5-1 The cell detachment process using resonance vibration with temperature 
modulation. (a) Cells adhere to the culture base. (b) Resonance vibration of the 
culture base is excited, and temperature of the culture base is lowered. (c) Cells in 
medium may be collected by pipetting. 
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$�%¤ſ6Ƅ�ǺŜþ«ť�|JLSj&ǡ×ķǹfrQ=ƕäǷTEC1-12706ǹĩıS
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�ǹfrQ=ƕä$ PIªć6Ư��-%ǙƜ6ěƚ��Ǻ+�ǹFig. 5-3$Ŝþ«ť6�|

�3ǰÕ! K ÓŪǫð%ƼƟ�Ɵ6Ƅ�ǺÖǴ×Ĳ!ǡ×ķ%íƀċ6z�3�-$ǹÖ

Ǵ×Ĳ!ǡ×ķ%ǣ$&ų�ǕÁċ$�4�DqMtxrǷ17029-00ǹǤĶ´æĽÿ�ƅǹ

Ķ�ǹĩıǸ6Úú��Ǻ 
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Fig. 5-2 Cell cultivation device with piezoelectric ceramic plates on 
temperature modulation system. (a) Schematic illustration and (b) photograph 
of the fabricated device.�
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5. 2. 2� ÖǴ×Ĳ%Ŝþªć%ĨŐ  
 

� ÖǴ×Ĳ%Ŝþ&frQ=ƕä! K ÓŪǫð6 ArduinoǷArduino Duemilanove, Arduino 

SRL, Turin, ItalyǸ$ěƚ��ǹProportional-integralǷPIǸªć6Ŵ��FvUtxr��Ǻ

PIªć$Ŵ�3ËǊ%ctRCÎ6 Fig. 5-4$Ƅ�Ǻ#�ǹArduino	1%�¿6frQ=

ƕä$�¯�3�-$ Fig. 5-5$Ƅ�Vp;]ËǊ6Ƴ��ǹKÓŪǫð	1Ć�ŜþČØ

6 Arduino$b:xV]RC�3�-$ Fig. 5-6$Ƅ�MvHËǊ6Ƴ���Ǻ 

 

 

 

 

 

 

Fig. 5-3 Bottom view of the cell cultivation device with temperature 
modulation and piezoelectric ceramic plates.�
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Fig 5-4 Block diagram of temperature feedback control. TS, TC and Vout are 
defined as set temperature, current temperature and output voltage, respectively. 
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Figure 5-5 Schematic illustration of Peltier device driver circuit.�
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5. 2. 3� Ŝþ«ť�|JLSj%¥¸ŭċ  
� Ƴ���Ŝþ«ť�|JLSj%¥¸ŭċ6ƽ���ǺFig. 5-7a$żłŜþ6 0 °C$Ƽ

é��ǩ%ÖǴǮ%ŜþöŇ6Ƅ�ǺÂÎ	1ǹÖǴǮ%Ŝþ& 8 °C$�ţ�3�!
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	3Ǻ�4&ǹfrQ=ƕä	1%ĢŪ6_xUJvC�0(Ŏ¥Cxpx
è�$ĢŪ

 �#��- �3ǺyĨǹFig. 5-7b$żłŜþ6 10 °C$Ƽé��ǩ%ÖǴǮ%ŜþöŇ

6Ƅ�ǺÂÎ	1ǹÖǴǮ%Ŝþ& 10 °C6ƛė �3�!
5	3Ǻ�z%�!	1ǹƖ

ơêǵ Ŵ�3Ŝþ6 10ǹ20ǹ30 °C!��Ǻ 

 

 

5. 3� Ŝþ«ť!Ïįę³$03Ɩơ­Ǫêǵ%ĨŐ  
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Fig. 5-6 Schematic illustration of thermal sensor circuit.�
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Fig. 5-7 Thermal history of the cell culture device. (a) The limitation of temperature of 
the cell culture device. (b) Thermal history of the cell culture device controlled to 10 °C.�
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5. 3. 1� ÖǴÊ%ş�  
 

� Ƴ���ǠõƳÖǴÊ6ıƍ Ư�Ŝþ«ť!Ïįę³$03Ɩơ­Ǫêǵ$Ŵ�3�

-$&ǹǠõƳÖǴÊ6šƪ�3ĉƴ
�3Ǻšƪ%ĨŐ& 3. 3. 1!ÂŁ ǹ�{$ �

ź$Ƅ�ǺǠõƳÖǴÊ6Ɨ,ƌ�3¬$ǹJqFxvGjÝǹǠõƬǹJqFxvƬ&

?xUCsxcǷ121 °Cǹ2ōÐǹ20§ǸǷLBS-245ǹTOMYǹĶ�ǹĩıǸ$02�1	�

-šƪ��ǺyĨǹÖǴ×Ĳ&ǹ>O[xr$ŖŤ��ǈǯőœŕ�ǹUVũñŮď 0�

�ū���Ǻ�%ăǹǒǚǜǷ9MH;VǹHpmĽÿ�ƅǹáǥǹĩıǸ$ 15§ǣŖŤ

�ǹÖǴ×Ĳ6 PBS µ§$œŕ�3�! šƪ��Ǻ 

 

 

5. 3. 2� ±ę�3Ïįę³%Ĵ�  

 

� ıêǵ &ǹ3. 2. 2 Ƴ���ÖǴÊ6Ŵ�3�!!��ǺÐǫƕä6ÖǴ×Ĳ%ƲǮ$

ěƀ��ÖǴÊ$b8vCJovK=ZsxOǷWF-1946Bǹ>Y>bËǊƼƺctRCǹ

Ɔâ÷ǹĩıǸ!ÜýÊǷHSA 4011ǹ>Y>bËǊƼƺctRCǹƆâ÷ǹĩıǸ6Ŵ�

�ę³6±ę��Ǻ±ę�3Ïįę³lxV6 3 ƍ Ŵ��¢Ů%Ƒ6ė�Ïįę³lx

V!�3�-ǹ�¯ǫÐ%Çőĥ6 15.9 kHz!��Ǻ#�ǹFig. 5-8$·°ǫÐ!±ę�4

3Ïįę³%Įáęý%Ǥ�6Ƅ�ǺÂÎ	1ǹ·°ǫÐ6Ƕ-�.ǹĮáęý& 3 µm�

{ǷĮá 2.7 µmǸ$»ĳ�3�!
5	3Ǻ�%�-ǹıêǵ Ŵ�3ęý6 1ǹ2 µǽ!

��Ǻ 

 

 

5. 3. 3� Ɩơ%ş�  
 

� ıêǵ &ǹ�4+ !Ōǌ��ŏŴċ$î7�ƁƵ6Ć3�-ǹ2	4 ƍ!ŷ#2h<
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�3�! ÖǴ�ƚ�3�!
½Ƣ#];?>vKX9qvD%ƂƉ yƦź$ĭ¹��
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çé��ŋǨ Ɩơ6¥¦�å��Ǻ¥¦ĨŐ&ǹƖơ6¥¦�åŗǷM

r]v@xǹO@p];?Ľÿ�ƅǹŢǃǹĩıǸ$ĐŦ�ǹT:xdbqxIǷ-80 °CǸ

ǷMy BioǹNational Health FundǹWarszawaǹPolandǸ¡ 1ĩ�å��ăǹŗ�Ƌƕ~$�

å��Ǻıêǵ &ǹ�%¥¦�å��Ɩơ6ƹ¦ăǹ8®Fvbr>vU$#��ŋǨ 
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ƞ2Ǎ�ƙ��ǹÜŊċ
çé�3�!6ƃǀ��ƏƨƖơ6Ŵ��Ǻ#�ǹƖơ6ÖǴ

�3�-%ÖÒ$&<JŵĵƮŚǷFBSǸǷFetal Bovine SerumǹSigma-AldrichǹMOǹUSǸ

6 10 %°��PreRFġÞ;xDrÖÒ/ļǴŘÁŬ F-12\jǷD-MEM/Ham's F-12 with 

L-glutamine, phenol redǹÈ�ƔƭøĿĽÿ�ƅǹĶ�ǹĩıǸ6Ŵ��ǺƖơ%ÖǴ& 75 cm2

bpLFǷ90075, TPP Techno Plastic Products AG, Trasadingen, SwitzerlandǸ6Ŵ��Ư�ǹ

bpLF$ěƀ��Ɩơ6 PBS  2 þœŕ�ǹUqdJvǷ0.05w/v% Trypsin-0.53mmol/l 

EDTAw4Na Solution with Phenol RedǹÈ�ƔƭøĿĽÿ�ƅǹáǥǹĩıǸ6Ĥú�� 5

§ǣ;vAnexOǷ37 °CǹCO2 5%ǸǷCPE-2600ǹĽÿ�ƅ_pHuǹĶ�ǹĩıǸ¡ 

ǬƟ��%�ǹafRS:vD ­ǪǹË»��ǹƙ���Ǻ 
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Fig. 5-8 The limitation of vibration amplitude of the cell culture device. 
Relationship between input voltage and vibration amplitude. Note that the 
vibration amplitudes were measured at the center of the cell culture base.�
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5. 3. 4� Ɩơ%­ǪĨŐ  
 

� Ɩơ%­Ǫêǵ$& Table 5-1$Ƅ� 2�%ĨŐ6Ŵ��Ǻ�{$�4�4%ĨŐ6ƿƖ

$ǁī�3Ǻ 

1. Ŝþ«ť!Ïįę³$03­Ǫ 

10ǹ20ǹ30 °C%Ŝþ«ť6Ɩơ$�|�3!ÂĬ$Įáęý 1ǹ2 µm%Ïįę³6

10§ǣ±ę��­Ǫ��Ǻ�%ăǹƖơĐŦŗ6Ë»��Ǻ 

2. UqdJv!afRS:vD$03­Ǫ 

0.05%%UqdJv-EDTA $Ɩơ6 5 §ǣŖŤ��ăǹafRS:vD$02­Ǫǹ

Ë»��Ǻ 

 
 
5. 3. 5� Ë»��Ɩơĥ%ŝéĨŐ  
 

� ƏƨƖơǷ5.0 × 105�Ǹ6ÖǴÊ$Ğƈ�ǹ24Ĭǣ;vAnexO¡ ÖǴ��Ǻ5. 3. 4

$Ƅ�� 2 �%ĨŐ ǹÖǴǮ$ěƀ��Ɩơ6­Ǫ�ǹÖÒ�!Ë»��ǺË»��Đ

Ŧŗ$Uq^vcrxǷTrypan Blue Solutionǹ0.4%ǹThermo Fisher ScientificǹMAǹUSǸ6

1ǻ1 %®Á ř°��ăǹĺƧ�4�ňƖơ6ǧß��ǹųƖơ%,6ƮŰƺƐŻ$02

ĥ��Ǻ 

 

 

 

 

  

��
Vibration amplitude 

(µm) 
Temperature 

(°C) 
Trypsin 

concentration (%) 

Temperature modulation 
and resonance vibration 1, 2 10, 20, 30 - 

Trypsin and pipetting - - 0.05 

Table 5-1 Cell detachment conditions. 
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5. 3. 6� Ë»��Ɩơ%ÜŊċêǵ%ĨŐ  
 

� Ɩơ%Ŕċ6ǂ)3�-$ǹË»ă%ÜŊċ6ľƻ��Ǻ5. 3. 4$Ƅ�� 2�%ĨŐ Ë

»��Ɩơ6 ø60ƖơÖǴT:RJnǷ3000-035ǹAGCSC[DpLǹĶ�ǹĩıǸ$ 1.0 

× 105�Ğƈ�ǹƖơ6;vAnexO¡ 72ĬǣÖǴ��Ǻ�%ăǹUqdJv$ 3§ǣ

ŖŤ�ǹafRS:vD$02Ɩơ6Ë»�ǹË»��ĐŦŗ$Uq^vcrx6 1ǻ1%

®Á ř°��ăǹĺƧ�4�ňƖơ6ǧß��ǹųƖơ%,6ƮŰƺƐŻ$02ĥ��Ǻ 

 

 

5. 3. 7� Ë»��Ɩơ6¦Ƙ�0(ƹ¦��ă%ÜŊċêǵ%ĨŐ  
 

� Ɩơ6ÖǴ�3ǩ$&ǹĚ¼��Ɩơ6�
$ÖǴ�3ÙÁ!yþ¦Ƙ�å��ă$ƹ

¦��ÖǴ�3ÙÁ
�3Ǻ�%�-ǹ¦Ƙǹƹ¦��ă%Ɩơ%Ŕċ6ǂ)3�!.Ɩ

ơÖǴ6Ư��-$&Ǟƴ �3Ǻ�%�-ǹ¦Ƙǹƹ¦ă%Ɩơ%ÜŊċ6ľƻ��Ǻ

5. 3. 4$Ƅ�� 2�%ĨŐ Ë»��ƖơǷ1.0 × 106 /mlǸ6¦Ƙ�åŗǷMr]v@x CB013ǹ

O@p];?Ľÿ�ƅǹŢǃǹĩıǸ$ŖŤ�ǹ-80 °C%T:xdbqxIǷVT-78ǹ];

?kT:@rH;>vLǹĶ�ǹĩıǸ¡ 1ĩ¦Ƙ��ăǹŗ�ƋƕƖơ�åìÊǷBiocane 

20ǹThermo ScientificǹMAǹUSǸ¡$Ƈ³�ǹ1Ǒǣ�å��Ǻ�%ăǹƹ¦��Ɩơ%Ü

Ŋċ6ƽ���Ǻø35ƖơÖǴT:RJnǷ3000-035ǹAGCSC[DpLǹĶ�ǹĩıǸ$

3.0 × 104�Ğƈ�ǹƖơ6;vAnexO¡ 72ĬǣÖǴ��Ǻ�%ăǹUqdJv$ 3

§ǣŖŤ�ǹafRS:vD$02Ɩơ6Ë»�ǹË»��ĐŦŗ$Uq^vcrx6 1ǻ

1%®Á ř°��ăǹĺƧ�4�ňƖơ6ǧß��ǹųƖơ%,6ƮŰƺƐŻ$02ĥ�

�Ǻ 

 

 

5. 3. 8� ǲĈǢ$03Ɩơ%Ʒï  
 

� Ɩơ%ƱǮ6ǂ)3�-$ǹ�žùǲĈǢ!ǆĻÓǫäǲĈǢ$02Ɩơ6Ʒï��Ǻ 

 

ǷiǸ�žùǲĈǢ$03Ɩơ%�ǉ%Ʒï 

� Ŝþ«ť!Ïįę³�0(ąĵ%UqdJv!afRS:vD ­Ǫ��Ɩơ%�ǉ

%ĝ�%ǔ�6ǂ)3�-$ǹƖơ6�žùǲĈǢ�0(ǆĻÓǫäǲĈǢǷSEMǸ$

02Ʒï��Ǻ�žùǲĈǢ &ǹŜþ«ť!Ïįę³ǹ�0(ąĵ%UqdJv!a
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fRS:vD ­Ǫ�ǹË»��Ɩơ6 ø35ÖǴT:RJnǷ3000-035ǹAGCSC[D

pLǹĶ�ǹĩıǸ$�4�4£þĞƈ��ǹ�žùǲĈǢǷECLIPSE TS100, Ľÿ�ƅ

XFvǹĶ�ǹĩıǸ Ʒï��Ōǌ��Ǻ 

 

ǷiiǸǆĻÓǫäǲĈǢ$03Ɩơ%ƱǮ%Ʒï 

� ǆĻÓǫäǲĈǢǷSEMǸ &ǹŜþ«ť!Ïįę³ǹ�0(ąĵ%UqdJv!a

fRS:vD ­Ǫ�ǹË»��Ɩơ6 ø35 ÖǴT:RJn$Ğƈ��ǹ5 §ǣ;vA

nexO¡ ÖǴ��Ɩơ6Ɩơ%ěƀŽă%Ɩơ%�ǉ%Łä6Ōǌ�3�-$Ŵč

��Ǻ2. 3. 4$Ƅ��ĨŐ!ÂŁ$ǹ2.5%DrOr9rT_VŎŠŗǷÈ�ƔƭøĿĽ

ÿ�ƅǹĶ�ǹĩıǸ$ 20 §ǣŖŤ�3�! Ïé��ă$ǹ>O[xrŎŠŗǷ20ǹ

50ǹ80%Ǹ$ 15 §��ŖŤ��Ą�$ƣŎ��Ǻ100%>O[xr œŕ��ăǹ100%

>O[xr$ 30§ǣŖŤ��ǹè�$ƣŎ��Ǻ�%ăǹt-cQr9rFxrǷĶ�´

đøĿĽÿ�ƅǹĶ�ǹĩıǸ$ 15§ǣŖŤ��%�ǹħ�� t-cQr9rFxr$Ɵ

Ĝ��¦Ƙ�ū��Ǻ¦Ƙ�ū��ƾĦ6 t-BuOH¦Ƙ�ūńǷVFD-21SǹĽÿ�ƅſƊ

T];LǹƩÔǹĩıǸ$02Īƫ���Ɩơ6�ū���Ǻ�%ăǹ?Li<jFx

OxǷHPC-1SǹĽÿ�ƅſƊT];LǹƩÔǹĩıǸ$02ƖơƾĦ6?Li<jFx

S:vD��ǹSEM Ʒï��Ǻ#�ǹ°ǐǫÐ& 2.0 kV$Ƽé��Ǻ 

 

 

5. 3. 9� Ɩơ%ƱǮOv^CǄ%ŝé  
 

� ­Ǫ��Ɩơ$Å+43Ov^CǄ6ǂ)3�-$ǹǫōŒ³6Ư��ă$<=LOv

ctRS:vD$02Ov^CǄ6ŝé��Ǻ �ź$&ǹSodium dodecyl sulfate-gq9C

qr9iVErǫōŒ³ǷSDS-PAGEǸ%ƝưŗǷ250 µL/2.5 x 104 cells, 50 mM Tris-HCl (pH 

6.8)/75 mM dithiothreitol/2% SDS/10% glycerol/0.001% bromophenol blueǸ$Ɩơ6Šƹ�ǹ

70 °C 5§ǣ°Ū��ǺSDS-PAGE$Šƹ��Ɩơ%Ov^CǄ6gqbR´`XqTv

%kvcsv$ǋ¤��Ǻkvcsv!ē�!%ǭŭŷ#ƘÁ6Ǧ
�-$ǹkvcsv

6 Blocking OneǷNacali Tesqueǹ�ǘǹĩıǸ$ 30§ǣŖŤ��Ǻ�%ăǹTris Buffered Saline

ǷTBSǸ~ 5%ŧþ% Blocking One$ 2 µg/mL% mouse anti-chicken myosin heavy chain (MHC) 

monoclonal antibodyǷMF20ǼR&D systemsǹMinneapolisǹMNǹUSǸǹ0.4 µg/mL % rabbit 

anti-human leukemia inhibitory factor receptor (LIFR) polyclonal antibodyǷ 22779-1-APǼ

ProteintechǹRosemontǹILǹUSǸǹ2 µg/mL% rabbit anti-human integrin α7 polyclonal antibody

Ƿab203254ǼAbcamǹCambridgeǹMAǹUSǸǹ�1$txT:vDFvUtxr!�� 1000
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�ûǝ�� rabbit anti-mouse β-actin polyclonal antibodyǷ#4967ǼCell signaling technologyǹ

BostonǹMAǹUSǸ6°��ǹ12 ĬǣĠĕ�ǹyŅē�ºĊ���Ǻ�41%Ov^CǄ

6ǖĔ��űŵ&ǹMHC 
Ɩơ¡Ǘ%Ov^CǄ �3%$ð��ǹLIFR ! Integrin α7

&ƖơƱǮ%Ov^CǄ �3Ǻ�%�-ǹƖơ%­ǪĨŐ$02�41%Ov^CǄ$

"%0�$Þ´
ų�3	Ʒï�3�! Ɩơ%ƱǮ%ĝ�6ƃǀ�3�!
 �3Ǻ�

%ăǹ0.05%ŧþ%Tween 206TBS$°��TBST 3Ëœŕ�ǹēh<L IgGǷSigma-Aldrichǹ

St. LouisǹMOǹUSǸ�0(ē<HB IgGǷPerkin-ElmerǹWalthamǹMAǹUSǸ6fr?A

OxN 10000 �$ûǝ��Šŗ 30 §ǣĠĕ�ǹ�Ņē�ºĊ���ǺTBST $�œŕ

ăǹ;l`tv<=LOv´æŹ� HRP ×ǄǷMilliporeǹBillericaǹMAǹUSǸ6Ŵ��ǹ

FluorChem Q image analyzerǷProteinSimpleǹSan JoseǹCAǹUSǸ$02Ov^CǄ%]vV

%Ŷ�%ğĂ!ƹĸ6Ư��ǺÀ]vV%ŧþ& β-actin ]vV$02ņƶ´�ǹUqdJ

v!afRS:vD$02­Ǫ��Ɩơ%Ov^CǄǟ6×ş!��Ǻ#�ǹŌǌ!��

MrLCsx^ǷCell SpatulaǹTPP Techno Plastic Products AGǹTrasadingenǹSwitzerlandǸ

$02­ǪǹË»��Ɩơ.Ov^CǄ6ŝé��Ǻ 

 

 

5. 4� Ŝþ«ť!Ïįę³$03Ɩơ­Ǫêǵ%ƘĹ  
�0(Ơï  

 

5. 4. 1� ŷ#3Ŝþ«ť6�|��ǩ$­Ǫ��Ɩơĥ  
 

� ±ę�3ę³ęý6Ïé�ǹ5. 3. 4 ǎ)�ĨŐ6Ŵ��ǹƖơ6­Ǫ�ǹË»��Ɩơ

ĥ6ǂ)�ǺFig. 5-9$Įáęý 2 µm%Ïįę³6±ę�ǹŷ#3Ŝþ«ťǷ10ǹ20ǹ30 °CǸ

6�|��­Ǫǹ�0(UqdJv!afRS:vD6Ŵ��­Ǫ$02Ë»��Ɩơĥ

6Ƅ�ǺÂÎ02ǹ�|�3Ŝþ«ť%żłŜþ6�{��3*"ǹ­Ǫ�3Ɩơĥ
Ã

z�3�!
5	3Ǻ!�$ǹ�|�3Ŝþ«ť6 10 °C!��ǩ$&ǹıêǵ Ŵ��Ŝ

þ�|Ĵ�%~ Į.Ɩơĥ6Ë» �3�!
5	3Ǻ�%�!	1ǹ�|�3Ŝþ6

�{��3�! ǹƖơ
­Ǫ�/��#3�!
ī1	!#��Ǻ 
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5. 4. 2� ŷ#3ęý%Ïįę³6±ę��ǩ$­Ǫ��Ɩơĥ  
 

� �|�3Ŝþ«ť6Ïé�ǹ5. 3. 4 ǎ)�ĨŐ6Ŵ��ǹƖơ6­Ǫ�ǹË»��Ɩơ

ĥ6ǂ)�ǺFig. 5-10$�|�3Ŝþ«ť6 10 °C!�ǹŷ#3ęýǷ1ǹ2 µmǸ%Ïįę

³6±ę��­Ǫǹ�0(UqdJv!afRS:vD6Ŵ��­Ǫ$02Ë»��Ɩơ

ĥ6Ƅ�ǺÂÎ02ǹ±ę�3Ïįę³%ęý6Ü°��3*"ǹ­Ǫ�3Ɩơĥ
Ãz

�3�!
5	3Ǻ!�$ǹ±ę�3Ïįę³%Įáęý6 2 µm!��ǩ$&ǹ±ę�3

Ïįę³%Įáęý6 1 µm%!�!Ōǌ��įč$à�%Ɩơĥ6Ë» �ǹUqdJv

!afRS:vD6Ŵ��­ǪĨŐ% 78%%Ɩơĥ6Ë» �3Ǻ�%�!	1ǹ±ę�

3Ïįę³%ęý6Ü°��3�! ǹƖơ
­Ǫ�/��#3�!
ī1	!#��Ǻ 
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Fig. 5-9 Comparison of number of cells. Cells were seeded into the 
cell culture device and cultured for 24 hr and then detached using 
temperature modulation and resonance vibration, and trypsin and 
pipetting as a control. Vibration amplitude was 2 µm, and targeted 
temperatures were 10, 20 and 30 °C. The number of seeded cells 
were 5.0 × 105 (mean ± SD, n = 4, *: p < 0.05, **: p < 0.01).  
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Fig. 5-10 Comparison of number of cells. Cells were seeded into the 
cell culture device and cultured for 24 hr and then detached using 
temperature modulation and resonance vibration, and trypsin and 
pipetting as a control. Vibration amplitude was 1 and 2 µm with a 
temperature of 10 °C. The number of seeded cells were 5.0 × 105 
(mean ± SD, n = 4, **: p < 0.01).  
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5. 4. 3� Ë»��Ɩơ%ÜŊċ  
 

� 5. 3. 6$Ƅ�ĨŐ6Ŵ��­ǪǹË»��Ɩơ%ÜŊċ6ǂ)�Ǻ#�ǹŜþ«ť!Ïį

ę³$02Ɩơ6­Ǫ�3ǩ$&ǹĮ.Ɩơ6Ë»�3�!
 ��Ĵ� �3żłŜþ

10 °CǹĮáęý 2 µm!��Ɩơ6­ǪǹË»��ǺFig. 5-11$ǹ­Ǫ��Ɩơ6 72Ĭǣ

ÖǴ��ă%Ɩơĥ6Ƅ�ǺFig. 5-1102ǹąĵ%UqdJv!afRS:vD$03­Ǫ

ĨŐ!Ŝþ«ť!Ïįę³6Ŵ��­ǪĨŐ &ǹË»ă%Ɩơ%ÜŊċ
ÂŁ �3�

!
5	3Ǻ�%ƴÌ!��ǹŜþ�{$03ƖơÜŊċ%�{
Ơ�143ǺUnderhill

1[118]& HeLaƖơ6 10 °C%Ŝþ{ 24ĬǣÖǴ�3�! ǹ37 °C%Ŝþ{ ÖǴ��

ÙÁ!Ōǌ��ÜŊċ
¶ś�3!ØÆ���3Ǻ+�ǹKaufmann 1[119]&ÖǴŲÛ6

37°C	1 30 °C$Þ´��3�! ǹÜŊċ
�{�3�!6ØÆ���3Ǻ�%0�$ǹ

ÇÍ%Ŝþ
�{�3�! ǹƖơ%ÜŊċ&�{���+�ǺyĨ ǹƖơ%­ǪǛƕ

6Ŵ��$Ɩơ6­Ǫ���-$ǹƖơ%ƱǮ&ĝ���$Ɩơ%Ŕċ
ƛė�4�Ǻ�

z%�!	1ǹŜþ�{$02Ɩơ%ÜŊċ&�{�3yĨ ǹƖơ%ƱǮ
ĝ���$

Ŕċ
ƛė�4��! ǹǛƕbqx%­ǪĨŐ ąĵ%UqdJv!afRS:vD!

ÂƎ%ƖơŔċ6ƛė��!Ơ�143Ǻ 

 

  

Fig. 5-11 Comparison of the number of proliferated cells, Np. Cells were 
cultured for 72 hr after collection using temperature modulation and resonance 
vibration method, and trypsin and pipetting method. The number of reseeded 
cells, Nr, is 1.0 × 105 (mean ± SD, n = 8). 
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5. 4. 4� Ë»��Ɩơ6¦Ƙ�0(ƹ¦��ă%ÜŊċ  
 

� 5. 3. 7$Ƅ�ĨŐ6Ŵ��­ǪǹË»��Ɩơ6¦Ƙǹƹ¦��ă%ÜŊċ6ǂ)�Ǻ#

�ǹŜþ«ť!Ïįę³$02Ɩơ6­Ǫ�3ǩ$&ǹ5. 4. 3!ÂŁ$Į.Ɩơ6Ë»�3

�!
 ��Ĵ� �3żłŜþ 10 °CǹĮáęý 2 µm!��Ɩơ6­ǪǹË»��ǺFig. 

5-12$ǹ­Ǫ��Ɩơ6¦Ƙǹƹ¦�� 72ĬǣÖǴ��ă%Ɩơĥ6Ƅ�ǺFig. 5-1202ǹ

ąĵ%UqdJv!afRS:vD$03­ǪĨŐ!Ōǌ��Ŝþ«ť!Ïįę³6Ŵ�

�­ǪĨŐ &ǹƖơ%ÜŊċ
Ü°�3�!
5	3ǺFig. 5-11 &Ɩơ%ÜŊċ$įč

#ù
ǀ-14#�%$ð��ǹFig. 5-12 &įč#ù
ǀ-14��!	1ǹ¦Ƙ��Ù

Á$&}ĨŐ!.$Ŝþ�{$03yĬź#ƖơÜŊċ%�{
ų��!Ơ�143Ǻ�

#5�ǹŜþ«ť!Ïįę³$02Ɩơ6­Ǫ��ǩ$&ǹŜþ�{$02Ɩơ%ÜŊċ

&�{�3yĨ ǹƖơ%ƱǮ
ĝ���$Ŕċ
ƛė�4�Ǻ�4$02ǹŜþ«ť!

Ïįę³$02­Ǫ��Ɩơ6¦Ƙǹƹ¦ă%Ɩơ%ÜŊċ&ǹąĵ%UqdJv!af

RS:vD$02­Ǫ��Ɩơ%ÜŊċ!Ōǌ��Ãz��!Ơ�143Ǻ 
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Fig. 5-12 Comparison of the number of proliferated cells, Np. Cells were cultured 
for 72 hr after collection using temperature modulation and resonance vibration 
method, and trypsin and pipetting method and then freezing and thawing. The 
number of reseeded cells, Nr, is 3.0 × 104 (mean ± SD, n = 8, *: p < 0.05). 
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5. 4. 5� Ë»��Ɩơ%Łž  

 
� 5. 3. 8 ǎ)�ĨŐ6Ŵ��ǹË»��Ɩơ6�žùǲĈǢ! SEM$02Ʒï��ǺFig. 

5-13a, b$Ŝþ«ť!Ïįę³ǹ�0(UqdJv!afRS:vD$02­ǪǹË»��

Ɩơ6�žùǲĈǢ$02Ʒï��Łž6Ƅ�Ǻ�41%ƘĹ	1ǹąĵ%UqdJv!

afRS:vD$02­Ǫ��Ɩơ
ŰŮ �3%$ð��ǹŜþ«ť!Ïįę³$02

­Ǫ��Ɩơ&�ǉ6�ô��àƸāŮ �3�!
5	3ǺŜþ«ť!Ïįę³$02

Ë»��Ɩơ%āŮ
àƸāŮ!#3ƴÌ!��ǹǛƕ6Ŵ��$Ɩơ6­Ǫ���-$

�ǉ
§ƹ�4�$ŉå���- �3!Ơ�143Ǻ 

� Fig. 5-13c-f $Ŝþ«ť!Ïįę³ǹ�0(UqdJv!afRS:vD$02Ë»��

Ɩơ6ÖǴT:RJn$Ğƈ��ǹ;vAnexO¡ 5 §ǣÖǴ�ǹÖǴǮ$ěƀ��

Ɩơ6 SEM$02Ʒï��ƘĹ6Ƅ�ǺFig. 5-13c-f	1ǹUqdJv!afRS:vD$

02­Ǫ��Ɩơ%ƱǮ
#-1	#Ůď �3%$ð��ǹŜþ«ť!Ïįę³$02

­Ǫ��Ɩơ%ƱǮ&Ɠ��!
5	3Ǻ4. 4. 2 ǎ)�0�$UqdJv$02­Ǫ��

Ɩơ%ƱǮ!Ō)�Ɩơƥ%Ov^CǄ
Ǜƕ$02§ƹ�4�$ŉå��ǩ$&ǹƓ�

ƱǮ!#3�![113]
ØÆ�4��3Ǻ�%�!	1ǹŜþ«ť!Ïįę³$02­Ǫ�

�Ɩơ &Ɩơƥ6ŀđ�3Ov^CǄ
ŉå��!��3Ǻ 

� �z%ƘĹ	1ǹŜþ«ť!Ïįę³$02­Ǫ��ǩ$&ǹƖơƥ%ƱǮ6§ƹ��

Ɩơ6­ǪǹË» ��!Ơ�143Ǻ 

 

 

5. 4. 6� Ë»��Ɩơ%ƱǮOv^CǄ  
 

� Ɩơ%ƱǮ%Ov^CǄ
Ŝþ«ť!Ïįę³$02§ƹ��$ŉå�3	Ä	6ǂ)

3�-$ǹ­Ǫă%Ɩơ%Ov^CǄ6<=LOvctRS:vD$02§ĸ��Ǻ 

� Fig. 5-14a$ MHCǹLIFRǹIntegrin α7ǹ��� β-actin%]vV%ƘĹ6Ƅ�Ǻ#�ǹÎ~

% Mt&r&Ŝþ«ť!Ïįę³$02­Ǫ��Ɩơ6ǹMt&p&UqdJv!afRS:vD

$02­Ǫ��Ɩơ6ǹMscr&MrLCsx^$02­Ǫ��Ɩơ6Ƅ�ǺÂÎ02ǹtx

T:vDFvUtxr �3 β-actin ! MHC &ŝé�� 3 ƈǳ!.ÂƎ �3�!
5	

3Ǻ+�ǹFig. 5-14b	1. MHC$įč#ù&ǀ-14#�Ǻ�4&ǹMHC&Ɩơ¡Ǘ$

åÑ�3Ov^CǄ%�-ǹŜþ«ť!Ïįę³ǹUqdJv!afRS:vDǹ�0( 
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MrLCsx^%�	#3ĨŐ ­Ǫ��ǩ$.Ɩơ$Ov^CǄ
ŉå�3ǺyĨ ǹ

LIFRǷFig. 5-14cǸ! Integrin α7ǷFig. 5-14dǸ&Ŝþ«ť!Ïįę³ǹMrLCsx^ ­

Ǫ��Ɩơ$&ŉå���3
ǹUqdJv!afRS:vD$02­Ǫ��Ɩơ$&ŉ

å���#�Ǻ�%�!	1ǹƖơƱǮ$åÑ�3Ov^CǄ&ǹUqdJv!afRS

:vD$02­Ǫ��ǩ$&§ƹ�3%$ð��ǹŜþ«ť!Ïįę³$02­Ǫ��Ɩ

ơ$&ǹMrLCsx^ ­Ǫ��!�!ÂŁ$Ɩơ%ƱǮ$åÑ�3Ov^CǄ
ŉå

�3�!
ī1	!#��Ǻ  

100 µm� 100 µm�

5 µm� 5 µm�

1 µm� 1 µm�

Fig. 5-13 Comparison of cell shapes and surfaces. Cell images taken by (a) and (b) a phase contrast 
microscope and (c) - (f) a scanning electron microscope (SEM). Cells seeded after detachment by 
(a), (c) and (e) the temperature modulation and resonance vibration, and (b), (d) and (f) trypsin and 
pipetting. 
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Fig. 5-14 Comparison of protein quantities in cells. Cells collected by the temperature modulation 
and resonance vibration proposed method, Mt&r, trypsin and pipetting, Mt&p and the scraper 
method, Mscr, were lysed in SDS-PAGE sample buffer, and the proteins were analyzed using 
western blotting with the following antibodies (a): anti-myosin heavy chain (MHC, first panel), 
anti-leukemia inhibitory factor receptor (LIFR, second panel), anti-integrin α7 (third panel), and 
anti-β-actin (fourth panel). Arrows indicate the target bands. Relative protein quantities (Q) of 
MHC (b), LIFR (c), and integrin α7 (d) were measured using their band densities on western 
blotting. Protein quantities were normalized to the band density of β-actin. The data are expressed 
as means with SD (n = 4, *: p < 0.05, **: p < 0.01).  
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