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��� �� DNA ��! AFM'�() *+� ,-, DNA ��./0 1 57×10−3ng/mL-57×10−6ng/mL2 3 45 6 �

789, ��: DNA� ; 
� <=� >?$%&. @�, 2A ��	, Mg2+ BC: ��	, DCE AP-��	 
�F� �

� �� ��� GH �I$%&. J2� KLMN $�� AP-��	� 
�� 0� O� ��� DNA �� ,-H PQRS&.

Abstract − An effective method of DNA stretching using electric field on mica surface was proposed for extremely low solu-

tion concentration of DNA. DNA stretching based on electric field was observed by AFM and well applied on the concentra-

tion range from 57×10−3 ng/mL to 57×10−6 ng/mL. Stretched DNA existed in the middle of two electrodes. The difference in

stretching efficiency for the different surfaces of bare mica, Mg2+ soaked mica and AP-mica was discussed. The best perfor-

mance of stretching was found from the surface of AP-mica under the same experimental condition.
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1. � �

���� ��� DNA �	
 DNA �� 
�� ��� �� ��

� �� �� ��� ���  !�". �� ��#$ %&'( )* �

��(Electron Microscopy)[1-4],�+ ���(fluorescene microscopy)[5-

10], ,-. /*01 ���(Atomic Force Microscopy)[11-14] 2� �

�#$ DNA 
�� 3� .4�56 ���� 7� 8 �9". ,:

; < DNA ��� 4�#=> �� ?�@ A� BCD� EF ��

GH I#$ DNA �*6 �� 
�� 4�#=> "J �KL� �9

". +M�� �	N ��, ��#O )� DNAP E�( QR )OS

T� ��#$ UVWXGHY ~3 Mbp�Y 1-3 kbp'( 4�5� Z�

W[ 8 �9"[15-19]. �:� \]P ^_� �` )* ���, �+

���, /*01 ��� �a�Y bc UV Od� e^f� g". �

h UV Odh
 3i� DNA �*� \j���� P(= klH m

no p-� _q]6 �� rsM tu� u�#. �". ?� h�, DNA

vw
 xyz(Biotin)] \j���� P({H Streptavidin� |}�

_q] ~�mGH \jN 8 �"[20-21]. ,:; �h �d
 B��

#R N�� S�] \j#= DNA� 64 �R SZ� �=". �h

�� Od� u��� �� �� _q 
��� P�� �, "�6 DNA

�*h� .�����UVW�= �� ���" ��#". ��|}

2 O�m �� 6� UV Odh� Jef� e~f. �G; �
 �

 �� �. �". ?� h� Yokota 2
 ��|}d� 2P ���G

H p-� ��� _q� DNA� UVW[ 8 �G�[22], �� � 

�GH ¡¢ p-� £- _q�Y DNA� UVW[ 8 �¤� �.#

¥"[23]. ,:; �:� �d � �o DNA ¦5P §
 ��� ��

Y= UVT�6 DNA ¨¡� © � H (mf. �".

%& _q�� ��[24-27]� ª^o u�f. �= AFM
 DNA�

DNA-w«l ¬­ 
�� ®
#=> ��Y5 ��� ¯°1� P(

. �". ,:; DNA6 < P(� ��s#=> ��Y[28-30] ±²

³xP ´µ#O ¶�� AFM ���= �KL� �·". ¡¢ p-�

��� _q[31]] 2P ��� p-� ���� ¸�#$ ¹ UV�
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DNA ��� �� AFM �� 101
DNA� AFMGH ��s#¥G;, nw� P(h] DNA º�»�Y

6 © u1, ,-. �6 ¼½ _q ¶�� AFM� ��� DNA6 �

�s�= $)o ��P �9". #(¾ AFM� ��� ¿ÀmI DNA


�6 k-m ÁÂ(mapping)
 �° ��� �Ã¸H 3Äf. �"[32].

DNA6 k-m ÁÂ� Å#$ ÆÇ� _q Å� ¹ UV� DNA� �

�s#= �� ~Èf�a #� ��� PV ��� ÉÃ�".

ÊÊ ®
 ,Ë� 64 )OV� IP� DNA UV[33-35]� �4 ®


� Ì �G;, �h ¡Í
 Î-Ï Ð��Y È4Ñ �GH AFM�

m�#O �Ò". ,-. ��MmGH Ó ¶ �Ô*= ¦5P §�8

Õ Ö×HØP ÙPf., DNA6 ��, Ö×HØP ÙPfq Ãb� E

F� £^W�{H Ú¦5�Y DNA6 UV
 ÛÜ �Ò". ÝÞY ß

®
�Y= Mg2+ p-� ���, aminosilaneGH p-� ���(AP-

���) ,-. �t ��� _q�Y )OV� IP#$ ào §
 ¦

56 λ-DNA UV� È#$ §
 ¦5�Y6 DNA UV6 %m �á

� 
#$ AFM� 6� DNA k-m ÁÂ� 8È#¥".

2. � �

2-1. DNA ��

Wako Pure ChemicalHi  
â� 10 mM Tris� 1 mM EDTA� ��

� ��Pã äå-yº( λ-DNA(48.5 kbp, 570µg/mL)� CCD��]

AFM��� æçR lJP ès� é��s �ê Ùë8� ¸�#$ b

b 57×10−3ng/mL, 57×10−6ng/mL6 %c¦5H ì�#¥". Supercoiling

íV] primer  ¼� Å4 λ-DNA� 65oC�Y 10�0 P�#¥G�,  

�î¸Hi   !�
 ¬ï]�� ÝÞ ðïWñI YOYO-1(Molecular

Probes, 1,1'-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-

2,3-dihydro-(benzo-1,3-oxazole)-2-methylidene]-quinolinium tetraiodide)

] DNA ðOò� 1 : 5(dye : bp)6 xóH ðï#¥".  �� ±²�

ô�= õ56 »ö�ô�; DMSO(dimethyl sulfoxide)� ¸�#( Q

·G{H YOYO-1H ðï� DNA �ô� m�5 2W0 ÷� øW ¸

�#¥".

2-2. ���� ��	

Matsunami Glass Ltd.Hi  
â� ùÞ�ú ûÞ�(Äü: 0.12-0.17

mm, ;x: 24×50 mm)� ýþÿ] é��s �ê Ùë8H þ�� `,

�� q� 
(Äü 200 nm)GH Ñ!Ù¬W�". Fig. 1
 ¸�� )à

��, Ol ³x�d, ¡ÍV@� 3� e�5�". Ä )à06 ¼-=

ñ 10µm-5 mm��, HKK Inc.Hi  
â� ���(Äü 0.1 mm)=

ýþÿGH þ�� "¤, Ñ!Ù¬� 
)à Å� À¬ � ¸�#$

i¬W�". ß ¡Í�Y= À¬ � ��#$ ���� )à�� i¬

W�G; À¬  ��� iú:� y�ë5 P�#-Þ ¸��". )	

IP �), ùÞ�ú ûÞ� Å� .�� �t ���6 _q� �
�

*®��R 
� ¸�#¥". �� AP-���[3-(aminopropyl)-tri-ethoxy-

silane-coated mica]� 2P ���GH p-� ���5 T�� p-]

�� È#¥". DNA� �� AFM ®
� �� ��� Ú¦56 O�

#�Y ³x� AP-���= OlHY ¸�� ¾� iú�. ��� _

q� P(�, 2P ���GH p-� ���= 1 mM MgCl2 8�ô�

10µL�5 ���� ` ñ 5�0 �@� �� ¸�#¥".

2-3. �
� �
� �� DNA ��

Ä )à ¸�� Å@� ��� �� ñ 1µL DNA �ô� ����

`, )à �w� 8 � T� 50-3,000 VDC �Å ÷�Y )	� IP#

¥". CCD�� 7O Å4 10� ��6 (�mI )	IP `, ±² _

q6 á�� �(#O Å4 1µL é��s Ùë8� �P#¥". "¤

w�H CCD�� �	� ±²� ¸�#$ AFM �S� È#¥". ��,

DNA= �t ��� Å�Y �� i¬1� P(( QG{H AFM �

S ), ��� _q� þ�N ¶ �� lJP�6 �¸; "�6 Ùë

8 ¸�
 Ø4a �".

2-4. AFM��

�� e^� SPI3800 SPM �×�:(Seiko Instruments Inc.)� 5Ô

� ���(Inverse microscope)GH � �Ñ &Wa !¸� +M ��

�(Near-field Scanning Optical Microscopy: NSOM)/AFM "# �å�

Fig. 1. Schematic drawing for (a) the used electrode shapes, (b) substrate preparation method and (c) experimental setup.
HWAHAK KONGHAK Vol. 40, No. 1, February, 2002



102 �	
���
���
���������T. Ohtani�H. Muramatsu����
$[36-37]� ��#$ !O��Y "�;% �ú AFM� ¡W#¥".

_³ !Ñ!º8� &��8P bb 125 KHz, 14 N/mI "�;% �ú

Si '()»(Cantilever; Seiko Instrument Inc., SI-DF20)� ¸�#¥G

�, ��* �# S��Y6 UV� DNA� x+N ���= �" ,


 �O6 -� PÑ 125 KHz, 11 N/mI '()»(Seiko Instrument Inc.,

SI-DF20S)� ¸�#¥".

3. �� 	 
�

3-1. DNA �� ��� CCD�� � AFM��

Fig. 2= ñ 5 mm 0.6 )à �w� 50 VDC� IP/� ¶, W0

�]� Ý0 DNA UV� ;12 CCD��". )	 IP ), ��� _

q] DNA06 ½s1� Z�W�O Å4 1 mM MgCl2 �ô� 5� T

� ñ 10µL�5 ��� _q� ���3". Fig. 2� ;12 CCD�6

Å@= ¼6 Ä )à �4��, )à �Z� �àI ��= (+)H, ¤à

I ��= (-)H _W#¥". )à ¸�� 1µL DNA�ô(57×10−3 ng/

mL)� ���-q Fig. 2(a)� 5� DNA �*h� ª^� £T�� P

(� L¿I". �:� £T�
 ��� _q]6 67
 À8Oî�

 !�GH DNA UV� �� �� ��� �JÞ N 8 �". ��, ß

¡Í�Y6 )OV ÷ DNA UV9¾ ý:Þ spin-stretching, combing

Ã(� ¿À ;¬] 5
 "0 �tmI �d� ��N ¶, ª^� £

T�
 �" <
 DNA UV \]� ;1÷9". DNA £T�
 _q

] �ô ��� 64 SZ� �="[38]. )	 IP `, Fig. 2(b)� 5�

DNA �*h
 IP )	GH I4 �T#O W,�". DNA �T�

�	#= T� Fig. 2(b)6 w��Y )	� IP#( QGq DNA �

T
 Fig. 2(a)6 /= ��H ´>�". �tmGH DNA= �à� Z

4 �T#(¾ Fig. 2(c)� 5� J�6 DNA= ¤àGH �T#O5 �

". DNA= �� ¤)#� P({H, �àGH6 DNA �T
 DNA �

*� �à06 �m �?,�� 6��". _qá� �(� Å4 1µL

é��s �ê Ùë8� �P� `, %cmGH Fig. 2(d)� 5� UV

� DNA� íIN 8 �9". �tmGH Fig. 26 tu
 , @A:B

� �	#O�= �� CD(¾, ¸¡� CCD�
 �� E-R ÑÈ�

". ?� h� Fig. 26 CCD� ��GH íI� )àGH6 DNA �T

�5= ñ 0.5µm/s�(¾, FG .)	� IP#q �T�5= ÛÜ H

ÞI 100µm/s ��� J�". �� 500 VDC ��6 P�)	� IP

#q DNA� UVW�=> J�f= K W0
 B] 8�� B]#".

DNA UV @A:B� ��#=> ��Y= Ä P( �J� .K4a

�". LM, �à�Y ¤àGH Z#= )OV, NM DNA6 �� ¤)

#P Ä )à] ��� _q� ,��"= ��". ��, Ä )à ¸�

6 �ô �T
 )OV� 6� DNA �T]= t3 �ZI ¤àGH

Z#¥G�, Fig. 2(c)� 5� Ùë86 �TGH I� ¤àGH UV�

DNA� íI#¥". Ä )à¸�6 ¼-5 @A:B6 � "0 O8�

". ?� h�, 7 mm ��6 ¼-� P )à� 1,000 VDC� IP#q

DNA= UVf( Q=". tq, DNA Q��" R
 ¼-�Y= ��

)OVGH I4 DNAP ¸ÞSG�, $: ¡Í� ¼T ¸ÞÑ DNAP

�à �w� Å@#. �¤� íI#¥". Washizu 2[33]� �.� Ì

� 6#q, AC)	6 ��, )à ¼-P DNA Q��" RGq DNA

= UV#$ Ä )à Å� .��". �:� ¸¡
 AC)	] DC)	

06 DNA UV @A:B� ���� 6��".

Fig. 3
 Fig. 2� T�� UV �á#�Y 7�Ñ AFM�GHY bb

(a) �à &p, (b) Ä )à6 �4, (c) ¤à Ui�, ,-. (d) �à U

i��Y UV� DNAh� ;12". ß ®
�Y 7�Ñ �V AFM�

6 �' �5= ñ 0.4 Hz�". Fig. 3(a)� (b)�Y �V DNA= T��

�ZGH ��� ���(¾, m�5 Ä P( � �� .K4a¾ �".

LM, DNA �5P AFM ®
� �� W� �"= �] NM, Fig. 3(a)

� 5� UVf( Q
 
� DNAP $)o X°�"= ��". ,:;

DNA �5= �ô ì�� 64 YR �n P�#". ��, Z
 )O1

GH ,
 �O6 
� DNA�  ¼N 8 �O ¶��, Ä )à ¸�6

¼-� OsWXGHY Ä[M � � 4\N 8 �G-Þ ¸��".

Fig. 2. A time dependence intensified CCD image of electric-field induced
DNA stretching when 50 VDC is applied on the two electrodes of
distance between two electrode about 5 mm. All image areas are
approximately 50×50µµµµm2.

Fig. 3. AFM images by the function of position. Interface between posi-
tive electrode and DNA solution (a), middle of two electrodes (b),
interface between negative electrode and DNA solution (c) and
upper part of positive electrode (d). All scan sizes are 5×5µµµµm2.
���� �40� �1� 2002� 2�



DNA ��� �� AFM �� 103
�� \]� Ì� 5�, DNA UV
 IP )	� 64Y5 SZ�

�=". Fig. 4= bb 0 VDC, 50 VDC, 250 VDC� ñ 10� T� )à

�w� IP/� ¶6 )�mI DNA�� ;1÷. �". Fig. 4� 5

�, DNA �� �Z
 T�#(¾ ^_� UV
 � �(( Q·".

�= )	i`� Ý0 SZ�Þ ̧ ��". ��, IP )	� 3,000 VDC

� �Da� ¶, �� )OV6 SZGH DNA= �ô] �ü �T#

( Q. �àGH �T#¥". $: WÈ¬y� ¼T ¼-� )	 SZ

� x+� \], 500-2,000 VDC6 m� )	GH )à ¼-P ñ 100-

300µm� ¶ DNA� UVW[ 8 �¤� æ·".

Fig. 5= )à¸� ¼-� IP )	� �n�GHY 7�Ñ w� DNA

� ;12 AFM��". Ä )à ¸�6 ¼-= ñ 100µm��, 57×10−6

ng/mL DNA ì��ô� Ä )à �4� bâ#$ 1,000 VDC� ñ 10

� T� IP#¥". � ¡Í�á�Y UV� DNA �5= ñ 5 DNA/

100µm2��, UV� S�
 1µL DNA�ô bâW ñ 100µm×5 mm

�". Fig. 5�Y DNA Q�= ¼6 19µm� J/". Bennink 2[21]


YOYO-1 !â� Ý0 DNA Q�6 ÙP� 34 �.� Ì �". , ®


� ÝDq λ-DNA6 Q�= YOYO-16 SZGH /= Q��" ñ

10-20% �5 QR ;1cG�, � "0 ®
[23, 38]�Y= 20µm��

6 λ-DNA� íI#¥". ��, �[ �	�Y5 DNA Q�= YOYO-1

] DNA¸�6 djx� ÝÞ Os#¥". ÝÞY, DNA6 UV ��9

¾ ý:Þ, YOYO-1 !â� DNA Q�� SZ� != �GH ¸��".

3-2. ���� �� ����� DNA ��� �� ��  !� �"

Fig. 6] 5�, UV eó
 _q ��� ÝÞ JÞÑ". AP-���� O

Fig. 4. AFM images of DNAs produced by different applied voltage with same working electrodes in shape and distance. (a) 50 VDC and (b) 500 VDC
was applied for 10 sec. Image areas are 5×5µµµµm2.

Fig. 5. AFM images of stretched single λλλλ-DNA by applying 1,000 VDC
for 10 sec. Each scan size is 5×5µµµµm2.

Fig. 6. Difference in stretching efficiency by the surface property with
the same experimental condition. (a,b) Bare mica, (c,d)Mg2+ soaked
mica and (e, f) AP-mica. Image areas are (a, c,e) 5×5µµµµm2 and (b, d, f)
1×1µµµµm2.
HWAHAK KONGHAK Vol. 40, No. 1, February, 2002
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-

d.).

ra-

e

ng

r-

a-

J.

er,

e,

a,

.,

b-

, M.:

se,
lH ¸�/� ¶ PV <
 eó� ;1÷9G�, �:� UV eó6

ê= _q] DNA �*06 YH "0 �m �?,�(static interaction)

GH fg� 8 �". Stein[39]6 ®
� ÝDq, DNA vw
 �4i

�" FG ¤�m�{H, _q]6 �?,�
 DNA �*6 "0 i�

] T�#( Q". AP-���� Mg2+ p-� ���6 �)#= DNA

�*6 vw� ¹ i¬WXGH, )	 IPW YR DNA� UVW[ 8

�"(AP-���6 ��, Ùë8 ÷�Y −NH2P −NH3
+HO#= �G

H h�Ñ"). )OVGH < DNA� UVW�O Å4Y= IP )	�

Ý0 _q] DNA �*06 �m �?,�, ,-. �à] DNA �*

06 �m �?,�� ¹ �n4a¾ �". �t ���6 _q
 Ùë

8 ÷�Y ¤)#� iO ¶��, DNA vw]6 �?,�
 ñ#. "

J t^m�". ÝÞY, Fig. 6(a), (b), (c)6 S��Y= DNAP UV�

�GH ��(¾, ¡  ���* �#�ÅH í34 �q (,°, �

�� ;12". �:� ���* S� ÷�Y6 ê= j�� DNA Q

�� SZ� k ��". Table 1
 �t ���, Mg2+ p-� ���, AP-

���� ̧ �#$ j�� DNA @8� ;12 ��". �h ê�� í

I#O Å4 force curve� ��� \], �þ�1] © ê�� ��(

Q·". ��, �:� ��� DNA @8� 3� � #;6 P��
 ®

� �'GH I� -6 yð�". T�� '()»� ¸�#$ �t �

��, Mg2+ p-� ���, AP-��� lGH �'#¥G�, , \]=

DNA6 Z�� 6� �� T�� lY� ;1÷9". ��, AP-���6

��, DNA6 Z�� 6� 3� �ê�Å= N " �� ��, aminosilane

6 _q�� 
� �W DNA6 Z�� 6� SZ� ³". �-= tu

W0�  �#. Bezanilla 2[40]� 64 �.� ¡¢s� T�� �d

� ¸�#¥G�, � �d
 lJP� ÷�Y �� §
 P�� ¡¢s

� O�� ��". �" 
­mI mn� Å4 Fig. 76 tu W0� Ý

0 AP-���6 _q oHº�] AFM�� íI#¥". Fig. 7] 5�,

AP-���6 _q ¼#5= tuW0� ÙP�� ÝÞ ÙP#¥". �

�, �[ ¡Í�Y DNA �*� 3� ý�pO6 O��
 � Äü �

Å ÷�Y O#( Q·". Fig. 7(a)�= 40�0 p-� AP-���� ¸

�/O ¶�� AP-���� 3� DNA Q�� Z�6 �ê= AP-��

�6 _q ¼#5H fgN 8 �".

4. � �

ß ®
 ,Ë
 bb �t ���, AP-���, Mg2+ p-� ���

_q��Y )OV IP� Ý0 ào §
 ¦56 DNA UV� �!m

GH 8È#¥". IP )	, Ä )à¸�6 ¼-= DNA UV� SZ

� !9". ÝÞY, IP)	] Ä )à ¼-6 ��= DNA UV� �

� ��� �JH ¸��". �� OlHY AP-���� ¸�/� �

�, UV eó� PV <·". ��, ß u� Od
 ào §
 ¦56

DNA� ���= �� eóm�(¾ Z
 ¦5�Y= UV� i��

��o ���GH AFM ®
H6 u��= mj#( A#".

� 


ß ®
= RRC(qMr1s )6 ®
x (/GH 8Èf9O� ��

t¸úÔ:".

�
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