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ABSTRACT
Project Code :  RMU4880008  

Project Title :  Architecture of Thin-Film Molecular Devices 

Investigator :          Asst. Prof. Dr. Teerakiat Kerdcharoen  

E-mail Address :  sctkc@mahidol.ac.th 

Project Period :  June 1
st
, 2005 – May 31

st
, 2008 

 

This research project was aimed to study two molecular architectures frequently found in nature, namely 

membrane-penetrating protein Bt and metallo-porphyrin. It is hoped that the understanding of these 

molecular architectures will lead to development of bio-inspired technology. Fabrication of molecular 

thin-fims of membrane-penetrating protein and metallo-porphyrin using Langmuir-Blodgett and spin-

coating, respectively, was performed. Based on nanoscale tools, the principles of thin-film structure and 

pore-forming mechanism of membrane-penetrating protein was investigated. It was found that the protein 

has gone to a course of structural transformation prior to and during the penetration process. This 

understanding may lead to a design of functional membrane-penetrating protein for nutrient and drug 

delivery into cell. The study on metallo-porphyrins yields a detailed insight into the thin-film structure. 

Optimized parameters for preparation of a good film as sensing materials in chemical sensor were also 

obtained. Variation of central metal in the porphyrin rings effect the sensitivity of the film to various 

chemical vapors. We have invented a laboratory prototype of electronic nose based on optical absorption. 

The prototype has been tested on the analysis of various alcoholic beverages such as wines, beers and 

whiskeys. Future improvement of this prototype will be beneficial for the food and beverage industry. 

 

Keyword:  Membrane-penetrating Protein, Porphyrin, Thin-film, Electronic Nose, 

Chemical Sensor 
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EXECUTIVE SUMMARY
 

�����A��:&��

�7��&
/ (Nanoarchitectonics) ����7��&
/���$	
��%�1"�#��
"'������������

��$�������0��������!�"�	�����������	����1�
����1� �����A��:&��

�7��&
/�%�1"�*"G��#�

��$��
���
�������7"���
�

��
��01+�1
��0''
+''����	
��
���$���!���
4
�!& ��$���4$� 
+''�"���
�+�/

0�� 
+''�"���
*1"���� ��
&
� ����'
� �*����%����"���
�+�/���/����
�� ��&
 (recipe) 01+�	����1�


�,��
-/���1�,1�����,D�/ �*����!����
+�	7#	�&��
+0�	
��4
����
�����0�������1�	����������

�	����1�
	
���,�#���$��
���
�� ���������
���
x#��
!�
!�����	�������
� �������
���
�
�#��0'$�

������� 2 ��
���
�$�� #��0�$ 

 

���,?�������
����������,�
����������'�!	�7!��!�����7!�& Bt 

 ��
&
� Bt �
����*!�7D&
�	
�����
A1+1��#������%�0&$����
A���+����#����$������'
�

#�� �������������1#���
���+����#�������'
������
&
�4�!��
��+�
�
+��4�/���&$������	����1�
 

���������
���
x�+	%���
75�D�&"��0&$�
������� �������
&
�1+1�����$����%� ��
&
��
�{!�"�*"�@/�"'��%�	
����$

1���
�'�"���$��#
 ��
��1
���0�1�
��
$�������
&
��$��	
��"��+���+����#�������'
���!��5����$��#
 

01+������"�����#����$������'
�01���"����$��$��#
 ��A
�
8�* 01+*1�"&������$��#
 5̂�����/����
�����
����

�"��1$�� ���+�
�
+��4�/&$���
*"G���,��
-/����	
�	%������
&
�4�!�����?#��������&  

 

���,?�������
����������,�
�������������$%"�����!@A�!@�����!"��"&'C&>�	��!�&
"�"����D���� 

��	"1�1*�
/#*
!��������1�,1	
�
+''������@

�4�&!4�'�

���4���� �4$� 
+''�"���
�+�/

0�� 
+''����� ����&�� ��	"1�1*�
/#*
!��������1�,1	
��
1"�D-+������ (Macrocyclic Molecule) �"�

����
A��!��"�&
�
!��0'' pi-pi �
�� pi-dipole �
�� 0''����? �"'���1�,1�!�	

�/�1��4�!� ��
	
��"��


�1�+	
���!4"� (Transition Metal) ���+�5���$��0�$�&
��1����	%������
��!��"�&
�
!���"'���1�,1����

�!�� "̂' �̂������5��  

 

E�6:�� 1 �F#����������	
� #��75�D��"�&
�
!��
+��$����
&
����+����'
��"'��%� �����
�%�1��

�8�*���
�
"��	
���
&
��
����5��'�����'
� ������&!����$��	
����+����#�������'
��"���
+��'����

����#&�/ ( 5̂�������$����5�������
&
��
+��'���� 2 helices) 	
��������
&
� 6 ���1�,1 01���%�1���8�*

�����������$�����
&
�-����'
� ����%������!@
 Molecular Dynamics Simulation ��
75�D��
"���
� �
��


0�
��1
����
��+�!��'��4�!�	
 - &%�0��$�	
�����$��$��+�
�1&$���
	%���������
&
� 5̂��A���

���$� 

mutant �������
	�1���
!�����"�4
��!	���"�� mutant �
	"��4�!�	
�#�$	%�����
��	%����#��#�$�
 (inactive) 
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01+	%����#���
�	$���!��
�������$���!� (active) �����
�%�1�� Molecular Dynamics Simulation 	%����

	
�'�$� active mutants 01+ inactive mutants 	%������$��#
��
+�"'���1�,1 5̂���!@
��
�
�#���%�����$����
,�

	
��$��
��+�!��	
��
��
�
"'��1
����
�$���%��";&$���
����-������#������
�
"�� ����"��#��	%���
	�1��

�
+��'>\1/�'�����4"��#��"�'��!���%�01��1����$��
&
� Cry4B 1�#������&��*���	���'���$���
&
�

�"��1$���+����
A���+�5����'��!�#��"�#���
��#�$��$��#
 5̂���1��*'�$���
&
��"��1$���
��������
A

����
���+����'
� ����
���&!C���$���
&
��
��
��1
���0�1�
��
$��'��!�����'
����� 5̂�������1	
�#��

����1����"'�����4�����!�����"�4
��!	���$���
&
��$��+�
��
��1
���0�1�
��
$��	
�*����!��������'


��	
�� ���/����
���"��1$��#���%�����$��
&
*!�*/�1����!�"�����
��
����4�&! 1 �
���� (Y. Kanintronkul, 

T. Srikhirin, C. Angsuthanasombat and T. Kerdcharoen*, "Insertion behavior of the Bacillus thuringiensis 

Cry4Ba insecticidal protein into lipid monolayers", Archive of Biochemistry and Biophysics 442 (2005) 

180.) 01+'	�"��$�����
�
+4,�����4�&!	
������!���C�������1 1 �
���� (Y. Kanintronkul, T. Srikhirin, C. 

Angsuthanasombat and T. Kerdcharoen, “Adsorption of the Bacillus thuringiensis Cry4Ba toxin at lipid 

membrane-water interface: model studies towards nanodevice implications”, FEBS Journal 272 (2005) 

377) 

E��F&'C 2 ��������	
� #��*"G��0*1�&>�
/��%��
"'�4�����
�%�1��>\1/�'�����1�,1 5̂�������
"��

0
����
+�	7#	� 	
��
��
	%���
�%�1�����1�,1	
�*����!�
��&$� ����������	��!���
�%�1�����1�,10''�
�

	%�#���$��������� 5̂�������
�%��1 simulation #��	
�'�"'��
	�1��0'' Langmuir-Blodgett 01��	%����

����
A	%����������������������$������1�,1*�
/#*
!�	
��!���%� �����
75�D���
��
���01+*1�"&���

*�
/#*
!���������$��>\1/�'�������!@
��
�%�1���4!����1�,1 0'' Molecular Dynamics Simulation 	%����

������1"�D-+��
�

��&"�������1�,1��>\1/�'�� �"�&
�
!��
+��$��*�
/#*
!��"'*�
/#*
!�&"�����? 01+


+��$��*�
/#*
!��"'��%� (���
-
��
�
+��'>\1/�'���4��	��!���
�
+��'���1�,10'' Langmuir-

Blodgett Self-Assembly) ���/����
���"��1$��#���%�����$��
&
*!�*/�1����!�"�����
��
����4�&! 1 �
���� 

(S. Krongsuk, T. Kerdcharoen*, A. Borodin and M. Kiselev, “Computer Simulation Study of 

Porphyrazine Monolayer at the Water-Gas Interface: Structure and Molecular Orientation”, Journal of the 

Korean Physical Society 52 (2008) 1657) 

 

E��F&'C 3 ��������	
� ��
75�D��"�&
�
!��
+��$���"��,� �̂��^�
/�"'�"1����1/4�!�&$��? #��0�$ 

methanol, ethanol, iso-propanol �*����������������
	%����
+�"'���1�,1����^���^�
/�$�������$��#
 

����"��#��	%���
�
+��'�^���^�
/ ���75�D�*�
��!�&�
/����
�
+��'�,��
-/>\1/�'�����1�,1 �4$� 

�!@
��
�:]���1��' �+&���	
�'�$��+�4�&"�	%�1+1��4�!��� �4�������������	$��� 01+�"&
���
��,��:]�

�	$��� �5��+#��>\1/�	
��
�����������+�� 5̂������!�"�#��	%���
	�1����#��*�
��!�&�
/�"��1$�� 01+�%�#�

�1!&>\1/��^���^�
/ 5̂��	�1���4����	���'�"�����&$�����0�1����1/ #��75�D���A
�
8�*���>\1/�'��
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�#�� 75�D���'"&!�4!�0�����>\1/�'����	"1�1*�
/#*
!���'

����7���#�
+��������
�!�	

�/&$��? 

�4$� ethanol �*���&
����'�8��+��
����� �̂��^�
/���1�,1 75�D���
�"-C���!	�����>\1/�'��01+��


��1
�����
��
���>\1/������A������
���01+#�
+����!�	

�/ ����"��#��	%���
�
����,��
-/�%��
"'��
�"�

��'"&!�4!�0�����>\1/�'�����1�,1 ������"��"��"'#����1�,1	
�&�����
&
����' ��
�
����,��
-/��
#�1

�����
&
����' 04��'�
/����^���^�
/ 01+*"G��^�>	/0�
/�%��
"'��
�
+��1�1��
	%�������

� �̂��^�
/
�� (Multiple Sensors) �*����������
A���%�01+0��0�+�1!��#�� ��#���!��	
��
4����$�
+''�"��"�

�1!���	
�� (Artificial Olfactory System) ���/����
���"��1$��#���%�����$��
&
*!�*/�1����!�"�����
��


����4�&! 3 �
���� (C. Wongchoosuk, A. Udomvech and T. Kerdcharoen, “The geometrical and electronic 

structures of open-end fully functionalized single-walled carbon nanotubes”, Current Applied Physics, 

(2008) in press) (A. Udomvech, T. Osotchan and T. Kerdcharoen, “Theoretical Investigation of Lithium 

Atoms Insertion into the Ultra-Small Diameter Carbon Nanotubes”, Journal of the Korean Physical 

Society 52 (2008) 1350) (C. Wongchoosuk, S. Krongsuk and T. Kerdcharoen, “Theoretical Investigations 

on the Tip-Functionalized Carbon Nanotubes Interacting with Water”, International Journal of 

Nanoparticles, (2008) in press) 01+&��0''
+�"'�����{!'"&!��

+''&
���"����1�,1�%��
"'��
��������

�
+�8	�
0�1����1/ �4$� �'
�
/ #��/ �!��
� 5̂��&
���"���
�1���������	���1 ����+*"G��&$��*�������

&��0''8�������
��&��0''�4!�*�-!4�/ 5̂���+��	,��,G!��@
�!�"��*����%���&$���� 

 

�1��������%��
�������
���
�
� ����!�"��5�#��&$������
���
�!�"��"��1$��#���$�
+��4�/����
�4�

�������5�� �������!�"��%�1"�������
���
�*�����	,��,G!��@
�!�"��*���	%��!�"�01+*"G���^���^�
/&
���"�

���1�,101+�,��
-/�����!�1��	
��!��/ ����
��I������*����1!&� �̂��^�
/&
���"��1!��	
�����
A�
+�,�&/�4�

���#���
!����,&����

�����
 �����"��$����/����
�������
���
�
��+����
A&$����#��4��
+��4�/

�4!�*�-!4�/#���
��� 1-3 ���������� 
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!�GH�9������	
� 

1. �
�����7
������������� 

1) �*����"���
�+�/���/����
�����$	������4
������A��:&��

�7��&
/ (Biomimetic 

Nanoarchitectonics) ����,��
-/���1�,1 �����
�

��
�������
75�D��"��,	
�
+''�!���
4
�!&�!��

�%�#��4���� 2 4�!� ��� ��
&
����+����'
��
+�8	 Bt 01+��	"1�1*�
/#*
!� 

2) �*���75�D���
	%�������>\1/�'����	"1�1*�
/#*
!��*����4������^���^�
/���1�,1 01+ *"G��

�	����1�
�%��
"'�%�#��4�&
����'#�
+��� 

2. �&�>�/+"���&'C�'���:�� 

2.1 ����!&����"�'��������*
H�!*�� (Nanotechnology in Original Context) 
  �:��,'"������	����1�
#���1��������0�$��1��	
��5������
��"'��,����
"C'�1 ��!�1�	,����

�,&����

� 
��#�A5��������������@�
-+4�	"���1�1 	"���
��'�!�"�	�����������	����1�
���


"C'�1�1���
+�	7��
"C���
!������ �.7. 2004 ����
�����
���A5� 850 1�����

�;��
"C2 A5�0���+�


'
!D"	���4��%��������5���
����? 	
�����������$�#���������1!&8"-N/	
��4������	����1�
3 0&$���

*!��
-����1+��
�����+*'�$��$���������	����1�
���$���1!&8"-N/��1$��"���1"'�
�*
�� 2-3 

���
/� �̂�&/�	$��"�� 	
��$������$��������%��$� “����” �
!��#��
"'�%��!������$	
�������5���
����?4 ��'���
"�������

5̂����&,�1 �,�01��0&$��
�+0������
+��4�/����"� �������������$��	%�����
!���
�1,$��!�"��%��������5�� 


��	"��������������
���
x�
� 	
��
!���1��������
����#���$��#
�����������7��&
/�
� 01+*��������
���
"��

��������
���!�&$�#���0��	��	
������!����
!��&�� �"����� “��������
A����
�"���
 ��'�,� �
+��' 

�1!& 01+ �1!&
+�"'�,&����

� ��������0�$��%���
+�"'�+&��” 5,6 

 A������
��5�&!��"'�!�����������	����1�
	
����#����� 7��&
���
�/ 
!4�
/� >���/0��7 ������� 

�.7. 1959 ���+*'�$������	����1�
�*!���+�
!��&���5���	$��"�� �"�&�����
��1��
��"�
+�+�*���#�A5���
�4�

����4!�*�-!4�/ 	"���
� A5�0���!	��7��&
/*���C��#�$�$��+���� �!4�>\�!��/ ���
 01+4
��!	�� �
��+�
�$������

                                                        
1 D. Marinova and M. McAleer, “Nanotechnology Strength Indicators: International Rankings based on US Patents”, 

Nanotechnology 14 (2003) R1. 
2 M. C. Roco, “Government Nanotechnology Funding: An International Outlook” (National Science Foundation, 2003). 
3 A. K. Cheetham and P. S. H. Grubstein, “Nanomaterials and Venture Capital”, Nanotoday, December 2003. 
4 M. J. Pitkethly, “Nanoparticles as Building Blocks”, Nanotoday, December 2003. 
5 E. S. Raymond, “The New Hacker’s Dictionary” (MIT Press, Cambridge, 1993). 
6 K. Eric Drexler, “Engine of Creation: The Coming Era of Nanotechnology” (Anchor Books, 1986). 
7 R. P. Feynman, “There is Plenty of Room at the Bottom”, Lecture at California Institute of Technology on 29 December 

1959, Archived at http://www.zyvex.com/nanotech/feynman.html. 
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��*!���+�
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A����
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�!�������
+�"'�+&�������#�$������
����8 ������"�#�$�
��������
A����
�1!&�!��&$��?���4!�*�-!4�/

��$��0�$��%���
+�"'�+&��0&$��$����9 0&$�
����"��4����$������	����1�
��0''�'"'���>���/0��#�$�4$

�!���*��<:� �*
�+�	����1�
�"��1$���
��@

�4�&! �"�
�1	
�	%������
+�"'������$����
&
�10 5̂��A��

��'�,���
+�"'��������
������ 	%�����
��4����$��
�����+�
��������	����1�
����
������7"���


�

��
�����@

�4�&!#��11

 

2.2 ����
����������,�
���&'C!�'����;	��
�C��'6'��� (Biomimetic Nanoarchitectonics) 

  �����
	
��"��!�"��
�����������
������������	����1�
����,��
-/ 	%�����
��
*"G��7��&
/

���$�5����	
��

���$� �����A��:&��

�7��&
/ ����
���������
����"'��
�
����,��
-/������� “1$���5��

'�” (Bottom-Up Approach) ��������
A����
�
+��'&"���� (Molecular Self Assembly)��
��
�����

��0''�
1%��"'4"�� (Hierachically Designed Nanostructure) 01+��
�"���
+�"'�+&�� (Atomic Level 

Measurement) 7��&
/�������
�&�����
'�
-���
����
������!	����
�1������ 	"�� >\�!��/ ���
 4
��!	��

�4!����1�,1 �"��,7��&
/ 01+ �	����1�
��
���	7 �����A��:&��

�7��&
/�"��+��
��������"'

��
75�D� ����1�����1�,112 0	$�01+>:��>������1�,113 ��!&4/���1�,114 ��
�
/���1�,115 01+ ���&�
/

                                                        
8 D. M. Eigler and E. K. Schweizer, “Positioning Single Atoms with a Scanning Tunneling Microscope”, Nature 344 

(1990) 524. 
9 H. Doumanidis, “The Nanomanufacturing Programme at the National Science Foundation”, Nanotechnology 13 (2002) 

248. 
10 D. R. Liu and P. G. Schultz, “Generating New Molecular Function: A Lesson from Nature”, Angew. Chem. Int. Ed. 38 

(1999) 36. 
11 K. Eric Drexler, “Nanosystems: Molecular Machinery, Manufacturing and Computation” (John Wiley & Sons, 1992). 
12 Y. Cui, Q. Wei, H. Park and C. M. Lieber, “Nanowire Nanosensors for Highly Sensitive and Selective Detection of 

Biological and Chemical Species, Science 293 (2001) 1289. 
13 H. Hess, J. Clemmens, C. M. Matzke, G. D. Bachand, B. C. Bunker and V. Vogel, “Ratchet Patterns Sort Molecular 

Shuttles”, Appl. Phys. A 75 (2002) 309. 
14 Y. Chen, D. A. A. Ohlberg, X. Li, D. R. Stewart, R. Stanley Williams, J. O. Jeppesen, K. A. Nielsen, J. Fraser Stoddart, 

D. L. Olynick and E. Anderson, “Nanoscale Molecular-Switch Devices Fabricated by Imprint Lithography”, Appl. Phys. 

Lett. 82 (2003) 1610. 
15 T. Cagin, A. Jaramillo-Botero, G. Gao and W. A. Goddard III, “Molecular Mechanics and Molecular Dynamics 

Analysis of Drexler-Merkle Gears and Neon Pump”, Nanotechnology 9 (1998) 143. 
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�
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���;$01+	%����^"' �̂����$� �4$� ����

� �̂��^�
/17 01+ 4!*����18 

  �
!�?01�� @

�4�&!#��
"��

�/�	����1�
�"��1$������&�����!���
4
�!&���"'*"�1����� �"�����

�	����1�
����
A�

��
��	%������������"�
�1������@

�4�&! �4$� ��
&
� 01���%����"���
�+�/���/

����
��	���A��:&��

�7��&
/���1��������&
 (recipe) 	
�����
A�%���*"G���"�
�1����<������,D�/	
�

�1
��0''@

�4�&!#��19 7��&
/�����
75�D�01+�1
��0''�,��
-/����������@

�4�&!�%�1"�#��
"'

�����!������5�� �
�����

��������1$��
��$� �����A��:&��

�7��&
/	
��

��
������!���
4
�!& (Biomimetic 

Nanoarchitectonics) �
���

������$��$� “4
������A��:&��

�7��&
/” (Bio-Nanoarchitectonics) 

 

&�
������1$���
�0���A5������1����15�����	����1�
��
�����1 �"' �	����1�
��@

�4�&!����!���
4
�!& 

 

����� 1   !��'��!&'��!&����"�'!��GC���"�
�!&����"�'E�
�C��'6'��� 11 

Technology Function Nature Technology 

Struts, beams, casings Transmit force, hold positions Microtubules, cellulose, mineral 

structures 

Cables Transmit tension Collagen 

Solenoids, actuators Move things Actin, myosin 

Motor Turn shafts Flagellar motor 

Drive shafts Transmit torque Bacterial flagella 

Containers Hold fluids Vesicles 

Pumps Move fluids Membrane proteins 

Clamps Hold work pieces Enzyme’s binding pockets 

Tools Modify work pieces Metallic complexes, functional groups 

Production lines Construct devices Enzyme systems, ribosomes 

Software Control systems Genetic system 

                                                        
16 E. Frey, “Physics in Cell Biology: On the Physics of Biopolymers and Molecular Motors”, CHEMPHYSCHEM 3 

(2002) 270. 
17 S. R. Nettikadan, J. C. Johnson, S. G. Vengasandra, J. Muys and E. Henderson, “ViriChip: a Solid Phase Assay for 

Detection and Identification of Viruses by Atomic Force Microscopy”, Nanotechnology 15 (2004) 383. 
18 A. R. Pease and J. Fraser Stoddart, “Computing at the Molecular Level”, Structure and Bonding 99 (2001) 189. 
19 P. Ball, “Natural Strategies for the Molecular Engineer”, Nanotechnology 13 (2002) R15. 
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���
	%������@

�4�&!#����$��#
 

4
������A��:&��
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���@

�4�&!1���!�1��

A���������,D�/�
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 0&$��,D�/��#�$�%�����&���	%�&��@

�4�&!��� ����
A�"�0�1�#�� �4$� 

��
�"���
�+�/0�����*�4 ������
��1
��0''��75�D��^11/�,
!�+0''�!�	

�/ ��#�$�%�����&����4��"��,�
+�8	

��
���"� ����
A�4��"��,	
��
��!�����5����� �4$� �*1!���
/�%�#>>I� 01+ '"��
�'�1 ����&�� 

 

2.3 
����������,�
����������'�!	�7!��!��� ��7!�& �'&' (Membrane-Fused Bt Protein) 
Bacillus thuringiensis �
�� Bt ����0'�	
�

��
+�8	��5��	
�*'��@

�4�&! 5̂������
A�1!&��
&
�

	
��
O	@!B�$�0�1�#��
21

 ��
&
�	
��1!&������
 2 0''��� Cry (crystal) �"' Cyt (cytolytic) ��
&
� Bt 	
����

������
���
���������
+�8	 Cry #��0�$ Cry4A 01+ Cry4B 5̂���:��,'"��"���"�#�$	
�'��
��
��� 3 �!&!

��$��0	��
!� 0&$������
A�
+��-�"��$��
��
��
����1����15��"'��
&
� Cry1A 01+ Cry3A 5̂��	
�'

��
��
��� 3 �!&!01�� �"��"�������7"��!@
 Homology Modeling �
�������
A�
�������1��
��
����
$��?

�����
&
�	"�� 2 &"��*����%�#��4����#��
22

 

 ��
	%���������
&
� Bt Cry �"�������"��
� ��
&
��
+�8	�
��+A���
���01+�+����
���15����'

#����&"�0'�	
�

� �����0�1��
��&"��$��0�1��!�0'�
�

�����#� �15����+A��1+1����� ���� $̂��
&
�	
�

������+A��&"������1���$��	
�����
A	%����#�� (active protein) ����"����
&
���1$��
��+<:�&"�#�	
����

                                                        
20 K. Rajagopal and J. P. Schneider, “Self-Assembling Peptides and Proteins for Nanotechnological Applications”, Curr. 

Op. Struc. Biol. 14 (2004) 480. 
21 A. I. Aronson, W. Beckman and P. Dunn, “Bacillus thuringiensis and Related Insect Pathogens”, Microbiol. Rev. 50 

(1986) 1. 
22 C. Angsuthanasombat, P. Uawithya, S. Leetachewa, W. Pornwiroon, P. Ounjai, T. Kerdcharoen, G. Katzenmeier and S. 

Panyim, “Bacillus thuringiensis Cry4A and Cry4B Mosquito-Larvicidal Proteins: Homology-Based 3D Model and 

Implications for Toxin Activity”, J. Biochem. Mol. Bio. 37 (2004) 304. 
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���� 
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.4�"�	/ �"�7,@���'"&! 5̂�������
���������
&
�� Bt 4�!��
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������$������*����%�#��4���0�$��
��'�,�0�1������!@
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�8�* #��	%���
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��!	���4!�
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��$��+0��$��
��
���	
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'���$���������	
���5��1�#�������'
�
24,25,26 �����
0��$�$���"��1�#� ��
&
����+&����
��


��1
���0�1�
��
$��#���$��������� 5̂��������'"&!*!�7D�����
&
�4�!��
� 

�%��
"'����!�"� #�$#�������
+��4�/�����
&
��"��1$�����4!�4
��!	�� 0&$������0�$���4
�����

�A��:&��

�7��&
/�$���
&
� Bt 	%����#����$��#
 ����+�%��!@
��
	������7��&
/�*�������#�75�D�

&"��0&$ ��
��
��� *1�"&
27

 �"�&
�
!��
+��$����
&
��"'��%�
28

 01+��
&
��"'����'
�
29

 �$��
�!	@!*1&$�

����	
���
	%���������
&
���$��#
 5̂�����$���
��+����0�$�,�	
�	
���� 
7. �
. 4�"�	/ #�$#���
�'�1,�A5� 

                                                        
23 F. Rajamohan, M. K. Lee and D. H. Dean, “Bacillus thuringiensis Insecticidal Proteins: Molecular Mode of Action”, 

Prog. Nucleic Acid Res. Mol. Biol. 60 (1998) 1. 
24 T. Puntheeranurak, S. Leetachewa, G. Katzenmeier, C. Krittanai, S. Panyim and C. Angsuthanasombat, “Expression 

and Biochemical Characterization of the Bacillus thuringiensis Cry4B Alpha1-Alpha5 Pore Forming Fragment”, J. 

Biochem. Mol. Biol. 34 (2001) 293. 
25 T. Puntheeranurak, P. Uawithya, L. Potvin, C. Angsuthanasombat and J. L. Schwartz, “Ion Channels Formed in Planar 

Lipid Bilayers by the Diptean-Specific Cry4B Bacillus thuringiensis Toxin and Its Alpha1-Alpha5 Fragment”, Mol. 

Membr. Biol. 21 (2004) 67. 
26 Y. Kanintronkul, I. Sramala, G. Katzenmeier, S. Panyim and C. Angsuthanasombat, “Specific Mutations within the 

Alpha4-Alpha5 Loop of the Bacillus thuringiensis Cry4B Toxin Reveal a Crucial Role for Asn-166 and Tyr-170”, Mol. 

Biotech. 24 (2003) 11. 
27 S. Yoshioki, “Dynamics of a Protein and Water Molecules Surrounding the Protein: Hydrogen-Bonding between 

Vibrating Water Molecules and a Fluctuating Protein”, J. Comput. Chem. 23 (2002) 402. 
28 C. Mattos, “Protein-Water Interactions in a Dynamic World”, Trend Biochem. Sci. 27 (2002) 203. 
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2.4 
����������,�
���������������!"��" ��7!�& !�&
"�"����D���� (Metalloporphyrin-Based 
Molecular Devices) 
��	"1�1*�
/#*
!��������1�,1	
��
1"�D-+������ (Macrocyclic Molecule) 0&$�
����*!�7D&
�	
��
 

conjugated bonds �4����&$��"��
'�� 5̂��	%�����"�����
A��!��"�&
�
!��0'' pi-pi �
�� pi-dipole �
�� 

0''����? �"'���1�,1�!�	

�/�1��4�!� ��
	
��"��
�1�+	
���!4"� (Transition Metal) ���+�5���$��0�$�

&
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34
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29 V. Vie, N. Van Mau, P. Pomarede, C. Dance, J. L. Schwartz, R. Laprade, R. Frutos, C. Rang, L. Masson, F. Heitz and 

C. Le Grimellec, “Lipid-Induced Pore Formation of the Bacillus thuringiensis Cry1Aa Insecticidal Toxin”, J. Membrane 

Biol. 180 (2001) 195. 
30 M. Kiselev, D. Ivlev, Y. Puhovski and T. Kerdcharoen, “Preferential Solvation and Elasticity of the Hydrogen Bonds 
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Ferri, “The Application of Metalloporphyrins as Coating Material for Quartz Microbalance-Based Chemical Sensors”, 
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35 C. Di Natale, A. Macanano, G. Repole, G. Saggio, A. D’Amico, R. Paolesse, T. Boschi, Mater. Sci. Eng. C 5 (1998) 

209. 
36 A. D’ Amico, C. Di Natale, R. Paolesse, A. Macagnano and A. Mantini, “Metalloporphyrins as Basic Material for 

Volatile Sensitive Sensors”, Sensors and Actuators B 65 (2000) 209. 
37 C. W. Rogers and M. O. Wolf, “Luminescent Molecular Sensors Based on Analyte Coordination to Transition-Metal 

Complexes”, Coor. Chem. Rev. 233-234 (2002) 341. 
38 S. Krongsuk, T. Kerdcharoen and S. Hannongbua, "How Many Water Molecules in the Hydration Shell of 18-crown-6? 

Monte Carlo Simulations Based on Ab Initio Derived Potential Energy Surface", J. Phys. Chem. B 107 (2003) 4175. 
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39 S. Krongsuk, T. Kerdcharoen and S. Hannongbua*, "Monte Carlo Simulation of Potassium Ion Embeded 18-crown-6 

in Water: Effect of the Cation to the Hydration Structure", submitted. 
40 C. Di Natale, R. Paolesse, A. Macagnano, A. Mantini, P. Mari and A. D’ Amico, “Qualitative Structure-Activity 

Relationship in Porphyrins Based QMB Chemical Sensors”, Sensors and Actuators B 68 (2000) 319. 
41 S. Nardis, D. Monti, C. Di Natale, A. D’ Amico, P. Siciliano, A. Forleo, M. Epifani, A. Taurino, R. Rella and R. 

Paolesse, “Preparation and Characterization of Cobalt Porphyrin Modified Tin Oxide Films for Sensor Applications”, 

Sensors and Actuators B 103 (2004) 339. 
42 A. Ali Umar, M. Mat Salleh and M. Yahaya, “Self-Assembled Monolayer of Copper(II) Meso-Tetra(4-

Sulfanatophenyl) Porphyrin as an Optical Gas Sensor”, Sensor and Actuators B 101 (2004) 231. 
43 A. Ali Umar, M. Mat Salleh and M. Yahaya, “Enriching the Selectivity of Metalloporphyrins Chemical Sensors by 

Means of Optical Technique”, Sensor and Actuators B 85 (2002) 191. 
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44 F. Ban, K. N. Rankin, J. W. Gauld and R. J. Boyd, “Recent Applications of Density Functional Theory Calculations to 

Biomolecules”, Theor. Chem. Acc. 108 (2002) 1. 
45 A. R. Bizzarri and S. Cannistraro, “Molecular Dynamics of Water at the Protein-Solvent Interface”, J. Phys. Chem. B 

106 (2002) 6617. 
46 V. M. Kaganer, H. Moehwald, “Structure and Phase Transitions in Langmuir Monolayers”, Rev. Mod. Phys. 71 (1999) 

779. 
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47 W. Hofer, A. S. Foster and A. L. Shluger, “Theories of Scanning Probe Microscopes at the Atomic Scale”, Rev. Mod. 

Phys. 75 (2003) 1287. 
48 H. L. Fillmore, I. Chasiotis, S. W. Cho and G. T. Gillies, “Atomic Force Microscopy Observations of Tumour Cell 

Invadopodia: Novel Cellular Nanomorphologies on Collagen Substrates”, Nanotechnology 14 (2003) 73. 
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Abstract

Toxicity mechanisms of Bacillus thuringiensis Cry insecticidal proteins involve membrane insertion and lytic pore formation in
lipid bilayers of the target larval midgut cell membranes. The B. thuringiensis Cry4Ba mosquito-larvicidal protein has been shown to
be capable of permeabilizing liposome vesicles and of forming ion channels in planar lipid bilayers. Here, the membrane interaction
of the 65-kDa activated Cry4Ba protein with the lipid monolayers, comprising dipalmitoyl phosphatidylcholine, dioleoyl phospha-
tidylethanolamine, and cholesterol (Chol), was studied using Langmuir–Blodgett technique. The interactions of the Cry4Ba protein
with the lipid monolayers were measured from the surface pressure versus area isotherms of the protein–lipid monolayers. The
increase in the mean molecular area was demonstrated as an incorporation of the protein into lipid monolayers. The insertion of
the Cry4Ba protein was monitored by measuring as an increase of the surface pressure at constant molecular area. For a given
monolayer, the membrane insertion of the Cry4Ba reduced as the initial surface pressure increased. The Cry4Ba protein showed
a strong preference of an insertion towards a Chol monolayer. In addition, the mixed monolayers of Chol showed an enhanced effect
on the insertion kinetics of Cry4Ba into lipid films, suggesting its involvement in the modulation of the protein insertion. These find-
ings provide the first evidence that the Cry4Ba protein is capable of inserting itself into lipid monolayers, depending on the packing
density of the monolayers. Our results also indicate that only a limited part of the protein is likely to be involved in the insertion.
� 2005 Elsevier Inc. All rights reserved.

Keywords: Bacillus thuringiensis; Insecticidal protein; Langmuir–Blodgett; Membrane insertion; Protein–lipid interaction

Bacillus thuringiensis (Bt) is a Gram-positive bacteri-
um which produces intracellular crystalline inclusions
during sporulation. These inclusions consist of one or
more insecticidal proteins known as Cry and/or Cyt d-
endotoxins which have been used as potential biocontrol
agents, an alternative to chemical insecticides [1]. For in-
stance, B. thuringiensis subsp. israelensis produces 130-
kDa Cry4Ba d-endotoxins, which are highly toxic to

the larvae of disease-carrying mosquitoes, such as the
Aedes and Anopheles species [2].

To date, the tertiary structures of five differentCry pro-
teins, Cry1Aa, Cry2Aa, Cry3Aa, Cry3Bb, and Cry4Ba
have been determined by X-ray crystallography [3–7].
All the known structures display a high degree of overall
similarity with a three-distinct domain organization. The
N-terminal domain (domain I) is a bundle of seven a-he-
lices in which the central helix (a5) is relatively hydropho-
bic and is encircled by six other amphipathic helices. Of
particular interest, this helical domain has been proved
to be responsible for membrane insertion, leading to for-
mation of the ion-leakage [8–13]. Domain II consists of
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three anti-parallel b-sheets. This domain is similar to anti-
gen-binding regions of immunoglobulins, and has been
shown to be responsible for receptor binding [14,15]. Do-
main III contains two anti-parallel b-strands. The func-
tion of this domain is still not clear [6,16].

The Bt Cry proteins are presented as inactive protox-
in inclusions. Upon ingestion by susceptible larvae, the
protoxin inclusions are solubilized in the larval midgut
and activated by midgut proteases. It is believed that
the activated proteins first bind to a specific receptor
located on apical membranes of midgut epithelial cells.
Subsequently, the proteins insert into the lipid mem-
brane and disrupt the permeability of the midgut cell
membranes, resulting in a net influx of ions and water
that lead to osmotic lysis of the cell [17,18]. However,
the underlying molecular basis of this toxicity process,
especially in the step of membrane insertion and lytic
pore formation, is not yet clearly understood.

Currently, an umbrella model best describes molecu-
lar mechanisms of membrane insertion and pore forma-
tion of the Cry d-endotoxins [9]. There is a lot of
evidence supporting this model in which the a4 and a5
helices form a helical hairpin to initiate membrane pen-
etration upon specific receptor binding [12,13,19].
Recently, atomic force microscopy (AFM) measure-
ments suggested that the Cry1Aa and Cry4Ba pores
are tetramer-like structures [20]. Although a number of
studies on the protein–lipid interaction at the air–water
interface have been published for several proteins [21–
23], the research work concerning the nature of interac-
tion between Cry proteins and the lipid membrane has
not been clearly elucidated.

Protein–lipid monolayers have been widely used for
investigating mechanisms occurring in biological mem-
branes. Langmuir–Blodgett (LB) technique is an ideal
method to mimic the behavior of biological membranes.
Insecticidal properties of the Cry4Ba protein are primar-
ily related to its interaction with lipid membranes. In the
present study, we therefore employed the LB approach
to understand the interaction of the Cry4Ba protein with
various lipid monolayers at different given pressures. The
results clearly showed that the Cry4Ba protein is able to
penetrate into lipid monolayers, with distinctive insertion
behavior depending on the nature of lipid compositions.

Materials and methods

Chemicals and solutions

Lipids used were 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC),1 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine (DOPE) and cholesterol (Chol)
purchased from Avanti Polar Lipids, USA. DPPC,
DOPE, and Chol stock solutions (20 mg/ml) were pre-
pared in HPLC grade chloroform and stored at
�20 �C under nitrogen. The freshly made solution was
spread using a microsyringe on carbonate buffer pre-
pared from MiliQ Millipore water (resistivity P18 MX
cm) in a LB trough (K.S.V. Instrument, Finland).

Cry4Ba protein preparation

The Bt Cry4Ba protein was expressed as cytoplasmic
inclusions in the Escherichia coli strain JM109 under
control of the LacZ promoter. Cells were grown in a
Luria–Bertani medium containing 100 lg/mL ampicillin
until OD600 reached 0.3–0.5. After addition of isopro-
pyl-b-D-thiogalacto pyranoside (IPTG) to a final con-
centration of 0.1 mM, incubation was continued for
another 4 h. E. coli cells expressing Cry4Ba were har-
vested by centrifugation, resuspended in distilled water,
and finally disrupted in a French Pressure Cell at
10,000 psi. Protein concentrations of the partially puri-
fied protein inclusions were determined by using the
Bradford-based protein microassay (Bio-Rad), with bo-
vine serum albumin fraction V (Sigma) as a standard.
Protoxin inclusions were solubilized in 50 mM Na2CO3,
pH 9.0, at 37 �C for 1 h.

The stability of protein was tested by digesting with
trypsin (L-1-tosylamide-2-phenylethyl chloromethyl ke-
tone-treated, Sigma) at enzyme/toxin ratio of 1:20 (w/w)
in 50 mMNa2CO3, pH 9.0, at 37 �C for 16 h. Purification
of the 65-kDa trypsin-treatedCry4Ba proteinwas accom-
plished using a size-exclusion FPLC system (Superose 12/
HR10 column, Amersham Pharmacia Biotech) eluted
with carbonate buffer (50 mM Na2CO3, pH 10.5).

Monolayer and Langmuir–Blodgett experiments

The experiment was performed by using KSV2000
(KSV, Finland). The surface pressure–area isotherms
were obtained by monitoring a surface pressure as a
function of a reduction in molecular area. The surface
pressure was measured by Wilhelmy plate method using
a platinum plate connected to a microbalance as de-
scribed previously [21]. Before starting the experiment,
the trough was cleaned successively with ethanol and
followed by rinsing with deionized water (resistivity
>18.0 MX cm). Carbonate buffer (pH 9.0) was used as
the subphase throughout this study. For monolayer
preparation, the synthetic lipids (DPPC, DOPE, and
Chol) were spread on the aqueous subphase using
micropipette. The temperature of the subphase was kept
constant at 25 �C. Each experiment was repeated at least
three times to ensure reproducibility of the data.

For characterizing the isotherms of mixed protein–
lipid monolayers, the protein was injected into subphase

1 Abbreviations used: DPPC, 1,2-dipalmitoylphosphatidylcholine;
DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; LB, Lang-
muir–Blodgett; p–A, surface pressure–molecular area.
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and the lipid solutions were then spread on the aqueous
subphase. To ensure complete mixing of the film compo-
nent at the interface and to allow for sufficient equilibra-
tion, monolayers at air–buffer interface were rested 3 h
before a compression at 1 cm/min. The trough was
thermostated by a water circulating bath at a tempera-
ture of 25 �C. The isotherms were represented by plot-
ting the surface pressure versus the area per molecule
of lipids (DPPC, DOPE, or Chol). An increase in the
mean molecular area after adding the protein was inter-
preted as being due to the incorporation of the protein
into the lipid monolayers.

The experimental detail of the protein insertion has
already been reported [24]. In this study, we monitored
the interaction of Cry4Ba with lipids using a constant
surface area assay. If part of the protein inserts into
the lipid monolayers, the surface pressure will increase.
The lipid stock solution was gently deposited at the
air–buffer interface. After 10 min for the evaporation
of the solvent, the films were compressed by moving
the barrier at a rate 1 cm/min and equilibrated for 2 h
at desired initial surface pressure, pi (10, 15, or
20 mN/m). The 4.35 nM Cry4Ba protein was subse-
quently injected into the subphase just beneath the lipid
monolayers from the opposite side of the barrier. The
increase of surface pressure was recorded automatically
as function of time. To ensure that the increase surface
pressure is due to interaction of protein with lipid mem-
brane and not an artifact of the injection protocol, we
have performed control experiments where blank solu-
tion was injected into subphase, and it did not alter ini-
tial pressure.

Results and discussion

Isothermal compression of mixed Cry4Ba/DPPC,

Cry4Ba/DOPE, and Cry4Ba/Chol monolayers

The Langmuir–Blodgett technique becomes known
as desirable model systems for investigating the role of
protein–lipid interactions in the function and organiza-
tion of biological cell membranes [24–33]. In this study,
two synthetic phospholipids (DPPC and DOPE) were
chosen as model components since they are more rele-
vant to the phospholipids found in the insect cell mem-
branes [34,35]. Moreover, Chol which is a primary
component in biological membranes was also used in
our studies.

The most important indicator of the monolayer prop-
erties of an amphipathic molecule is given by measuring
the isotherms that displayed by plotting surface pressure
versus the area per molecule (p–A). The compression
isotherms of DPPC, DOPE, and Chol are shown in
Fig. 1. The isotherms of the pure lipids are in agreement
with those published earlier [30,33,36]. It was observed

that the phase behaviors of the monolayers are mainly
determined by both physical and chemical properties
of the lipid molecules. Base on their chemical structure,
DPPC and DOPE are glycerophospholipids, in which
the hydrophobic regions are composed of two fatty
acids joined to glycerol and both of the fatty acyl chains
of DPPC and DOPE are saturated and unsaturated,
respectively.

In this study, all the experiments were carried out at
25 �C. At the initial compression, p–A isotherm of
DPPC shows liquid expanded (LE) phase (Fig. 1A).
At the plateau, these two phases, LE and liquid con-
densed (LC) phases are co-existing. The film gradually

Fig. 1. Surface pressure–area isotherms of pure and mixed lipid
monolayers. Molecular structures of DPPC (A), DOPE (B), and Chol
(C) and their surface pressure versus area per molecule (p–A isotherm)
at 25 �C in carbonate buffer, pH 9.0.
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transform into LC phase as the area occupied per mol-
ecule is reduced. The estimated area occupied per mole-
cule is 60 Å2/molecule for the LC phase and 110 Å2 for
the LE phase. The molecular packing of DPPC mono-
layer can also be controlled by changing the temperature
of the subphase [24]. However, a detail experiment was
not performed in this study. A percent area reduction
at constant surface pressure was monitored as function
of time, creep test, to check the stability of the film.
DPPC forms a relative stable monolayer where the ob-
served area reduction is around 5–7 percent over 3 h
(Fig. 2A) for both LC and LE phase.

In contrast to DPPC, the DOPE isotherm consists of
only a single phase (LC) and a more loosely packed film
(Fig. 1B). The kinks in unsaturated fatty acids due to the
presence of carbon–carbon double bonds prevent tight
packing. This gives rise to an increase in the mean
molecular area from 60 Å2/molecule to 200 Å2/mole-
cule. Regardless of its molecular packing, DOPE also
forms a stable film where its area reduction is less than
five percent (Fig. 2B).

Chol shows the coexistence of LE and LC phases
even at high surface area. The observed area occupied
per molecule of Chol is 40 Å2/molecule. After compres-
sion, they exhibited a LC phase and then underwent to a
collapsed state (Fig. 1C), similar to previous results ob-
tained by others [36]. The area reductions are at 10, 14,
and 24 percent at the surface pressure of 10, 15, and
20 mN/m, respectively (Fig. 2C).

The mixed monolayer of DPPC, DOPE, and Chol
were also investigated. For the mixed monolayer
DPPC/Chol (9:1), they form a stable monolayer with a
slight reduction of the mean molecular area of the LC
phase and a reduction of the collapse pressure
(Fig. 1A). The mixed monolayer DOPE/Chol (9:1)
shows no change in its isotherm, except for a slight
reduction of an average area occupied per molecule
(Fig. 2A). This is due to the nature of the mixed mono-
layer where the area occupied per molecule of the Chol
is less than DOPE. The area reduction as a function of
time for the both mixed monolayers is less than five per-
cent (data is not shown).

The interactions between the Cry4Ba protein and the
lipid monolayers (DPPC, DOPE, and Chol) were exam-
ined by the compression isotherms of the mixed protein–
lipid monolayers. It is noteworthy to mention that upon
spreading the Cry4Ba protein into the surface of the
subphase, the protein showed a mean molecular area
of about 3800 Å2 (Fig. 3) which is approximately 10-
time lower than the unit cell (34,225 Å2) obtained from
its crystal structure [37]. This might indicate that only
the hydrophobic part of the protein molecule could stay
at the interface while the hydrophilic part tended to dis-
perse into the subphase. In the absence of the lipid, it is
possible that some structural change may take place at
the air–water interface. The exact nature of the pure

protein at the air–water interface still needs to be
investigated.

For studying the membrane interaction property of
Cry4Ba, the protein (0.3, 0.6, and 1.2 nmol) was injected
into the subphase and rested for 3 h prior to a compres-
sion at 1 cm/min. The Cry4Ba protein possesses amphi-
pathic characteristics, and thus its hydrophobic part is
likely to be adsorbed to the lipid monolayers. The effect
of the protein on the structure of lipid monolayers was

Fig. 2. Stability of lipid monolayers at various pressure. Percent
trough area decrease versus time (h) of lipid monolayers (DPPC,
DOPE, and Chol) at various pressures (10, 15, and 20 mN/m).
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thereby represented by an expansion of the mean molec-
ular area. The isotherms were shifted to a larger area per
molecule with increasing amounts of protein for all lipid
monolayers as shown in Fig. 4. These increases arose
from the area occupied by the Cry4Ba protein molecules
inserted into lipid monolayers. As can be seen that the
mixed Cry4Ba/DPPC, Cry4Ba/DOPE, and Cry4Ba/
Chol monolayers exhibited transitional behavior com-
pared to what was displayed by either a single protein
or a single lipid component. It has been proposed that
the interface between lipid and water is actually a region
of 10 Å thickness composed of lipid head groups and
water molecules [38]. Thus, to be stably inserted in a lip-
id film, the surface of a protein must possess a region
that would interact favorably with the interfacial region
of the lipid monolayers. Our studies suggest that only a
certain part of the Cry4Ba protein is involved in the
insertion to the lipid monolayers where it preferentially
interacts with the monolayers. This is consistent with a
small increase in the mean molecular area when in the
presence of the protein compared to the pure protein
at the interface.

Insertion of Cry4Ba to DPPC, DOPE, Chol, and their

mixed monolayers

In these experiments, the insertion ability of Cry4Ba
into lipid monolayers was studied in the presence of
zwitterionic lipids (DPPC, DOPE, and Chol) at three
initial surface pressures equal to 10, 15, and 20 mN/m,
that is different lipid-packing densities. The Cry4Ba pro-
tein (4.35 nM) was injected at a constant area to the sub-
phase beneath the spread lipid monolayers. The increase
in surface pressure (Dp) was thereafter monitored until it
reached a maximal value, usually within 5 h. Recently, it
has been demonstrated that the molecules interacting

solely with the lipid head groups without insertion into
lipid monolayers do not affect the surface pressure
[24,25,27,29]. Therefore, the magnitude of the surface
pressure change can be used to compare the strengths
of protein–lipid interactions [24–27,29]. Table 1 shows

Fig. 3. Surface behaviour of pure Cry4Ba monolayers. The Cry4Ba p–
A isotherm was obtained by gradually spreading the protein on the
surface of carbonate buffer, pH 9.0 at 25 �C.

Fig. 4. Surface pressure–area (p–A) isotherms of Cry4Ba-lipid mixed
monolayers. p–A Langmuir isotherms of Cry4Ba-lipid monolayers.
Monolayers were formed from DPPC, DOPE, and Chol. Compression
isotherms for pure lipid . Compression isotherms with increasing
amount of Cry4Ba protein into subphase for 3 h; 0.3 (� � �), 0.6 (- - -),
and 1.2 nmol .
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that the increase of surface pressure was greater with
lower initial pressure of lipid film, suggesting that Cry4-
Ba was mainly inserted into the LE phase. At the lower
surface pressure, the lipid packing is likely to be loosely
packed (more fluidity), this would allow for better inser-
tion of the proteins into the lipid monolayers. With the
same concentration used of Cry4Ba in the subphase, the
kinetics and extent of surface pressure changes were
strongly affected by the lipid compositions of the mono-
layers. It showed distinctive insertion behavior upon the
type of lipid monolayers in the order of Chol > DO-
PE > DPPC. However, no increase in surface pressure
was observed without addition of the protein (Fig. 5).
Traditionally, there are two types of interactions be-
tween proteins and lipid molecules, depending on mono-
layer structures [26,30]. For the first type, proteins
interact with charged phospholipids via electrostatic
interactions. This interaction usually exerts a higher sur-
face activity which becomes evident from the more addi-
tive surface pressure increases. The second type involves
protein interaction with zwitterionic phospholipids via
hydrophobic interactions, so that the complexes become
less surface active. In our studies, the interactions be-
tween the lipid monolayers and the Cry4Ba protein are
conceivably hydrophobic interactions, as neutral lipid
molecules were used.

Although the lipid monolayer structure itself is rela-
tively stable, the individual phospholipid and sterol

molecules have great freedom of motion within the
plane of the membrane. The degree of fluidity depends
on lipid compositions and temperature. In particular,
the sterol content of a membrane is an important
determinant of fluidity as a living cell controls the
membrane fluidity by regulating the level of Chol in
the membrane. In this study, the influence of the Chol
content of the monolayers in insertion behavior was
further confirmed by performing experiments with
DPPC and DOPE in the presence of Chol at ratio
(9:1). At initial pressure of 10 mN/m, the Dp of
DPPC/Chol (9:1) and DOPE/Chol (9:1) increased to
3.2 and 3.8 mN/m, respectively, within 1 h after injec-
tion of the Cry4Ba protein into subphase as shown
in Fig. 5. These results revealed that the Chol content
influenced the rate of Cry4Ba insertion into the lipid
monolayers. It is possible that the rigid planar struc-
ture of the steroid nucleus, inserted between fatty acyl
side chains, would prevent the highly ordered packing
of the phospholipid tails, and thus fluidizes the mono-
layers. The increase in membrane fluidity would likely
allow for more protein insertion into the monolayers.
It should be noted that an increase in pressure in
DOPE monolayers were relatively higher than in
DPPC monolayers. A lower increase pressure observed
in DPPC may be possibly caused by the saturated
hydrocarbon straight-chains which can pack well into
a paracrystalline array, but the kinks in unsaturated
hydrocarbon side chains of DOPE would interfere this
packing, preventing the formation of this paracrystal-
line solid state of the membrane.

In conclusion, this work reveals for the first time that
the 65-kDa Cry4Ba protein is capable of inserting itself
into LB films, supporting its insecticidal activity. Addi-
tionally, the degree of penetration of the protein mole-
cule into lipid monolayers was found to largely depend
on the nature of lipids, the initial surface pressure and
the packing density of the lipid films. Further investiga-
tion of more detailed insertion behavior and molecular
organization within lipid membranes of the Cry4Ba
mosquito-larvicidal protein and other related toxins
are of great interest, since this would shed light on the
general principles that underlie protein–protein interac-
tions within the membrane bilayers.
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Table 1
Values of maximum overpressure (Dp) measured in the film DPPC,
DOPE, and Chol versus the various initial pressure of the monolayer
(pi), after injection of the 4.35 nM Cry4Ba protein in subphase
(Na2CO3) at 25 �C for 5 h

pi (mN/m) DPPC (Dp) DOPE (Dp) CH (Dp)

10.00 2.1 3.50 8.00
15.00 1.65 1.80 6.60
20.00 1.00 1.75 2.17

Fig. 5. Insertion profile of the Cry4Ba protein into lipid monolayers
p–t curves of the monolayer insertion of the Cry4Ba protein after
injection underneath various lipid monolayers; DPPC, DOPE, Chol,
DPPC/Chol (9:1) and DOPE/Chol (9:1), which were spread at an
initial surface pressure of 10 mN/m.
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Abstract

We have investigated the geometrical and electronic structures of open-end single-walled carbon nanotubes (SWNTs) having chem-
ically modified tips, using semi-empirical AM1 and density functional theory methods. The hydroxyl (–OH), carboxyl (–COOH) and
amide (–CONH2) functional groups were used to saturate the open-ends of nanotubes. The effects of functional groups were studied
by comparison with the pristine tubes, of which the tubular lengths vary from two to ten unit-cells (40 Å). The results show that the
C–C bond lengths of all model tubes are only slightly different, and the behavior of converging bond lengths in COOH– and
CONH2-SWNTs is very similar to the pristine tube. Tip functionalization alters the frontier orbitals of the pristine tube, but these effects
seem to rapidly decrease as the tubule becomes longer. In general, it can be concluded that the geometrical and electronic structures of
pristine tubes after tube-end ‘‘full” functionalization will be preserved, hence supporting that more real-world ‘‘partially” functionalized
SWNTs can be used in the same way as the pristine version in most application areas.
� 2008 Elsevier B.V. All rights reserved.

PACS: 31.15.ae; 31.15.E-; 31.15.bu; 73.22.-f; 81.07.De

Keywords: Functionalized carbon nanotube; DFT; Electronic structure

1. Introduction

In recent years, the unique properties of single-walled
carbon nanotubes (SWNT) have become widely known,
e.g., chemical and thermal stability, extremely high tensile
strength and elasticity, and high conductivity [1–3].
Because of its remarkable electronic and mechanical prop-
erties, SWNT is one of the best candidate materials to use
in various industrial applications [4]. However, there are
some intrinsic properties that limit its use in many appli-
cations. For instances, the pristine carbon nanotube is not

soluble in water or common solvents [5,6], which hinders
chemical approaches, manipulation and preparation of
nanocomposite materials. To overcome this problem,
functionalization is one effective means for modifying
properties of the pristine tubes so as to be appropriate
for solution processing [7,8]. Unfortunately, functionaliza-
tion of SWNTs may also lead to unwanted modification
of the physical and chemical properties of SWNTs that
are essential for intended applications. The ability to sol-
ubilize carbon nanotubes with intact physico-chemical
properties would aid in their purification, followed by eas-
ier solution processing that will eventually lead to the
most efficient uses of such materials. The first chemical
synthesis of soluble SWNTs was reported in 1998 [9,10].
The open-ends of soluble SWNTs were terminated by car-
boxylic acid groups (–COOH). Such groups were con-
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verted into acylchloride groups by treatment with thionyl-
chloride [9,10]. The long-chain amine, e.g., octadecyl-
amine, was subsequently added to form amide
functionalities [10]. The resulting SWNTs can be soluble
in common organic solvents, such as chloroform, dichlo-
romethane, aromatic solvents (e.g., benzene, toluene,
chlorobenzene, 1,2-dichlorobenzene), CS2 and water [9–
14]. In spite of many successful experiments on the
soluble SWNTs, effects of functional groups on the geo-
metrical and electronic structure of pristine SWNTs are
not yet clearly understood due to absence of a reliable
theoretical model. Therefore, studying the geometrical
and electronic structures of individual nanotubes before
and after functionalization is necessary in order to ascer-
tain whether these properties have been affected. So far,
most papers report the effects of only one functional
group, i.e., COOH, at the end [15] and at the sidewall
of nanotubes [16]. In the real situation, it is possible that
there are several functional groups concurrently attached
to the nanotube end and sidewall. In this research, we
have explored an extreme case, where all open bonds at
the tips are saturated with functional groups, or so-called
‘‘fully functionalized” SWNT. Three functional groups:
hydroxyl (–OH), carboxyl (–COOH) and amide
(–CONH2) are chosen in order to study their effects on
the geometrical and electronic properties of nanotubes.

2. Model and methods

The OH–, COOH– and CONH2-terminated SWNTs
(Fig. 1) were investigated by semi-empirical and first-prin-
ciples calculations. The zigzag (9,0) tube was chosen
because its edges are more reactive than those of the arm-
chair tube [17], thereby supportive to our model where the
tube edges are saturated by functional groups. Effects of
the functional end groups were studied by comparing with

Fig. 1. Model geometries of the (a) OH– (b) COOH– and (C) CONH2-terminated (9,0) SWNTs. The insets show average bond lengths.

Fig. 2. Definition of C1–C2 and C2–C3 bonds of a 1 unit-cell (1UC)
SWNT.
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Table 1
Comparison of some geometrical and electronic properties of one unit-cell OH-SWNT calculated at different levels of theory (see definition of C1–C2, C2–
C3 in Fig. 2)

MM AM1 HF/3-21G* HF/6-31G* B3LYP/3-21G* B3LYP/6-31G*

C1–C2 (Å
0
) 1.356 1.418 1.404 1.409 1.415 1.418

C2–C3 (Å
0
) 1.346 1.449 1.464 1.474 1.460 1.465

HOMO (eV) – �6.305 �4.790 �4.471 �3.692 �3.394
LUMO (eV) – �1.589 0.355 0.867 �2.609 �2.417
dE (eV) – 4.716 5.145 5.338 1.082 0.977

Table 2
Dependence of C1–C2 (in {}) and C2–C3 (in [ ]) bond lengths on the tubular length of H, OH, COOH and CONH2-terminated (9,0) SWNT as obtained
from geometry optimization using AM1 Method (see definition of C1–C2, C2–C3 in Fig. 2)

Number of unit-cells H-terminated OH-terminated COOH-terminated CONH2-terminated

Terminal Middle Terminal Middle Terminal Middle Terminal Middle

2 {1.411} {1.420} {1.422} {1.420} {1.423} {1.418} {1.423} {1.418}
[1.440] [1.431] [1.434] [1.429] [1.440] [1.429] [1.439] [1.429]

3 {1.411} {1.424} {1.423} {1.424} {1.423} {1.426} {1.423} {1.425}
[1.439] [1.428] [1.434] [1.427] [1.439] [1.427] [1.439] [1.427]

4 {1.411} {1.425} {1.423} {1.425} {1.424} {1.425} {1.423} {1.425}
[1.439] [1.426] [1.433] [1.426] [1.439] [1.426] [1.439] [1.426]

6 {1.411} {1.425} {1.423} {1.426} {1.423} {1.426} {1.424} {1.426}
[1.439] [1.425] [1.433] [1.426] [1.439] [1.426] [1.439] {1.426}

8 {1.411} {1.425} {1.426} {1.431} {1.423} {1.426} {1.425} {1.426}
[1.439] [1.425] [1.427] [1.415] [1.439] [1.425] [1.439] [1.425]

10 {1.412} {1.425} {1.425} {1.431} {1.423} {1.426} {1.425} {1.426}
[1.439] [1.425] [1.427] [1.415] [1.439] [1.425] [1.440] [1.425]

Fig. 3. (a) HOMO (b) LUMO energies based on AM1 (left) and B3LYP/6-31G* (right).
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the pristine tube (whose edges are saturated by hydrogen
atoms). The tubular lengths of all models vary from two
to ten unit-cells (�8–40 Å, 72–360 carbon atoms). Defini-
tion of a one unit-cell is exhibited in Fig. 2. A semi-empir-
ical method based on the Austin Model 1 (AM1)
Hamiltonian [18] at the Restricted Hartree Fock level [19]
within GAMESS04 package [20] was used to prepare fully
optimized structures of all types and lengths. In AM1
method, it is an assumption that orbitals from two neigh-
boring atoms are orthogonal and only valence electrons
are considered. The AM1 valence (val) Hamiltonian based
on the Born–Oppenheimer approximation can be written
in the following form:

H val ¼ � 1

2

XN

i¼1

r2
i �

XN

i¼1

XM

A¼1

ZA

riA
þ
XN

i¼1

XN

j>1

1

rij
ð1Þ

where M is the number of nuclei. i and j denote each of the
N electrons in the system.

The basis sets employed in the semi-empirical method
are specially optimized minimal basis sets composed of
the Slater-type orbitals (STO),

USTOðf; n; l;m : r; h;/Þ ¼ Nrn�1e�frY lmðh;/Þ ð2Þ
where N is a normalization constant. f is the Slater expo-
nent. r, h, and / are spherical coordinates, and Ylm repre-
sents the angular momentum.

The results from other methods, such as molecular
mechanics calculation using MM3 [21] force filed, ab initio

Hartree–Fock and density functional theory (DFT) calcu-
lations [22] on one unit-cell of OH-terminated SWNT were
compared in order to verify the quality of the AM1
method. The all-electron Gaussian-type basis sets, 3-21G*

and 6-31G*, in which the valence shell is described by split-
ting functions, including the polarization functions for
hydrogen atoms, were employed for quantum mechanical
calculations. The C–C bond lengths of all tubes were mea-
sured and reported. The electronic structures, such as the
highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), energy gap, and
orbital shape were investigated using the AM1 method.
Becke3 and Lee–Young–Parr composite exchange-correla-
tion function (B3LYP) and the 6-31G* basis set were
employed to investigate the electronic structure of nano-
tubes with lengths up to six unit-cells. Extended Hückel
molecular orbital (EHMO) method [23] was also per-
formed for comparison.

3. Results and discussion

The geometrical and electronic properties of one unit-
cell OH-terminated SWNT after energy optimization at
different levels of theory are given in Table 1. For the pur-
poses of discussing the geometry of nanotubes, C–C bond
lengths including C1–C2 and C2–C3 (see Fig. 2) that lie on
the circumference and parallel with the tube axis, respec-
tively, were reported. From the average bond lengths in

Table 1, we have observed that the AM1 optimized
structure is in agreement with B3LYP/3-21G* within a res-
olution of 0.01 Å. On the other hand, the optimized struc-
ture obtained by AM1 is also close to the result calculated
by B3LYP/6-31G*, despite B3LYP/6-31G* level having
usually been found to be much more reliable on the average
bond lengths [24]. Therefore, in accordance with a previous
study by Stobinski et al. [25], we can assume that the AM1
method is good enough for approximation of the carbon
nanotube’s geometry. From Table 1, the differences in C–
C bond lengths obtained from all methods, except for
MM3, are within the range of 0.01–0.04 Å. Hence, the
molecular mechanics is not an appropriate method to pre-
dict the geometry of this system, corresponding to our pre-
vious results on the pristine SWNT [26]. For electronic
properties, it was shown that the AM1 and HF methods
are rather poor in describing LUMO, leading to overesti-
mation of the HOMO–LUMO energy gap in comparison
with the B3LYP values. Therefore, HOMO and LUMO
from AM1 method will be used only for qualitative pur-
poses, for example, comparing between the OH–, COOH–
and CONH2-terminated SWNTs with the pristine nano-
tubes, as also suggested by the previous study [26].

Fig. 4. (a) Energy gap based on AM1, B3LYP/6-31G* and EHMO of H–,
OH–, COOH– and CONH2-terminated SWNTs. (b) Comparison of the
delocalized frontier orbitals of the functionalized structures.
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Effects of the functional groups and tubule lengths on
the geometrical properties are given in Table 2. Such
groups cause differences in the C–C bonds located at the
terminal ends and at the middle cylinder. For the pristine
tubes at all lengths, the C1–C2 and C2–C3 bond lengths
located at the terminal ends are around 1.411 and
1.440 Å, respectively. In other words, the local geometry
at the terminal ends does not depend on the tubule length.
In contrast, the C-C bond lengths located at the middle cyl-
inder are affected by tubule lengthening from 1 up to 4
unit-cells. Beyond such tubular length, a converging value
of 1.425 Å for the C–C bonds is finally established. The
above-mentioned behavior and tendency are also applica-
ble to the functionalized SWNTs. In particular for the

COOH– and CONH2-SWNTs, the middle cylinder of such
tubes has the same converging C–C bond length as the pris-
tine tube (1.425–1.426 Å), albeit the carbon bonds at the
immediate vicinity of the functional groups become slightly
elongated (from 1.411 to 1.424 Å). It can be said that func-
tionalization does not introduce noticeable structural
deformation to SWNT. It is noteworthy that the average
C–C bond length of a perfect SWNT with sp2 hybridization
is 1.42 Å, and full functionalization causes bond length dis-
tortion within a 0.02 Å limit.

Fig. 3a and b shows that functionalization alters
HOMO and LUMO energies. In comparison with the H-
terminated tube, the hydroxyl group destabilizes HOMO
and LUMO, while the carboxylic and amide groups stabi-

Fig. 5. Side views of 3D-isosurface plots of selective occupied molecular orbital and unoccupied molecular orbital calculated using AM1 method.
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lize them. Because the carboxylic and amide groups share a
similar carbonyl group, their respective energy levels are
more correlated. Interestingly, although AM1 overesti-
mates the HOMO energy, it can reproduce LUMO and
the same ordering of energy levels obtained from different
functional groups, comparative to those of DFT. Such
results confirm that AM1 is an effective tool for qualitative
study of functionalized nanotubes. Fig. 4a plots the
HOMO–LUMO energy gap versus tubule length based
on the AM1, DFT and EHMO methods. All levels of the-
ory predict a decreasing energy gap. For sufficiently long
tubes, the energy gaps become converged to an approxi-
mately similar value (2.3–2.4 eV at AM1 level) regardless
of how the tube-ends are functionalized. It can be said that
the functional groups do not disturb the sp2 hybridization
of a nanotube, so that eventually the energy gap is still pre-
served [27]. In general, the realistic energy gap should
locate between the extreme values obtained from AM1
(overestimated) and EHMO (underestimated), making
DFT a better choice for obtaining such a value. Since
DFT is more time-consuming and resource-intensive, it
was however used as a complementary method to AM1
in this study. Based on this concept, the finite-length
open-end functionalized (9,0) SWNTs are small-gap semi-
conducting, for which they will become metallic when the
length is great enough [28–30].

The energy gap shown in Fig. 4a is rather illusive since a
previous study reported that HOMO and LUMO in an
open-end H-terminated SWNT are defected states caused
by the capping hydrogen atoms [26]. This study also pro-
posed a more sensible way to represent the energy gap in
terms of the delocalized states. Fig. 5 visualized the molec-
ular orbitals of selective frontier states, using Facio version
10.3.1 package [31]. In all model tubes, HOMO and
LUMO are localized at the terminal ends of the tubes.
To compute the energy gap, the most frontier delocalized
states should be considered. For the pristine tube,
HOMO-1 and LUMO+1 (Fig. 5-1b and 5-1d) are relevant,
whereas functionalization shifts the frontier delocalized
states downward/upward to HOMO-2 (Fig. 5-2b, 5-3b
and 5-4b) and LUMO+2 (Fig. 5-2d, 5-3d and 5-4d),
respectively. The new plot of energy gap versus tubule
length as shown in Fig. 4b, reveals a converging value of
2.9 eV for all functionalized nanotubes. Although the
new energy gaps are higher than the original HOMO–
LUMO gap, they are independent of the chemical groups
and can represent the real electronic characteristics of the
functionalized SWNTs.

4. Conclusion

So far, most previous studies report the effects of only
one functional group, i.e., –COOH, at the end and at the
sidewall of carbon nanotubes. In the present work, we have
explored an extreme case, where all hydrogen caps are
replaced with functional groups (–OH, –COOH and –
CONH2) or so-called ‘‘fully functionalized” SWNTs. The

results suggest that the low-cost AM1 method in conjunc-
tion with DFT can be an effective tool for studying func-
tionalized carbon nanotubes. In conclusion, the ‘‘full”
functionalization at the open-ends of finite-length SWNTs
do not significantly change the geometrical and electronic
properties of the original pristine nanotubes, supporting a
notion that more real-world ‘‘partially” functionalized
SWNTs can be used in the same way as the pristine version
in most application areas.
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Abstract: Interactions between single-walled carbon nanotubes (SWNTs) and 
water molecules were studied using first principle calculations and molecular 
dynamics simulations. The SWNTs were modelled by varying the diameter 
ranging from the chiral vector (6, 0) to (9, 0) and by modifying the tube ends 
terminated with hydroxyl (–OH) and carboxyl (–COOH) functional groups. 
Water and SWNT molecules were modelled using the SPC model and a 
flexible model based on the OPLS force field respectively. The first principle 
NBO charges were used for describing the tube-water electrostatic interactions. 
The results indicate that the movement of water into the COOH-SWNT is 
rather different from the pristine and OH-functionalised nanotubes. Water 
molecules prefer to localise around the SWNT’s tips than other parts. 
Hydrophilic behaviour of functionalised SWNT is improved over the pristine 
tube in agreement with experiments. The COOH-SWNT also shows the 
confinement of water molecules that may be useful for H2O transport. 

Keywords: Carbon Nanotube; CNT; Single-Walled Carbon Nanotube; SWNT; 
functionalisation; molecular dynamics; first principle; water orientations. 
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1 Introduction 

Carbon nanotubes (CNT) were first discovered in 1991 by Iijima (1991). After that 
discovery, research on CNT reaches a critical mass in many areas of physics and 
chemistry. Because of its remarkable electronic and mechanical properties, CNT is one of 
the best candidate materials for use in various applications including biosensors, 
nanocomposites and gas storage (Terrones, 2003). CNTs can also be employed as a 
simple model for biological channels to study the transport of various molecular species 
through cell membrane (Roux and Karplus, 1994; Fu et al., 2000). A common aspect of 
these applications involves the interaction of CNT with the surrounding medium and 
more specifically the surrounding water molecules. However, in general, it was found 
that the pristine CNTs are insoluble in water and common solvents (Scrivens and Tour, 
1993; Ruoff et al., 1993) which hinders ordinary chemical approaches and preparation of 
nanocomposite materials. In the biological viewpoint, the insolubility of pristine CNTs 
also makes them highly toxic (Bianco et al., 2005). To overcome this obstacle, many 
approaches were employed to functionalise CNTs such as adding surfactants or 
hydrophilic groups (i.e., hydroxyl (OH), carboxyl (COOH) and aliphatic amines) to the 
open ends of nanotubes which is defined as tip functionalisation (Huang et al., 2003; 
Tasis et al., 2003; Riggs et al., 2000). After the tip functionalisation, these tubes are able 
to solubilise and become well-dispersed in common solvents since such functional groups 
can prevent the aggregation of CNTs and increase chemical interactions between the 
tubes and their environment. 
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From a theoretical point of view, quantum mechanics (QM) and molecular dynamics 
(MD) simulations have been widely used for studying the behaviour of CNTs with water 
molecules at the atomic level. For example, Walther et al. (2001) examined hydrophobic 
behaviour of a pristine CNT by investigating the structural properties of surrounding 
water using MD simulations (Walther et al., 2001; 2004; Werder et al., 2001). Hummer et 
al. (2001) explored whether CNT could be used as a molecular channel to transport water 
by tuning the local channel polarity and solvent conditions (Mashl et al., 2003; Zhu and 
Schulten, 2003). Lu et al. (2005) employed density functional theory to map the potential 
energy surface of armchair (6,6) CNT interacting with a water molecule. Although 
several computational and theoretical studies have been reported in the literature on the 
pristine tube-water interaction, study on behaviour of the tip functionalised tube-water 
interaction is rather limited. A work by Zheng et al. (2005) on MD simulations of 
sidewall functionalised tube-water interaction reported that COOH group assists in the 
transport of water into the CNT inner wall. It was found that water molecules easily enter 
into the hydrophilic COOH-SWNT but encounter a difficulty to flow through the tube. 

Although the tip-functionalised CNTs exist in the real experiments, theoretical works 
aimed to explain the behaviour of such systems are scarce. In the present study, the 
behaviours of water interacting with functionalised CNTs have thus been addressed by 
using first principles calculations and MD simulations. The goal of this work is to lay 
down fundamental understanding of the hydration structures, the orientation of water 
molecules around the tip-functionalised tubes, the diameter size effect and  
hydrophobic-hydrophilic behaviour. 

2 Method and technical details 

2.1 QM of nanotube-water interaction 

The cyclacene structure (single-walled CNT or SWNT having a length of one unit-cell as 
shown in Figure 1) was used throughout this study to represent CNT. Size dependency 
was studied by varying the diameter ranging from the chiral vector (6,0) up to (9,0). Both 
open ends of SWNTs were terminated by hydrogen atoms to avoid the boundary effects 
from the dangling bonds. Functionalisation was modelled by chemically modifying the 
open-ends of the (9,0) SWNT with hydroxyl (-OH) and carboxyl (-COOH) functional 
groups. The geometries of all model tubes were fully optimised based on the  
semi-empirical AM1 method (Dewar et al., 1985) using the GAMESS software (Schmidt 
et al., 1993). Interactions of model SWNTs with one water molecule were studied based 
on the density functional theory B3LYP using 6-31G* basis set (Kumeda et al., 2001) 
(denoted by B3LYP/6-31G*). Potential energy surfaces based on a longitudinal trajectory 
of water into the nanotube’s centre (Figure 1) having various orientations (Figure 2) were 
calculated. On such trajectory, the water’s oxygen atom was moved along the tube axis z 
and the hydrogen atoms were symmetrically placed giving the water molecule a fixed 
orientation. At first, the smallest (6,0) SWNT was chosen for studying the effect of water 
orientation on the tube-water interactions. Then, the effects of diameter size and 
functional group on the tube-water interactions were investigated respectively. 
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Figure 1 Definition of the longitudinal trajectory for a water molecule interacting with SWNT 
(see online version for colours) 

 

Note: The water having a fixed orientation was placed at various positions along the tube 
axis. 

Figure 2 The orientations around an inertial axis of a water molecule (see texts) (see online 
version for colours) 

 

2.2 MD simulation of nanotubes in water 

The hydration structure and hydrophobic-hydrophilic behaviour of the functionalised 
SWNTs have been studied using MD technique within GROMACS software package 
(Berendsen et al., 1995). The open-ended (9,0) SWNTs terminated with hydrogen  
(H-SWNT), hydroxyls (OH-SWNT) and carboxylic (COOH-SWNT) were simulated in 
aqueous environment. The structures of all functionalised SWNTs employed in the 
simulations were obtained by geometry optimisations based on the semi-empirical AM1 
method. B3LYP/6-31G** was employed to compute atomic NBO charges (Glendening et 
al., 1996) for describing the tube-water electrostatic interactions. Hence, the AM1 
method is good enough for geometry optimisation of the nanotubes (Udomvech et al., 
2003) while the B3LYP/6-31G** level was found to be more reliable for charge 
calculation (Koch and Holthausen, 2001). The simulations were performed at the 
constant volume and temperature in a rectangular box containing one SWNT and 871 
water molecules (see Figure 3). Therefore, total number of atoms in the simulation box is 
2,667, 2,685 and 2,721 for the H-SWNT, OH-SWNT and COOH-SWNT systems, 
respectively. SWNTs were represented by a flexible model based on OPLS force field 
(Jorgensen and Tirado-Rives, 1988) as well as the SPC water model (Teleman et al., 
1987). The SWNT-water and water-water interactions were given by a sum of the 
Lennard-Jones and Coulomb potentials. 

12 6

( ) 4 ij ij i j
LJ ij ij

ij ij ij

q q
V r

r r r
� �

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

 (1) 

Here, � and � are Lennard-Jones parameters, and qi and qj represent the charges on atom i 
and atom j, respectively. 
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Figure 3 The simulation snapshots of (a) H-SWNT, (b) OH-SWNT and (c) COOH-SWNT in 
water at 298 K visualised by the program VMD (see online version for colours) 

 
(a) 

 
(b) 

 
(c) 

Source: Humphrey et al. (1996) 

Initially, water molecules and a SWNT were placed in the rectangular box having a 
dimension in x-, y- and z-axis of 3.00 nm to reproduce the water density of 1 g/cm3. All 
simulated systems were controlled via a temperature coupling bath to maintain the 
temperature at 298 K. Density control was achieved by Berendsen et al. (1984) pressure 
coupling. The box was scaled every time step. In consequence, the volume of the system 
was adjusted in the equilibration phase to match the desired density of water. After 
equilibration, the system was run for 1,000 picoseconds with a time step of 0.5 fs. 
Trajectories were stored every 100-time step for subsequent analyses. 
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3 Results and discussion 

3.1 Interaction energy 

After geometrical optimisation using the AM1 method, the average C-C bond lengths of 
all tubes, including the tip-functionalised ones, are nearly the same and close to the C-C 
bond length in the perfect nanotube with sp2 hybridisation (1.42 Å) (see Table 1). It thus 
confirms that adsorption of molecular entities at the tips of an open-ended tube does not 
bring about any structural distortion to the tube, in contrast to adsorption at the sidewall 
that strongly affects the tube structure (Park et al., 2005), e.g., weakening the C-C bond 
to a ~1.52 Å length. The HOMO-LUMO energy gaps of all model tubes exhibit the 
small-gap semi-conducting properties. The COOH-SWNT has the smallest energy gap 
while the H-SWNT has the largest one. It can be seen that such functional groups 
somewhat affect the HOMO-LUMO energy gap of the short tube. 
Table 1 The average C-C bond-lengths obtained from geometry optimisation and electronic 

properties of H-, OH- and COOH-SWNTs calculated by B3LYP/6-31G* method 

System C-C (Å) HOMO (eV) LUMO (eV) Egap(eV) 
H-SWNT 1.417 –3.734 –2.630 1.104 
OH-SWNT 1.424 –2.774 –1.859 0.915 
COOH-SWNT 1.424 –5.704 –4.884 0.820 

The single point calculations with B3LYP/6-31G* method were performed to find the 
total energy of each system. In order to evaluate the interactions between these model 
tubes and water molecule, the interaction energies are evaluated via the equation: 

Eint = E(SWNT–water) – E(SWNT) – E(water) (2) 

where E(SWNT–water) denotes the total energy of the model SWNTs (pristine or 
functionalised) presented with one water molecule. E(SWNT) represents the total energy 
of the model tubes and E(water) for the water molecule. 

The effect of water orientation on the tube-water interactions of (6,0) H-SWNT was 
demonstrated in Figure 4(a). It was found that the water molecule encounters a difficulty 
to move into the (6,0) H-SWNT, which has a diameter size of 4.8 Å, in agreement with a 
previous study on H2O adsorption inside the 4 Å armchair and chiral CNTs using LDA 
and GGA methods (Agrawal et al., 2007). Eint is in a range of 85–90 kcal/mol at the tip of 
nanotubes. For such a small-diameter tube, it seems that the orientation of water has no 
effect on the water-tube interactions since the large repulsive interactions dominate the 
potential energy surface. Therefore, investigation of the effect of water orientation on the 
tube-water interactions using larger diameter nanotubes would be more informative. The 
potential energy surfaces for SWNTs with varying diameter interacting with a water 
molecule are displayed in Figure 4(b). The potential energy barrier appears to decrease 
rapidly when the diameter size of CNT increases. From the results, water molecule can 
enter into a pristine tube only when the tube diameter is larger than 7.0 Å. Therefore, the 
(9,0) SWNT was chosen for studying the tube-end functionalisation and a water molecule 
was varied in its orientation. 
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Figure 4 Potential energy surface for (a) (6,0) SWNT interacting with a water molecule that 
rotates along the centre of mass and (b) SWNTs with varying diameter interacting with 
a water molecule having fixed orientation at various positions along the z-tube axis (see 
online version for colours) 

 
(a) 

 
(b) 

The interactions of functionalised SWNTs with a water molecule were displayed in 
Figure 5. In case of H-SWNT [see Figure 5(a)], when a water molecule moves into the 
tube with 0° orientation, the H-SWNT has a slight potential barrier in the range of 2–4 Å 
from the centre of nanotube. The potential barriers reduce when the water molecule 
interacts with the tube in other orientations. The behaviour of OH-SWNT as shown in 
Figure 5(b) is rather similar with H-SWNT but the potential barrier moves to a farther 
distance from the tube. However, such energy barrier is not high enough to hinder water 
entrance into the interior of H- and OH-SWNTs at room temperature. The water molecule 
prefers to occupy in front of the open ends of H- and OH-SWNTs with the 180° 
orientation. Specifically for COOH-SWNT [see Figure 5(c)], there is a deep potential 
well (~10 kcal/mol) in front of the tubule open end that can localise the water molecule 
with 0° orientation in contrast to the H- and OH-SWNTs. As a result, tip 
functionalisation by COOH functional group affects the penetration of water molecule 
inside the CNT. In the latter case, the terminal ends will be solvated by water. 
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Figure 5 Potential energy surface for (a) H-SWNT (b) OH-SWNT and (c) COOH-SWNT 
interacting with a water molecule that rotates along the centre of mass (see online 
version for colours) 

 
(a) 

 
(b) 

 
(c) 

Note: All nanotubes have (9,0) configuration. 
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3.2 Hydration shell and hydrophobic-hydrophilic behaviour 

The hydration structure of functionalised SWNTs can be extracted from the MD 
simulation data in terms of atom-atom radial distribution function analysis (RDF), gX–Y(r) 
which represents the probability of finding an atom of type y in a spherical volume of 
radius r around the central atom of type x as defined in the following equation: 

2

( )1 1( )
4

X YN N
ij

X Y
i X j YY local X

r r
g r

N r
�

� ��
� �

�


� � � �  (3) 

where <�Y>local denotes the particle density of type Y averaged over all spheres around 
particles X. 

In order to evaluate the average y atoms number in a spherical volume of radius r 
around the central atom of type x, the corresponding running integration numbers, nX–Y(r), 
are calculated by using the integration of RDF, 

2
0

0

( ) 4 ( )
r

X Y X Yn r r g r dr��� �� � �
 �  (4) 

where �0 is the density number of y atoms. 
The RDFs, gX–Y(r) and their corresponding running integration numbers, nX–Y(r), from 

the tips of each tube (H atoms of each tube) to the H and O atoms of water molecules are 
shown in Figure 6(a) and 6(b), respectively. From Figure 6(a), only one RDF peak was 
found for H-SWNT which positions at 3.47 Å, whereas for OH-SWNT and  
COOH-SWNT it appears two RDF peaks. The first sharp and the second shoulder peaks 
position at 2.39 and 4.83 Å for OH-SWNT, 2.35 and 4.75 Å for COOH-SWNT, 
respectively. From Figure 6(b), the RDF peaks position at 3.01 Å, 1.67 Å and 2.33 Å for 
H-SWNT, OH-SWNT and COOH-SWNT, respectively. These results indicate that water 
molecules prefer to localise at the tips of the functionalised tube (OH-SWNT and  
COOH-SWNT) closer than that of the pristine tube (H-SWNT). The functional groups 
increase the interactions between the tube and water molecules at the tips of nanotube. 
Therefore, the probability of finding water molecules surrounding the functionalised tube 
is higher than that of the pristine tube. The number of water molecules surrounding the 
tips of both OH-SWNT and COOH-SWNT can be calculated using equation (4) as shown 
in Figure 6(a) and 6(b) (nX–Y(r)). Integration of the RDF up to the minima of the first 
peaks at 3.07 and 2.41 Å corresponds to four hydrogen and one oxygen atoms of water 
for OH-SWNT. In case of COOH-SWNT, the minima of the first peaks position at 3.03 
and 2.87 Å corresponds to two hydrogen and three oxygen atoms of water. It implies that 
the H atoms of water turn toward the tips of OH-SWNT whereas directing the O atoms of 
water toward the tips of COOH-SWNT. The results are in good agreement with potential 
energy surface obtained by first principles calculations above. 

The RDF plot for the centre of mass (CoM) of water toward CoM of each model tube 
is displayed in Figure 7. H-SWNT does not yield any sharp peak whereas  
tip-functionalised tubes show one little sharp peak at 1.7 Å. The peaks of all 
functionalised tubes indicate that water molecules can occupy more closely to the centre 
of nanotube. The functionalised groups may help to confine the water inside the 
hydrophobic tube’s interior. 
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Figure 6 RDFs, gx–y(r), and their corresponding running integration numbers, nx–y(r), from (a) H 
atoms and (b) O atoms of water molecule to the H atoms of H-SWNT, OH-SWNT and 
COOH-SWNT (see online version for colours.) 

 
(a) 

 
(b) 

Figure 7 RDFs, gx–y(r), and their corresponding running integration numbers, nx–y(r), from the 
CoM of water to the CoM of tubes (see online version for colours) 
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Based on the overall characteristics of RDF peaks in Figures 6 and 7, one can conclude 
that water molecules favour to bind to the tips of tubes and the interactions between the 
water molecules with pristine tube are rather weak in comparison with the functionalised 
ones. 

The average number of tube-water and water-water hydrogen bonds were calculated 
and given in Table 2. In case of the functionalised tubes, it was found that the average 
number of water-water hydrogen bonds decreases whereas that of tube-water hydrogen 
bonds increases, comparing to the pristine tube. Hydrogen bonding is a special type of 
attractive interactions that exists between certain chemical groups of opposite polarity in 
which the donor-acceptor distance is within 3.5 Å range and the orientation of the O-H 
donor bond is within 60° aligned to the acceptor oxygen (Jeffrey, 1997). It means that 
after functionalisation, the water molecule has more attractive interactions with such 
tubes. The hydrophilic behaviour has an increasing trend depending on the functional 
groups. 
Table 2 Average number of hydrogen bonds for tube-water and water-water 

The mean square displacement (MSD) of CNTs in aqueous environment can be 
computed as follows: 

� �2( ) ( ) (0)i iMSD t r t r
 �  (5) 

where ri is the CoM coordinates of the CNTs. 
The MSD of model tubes was shown in Figure 8. However, the motion of CNTs can 

be explained in terms of the diffusion constant (D) which is calculated by the slope of the 
MSD fitted from time 100 to 900 picoseconds using the Einstein relation (Zhou and Lu, 
2007): 

1 lim ( ( ))
6 t

D MSD t
t ��


  (6) 

The diffusion constants of H-, OH- and COOH-SWNT are 4.44x10–5, 5.13x10–5 and 
6.07x10–5 cm2/s–1, respectively. These results suggest that the diffusivity develops with 
the tip modification by OH and COOH functional group. In consequence, the tip 
functionalised SWNT is a better dispersion in water than the pristine tube is, 
corresponding with the experimental results (Huang et al., 2003; Tasis et al., 2003; Riggs 
et al., 2000). 

 
 
 
 

Number of H-bonds 
CNT type 

Tube-water Water-water 
H-CNT – 1501.09 
OH-CNT 23.29 1463.04 
COOH-CNT 23.77 1435.08 
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Figure 8 MSD versus time of model CNTs in aqueous environment (see online version for 
colours) 

 

To affirm the accuracy of using one unit cell for representing model SWNTs, the 
hydration structure of H- and COOH-SWNTs having 14-Å tubular length was 
additionally simulated in 2,032 water molecules as shown in Figure 9. 

Figure 9 The simulation snapshots of 14-Å long (a) H-SWNT and (b) COOH-SWNT in water 
visualised using the program VMD (see online version for colours) 

 
(a) 

 
(b) 

Source: Humphrey et al. (1996) 
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The gX–Y(r) and nX–Y(r) from the tips and CoM of 14-Å long H-SWNT and COOH-SWNT 
to CoM, O and H atoms of water molecules are displayed in Figure 10(a) and 10(b), 
respectively. 

From Figure 10, it can be seen that the RDF plots of both 14-Å long H- and  
COOH-SWNT are in agreement with the shorter model SWNTs. Based on the first peak, 
gH-O and gH-H for 14-Å long H-SWNT appear at 2.71 and 3.39 Å and their corresponding 
numbers are 3.8 O and 13 H atoms, respectively. For 14-Å long COOH-SWNT, it shows 
the two layers of hydration shells around the tips of nanotube. The orientation of water 
around the tip of 14-Å long SWNT is similar to those of the shorter model SWNTs. As a 
result, one unit cell can be used to represent the nanotube having three unit cells (14-Å 
long) as well. 

Figure 10 RDFs, gx–y(r) and corresponding running integration numbers, nx–y(r), for 14-Å long (a) 
H-SWNT and (b) COOH-SWNT (see online version for colours) 

 
(a) 

 
(b) 

To observe water orientation inside the tubes, the simulation snapshots of 14-Å long  
H-SWNT and COOH-SWNT were investigated as displayed in Figure 11(a) and 11(b), 
respectively. Water molecules are seen to move into and out of the H-SWNT during the 
time of observation. The average number of water molecules inside the H-SWNT is about 
five and these water molecules line up to a single line. The transport behaviours of water 
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in H-SWNT are in accordance with the study of water dynamics inside armchair CNT by 
Zhou and Lu (2007). Specifically for COOH-SWNT, two water molecules were confined 
inside the tubes for the whole period of the simulation. These finding may imply that 
COOH-SWNT will be useful in nano-encapsulation or H2O storages. 

Figure 11 The simulation snapshots showing the orientation of water molecule inside  
(a) H-SWNT and (b) COOH-SWNT visualised using the program VMD (see online 
version for colours) 

 
(a) 

 
(b) 

Source: Humphrey et al. (1996) 

4 Conclusions 

The interactions between various SWNTs and water molecules have been studied using 
first principle calculations and MD simulations. Based on a study of potential energy 
surface using QM calculation, it was found that the movement and orientation of water 
molecule into the COOH-SWNT are rather different from H- and OH-SWNTs while the 
diameter of nanotube also plays an important role. The water molecule can enter into a 
pristine zigzag nanotube when the tube diameter is larger than 7.0 Å. The results from 
MD simulations indicate that the hydration shell of functionalised nanotubes is located at 
~2–3 Å from the tube edges while the hydration shell of the pristine system is located 
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farther at ~3–4 Å. The water molecules prefer to surround the tips of nanotubes rather 
than the sidewall. In the functionalised systems, the number of tube-water hydrogen 
bonds is higher than that in the pristine system whereas the number of water-water 
hydrogen bonds has the opposite trend. From this study, it can be concluded that the 
hydrophilic behaviour of functionalised SWNT is improved over the pristine tube, in 
agreement with previous experimental works. In addition, the tip functionalisation using 
COOH functional groups can confine water molecules in the CNT. 
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