
 

 

��������	
���
�
������ 
 

 

 

 

���������������������������������!	��"�#�$
!�%�����������&#&��

$'(�)���'�*�)�+�
�������',-�$
!�%��!�����.�
/�� 

"�*���01�2�
��
�����'��'�#)�
��))�3�4�5	������� 
 

 

 

 

 

 

��� $
����4� ��0�
6�
�2�� 
 

 

 

 

 

 

 

31 ���9��� 2552 



$�&���

<<� TRG 5080008 
 

 

��������	
���
�
������ 
 

 

 

���������������������������������!	��"�#�$
!�%�����������&#&��

$'(�)���'�*�)�+�
�������',-�$
!�%��!�����.�
/�� 

"�*���01�2�
��
�����'��'�#)�
��))�3�4�5	������� 
 

 

 

 

 

��� $
����4� ��0�
6�
�2�� 
 

�����?���0�����)�+�� 

�+�������
�$��������@�*	)�$��!�4��6�� 
 

 

 

 

 


�
�
�6����
A��
�����)��6�
�
�
�6������	
� 
 

 

 

 

 

(����$+C�%���������D$'(�&)���!��	
� 
��.��#	A�$'(��!)�$+C��!��$
�)�') 



�������������	
 
 

�������	
�
��
�����  ��.��. ��
�
� �	�����	�  �.��. 
���� ����� ��� Prof.Dr. Jochen Weiss 

�������	
!"�!#	$��#$ 3 ����  ��%&'$ ��.��.(���%� )�
*�(��� � �	�+	�   ��.��.��	��,�� ,�#$��$�! ��� 

��.��.-���/�,� *$(-����(  �!"0��1*��2�-�'�4����-��)�5�����!"%!���%*%�		�"$���$������	�!#  


�
�����(2����$����$���(���(����������	�!"0��(���(���)$�������#$*%�
�$$������	�!#  

�������!#�������	
�
�����  ���������*��(2����$��67����%���
�8��9�$$��,����� ����������

�������%��*��  %*����	���	)��9�9�	!
����%)����+����!  :'"$)-;�������*��
�$�!"�2�$��,��(�$���


�$�������	�!"0��)*5����%(2�������(���(���$������	9��$����!#   (�����	�������	
�
��1�����'�4��!"

)-;�������	����	�!"�! 1*����%���%%<�������	(���(�������2�$������	9��$����!#�	��$�!	�"$  

 

 


�
��
����� 

)(����+� �$��(����4�� 



Project code : TRG 5080008 

Project title:   Preparation of ultrathin edible films from electrospun nanofibrous mats of 

egg albumen-based materials and a study on the release of active 

compound from the films 

Researcher:   Saowakon Wongsasulak 

                    King mongkut’s University of Technology Thonburi   

E-mail Address: nuhuy.w@gmail.com, saowakon.won@kmutt.ac.th  

Project Period:  July 1, 2007 � July 31, 2009 

 

Abstract 

 

This report highlights an attempt to fabricate two forms of food grade nanofibers 

carrying model protein; nanofiber containing dispersed model protein and hollow fibers 

carrying core model protein.  The former was produced using conventional 

electrospinning technique whereas the latter was fabricated using the coaxial one.  The 

main component of the fibers matrix was cellulose acetate.  The model proteins of the 

hollow and typical fibers were gelatin and egg albumen, respectively.  Properties of the 

electrospining solution; viscosity, facial-intertension, surface tension and electrical 

conductivity were improved by adding some surfactant and electrolyte.  The morphology 

of the electrospun fibers was examined by SEM whilst their compositions were 

characterized by FTIR-spectroscopy and TGA.  The release properties of the as-spun 

fibers were also explored.  Overall, this research showed that the fine structure of the 

protein-polysaccharide blend nanofibers could be fabricated through properly modifying 

solution properties. Besides, the electrospinning setup developed in this work was 

proved to have a potential for protein-polysaccharide (core-shell) coaxial electrospun 

fibers fabrication.  The preliminary results of release characteristic for the both fibers 

exhibited a trend of slow release in pH 2 buffer solution without bursting effect.  These 

fibers may provide a great interesting result for neutraceutiocal/drug delivery in GI-tract.  

The progressive research will be an improvement of the mucoadhesive property as well 

as an insight into the release characteristics in GI-tract of the fibrous film.     

 

Keywords: Cellulose acetate; Electrospinning; Egg albumen; Nanofibers; Release  
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���V�#����_>����&���������&����!���������_>��
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����!��

'�*�<^�����">[�������������#+4�����!��

������������		6��<�� %���#�&�%


'�*�"%�������_�"%��	�
%���`%�_��^����%_���� �

�]��%�"%��#��������]���
���V!�����
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������&�

�*[������`%���������&�"�"������]��*
 !����#�*
#�V���
*��"%�

����&����]�'�*
%���j�����#
����; ����'�`� ����>�
����X�%���%�&'�����	� ����>������&

�������]��		6�����]��������������������>������&����&���%���j��������  �*X{�������

"%�����!����������<^������%
���!\����%��V����=��%��j���%��

��%�������&����%


%���#�&�%
���!\�������"%� FTIR ��& TGA  �%������[���=>�?��
`[%�����������*
��
*�����

#��#��%��������   �����Y������� ������*���[���������������������!������������

������#+4�����!������		6��<�����Y%����%�����"%��#�����*
Y%���_������������<�]����

������#�*
��
*������&���!'��'��&��  �%������[�*�����*�����!'��'j����\V�%V#��X�

#�&�%
%���j�����#
�����

����������Y*|��">[�!�������*���[��=*����Y�Y���Y%!��������

����!��������������*�?X&�*X{����������  �����=>�?��
`[%�����������*
��
*�����#��#��%�!�

����&���
*	�	%�� pH 2 ��& pH 7.4 "%�����!�_>��
���V�#�����

��&��� Y
�����%*���

���#��#��%���������%�"�����]���������������%%�"%�����!�  ����!���������[����&!'������

�����!��������*
����]�������������_^���*�'�`%��!��������%�'�� ���=>�?���%�%����

������*���[�`%���Y*|����
*��������&����*
��̀[%��`�%��&���=>�?�!'��"��!�%������&����

�������*
�*�?X&���#��#��%����!��������%�'��"%�����	
���!���[ 

�A�
A��
<:  ���#+4�����!������		6��<��; ���#��#��%����; �"�"��; �_��^����%_����; ����
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1.  ��
�	 
1�-=�������!# ��$��������
�	�
�$��#$-��)��0�	���������-��)����"�9��0��)�5$)*5�

�����������%(2����
�$9�����2�����!"%!,������2�������4�9�� ,��������(�$)(��%1*����$��	

%!(�
��
�
5$��$ ��#$�!#���%�2�)-;��!",��$���(����*�� ��,�%�� (�� probiotic ���(�����>�+�?��$

�!���
 (bioactive compound) 1*�0��-��%���!"%��)
!	$
�������%,��$���
�$���$��	��#�%!

���%(2����%��  �	��$0��5�! (%��,�)��$*����!"
�$(���!"�2�)-;���$�����%�����	�$*�<�&���2���	0-1�

��*���$������������,  �!"(2����	�"$0-�����!# (%��,����-��(��+���

�$(����$�����%��&��

�2���	0-9�	(�#�)��$�	��$*�!�)�!"	$0%�0�� 1��������	��	��*��)�<"�$���(�������%)-;�����!"

)
�%
��(�$1����)
����*��  (�)*,��!"�����%��!#�2�1*�(����*���!"���9��*�<�	��!"0�����0%�)
!	$


��!"���2�������4�9�� ���/*�<��2��$�!
1*�)-;�-�,�(�
  :'"$���,��$1��-��%��	� (dose) �!"(�$%��


'#��������%,��$������$  ,��������,��$���	�*�<�(���2�)-;�)*����!#1���-����<"� )��� ���/!� 

���������-�����   (�)*,�*���
�$���(��)(!	(%��,�)��$*����!"
�$(��(2����)*����!#1��������

	��	 �5)�<"�$���9��$(���$
�$(��-�������#�&���2���	*�<�)-�!"	��-�$0-���	(��������!"

)
�%
��(�$���%���)��0:%�1����)
����*��  )
���/���#� �'$,��$-�-A�$(��-������!"0�,�����

&��)-�!"	��-�$ (sensitive compound) �!# ���	���*��*��%1���(���!���
�!"%!���	��
�!"�!)
!	$
����

�����%1*�-��-���	 � ,2��*��$�!"%!������:'%)
��(��):���(�$ )��� �!"��9��!��%:'"$���%)-;�������$�	��

�!"-��%�� 7.2-8   

$������	)��%
�$�������	�!# (Wongsasulak, 2005; Wongsasulak et al, 2007b) 0��
�8��

9��$(���$-�������*���$0
�
������-A$%��(2�-�*��$
'#�)
<"�1��)-;�(��*��*��%(��(2���� :'"$


����9��$(���$-������!#%!���	��
�!"�!%��)
!	$
�1�����������-��-���	(����*��1�

(�"$������%�!"%!���%)-;����(�$ �����%��
'#�)%<"�(�"$������%%!��� pH (�$
'#� �	��$0��5,�%

)�<"�$������-��-���	(�����9��$(���$-������!#
'#������,�������%������&���������� 


���2�����!�-�����*�'"$�<� loading efficiency 
�$9��$(���$�!"
�8��
'#�0%�(�$%����� )%<"�)�!	�

���9��$(���$��9�  

   Weiss, Takhistov ��� McClements (2006) 0��(��-&'$(%��,�(2����
�$9��$(���$�!"�2�

*����!"���)�5����)-;�,��
�(��*�<�	��5�<� ���%(�%��&1��������� (loading efficiency)  ��,��

��������(,��
�$���-��-���	�!",��$(�%��&�����%0�����9�	-�,����)-;�����$�!":'"$0%�


'#����)���*�<��!")�!	�������������	� (zero order) ��%&'$���%(�%��&�!"��,��$-�-A�$(���!"���)�5�

1*�-�����	,������2�-B����	�)�%!��������������$�!���
1���*���$������, ���)�5� ,�����

��*���$���1��$�� )��� 1��������	��	    *������*�'"$
�$���-����-�9��$(���$�<� ����2�1*�

������)�!	$9%)����1�9��$(���$
�$��(����*���$���
'#���-1*�%!��)�!	����
����!")�5�%��	�"$
'#� 
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)���1��������9�)%,�  ���
'#���-9��$(���$1��������9�*�<�10-9  �'$%!��������0��������%

(�1��	��$%����!
'#�1�-=������   ��$(�
��!���
����
�	�%!����2�9��$(���$1��������9��!#%�

1��1����(�$	�0-	�$):���)-A�*%�	0���	��$%!-��(��+���
(�$����%��	2�  ���%(�%��&1�������

)�5�*�<������(��(2����*�<�	�0��1�-��%���!"(�$:'"$�2�1*�-��%�����1*�	� (dose) )������-��%���!"

,��$������$)�����#�  ��%&'$(�%��&�����%)������-��-���	0���%��	2����� �,�&'$�����#� �5	�$%!

��	$����������(,��
�$���-��-���		�$0%�(��&�����%0��)�<"�$���9��$(���$�!"*��*��% (shell) �!#  

%��)��������%����,���� (bursting) (Zeng et al, 2003) )%<"����$)���*�'"$����2�1*���,�����

-��-���	
��$(�$
'#�   �,��!"����%�)�5�F �!# Chew et al (2005); Xu et al (2005) ��� Zeng et al 

(2003) 0����	$��0�����9��$(���$���)(��1	��9� (nanofiber) %!�����(,��
�$���-��-���	 �!"

)
��1������������	�%�����������$��%��9� (nanosphere) �������!#)(��1	�!"0����������)�5�9,

�(-G���$%!
����!")�5�	��	�"$ (ultrafine) �2�1*�
<#��!"���)�!	����
���
�$)(��1	%!����!"(�$%�����

)-;�
��)����!"(2�����!�
��*�'"$
�$)(��1	��)�5�9,�(-=�         

��)�5�9,�(-G���$ �<�)������	��$*�'"$�!"1��1�������,)(��1	�!"%!���%	��,��)�<"�$0%�&���� 

���%!
����!")�5�%��9�	-�,��<���*���$)�5����� 0.5 0%����&'$10 ��9�)%,�  )(��1	�!"0��%!
<#����

�!")�!	�%�� ���	
����!")�5�%��)����!#�2�1*�)(��1	��$�����%!
<#��!"���)�!	�,���#2�*������/*�<�

-��%�,��!"(�$%�� (�$)(��%1*�)(��1	-��)���!#%!(%��,�,��$F �!"���(�1�*��	-����� )��� (%��,����

�2�
�(�� (carrier property) (%��,���������%���-��-���	(�� (controlled release) ���1��1�

���)
��)�!#	$):��� (cell implant) )��� ):���)�<#�)	<"����):������������� ���)-;�,�����$ 

(filtration) )
���/���#�HG��%�!"0��������(�(%,��
�$)(��1	��)�5�9,�(-=��!#�'$0��%!����2�0-1��

�	��$�
��*��	1�$�������!���
����
�	� )��<"�$(2���$ )�(�����% (�"$�� )	<"����� (Jiang et al 

2005; Kenawy et al, 2002; Taepaiboon et al, 2006; Zeng et al, 2005)  )�<"�$������-��	��,�1��

HG��%����1	�!#���(�"$%!�!��,%!���9��%�!"(�$
'#�%��1�-=������  (%��,����(�%��&)
�����0�����

(�"$%!�!��, (biocompatible) ����
� (allergenic) ������%)-;�
�4 (toxicity) 
�$)(��1	��)�5�9,�(

-=��!# �'$%!(%��,��!"(2����%���!�-�����*�'"$ ��$)*5�0�����$������	������)�5�9,�(-G���$1���	�

*��$%��!#0��%��$)������
'#���-���
���)%����!"(�%��&)
�����0�����(�"$%!�!��, (biocompatible) ���

	��	(��	0�����	�����!���
 (biodegradable) ,�����&'$���(�$)����*������(���!���
 

(biomaterial) )�����#� (Christopher et al, 1999; Huang et al, 2004; Jiang et al, 2005; Peesan et al, 

2006; Wongsasulak et al, 2007a)  �,�&'$�����#��5,�% ����2�)(��1	��)�5�9,�(-=��!#%�1�����

��*�����	����-�����	�$%!���	%��)%<"�)�!	��������2�1��$������(�"$�� $��)�%! ):�):��� ���

)	<"��������$ )*,���-�����*�'"$)�<"�$���
���2����
�$
���)%����!"	�%���)
<"�1*�1��0�������*��

���	� ��%&'$(%��,�������-�����0��       
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1�$������	
���)%����!���
�!"1�����,����1	��)�5�9,�(-=��!#�<�9-�,!����
����:���0��� 

�,�9�	%��
���)%�����#$(�$-��)���!#%!���9��%1����(���$
��+�0I9��)�����(������	(�$ :'"$

���)-;�-=�*�(2����
��*�'"$
�$)�������)�5�9,�(-G���$,�����(�%��&���)�!	$,��
�$
���)%���1*�

)-;�)(��1	  ��$��
����%!���1��(��1��
���)%���(�$)����*��<"�F �!"%!(%��,����)�!"	�
��
�$9%)���� 

(entanglement) (�$ )��� 
���)�+��!����0:�� 
���0�������0��� )-;�,�� )-;�(����(%)
<"����	���


'#���-)-;�)(��1	  $������	
�$ Wongsasulak (2007a) 0�����,)(��1	��)�5�9,�(-=����9-�,!�0
�


��9�	%!
���)�+��!��(%�!"(��(���9�	�#2�*������	�� 5 ���1�����H���%��)
�%
��)-;�,���2�����	  


���)�+!�!����0:��)-;�
���)%���(�$)����*��!"%!���4��(�,�9��$(���$
�$9%)����)-;�(�	,�$	��

����	���
���)%���
�$
����:���0���  1�$������	��$�����
����(������	:'"$%!�$��-�����
�$

9-�,!�0
�
��)
!	$�	��$)�!	���#�%!���%*�<����(%��,����)�!"	�
��
�$9%)����,"2� �2�1*�9%)����


�$9-�,!�0
�
��0%�(�%��&���)�!	$,��)-;�)(��1	���	)����������)�5�9,�(-G���$  ������
���

)%����!")-;�(����(%��%!�����(2����1����)
�"%���%(�%��&1�������)�!	$,��
�$9%)����1*�)-;�

)(��1	���� -��)��
�$,���2�����	�������
�$
���)%����5	�$���)-;�-=���	�!"(2�����!�-�����*�'"$ 
(Sangsanoh and Supapol, 2006; Tan et al, 2005)   

$������	�!#�'$0���2�)����������	)
<"�,��	�����$������	)��% (wongsasulak 2007 a, b) 
�$

�������	 9�	%!���	��	�������������,����HG��%
�����$	��	�"$�!"���-�����0�����	)�������)�5�9,

�(-G���$ (edible electrospun fibrous ultrathin film) :'"$%!0
�
��)-;��$��-����� ����'�4�

-��������	$������	(�$��	��<� ��	��!"*�'"$)-;�������,����1	��)�5�9,�(-=��!"���-�����0��

���
���)%����(%
�$0
�
�����
����:���0���():���9�(��:�),�) �������'�4�(%��,����

-��-���	1�(�����!"%!���%)-;����-���$�!"�,�,��$����<��!" pH 2  7.2 ��� 9  $������	��	��!"(�$

)-;�����'�4�)
<"�(2�������%)-;�0-0��1����
�8��)(��1	1*�)-;�9��$(���$���$)
<"������(���!"

,��$������)�5����������% (coaxial electrospun fiber)   

�
�������������	
�����
!"��� ���1��9��$(���$
����:��0������)-;�)(��,�$�!"����	���

9��$(���$
�$
���)�+��!����0:�������
���)�+��!����0:���!"0��1��1�$������	)��%
�$�������	 

(Wongsasulak et al., 2007) 1����)-;�
���)%����(%�!"���	1����
'#���-)(��1	��9��!"0
�
��)-;�

�$��-�����      

���#$���%��&����	
��������)
<"��'�4�������,HG��%����1	
�����$	�"$	���!"���9��0�����	

)��������-=L����	0HHA�(&�, ���)
<"��'�4�1*�)
��1��	��$������$1�)�<"�$���+�
�
�$(��(����(%


�$):���9�(��:�),����,���2�����	 �!"%!,��(%��,���$���	�����( ����2�0HHA� �����$,'$��� 


�$(������	
���)%����(% �����%&'$���+�
��!"%!,��(��M��
�$)(��1	�!"0�����	   
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��
�!� 1  �	��'(
�%)
*��)��+,,�	%#���	�%-�
/%����+�-�	� (EA) ����3��45�%��3�
��� (CA) ����	�
6�7	%������	������-�� 

2. ��9!�	������ 
2.1 �	����!��%	����	�/%����+�-�	�����3��45�%��3��������	��'(
�%)
*��)��+,,�	%#�� 

���),�!	%(������	�(%�2�9�	�(%(������	,�#$,��
�$0
�
��1����H���%�����
�$

(������	):���9�(��:�),�1������:�,��� 9�	(��(�������(%��*���$):���9�(/0
�
��%!

���-���)-;� 3 (��(����<� 91/9, 77/23 ��� 66/34 9�	1�$������	�!#1���<"���� Blend 91/9, Blend 
77/23 ��� Blend 66/34   (��(������
�#�,�����),�!	%�(�$1�,���$�!" 1 

�	�	��!� 1. 
�#�,�����),�!%���(��(���
�$(������	�(%
�$0
�
�����):���9�(��:�),�

)
<"�1��-=L�)(��1	�(%
�$0
�
�����):���9�(:'"$%!(��(�����*���$):���9�(/0
�
��)-;� 91/9, 

77/23 ��� 66/34  

Preparation step of Components 

Stock solution of CA; stock CA   CA powder                         20.0      g 
 85% acetic acid                  80.0      g 

Stock solution of EA; stock EA      EA powder                           12.0    g 
 50% formic acid (99%)        88.0    g 

CA-EA blending solutions  Stock solution blending volume ratio 
CA:EA 

Samples
Polymer 
wt. ratio 
(CA:EA) 

Total 
polymer  
conc. (% 
w/w) 

Stock CA (g)/stock EA 
(g)/Tween40�(g) 

Pure CA 
Blend 91/9 
Blend 77/23 
Blend 66/34 
Pure EA 

100:0 
 91:9 
 77:23 
 66:34 
 0:100 

20.0 
19.25 
18.25 
17.25 
12.00 

20.00/-/-           
3.64/0.36/0.40   
3.08/0.92/0.72   
2.64/1.36/0.92   
-/ 20.00/-               

 

(2�*���(������	�(%��),�% Tween®40 )
<"�����$,'$���:'"$���	�2�1*����
'#���-)-;�)(��1	

(�%��&�2�0��$��	
'#� ��,��(����!"),�% �<� 10, 18 ��� 23 (2�*���(������	�(% Blend 91/9, 

Blend 77/23 ��� Blend 66/34 (wt.%)  (2�*�������'�4����-���-���	0��1(���,�%���! 2 0��)(��

1	9�	����	�$��,�%���! 2 1�(������	
���)%����!"���2�0-
'#���- (��(�������(%�(�$1�

,���$�!" 2   
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�	�	��!� 2. 
�#�,�����),�!%���(��(���
�$(������	�(%
�$0
�
�����):���9�(��:�),�

)
<"�1��-=L�)(��1	�(%
�$0
�
�����):���9�(:'"$%!(��(�����*���$ CA:EA:Tween:Vit. B2 )-;� 

91:5:3:1 

Preparation steps of Components 

Stock solution: CA  CA powder 2.00 g  
 85% acetic acid 8.00 g 

Stock solution: EA-vit B2

 mixing 1st: EA-vit B2#1 
 

 EA powder 1.20 g   
 vit. B2 powder 0.12 g   
 formic acid (99%)  8.68 g   

  mixing 2nd: EA-vit B2#2 
 

 EA-vit B2#1   10.00 g 
 Tween 40  0.72 g 

EA-CA blending solution
(total solid blending ratio=20 wt.%) 

 EA�vit B2 stock solution 0.88 g 
 CA stock solution 10.00 g 
(CA:EA:Tween:vit. B2 = 91:5:3:1) 

 

2.2 �	��'(
�%)
*��)��+,,�	%#�� 

���4�����,��,�#$/���,�#$��-����(2�*���-=L�)(��1	�(�$��$��-�!" 1  :'"$-��������	)��<"�$

���	0HHA�����(,�$%!���$���%,��$���	���*���$ 0-30 kV )��<"�$/!�(������	(2�*���*���/!�	�

:'"$%!)
5%/!�	�)-;�)*�5�(�,�)�( %!)(���������	����$��	1�)������ 0.69 nm *���/!�	�,��,�#$�	��

���)��<"�$/!�(������	9�	��,�����0*�
�$(������	&�������%�!"��� 0.18 mL/h  1*����%,��$

���	�0HHA����(������	�!"  20 kV 1����������)(��1	1������9�*���$��$��$&�����-��	)
5%/!�

	�)-;���	�-��%�� 15 cm ���*��%�*��$
��-=L�)(��1	�����%�!" 25 °C ���������%�<#�(�%
��+�

)-;����	�� 50±5  
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�4��!� 1.   ���4�����,��,�#$������,�#$��-����(2�*������-=L�)(��1	���	0HHA�(&�, 

 
2.2 �	����%��������%	����	���������& 
2.2.1 %������	�+�������	��
��  

���������%*�<�-���]
�$(������	
���)%���1��)��<"�$ Rotational rheometer (MCR 

150, Paar Physica, Germany) :'"$1��,��%���&��	��� CC 17 9�	�2�������,���	��$�� 5 ���#$ �!"���*��%� 

25 °C  ������%)���)/<��1�
���
�$��,��)/<���2�������(%���	��2���$ ��$�!# 
 

nK�� ��  

9�	�!" � �<� ���%)���)/<��  ��  �<� ��,��)/<�� K �<� ����$�!"(�%-��(��+�?���%
��*�<� ��� n �<� ����!���0*� 

:'"$)%<"� n = 1 �(�$���
�$0*�%!
>,����%���0*���� Newtonian ��� n � 1 �(�$���
�$0*�%!
>,����%

���0*���� Non-Newtonian  
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2.2.2 �-	�	�
�	+,,�	 
�������2�0HHA�
�$(������	
���)%���0��������	 Digital conductivity meter (Schott 

Model CG855, Germany) �!"���*��%� 25 °C 
2.2.3 ����6�/�� 

��$,'$���
�$(������	
���)%�����&����(�����	 )��<"�$ Digital tensiometer 

(Dataphysic Model DCT11, Germany) :'"$%!�$�*���
�����%
���-�,�)-;���-������(�� 9�	

���2������(��(������	
���)%���-��%�� 20 mL �!"���*��%������% 25 °C �������(����$,'$

�������	$��1�*���	 mN/m  ����!"��	$��0��������)/�!"	����2����:#2������(��)������ 3 ���#$ 

2.3 �	�����%�����7D�%���������%)
*��!�+�) 
2.3.1 Thermal gravity analysis (TGA) 

� �� � HG �� % 1 	 �!" � �� , 0 �� � � &� � �2 � % � , � � � ( � � � $ �� - � � � � � 9 � 	 ) � � �� � 
 � $  

Thermogravimetric analyzer: TGA (Mettler Toledo TGA/SDTA 851e) 9�	�2�����)(��1	

�#2�*��� 3 mg �����1�����
�����%���)
�"%���*��%�)
�"%
'#���� 25 °C 0-�!" 900 °C �!"��,�����

1*����%����)������ 7 �$��):�):!	(/���! 

 
2.3.2 Fourier transform infrared spectroscopy (FTIR) 

���,���(��(��-�����������4����$)�%!
�$����HG��%1	9�	)����� FT-IR 

(Perkin-Elmer Model Spectrum GX, USA) �2������(�1����$)�
��<"� (wave number) 

4000-400 cm-1 :'"$
��%���!"0��)-;�
��%��)/�!"	������(��� 16 ���#$ 

2.3.3 Scanning Electron microscopy (SEM) 

(��M�����	�
�$)(��1	�!"���,0��,���(�����	���1������$�����������)��,������

(��$���� (SEM: JEOL JSM-5800, USA) ���	���%,��$���	�1����)��$��)��,��� 10 kV ��
�!"0��

�2���� 3 ��
 ��&���2�%�,���(��
���)(���������	����$���	9-����% Image J (JEOL, USA

 
2.4 �	�
6�7	���7D�%���������	������-��%	� 

(������	:'"$1��)-;�,�����$(2�*��������(�����-��-���	��,�%���! 2 )-;�(������	

��H)H����!"%!��� pH )������ 1.2 ��� pH 7.4  �������$�2�9�	�2�����HG��%1	:'"$%!��,�%���! 2 �!"���,

0�� %�,��1*�0��
��� 2.5  5.0 cm �����2�0-������%*��
�$����)(��1	���	0%9��%�),��� 

(Mitutoyo, Japan) �����!"��������$1�,������(,�)�((,!� :'"$,������!"���������)(��1	�2���� 

4 ���� ��&���2�0-���1�(������	��H)H���-��%�� 360 mL �!"%! pH 1.2 *�<� 7.4 1��!�)����


��� 400 mL ���%!���*��%� 37±0.5 °C 9�	%!������(������	���	1�
��(�,�)�((,!��!"
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���%)�5���� 100±3 rpm (9�	���$��$��� Abraham and Srinath, 2007) ��#$�!#���2����,��(��

���%)
�%
��
�$��,�%���! 2 �!"-��-���	�	��1�(������	��H)H��� ���	����2�(������	��H)H����!"

)���,��$F %�,���(����� Optical density (OD) 9�	1��)��<"�$()-�9,�9H9,%�),��� �!"���%	��

��<"� 444 nm (Kagan et al., 2006) 

��0����-��-���	��,�%���! 2 �������)(��1	(�%��&-��)%��0�����	���
������
��%��

�!"(������$������%(�%
��+���*���$ (��(�����*���$%����,�%���! 2�!"-��-���	 � )���1�F (Mt) 

���%��
�$��,�%���! 2�!"-��-���	 � )����!"(�#�(�����,��,�% (M�) ��$�(�$���	(%���	��2���$

��$�!# 
 

n

n

kt
M
M t �  

 

)%<"� Mt  �<� %��
�$��,�%���! 2 �!"-��-���	 � )���1�F (zg) 

 M� �<� %��
�$��,�%���! 2  � )���(�����	
�$���,��,�%���-��-���	 (zg) 

 k �<� ����$�!"��,�����-��-���	 (h-1) 

 n �<� )�
	��2���$����
��
�$��0����-��-���	  

t �<� )��� (h) 

 
2.5 %#���%�	�����	������	��&/��	������ 

����!"0�����������(%��,�,��$F 0���2�%�,���(�����%�,�,��$���	��+!��$(&�,��!")�!	���� 

ANOVA �����$)�!	���� turkey’s multiples range test. �������)����*�(&�,��!"%!��� p�0.05 


���������%!���%�,�,����$(&�,��	��$%!��	(2���� �����	$���	��1���-
�$���)/�!"	����)�!"	$)�� 

( SDX � ) 

 

3. /��	��������������	�D& 
3.1 /����%�����%	����	��!��!�-���	�%	�	�#*
�	��6"
�4���G
�%)
*����%�DH	
����%)
*�

�!����!��5���	��'(
�)��+,,�	%#�� 
(%��,����0*� ���%*�<� ����2�0HHA�������%,'$���
�$(������	
�$0
�
�� ):���9�(��:�),�

���(������	�(%
�$0
�
�����):���9�(��:�),��(�$1�,���$�!" 3  ������������$
����

�$��-�����
�$0
�
��%!(%��,���$�������%*�<�����������!	��2���$�!","2�%��)%<"�)�!	����

):���9�(��:�),� ������%*�<��!","2�%���!#(�����&'$(%��,����)�!"	�
��
�$��	1�9��$(���$���%!���
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���	%�� �������!#	�$%!�����$,'$�������������2�0HHA��!"(�$%�� :'"$*%�	&'$���,��$1*�������%,��$

���	��!"(�$)
<"�)�������$,'$����!" interface ��*���$(������	�����������(�%��&	<��2�(�	
�$
�

��)%����!"��&������������-��	)
5%1*�)-;��2�)(��)
<"�
'#���-)-;�)(��1	 �,���#$�!#������)�!"	�
�	 

(entanglement) 
�$0
�
���!","2� )-;�(�)*,�*����!"�2�1*�0%�(�%��&
'#���-0
�
��)-;�)(��1	��9����	

��+!���-=L����	0HHA�(&�,��$�(�$1���-�!" 2  9�	
�)
!	$���4��
�$������)-;����4��*	�

�����	��"�
<#����
�$����������)(��1	1���$,�$
��%���������$�(�$1*�)*5����):���9�(:'"$%!

(%��,����%*�<��!"(�$����0
�
��&'$-��%�� 9 )��� ����������2�0HHA��!","2�����%���'$(���(���1*�

(�%��&
'#���-)-;�)(��1	��9�9�	��+!���-=L����	0HHA�(&�,0��   

�	�	��!� 3.  (%��,�
�$(������	�(%
�$0
�
�����):���9�(��:�),�:'"$0%�%! Tween� 40 

Percentage Apparent Power law Power law Surface  Electrical 

ratio viscosity consistency flow-behavior tension conductivity 

(CA:EA) �a,100 (Pa	s) coefficient (K) index (n) (mN/m)

 

(mS/cm) 

100:0 3.10±0.07 4.33±0.20 0.93±0.01 29.68±0.06 0.02±0.00 

91:9 2.8±0.02 5.43±0.12 0.92±0.01 30.44±0.03 0.17±0.00 

77:23 1.48±0.04 5.63±0.04 0.83±0.02 31.25±0.10 0.69±0.00 

66:34 1.36±0.04 5.42±0.11 0.79±0.01 32.03±0.10 1.05±0.00 

0:100 0.37±0.04 6.85±0.37 0.37±0.02 34.28±0.06 5.75±0.01 

 
�	��$0��5�! 
����1����!
�$
���)%����(%
�$):���9�(��:�),����0
�
����(�%��&
'#���-)-;�

)(��1	0��)
!	$���!(��(����(%
�$):���9�(��:�),����0
�
��)-;� 91:9 )�����#� :'"$)�<"������
�$

(%��,�(������	0�����������%*�<� �������2�0HHA������%&'$��$,'$���	�$0%�)*%��(% 

)
���/���#��'$0��1��
���)%����!"%!9%)����1*�����0%�%!-�����(%)
�����
���)%����(% :'"$1�

$������	�!#0��)�<��1��(������$,'$����!"%!�<"���������� Tween
�

40  :'"$)-;�(������$,'$����!"(�%��&

1���(%1���*��������-�����0�� 9�	(��(����!"�(%��#�0��1��(��(����!","2��!"(���!"(�%��&�2�1*�


'#���-)-;�)(��1	0�� :'"$)������10, 18 ���23 )-���):5�,� (2�*���(������	�(%�!"(��(���
�$

):���9�(��:�),�,��0
�
��)-;� 91:9, 77:23 ��� 66:34 ,�%�2���� (������	�(%�!"0���!#)�!	���� 

blend 91/1, blend 77/23 ��� blend 66/34 ,�%�2���� ��������(%��,�,��$F 
�$(������	
���)%���

:'"$%! Tween
�

40 �(%�(�$1�,���$�!" 4 ���������$
�������-���(%��,�
�$(������	���	(��

����$,'$����!")*%��(%��#�(�%��&�2�1*�
'#���-)-;�)(��1	0����$�(�$1���-�!" 2 (b-d) 
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�	�	��!� 4.  (%��,�
�$(������	�(%
�$0
�
�����):���9�(��:�),�:'"$%! Tween� 40 

Percentage Apparent Power law Power law Surface  Electrical 
ratio viscosity consistency flow-behavior tension conductivity 

(CA:EA) �a,100 (Pa	s) coefficient (K) index (n) (mN/m)

 

(mS/cm) 

91:9 2.73±0.06 5.42±0.23 0.85±0.01 28.69±0.02 0.14±0.01 

77:23 1.32±0.01 5.81±0.17 0.68±0.01 29.16±0.05 0.42±0.00 

66:34 1.19±0.09 3.51±0.26 0.77±0.01 29.28±0.05 0.73±0.01 
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Figure 2. SEM micrographs of the electrospun nanofibers or electrospun particles from 
mixed solution of CA (20 wt% in 85% acetic acid) and EA (12 wt% in 50% formic 
acid).  The micrographs from (A) to (D) were the morphology of  (A) pure CA, (B) 
blend 91/9, (C) blend 77/23, (D) blend 66/34 and (E) pure EA.  The bar scale is 5 

m. 
 
 

e

dc

ba
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3.2 %������	������-��%	�����/-
,I�&�*� 
1�����'�4�(%��,����-��-���	(��
�$)(��1	�(%
�$ CA-EA 1�(������	��H)H��� 

pH 1.2 ��� 7.4 0��1����,�%���! 2 )-;�,���	��$
�$���!�'�4� 9�	��,�%���! 2 �������	6=$����

1��%����:�
�$0
�
��%!(��(���9�	%��)-;� 1% 
�$%����%
�$�$��-�������#$*%�1�)(��1	 

���*��%�1�����'�4����-��-���	�����%0���!" 37±0.5 ºC ,��,�%���-��-���	)-;���	�)������ 

9 ��"�9%$ -��%����,�%���! 2 �!"-��-���	���%��	��1�(������	��H)H����!")���,��$F ��,���(��

9�	�����������������<��($  ��,�����-��-���	�2�9�	���)�!	�)�!	$ profile 
�$-��%����,�%���! 

2 �!"-��-���	 � )���1�F ���(%�����-���	��2���$ ��
�$���4�����-��-��� 	��������,��

���-��-���	��,�%���! 2 1�(������	�!"%!��� pH )������ 2 ��� 7.4 �(�$1���-�!" 3 ��� 4 

,�%�2����  ����!"�2����0��������)�!	�)�!	$���	(%���	��2���$��	$��1�,���$�!" 5   

 
�4��!� 3. (��(���%��
�$��,�%���! 2 �!"-��-���	 � )���1�F )�!	����-��%��%��,�#$,�����

����HG��%1	�(%
�$ CA-EA 1�(������	��H)H��� pH 1.2 ���*��%� 37±0.5 °C 
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�4��!� 4. (��(���%��
�$��,�%���! 2 �!"-��-���	 � )���1�F )�!	����-��%��%��,�#$,�����

����HG��%1	�(%
�$ CA-EA 1�(������	��H)H��� pH 7.4 ���*��%� 37±0.5 °C 

 

 

�	�	��!� 5 ����$�!"��,�����-��-��-���	, )�
	��2���$
�$���-��-���	 (n) 
�$��,�%���! 2 

�������HG��%1	�(%
�$ CA-EA 1�(������	��H)H��� pH 1.2 ��� pH 7.4 �!"

���*��%�)������ 37±0.5 °C 

Buffer pH Release rate  
constant  (k; h-1)

Diffusion exponent
(n) r2

1.2 0.06±0.02 0.28±0.02 0.99 

7.4 0.10±0.04 0.23±0.04 0.99 

 

 

���������$�!#�!#1*�)*5�������-��-���	(�����)(��1	�(%�!#%!�������
��$,"2�%�����9��%

)-;����4�����-��-���	�	��$���F ��#$1�(���� pH 1.2 ��� 7.4 �����1���-�!" 3 ��� 4 �(�$1*�

)*5����)����!"1��1����-��-���	(����#$*%� 100 % ��#����-��%�� 7 ��"�9%$ 9�	�!"1�(���� pH 

7.4 ���)-�!"	��-�$���$,���<�-��%�� 1 ��"�9%$��� (-��%�� 10% ���
�$���$)�����#$*%�) ��

)�5�����1� pH 1.2 )�5����	�,������#���,�����-��-���	���������1� pH 1.2  ���������$	�$�(�$
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�����0�����
��)-;�0-,�% Quasi-Fickian :'"$*%�	&'$�����,�����-��-���	
�$��,�%���! 2 ���

����HG��%1	�(%
�$ CA-EA &�������%���	(�$-���B����� �<� ����
��
�$��,�%���! 2 ����

9��$(���$�!"��%
�$ �����,���������	
�$��,�%���! 2 1�(������	,�����$:'"$�	��1�9��$(���$

�!"��%
�$ ���)�
�2���$����
���!"%!������	���� 0.5 *%�	&'$ ��,��
�$ Polymer relaxation %!���%�

������,��
�$ Solvent diffusion (Bajpai et al., 2002)  
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��
�!� 2   �	�
6�7	��	���G
+�+�)*
�	�/����%)
*�/%�����3��45�%��3���� (CA) ���
+�-�	��!�����$%	���	���*
��
�-�� (coaxial fibers)  

*��$�������'�4�,���!" 1 0���2�)���������$1�-���� �������	0���'�4�,��1�,���!" 2 :'"$)-;�

����'�4����%)-;�0-0��
�$������,)(��1	�(%
�$):���9�(��:�),� (CA) ���0
�
���!"�����(��

�2���$���������% (coaxial fibers) 9�	$������	*���
�$,���!" 2 �!# )-;����
�8�������-�������

���,)(��1	���	0HHA�(&�,)
<"�1*�*��)
5%/!�%!���4��)-;�(�$��#����������% 
���!"�!����
�$)(��1	

�!"�����(�����������%�<�(������	�!"��&��*��*��%*�<�������$1��%����:�
�$)(��1	0%��2�)-;��!"

,��$%!(%��,� compatible ���(������	
���)%����!")-;��%����:�*��*��% �������!#(���!"��&��*��*��%

�50%��2�)-;�,��$%!(%��,��!"�2�0HHA�0�� ��%&'$�����������������%	�$(�%��&-A�$������(�%��(

9�	,�$��*���$(���!"&��*��*��%���,���2�����	
�$
���)%����!"1��*��*��% :'"$9�	%��%��)-;�

(������	��������!	��!"���%)
�%
������
��$(�$ �	��$0��5�!����'�4�)�<#�$,��
�$�������	
����)(��1	

���������%�!"%!���)-�<�����)-;�
���)%����(%
�$):���9�(��:�),����0
�
����0%�(�%��&
'#�

��-���	)�������$�����0���	��$������ )
���/���#��'$0��1��)/
��):���9�(��:�),�)
!	$

�$��-�����)�!	� ��+!�������$������������$)-;���$�!#�<� 
 

2. ��9!�	������ 
2.1  �	����!��%	����	�%�	����J�"
������
�����J�"
��
*
 

(������	��#�)-�<������<� (������	 CA ),�!	%9�	����	�$ CA 1�(������	�����

:�,���!"%!���%)
�%
�����	�� 85 ���),�%(������	)��<�9:)�!	%���0���:'"$%!���%)
�%
�� 1 9%���� 

)
<"�)
�"%�������2�0HHA�9�	���%)
�%
���!")*%��(%�!"(��0������$9�	����$-������%)
�%
��
�$ 

NaCl 1�(������	
���)%���)-;� 3 ������<� 0.75, 0.9 ��� 1 )-���):5�,����,��,�%��9�	

,���(�����4��(��M�����	�
�$)(��1	�!"0��9�	1������$�����������)�5�,������(��$���� )
<"�

1��)-;�����!#�����,��(����(%�!")*%��(%�!"(�� (2�*���(������	��#����1�0��1����%������(%
�$ 

PEG, )���,������#2�%��
<� :'"$),�!	%9�	����	(�� PEG1�(������	�����:�,��)
�%
�����	�� 85 

*��$�����#��2�(������	�(%�!"0��0-9I9%�!0�:�����#2�%��
<����(������$,'$��� (Tween
�

40) 

(��(���9�	�#2�*���
�$�$��-����� PEG/gelatin/oil/ Tween
�

40 )-;� 87/10/2/1  ��	��)�!	�
�$

��+!���),�!	%�����,��(����(%
�$(������	��#�)-�<�� (shell layer) �����#����1� (core layer) 

�(�$1�,���$�!" 6 ��� 7 ,�%�2���� 
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�	�	��!� 6.  
�#�,�����),�!	%���(��(������),�!	%(������	��#�)-�<����� 

��"
��
�	����!��%	�J�"
������
�� %-�
�������������	%-�
/%� 

(������	 CA  � CA �$                                  4.00       ���% 

�����:�,�� (85%)               16.0       ���% 

(������	9:)�!	%���0��� (NaCl) )
�%
�� 1 M � 9:)�!	%���0���                  58.5   %�������%  

�#2����"�                                10      %������,� 

�(%(������	 � + � 9�	��,��(�������(%

��*���$ CA:NaCl �-�)-;� 3 (��(�����$�!# 

a) 99. 25:0.75 

b) 99.1:0.9 

c) 99.0:1.0   

    

 

� = 20 ���%;  � = 150 %�������% 

� = 20 ���%;  � = 175 %�������% 

� = 20 ���%;  � = 200 %�������% 

 
 
�	�	��!� 7. 
�#�,�����),�!	%���(��(������),�!	%(����#����1� 

��"
��
�	����!��%	�J�"
��
*
 %-�
�������������	%-�
/%� 
(������	)���,��   )���,���$                            20.0         ���% 

�����:�,�� (85%)              80.0         ���% 

(������	 PEG   PEG �$                               20.0         ���% 

�����:�,�� (85%)              80.0         ���% 

�(%(������	)���,��-PEG �����2�0-9I9%�!0�:�

����#2�%��
<���� Tween
�

40  

((��(���9�	�#2�*���
�$ PEG/gelatin/oil/Tween40  

                     = 87/10/2/1) 

    

(������	)���,��     1.00      ���%   

(������	 PEG                   9.00      ���% 

�#2�%��
<�                              0.216      ���% 

Tween
�

40                           0.105      ���% 
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3.2  �	������"��$���D&�	��'(
�%)
*�
	5
�����
�-���)��+,,�	%#�� 
���,��,�#$�����-���������-�����!"1��1�������,)(��1	��9����������%�!"1��1�$������	

�!# �(�$1���-�!" 5 ����(�$��

	�	(���
�$���/!�(������	���������%1���-�!" 69�	���

��-�������-=L�)(��1	���	0HHA�(&�,-��������	������������%)
<"�/!�(������	 (coaxial 

spinneret) 9�	)
5%���1���������� (popper � sons, USA) %!)(���������	����$ 0.194 ��� 

0.514%����)%,� ,�%�2����  syringe pump (New Era Pump Systems NE1000, USA), )��<"�$�2�)���

0HHA����%,��$���	�(�$ &�$0�9,�)�����( ���%�),��������%���%������(, )��<"�$�2�)���0HHA����%

,��$���	�(�$ (high voltage power supply) ���������$��$)
<"�������)(��1	 ��,�����-A��)
��
�$

(������	��#����1����(������	��#�)-�<����������%1����$��*���$ 0.18-0.42  %������,�,��

��"�9%$  

 

 

 

 

�4��!� 5.  �����

�$���,��,�#$��-�������-=L�)(��1	���������% 

 

Syringe pump

)��<"�$�2�)���0HHA����%

,��$���	�(�$
������$��$������)(��1	

&�$���(0�9,�)��

������������%)
<"�

/!�(������	
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�4��!� 6.  �����

	�	
�$������������%)
<"�/!�(������	

/��	�������	�/����%)
*�
	5
�����
�-���)����9!�	��'(
�)��+,,�	%#��
4.1 �	������������K
	�$��D&�	�/����%)
*�
	5
�����
�-���)����9!�	��'(
�)��+,,�	%#�� 

�������	0��,��,�#$��-����������,)(��1	��9����������%���	��+!���-=L����	0HHA�(&�,��$

�(�$1���-�!" 5. ��� 6.  ������� �	
���
��
���������������������������������������!�����"#����
$	��%������&��$�����&�" 7-8 �!��� )�<"�$���%!��� critical *��	-��������	�$0%�%!��	$������	�!"

�(�$*�<��+���	�	��$������$ ��#$�!#(�$)�,������
�8��-��(��+���

�$��-������$������!#�����)-;�

(�"$�!"�������	0%�1���)-G�)�	%����� :'"$�����)-;�)�<"�$���)$<"��0

�$(��+���,� 9�	��%������	�)����!"

1��
�8����-�����!"-�����
'#�1�$������	�!#-��%��&'$ 7-8 )�<�� �	��$0��5�! )%<"�0��-��������

,��,�#$��-�������-=L�)(��1	���������%���0������$��)�<"������(�%��&1�����0������
��$�!���� 

�������	�'$0���2��������$)
<"�,���(�����	��

�$�����-�����!"
�8��
'#� 9�	����$���,)(��1	

��9����������$
�$):���9�(��:�),� (CA) 1��������$1��(������	
�$ CA 20 wt.%1�

�����:�,�� (85%) )-;�(������	��#�)-�<�����1��(������	9
�!)����!����0:�� (PEO) 4 wt.% 

1�(������	)������ ()
�%
�� 90%) )-;�(������	��#����1�  )(��1	�!"���,0��&���2�0-,���(��

�$��-�����9�	1��)�����
�$ Fourier Transform Infrared Spectrometry (FT-IR) �������$

�����������)�5�,������(��$���� (Scanning Electron Microscopy, SEM) �����#��2�0-����	��#�

���1�
�$ PEO �������2�0-,���(���$��-��������9��$(���$�!����#$ :'"$
����0��

9��$(���$)(��1	���$
�$):���9�(��:�),� �!"%!
���)(���������	����$)/�!"	-��%��  850 nm 

�������	
  

  �������
��  

��
���
��� 

���
���
�
 

�����������
	
 
�
�� 10 ��

�
���  

�����������

��
�
�� 30 ��

�
��� 
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9�	%!
���������$���1��<�-��%�� 100 nm 9��$(���$�����������
�$)(��1	�!",���(�����	

����$������������(��$�����(�$1���-�!"  7  ��������,���(���$��-��������	)����� FTIR 

�(�$1���-�!" 8. 

�4��!� 7. ��
9��$(���$�����������
�$)(��1	��9����������%
�$ CA/PEO   ���� (�)                   

���*��$   (
) �2����)���$��-�����
�$ PEO ��� ������,��
��$
�$)(��1	�!"�2����)��

�$��-�����
�$ PEO ������� (�) 

 

(�) ���,��
��$
�$)(��1	���$ 

CA 

(
) *��$�2�������1� PEO 

()(��1	���$
�$ CA) 
(�) �����2�������1� PEO 

��  ��  ��  
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�4��!� 8.  ()-�,��%
�$)(��1	��9�; )(��1	 PEO, )(��1	��9����������% CA/PEO ��#$����   

               ���*��$�2����)���$��-�����
�$ PEO ((����#����1�) ���)(��1	 CA (��
����:��	


	�	)
<"��(�$,2��*��$ peak �!"%! signal ,"2�*��$�2���� PEO  

 

 

�����,���(�����#$�!#0��	<�	����������-�������-=L�)(��1	���������%���	0HHA�(&�,%!

���	��
)
!	$
�1�������,)(��1	��9����������%0��  �2����&��%�0��)-�!"	�(����#����1�

,�������� PEO %�)-;�(������	��%�����
�$�#2�%��
<�1�(������	�(%
�$)���,����� PEG 

)
<"�)-;�����2���$
�$9-�,!��!"��&��*��*��%1�9��$(���$
�$)(��1	���$
�$ CA  :'"$��%������!#),

�!	�9�	���9I9%��0�:�(������	)���,����%����#2�%��
<���� PEG ���%������),�%(������	

)��<�9:)�!	%���0���)
�%
�� 1 9%���� 1�(������	 CA 1�(��(��� 1%  )
<"�)
�"%�������2�0HHA� 

,�%�!" Moghe ��� Gupta (2008) 0����	$������������2�0HHA�
�$(����#����1����%!���,"2�����(��

1,350 cm-1  

�
���!�"�� 
PEO  

���
�!�"�� 
PEO 

��#
	� CA  

��#
	� PEO 

��#
	�
�$
�%%��

�����
���!�"�� PEO  

��#
	�
�$
�%%��

�������
�!�"�� PEO 
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��#�)-�<����� ��������(%��,��������2�0HHA���*���$���
�$(������	��#�)-�<����� / ���1� 

1�
���
�$�������2�0HHA� ��������,�����-A���(�$1���-�!" 9 ��� 10 

�������!#�������	0��(�$)�,�����,��(���
�$�������2�0HHA� ��,��-A�� ���%*�<� 
�$��#� 

)-�<��)�!	������#����1�%!��(2����,��(��M��
�$)(��1	������%	��$��	1����
'#���-)(��1	���

���% �'$0���'�4���
�$��,��(�����$����� :'"$0��������'�4�9�	(��-��$�!#  

4.2 �	�
6�7	/��������	%-�
�-	�	�
�	+,,�	���%	����	�J�"
������
�����%	�J�"
��
*
�!��!
�-�%�DH	
����%)
*�
	5
�����
�-��  
 ����������$-����-���,��(����������2�0HHA�
�$(����#�)-�<��������(����#����

1�)-;� 1.09, 1.27 ��� 1.40 9�	1��(����1����-=L�)(��1	��9����������%�!"(����)�!	�����<� 

1�����%,��$���	�)������ 29 kV  ��,�����-A��)
��
�$(����#����1����(����#�)-�<�����%!���

)������ 0.18 ��� 2.8 %������,�,����"�9%$ �����	�*��$��*���$-��	)
5%&'$/�����%!���)������ 18 cm  

)%<"��2�)(��1	��9����������%�!"���,0��0-��)����*�9��$(���$��������������	����$���������

��)�5�,������(��$����
����)(��1	�!"���,0��%!���)/�!"	)(���������	����$)-;� 720±177, 405±112 

��� 392±106 ��9�)%,� )%<"���,��(����������2�0HHA�
�$(����#�)-�<��������(����#����1�

)-;� 1.09, 1.27 ��� 1.40 ,�%�2���� ��$�(�$1���-�!" 9 
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����	%-�
�-	�	�
�	
+,,�	���%	�J�"
������

�����%	�J�"
��
*
 

M	�5���%�)	�������$�M	�����%)
*� �%)
/-	

4
�&��	��N�!�� 
(nm) 

(�) 1.09 

 

 

720±177 

(
) 1.27 

 

405±112 

(�) 1.40 

 

392±106 

 

�4��!� 9. ��
9��$(���$�����������
�$)(��1	��9����������%
�$ CA/��%�����
�$)���,��

�!"��,��(����������2�0HHA�
�$(����#�)-�<�����,��(����#����1� (�) 1.09, (
) 1.27 

��� (�) 1.40 %�,��(������$
���)������ 5 zm 

� 

� 

� 
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4.3 �	�
6�7	/��������	�	����
���%	���
*
�!��!�-�%�DH	
����%)
*�
	5
�����
�-�� 
����������$-����-���,��-A��
�$(����#����1�)-;� 0.18, 0.30 ��� 0.42 %������,�,��

��"�9%$9�	1*���,�����-A��)
��
�$(����#�)-�<�����%!����$�!")������ 2.8 %������,�,����"�9%$ *�<�

��,��(���
�$��,��-A��
�$���1�,��������)
�"%
'#���� 0.06:1, 0.10:1 ��� 0.15:1  
����

���)/�!"	)(���������	����$
�$)(��1	��9����������%%!���)-;� 405±112, 436±118 ��� 501±132 

��9�)%,� ,�%�2���� ��$��-�!" 10 
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����	�	����
���%	�
J�"
��
*
 (���������

�-�J���5��) 
M	�5���%�)	�������$�M	�����%)
*� �%)
/-	

4
�&��	��N�!��

(nm) 

0.18 

 

405±112a 

 0.30 

 

436±118b 

 0.42 

 

501±132c 

 

�4��!� 10. ��
9��$(���$�����������
�$)(��1	��9����������%
�$ CA/��%�����
�$)���,��

�!"���,�����,�����-A��)
��
�$(����#����1�)������  (�) 0.18,  (
) 0.30  ��� (�) 0.42 

%������,�,����"�9%$  ���$%�,��(���%!
���)������ 5 zm 

 

� 

� 

� 
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4.4  �	�����%�����"���)
��!������%������	������-�������J�
/%�����-	�������9��!
+��������
���	��
�!�����$*
��
�-������%)
*��3��45�%��3�����!����!��5���	��'(
�)��+,,�	%#�� 

��,��(��������%
�$
�$HG��%-����� (�#2�*���
�$HG��%-�����*��$���1�(������	

��H)H������ 120 ��"�9%$,���#2�*���)��"%,��) %!���)������ 13.1�0.3  ��-�!" 11 �(�$���)-�!	�)�!	�

9��$(���$�����������
�$)(��1	��9����������% CA/)���,��-PEG �������*��$���1�

(������	��H)H���1����$)����!"�2�����'�4��<� 120 ��"�9%$ :'"$�(�$1*�)*5����(��M�����	�
�$

)(��1	��9����������%	�$�$(%�����1����$)����!"�2�����'�4��<� 120 ��"�9%$ ��������#�	�$


����
���)(���������	����$)/�!"	
�$)(��1	��9����������%�!"���1�(������	��H)H���%!���

)
�"%
'#���� 405±112 )-;� 525±68 nm �	��$0��5�!1�$������	�!#����'�4����4�����-��-���	(��


�$)(��1	��9����������%)-;�)
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�
ABSTRACT 

The number of chronic diseases threatening the health of consumers has greatly increased.  Recently, 
nano-structures with high surface areas have been developed to precisely control the release kinetics of 
bioactive compounds.  Electrospun nanofibers have been reported as excellent drug carrier that not only 
promotes a very high load with respect to their overall mass but have also shown a much more ideal 
zero-order release kinetics as compared with the spherical nanoparticles.  In this study, the food grade 
nanofibers were electrospun from blended solutions of egg albumen (EA) in 50% formic acid and 
cellulose acetate (CA) in 85% acetic acid.  The ratio of CA to EA dissolved in the mixed solvents was 
varied from 1:0 to 1:0.1, 1:0.3, 1:0.5 and 0:1.  The suspension property was studied by viscometer.  
Morphology of the electrospun fibers was examined by SEM.  The results evidently suggested that EA 
lacks of sufficient entanglement and also possesses very high surface tension, thereby is unable to form 
nanofibers.  An addition of CA and surfactant (TWEEN 40) resulted in lower electrical conductivity 
and surface tension that can lead to the formation of EA-CA blended nanofibers.  The diameters of the 
blended nanofibers were 261 ± 29, 281 ± 44, 404 ± 61 and 441 ± 66 nm corresponding to the blended 
ratios of CA:EA of 1:0, 1:0.1, 1:0.3, and 1:0.5, respectively.  To the best of our knowledge, this study is 
the first report of the food grade nanofiber fabrication by using electrospinning technique. 
 

Keywords  
Biomaterial / Cellulose acetate / Egg Albumen / Electrospinning / Nanofibers  

 

1. INTRODUCTION 

Electrospinning is a technique used to form long non-woven ultrafine fibers, i.e., fibers with diameters 
of up to several hundred nanometers (1-3).  In general, fibers may have size ranging from 40 to 1000 
nm (1,4), but fibers as thick as 5000 nm have also been produced (5).  Electrospun fiber is produced 
via ejection of a polymeric jet from positive charged viscous polymeric solution through a capillary tip 
to an electrical grounded target.  The solvent evaporates rapidly from the ejected jet during travels 
from the capillary to the grounded target and leave behind only fibers with high surface to volume 
ratio on the collecting plate.  Because of the rapid evaporation and simultaneously superimposed 
mechanical stresses due to developing bending instabilities of the polymer jet, polymers in electrospun 
fibers are more oriented than the conventional polymer and therefore exhibit better mechanical 
properties and higher thermal stability (6-10).  Consequently, interest in production of electrospun 
fibers from biodegradable and/or edible biopolymers is gaining increasing interest in the foods, 
pharmaceuticals and cosmetics.  To date, electrospun fibers have been used to manufacture filter 
media, cosmetic skin masks, nanosensors, military protective clothing, control drug delivery matrices, 
and tissue scaffolding for wound dressings (3).  It has been previously demonstrated by our group that 
egg albumen (EA) based ultrafine fibers are superior drug carriers.  They can withstand the stomach’s 
severe acidic condition and release the bioactive at the alkaline pH of the intestine thereby yielding 
maximum absorption (11).  However, its globular molecular structure resulted in low entanglement 
and led to failure in nanofiber formation. This research was therefore aims to improve the fabrication 
of edible EA based nanofiber by blending with a more processible cellulose acetate (CA).  The effects 
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of solution properties of EA-CA (i.e., viscosity, surface tension and electrical conductivity) on 
electrospinning ability and fibers morphology are investigate.   

 

2. MATERIALS AND METHODS 

2.1 Preparation of electrospun solution and setup of the elctrospinning apparatus 

EA powder (Igreca, France) was purchased from Winner Group Enterprise and CA powder having Mw 
of 30 kDa (acetyl content = 39.7% and degree of acetyl substitution � 2.4) was purchased from Sigma-
Aldrich (Switzerland).  EA-CA blended solution was prepared by blending EA solution (in 95% formic 
acid) having concentration of 20 %w/v with CA solution (in 85% acetic acid).  The final blended ratio 
was 1:0, 1:0.1, 1:0.3, 1:0.5 and 0:1 corresponding to the weight ratio of CA to EA.  A 30-mL syringe 
(Top, Japan) containing 10 mL of blended solution and equipped with stainless steel needle having 
inner diameter of 0.69 mm (Hamilton No.91019) was mounted on a syringe pump (New Era Pump 
Systems; NE1000, USA). The stainless steel needle was connected to a high voltage generator (Gamma 
High Voltage; ES30P-5W, USA) operated in positive DC mode.  A grounded copper plate was used as 
electrospun particle collecting plate.  All experiments were carried out at ambient condition (25 oC, RH 
50±5%).  

2.2 Investigation of solution property 

Apparent viscosity of the blended solution was determined by using a rotational rheometer (Haake 
VT500, Germany) with a double coaxial bob and cup (length = 61.4 mm, diameter = 10.1 mm, gap 
width = 1.45 mm).  Shear stress (�, Pa) of the blended solution was recorded as a function of shear 
rate (�˙, s-1) ranging between zero and 400 s-1.  The temperature of the loaded sample was controlled at 
25±0.5 oC.  The reported results were averaged from triplicate measurements.  The recorded data of 
shear stress versus shear rate were fitted to the power law model and then flow behavior consistency 
and flow index were obtained as described by Lapasin and Pricl, 1995 (12) 
 

 � = K�˙n    

where � is the shear stress, �˙ is the shear rate, K is the consistency coefficient and n is the flow-
behavior index which reflects the viscosity of the solution, i.e., n = 1 if the solution behaves 
Newtonian and n � 1 if the solution behaves non-Newtonian (e.g., shear thinning or shear thickening). 

The electrical conductivity of the blended solution was determined by using a digital conductivity 
meter (Schott, Germany).  Results are averaged from three measured data and two replications of 
sample preparation. 

2.3 Characterization of electrospun product morphology 

The morphology of the electrospun fibers and/or beads was evaluated by scanning electron 
microscopy (SEM; model JSM 5800, JEOL USA).  Fibers were spun directly on a grounded brass�
SEM stub that was mounted on the collecting plate.  After deposition of the samples approximately 
10-15 mins, the stub was removed and sputter coated with gold using coating condition of 2 kV, 5 mA 
for 2 mins with an argon backfill at 8 Pa.  The average diameter of the electrospun fibers was 
determined by image analysis software namely Image J for microscopy (NIMH, Maryland, USA.). 

 

3. RESULTS AND DISCUSSION 

3.1  Solution properties of CA-EA blended solution  

The apparent viscosity at shear rate of 100 s-1(�a,100) of 12 wt% EA in 50% formic acid was 0.3797 
Pa·s whilst the one of CA (20 wt% in 85% acetic acid) was 3.12±0.03 Pa·s.  The apparent viscosity of 
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the blended solutions at that shear rate decreased to 2.73±0.06, 1.32±0.01, and 1.1901±0.09 Pa·s upon 
increasing the CA-EA ratios from 1:0.1 to 1:0.3 and 1:0.5, respectively (Table 1).  The reduction in 
the apparent viscosity could be attributed to reducing degree of polymer chain entanglement between 
EA and CA, as consequence of the globular molecular structure of egg albumen.  Increasing ratio of 
EA in the CA-EA mixed solution (from 1:0.1 to 1:0.5) shifted the blended solution’s flow behavior far 
from Newtonian characteristic that the n was reduced from 0.85±0.00 to 0.77±0.01.  As shown in 
figure 1, electrical conductivity of the blended solution was significantly affected by the component of 
EA.  An optimum electrical conductivity is an important that affects the electrospun fiber formation.  
Normally, higher voltage is necessary for EA to attain high electrical conductivity and high surface 
tension in order to initiate the Taylor cone, thereby originating the nanofiber formation.  However, the 
low apparent viscosity of EA (which normally implies low molecular entanglement) did not support 
for such high voltage applying and led to the failure of fiber formation that the droplets were deposited 
on the collecting plate instead (figure 2).  

Table 1. Apparent viscosity at a shear rate of 100 s-1, and power law indices K and n of EA-CA blend 
as a function of CA:EA ratio. The total polymer concentration in mixed solvents of formic acid and 

acetic acid was 20 wt%. 

Mixing ratio Apparent viscosity Power law consistency Power law 

(CA:EA) �a,100 (Pa s) coefficient (K) flow-behavior index (n) 

1:0 3.1203 ± 0.0295 4.3304 ± 0.0033 0.9289 ± 0.0021 

1:0.1 2.7288 ± 0.0559 5.4171 ± 0.2316 0.8512 ± 0.0048 

1:0.3 1.3183 ± 0.0141 5.8064 ± 0.1657 0.6781 ± 0.0045 

1:0.5 1.1901 ± 0.0901 3.5096 ± 0.2631 0.7651 ± 0.0131 

0:1 0.3797 ± 0.0137 6.7880 ± 0.1834 0.3751 ± 0.0140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Viscosity and electrical conductivity of EA-CA blend as a function of ratio of CA:EA at a 
total polymer concentration of 20 wt% in mixed solvents of formic acid and acetic acid. The average 
diameter of electrospun fibers (if fibers were formed) is plotted as a function of the CA:EA ratio. 
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3.2  Electrospinning of EA-CA blended nanofibers and morphology of the electrospun fibers 

In this study, pure CA and EA-CA blended electrospun fibers were produced at a tip-to-target distance 
of 15 cm with an applied voltage of 15 kV at a flow rate of 2.2 mL/h (tip’s inner diameter � 0.69 mm).  
The blended nanofibers were successfully electrospun from blended solution of EA (12 wt% in 50% 
formic acid) and CA (20 wt% in 85% acetic acid) with addition of slight amount of surfactant, namely 
TWEEN 40, which played an important role on morphology of the electrospun fibers improvement 
(results are not shown here for the sake of brevity).        

Figure 2 shows the morphology of the electrospun fibers (or particles) examined by scanning electron 
microscopy at a magnification of 5000�.  Electrospinning of pure EA polymeric solution resulted in 
submicron particles whilst pure CA polymeric solution exhibited nanofibers having average diameter 
of 261 ± 29 nm.  Enhancing proportion of EA in CA-EA blend from 9 to 23 and 33 percentages or 
increasing blended ratio of CA:EA from 1:0.1 to 1:0.3 and 1:0.5 resulted in the increasing diameters of 
the electrospun fibers from 281 ± 44 to 404 ± 61 and 441 ± 61 nm (figure 2b, 2c and 2d), respectively.   
The SEM micrographs indicated that addition of EA improved fiber’s continuity but exhibited 
cracking surface of the fibers.  Surface of the CA fibers seems to be smoother than the EA-CA 
blended fibers.  Nevertheless, the smoothness of the blended fibers was increased as increasing ratio 
of EA (Figure 2b to 2d).  This could be due to the increasing of electrical charge density of EA 
component.  However, additional experiments using atomic force microscopy or field emission 
scanning electron microscopy is needed to verify the fiber surface smoothness and the continuity.  
Besides, the composition of the blended fibers will be further investigated.      

 

  

  

a b 

c d 
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Figure 2  SEM micrographs of the EA-CA blended nanofibers electrospun from mixed solution of EA 
(12 wt% in 50% formic acid) and CA (20 wt% in 85% acetic acid).  The CA:EA blended ratio was 
varied as  (a) 1:0, (b) 1:0.1, (c) 1:0.3, (d) 1:0.5, and (e) 0:1.  The bar scale is 5 �m. 

 

4. CONCLUSIONS    

In this study, the edible nanofibrous film was first time fabricated by electrospinning technique.  The 
fibers were electrospun from the blended solution of EA (12 wt% in 50% formic acid) and CA (20 
wt% in 85% acetic acid).  TWEEN 40 was added to reduce the surface tension and also electrical 
conductivity of the blended solution.  The diameters of the blended fibers were 281 ± 44, 404 ± 61 and 
441 ± 61 nm corresponding to the blending ratio of CA:EA of 1:0.1, 1:0.3 and 1:0.5, respectively.  
Hairy structure and cracking fiber’s surface was obtained in the blended fibers.  However, increasing 
of EA ratio could improve continuity of the CA-EA electrospun fibers.  The results indicated that only 
single component of EA (12 wt% in 50% formic acid) was not entangling enough to form fibrous 
structure.  Mixing of CA enhanced entanglement of the mixed polymer solution leading to the 
successfulness in the fiber formation.  Nonetheless, composition of the blended fibers will be further 
investigated.                     

 

5. ACKNOWLEDGMENTS  

This research project was supported by a grant from Thailand Research Fund (TRF; grant number TRG 
508008).      
 

6. REFERENCES  

1. Huang, ZM.; Zhang, YZ.; Kotaki, M.; Ramakrishna, S. Compos Sci Technol. 2003, 63, 2223-2253.  

2. Reneker, DH.; Chun, I. Nanotechnology. 1996, 7, 216-223. 

3. Xu, X.; Yang, L.; Xu, X.; Wang, X.; Chen, X.; Liang, Q. et al. J Controlled Release. 2005, 108, 33- 

    42. 

4. Son, WK.; Youk, JH.; Lee, TS.; Park WH. Polymer. 2004, 45, 2959-2966. 

5. Gupta, P.; Elkins, C.; Long, TE.; Wilkes, GL. Polymer. 2005, 46, 4799-4810. 

6. Bognitzki, M.; Czado, W.; Frese, T.; Schaper, A.; Hellwig, M.; Steinhart, M. et al. Adv Mater.  

    2001, 13, 70-72. 

7. Huang, L.; McMillan, RA.; Apkarian, B.; Pourdeyhimi, EL.; Conticello, VP.; Chaikof, EL.  

    Macromolecules. 2000, 33, 2989-2997. 

8. Shao, C.; Kim, HY.; Gong, J.; Ding, B.; Lee, DR.; Park, SJ. Mater Lett. 2003, 57, 1579-1584. 

9. Wongsasulak, S. Release mechanisms of paprika oleoresin from composite structure of egg   

e 



 342 

PACCON2008 (Pure and Applied Chemistry International Conference) 

      albumen and cassava starch. Ph.D. Thesis, University of King Mongkut’s University of   

      Technology Thonburi, Thailand, 2005. 

10. Zhang, YZ.; Venugopal, J.; Huang, ZM.; Lim, CT.; Ramakrishna, S. Polymer. 2006, 47, 2911- 

      2917. 

11. Wongsasulak, S.; Kit, K.M.; McClements, D.J.; Yoovidhya, T.; Weiss, J. Polymer. 2007, 48, 448- 

      457. 

12. Lapasin, R.; Pricl, S. Secondary and Tertiary structure of polysaccharides in solutions and gels:  

      rheology of industrial polysaccharides-theory and applications. Melbourne: Blackie Academic and  

      Professional Publishers. 1995. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

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

������������
�������� �!�"�"	�
�#		$�������
��%�	���	
�&	
��������'�

��������	�
��

���
�	��	����	��

������
��
�	��	����	�

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


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


���������	
�	�
��������
�����
�

�����
�������	��
��������������


�

��%!
��!�

���
��
�	
�*�����	�
����	����
��
	�	��� ���
��
�
	���
+�����%�����
��	�������
�������
�������
��

,���
 ��
 ��
 �	
 �	�������	�
 ��	����	��
 ��������
 ��
 ���
 �� ���	
 -�./
 ��
 �
 ����
 �0
 ��	������

��	�������
 �������
 	������
  ����������
�.
	�	��� ����
 ����
 ���
 ��������
 ��
 �
,����%���� ��

 ��������
 ������	�
 �	
 �������	�����	��
 -12/
 �����
 ,��
 �� �������
 ���
 ����������		�	�3
 ��

�	��	��
���
����������		�	�
���� ������
�.
,��
 ��	���
,���
���������
�������
-4./�
,����
��

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

��������3
 .
 	�	%��	��
 ��������	��
 	������
 �,��	
 )(
 ,��
 ����
 �����
 ��
 ���
 ����
 �����	�

�������	
 ��
 �������
 �� ��
 ��������	3
 .
 �����
  ��������
 ������	��
 �3�3�
 ������	
 '"�
 ,��

�	����������
�	
���
�.
�����
��
���
 ��	�5
���
�����
 ��	��	�
�����
��
4.6�.6�,��	6������	

'"
 ,��
 7!68696!3
 ���
 ����
 ,��
 ������������
 ����������	
 ��
 !8
 �:
 ��
 �	
 ����������		�	�

�����	��
��
!8
��
,���
����������	
�������	
���,
����
��
"3"
�;<�3

���
�������
���������������

��
���
 ��	�
�� ����
����
,��
���	
�������
�	
 �����
�������	�
��
�0
!3"
�	�
�0
=3)
��
9=>(38

?4
���
7
�3

���
����������
��
���
����������	
�� ��
 �����
�	�
�����
�������
,��
�*���	��

 �
���		�	�
�������	
����������3

���
�����	���
�	�
��	���	�
����
��
�������
,���
� ���	��

 �
 �����	�
 ���
 ����������
����
 ��������
 ��
 �
 ������
 ��,��
 ��,
�����3
 @�������
 ���
 �������

�	�������
����
��
��
����� ��
��
���
4.%�.
 ��	�
�� ����
����
���
��	�������
�������
�	
����	

 ���
,����
���
�������
����
��	
 �
���������
�������
������	�
���
���� �����
��
���
�� �����

 ��������
 ������	�
 �	
 ���
 ������
 ����	3
 
 ����
 ����	�������
 �
 ����	����
 ��
 �� ������	�

��������������%������	
  ��	��	�
 	�	��� ��
 ���
 ����	����
 ��������
 ��
  ��������
 ������	�
 �	

����	
12
�����3





���,����6
'����������5
4��������
 �������5
���
 �� ���	5
����������		�	�5
1������	�����	��

�����5
&������
���������������3











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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�




(�!
)*+�!()��

4�	�������
����
��������
�������
����
���	��
����
����	���	
�	
���
����
��,
�������
���
��

��	�
 ����	�����
 ��������
,���
 ���
 ��	��	���	��
 ������
 �����3
�����
 ����	�����
 �	�����

�������	�
�����������
���������
 ������	�
 ��*�����
 �
��������	�
����
��
�
��	�������
����3
��

���	���	
�����
 ��������
������	�
�����
,����	
�
������ ��
��	���
���
 ��������
������	�
��

��	���	���
��������
����
�
��	�
������
��
����3

'�������
�����
����	�����
��
���	�
��	�������%
��������
 �������
 ����
 �	�����
 ���
 ��������	�
 	�� ��
 ��
 �������
 ��
 ,���
 ��
 ����%��������

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

�������
��
�����3
 
@	�
������	��
 ��
�������
 �����
�����
 ��
 ��
 ������
������	��	�
���������
 ���

����
��������3
.
,���
�������
��
���������
���������
����
��	
 �
����
��
��������
���������
���

������
 ��������� ��
��
	�	% ��������� ��
 ��
 ��������� ��
 -A���	�
��
��3�
!778/3
.	�����

������	��
��
��	���	��
,���
���
����	�B���
���
���������	
��
����
��������3
&���	����
C�	�
��

��3
 -"((9/
 ��������
 ���
 ����	����
 �	
 �
 	���
 +�����%�����
 �������
 ������	
 ��
 ����������	

	�	��� ���3



����������	
�� ���
���
	�	%,���	
�	�
��	�
�� ���
����	�
���
��������
������
����
	�	�%
��

��
�����������3
 2�
���
�
����
�������
����
 ��
������
��
����
 �����3
����������	
 �� ���
����

����	����
 ���
  ��	�
 ����
 ��
 �
 �� ����
 ��������
 �	
  ����������
 ����������	�
 ����
 ��
 ,��	�

�����	��
������
�	��	����	�
�	�
����
��������3
���
����������	
�� ���
��	
 �
�� �������
����

������
��	������
��
 ��
��������3
 
0�,�����
���
 �	�����
�	
�����
��
 ��������� �����
��
,���

��
 ��������� �����
��
���
 ��%�������
�������
���
����������
�	�
B������
�	�������
����	���	�

�������	�
 ,���
 ��	������
 ��������3
 ���
 �*������
 ��
  ���������
 ����	�
  ��	
 ����
 ���

�� �������	
 ��
 ����������	
 �� ��
 ���
 ���������
 �������
 -0�	
 ��
 ��3�
 "((=/�
 �������	
 -1�	�
 ��

��3�"((8/�
 �	�
 ������	
 -0��	�
 ��
 ��3�
 "(()/3
 &���	����
 ���������
 �������
 ����������	
 �� ��

��	���	�	�
 �������	�
 ��	��
 ��
 ������
 ������	�
 ,��
 �� �������
  �
 ��	������
 ��
 ��3-"((=/�

������ ��	
 ��
 ��3
 -"((=/
 �	�
 D�,�	��	�
 ��
 ��3
 -"((=/3
 ������
 ����������
 ��������
 ����
 ���

����	�
 ��
  ��������
 ������	�
 ��������
 ����
  ��������
 ������	�%������
 �� ��
 ����
 ,��

�������
���	
����
��������
����
���
��������	��	�
����
����3
����
��
���
��
�������
�������
����

�	�
�,����	�
��
 ��������
������	�%������
�� ��
����3


0�,�����
 ��� ��
 �����
 ����������	
 �� ���
 ,���
 	����
 ��������
  �����3
 2	�����
 C�	�
 ��
 ��3

-"((9/
 ��������
�	
 �	�������	�
	���
+���%�����
 �������
������	
��
 ���
����
 �������
 �	
 ����
��

	�	��� ����
 ,����
 ,��
 �� �������
  �
 ����������		�	�
 ����	�B��3
 ����������
 ����
 �����
 ,��

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

���	�
����
�����
�����	�3
 
���
�,�
��������
����
�	
����
�����
,���
���������
�������
-4./

�	�
���
�� ���	
-�./3

.�
��������
 �
E�	��������
��
��3
-"((#/
����
���
�� ���	
���,��

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

������
  �
 �����	�
 �	�
 ���	
  �
 ���������
 �	
  ����
  �����3
0�,�����
 ����
 ��������
 �����
 ����




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

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

�������3
 ����
 ,��
 ���	��
 ���
 ��
 ���
 ��,
 �	��	�����	�
 ,���
 ����
 �������
 ��	���	
 ��
 ���

�� ���	3
 A������������
 ����
 ��������
 ����
 ��*�	�
 ,���
 ����-������	��*���/5
 $�@
 �����

�������
 �� ��
 ��������	3
 ���
 �����,%��
 ��������
 ��
 ��������
  �
 $������F�����,�	�
 ��
 ��3

-"((=/
�	�������
����
���������
��������
 ��������� ��
�	�
����
��������������
��������
�����

 �
 ����
 ��
 ���
 ����������		�	�
 ���
 ��
 �������
 $�@3
 0�,�����
 ����
 ��������
 ����
 �
 ������	

����	�
��
��������	��
	�����
�,��	
)(�
,��
��B�����
��
������
�������
��	���	
�	�
����������

��	���������
 ��
 ���
 ���
 �� ���	
 �����	�	�
 �����	�
 ��
 �
 �������
 �	
 �� ��
 ��������	3
 ���

 ��	�
����
��������
,���
����������	
��
���
����������		�	�
��	�����	
��
��������
�����
��
!8

�:<!8
 ���
 ���,
 ����
 ��
 "3"
 ��<�3
 
 A������������
 �������
 ��������
 ��
 ���
 ��� ��
  ��	�

	�	��� ���
,��
 	��
 �������3
 ����������
 ����
 ��������
,��
 ��	������
 ��
 ���������
 ���
  ��	�

	�	��� ����
����
�	�
�����
���
�������
���������������3


,����������
������	���

,��������



���
�� ���	
-�./
��,���
,��
���������
����
E�		��
1����
�	��������
-2������

��	��/3


���
�� ���	
��
�
����������
�������
��	�����	�
��
�
��*����
��
�������	�
������	�
,���

���������
,������
��	��	�
����
!)
��
=#
���3

4��������
�������
-4.5
,����
��,���5
�,
G

9(
���5
������
��	��	�
H
973=
,�I5
������
��
������
�� ��������	
G
"3)/
,��
���������
����

D����%.������
-D,��+����	�/3


�����
����
-����������
�����5
D����	�

�	�
4���������

�����/
�	�
�������
������
����
-�	��������
�����	�
�����5
4����
�� ��
2����/
,���
����
��

�����	��
��
���
�������3

$����*�������	�
��� ���	
��	����������
-�,��	
)(5
�	��������

�����	�
�����5

�����
1����	�/
,��
����
��
�
��������	�3


%	����	
�"��"�����	
�

�,�
�������
�����
�������	�
��
4.
 �	
 ������
����
�	�
�.
��	���	�	�
������	
'"
 �	
 ������

����
,���
�������
��������3

���
4.
�����
�������	
,��
��������
 �
��������	�
4.
��,���
�	

J8
I,<�
������
����
��
��	��
��	��	������	
��
4.
��
"(I
,<�3

���
������
�����
�������	
,��

��������
 �
 ��	��	�
�.
��,���
,���
������	
'"
-���3'"/
��,���
��
�
�����
��
-!(6!/3
 
���

�.%���3'"
��*��
��,���
,��
���������
�	
	���
������
����
��
� ���	
���
��	��
��	��	������	

��
!9I
,<�3

���	
���
��*��
�.
�������	
,��
�����
,���
#(I
-,<,/
��
�,��	)(
��
� ���	

�������
�.
�������	3

���
�,�
�������
�������	�
-4.
�	�
�./
,���
���	
��*��
��������
��

,�����
 ��	��	�
 �����
��
 ���
 �,�
�����
�������	
��
!(6(3JJ3
 
���
 ��	��
 ��	��	�
 �����
��
 ���

�������
,��
����
7"68696!
��������	��	�
��
4.6�.6�,��	)(6���3'"3



�$������	
�	���	����	
����	�	���


���
������	�
���������
��
���
�������
�������	
,��
�������	��
���	�
�
�������	��
���������

-0����
:�8((�
1����	�/
,���
�
��� ��
���*���
 � 
�	�
���3

D����
������
-��
$�/
��
���

 ��	�
�������	
,��
��������
��
�
��	����	
��
�����
����
-���
�%!/
��
�
�����
����
��	��	�
����
(




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

�	�
)((
�%!3

���
�����������
��
���
������
������
�	�
���	�
���
���������	�
,��
��	�������

��
"8
>
(38
K43��&�������
�������
���
��������
��
����
����������
���������	��3

:���������

���,
 �������
��	�����	��
�	�
���,
�	��*
,���
� ���	��
 �
�����	�
���
� ���	��
�����
������

������
�����
����
����
��
���
��,��
��,
�����
��
������ ��
 ��E�	��������
��
��3
-"((#/


������	�"�

�
��

.
8%�;
����	��
��	���	�	�
9
�;
��
4.%�.
 ��	���
�������	�
�	�
�B������
,���
�
����	����

�����
	�����
 -2�
H
(3#7
��5
0������	
A�3
7!(!7/�
,��
���	���
�	
�
 ����	��
����
 -A�,

���
$���
D������5
A�!(((�
�D./3

���
	�����
,��
��		�����
��
�
����%�������
��	������

-�����
 �D9($%8E5
 1����
 0���
 :�������
 
;�
 �D./
 ��������
 �	
 ��������
 �4
 ����3
 
 .

����	���
 ������
 �����
 ,��
 ����
 ��
 �� ���
 ���������3
 
 $������	���
 �*������	��
 -����
 	��

���,	/
 ���
 ��
 ���
 �������	����	
 ��
 �	
 �������
 ����	��
 ���%��%������
 �����	��
 ��
 !8
 ��
 �	�

���,
����
��
(3!J
�;<�
��
�	
�������
�������
��
"(
�:3

.��
�*������	��
,���
�������
���
��

����
�����������
-"8L4/
��
�
��������
��������
��
8(>8I3




����������-���	
�	��������	�"�
���������	�"�	�	���

���
����������
��
���
����������	
��������
-�� ���
�	�<��
 ����/
,��
���������
 �
���		�	�

�������	
����������
-�����
MD�
8J((5
M�@;�
�D./3

� ���
,���
���	
��������
�	��
�

����	���
 �����D��
��� 
����
,��
���	���
�	
���
���������
�����3

.����
���������	
��
���

��������
���
��� 
,��
�������
�	�
�������
������
,���
����
���	�
�
�����	�
��	�����	
��
"

�:�
8
�.
���
"
��	��
,���
�	
����	� �������
��
J
$�3

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

�� ���
,��
�������	��
���	�
�	
�����
�	������
����,���
-2����
M5
A20�
������	��
�D./3�

%�����	��������������������������	���������
���������


���
������
��
4.%�.
����������	
����
������	�
���3'"
����	�
����	���	
��
"38*8
��"
�	�

�����	���
��
8(�!(
	�
,���
������
�	
����	����
�����
�������
 �����
�	�
���	
��������
�	��

 �����
�������	
-�0
!3"
��
�0
=3)/
��
9=>(38
K43

���
�������	
,��
�������
 �
���	�
���������

��
 �
 ��	�������
 �����
��
!((>9
 ���
 ���
7
�3
 
���
 �������	
,��
������������
 �������
���
 ��

�������
���
�������
��	����
-@�/
 �
���	�
�����������������
��
���
,�����	���
��
)))
	�3




�%+.!%���*�*(%�+%%()��

������	�"�

�
��	�����������
���	����	
�������
��$��/�0��

2	
 ����
 ������
 ,�����
  ��	��	�
 �����
 ��
 4.6�.6�,��	
 )(6���3'"
 ,��
 7!68696!3
 D������	

����������
 �	�����	�
 ���,
 ���������
 �������
 ��	���	
 �	�
 ����������
 ��	���������
 ��
 ���
 �,�

�����
�������
�������	�
�	�
���
����������	
 ��	�
�������	
,���
���,	
�	
�� ��
!3



.�
���,	
�	
�� ��
!�
���
������	�
���������
��
4.
�������	
,��
����
������
���	
����
��
�.

�������	
 ,������
 ���
 ����������
 ��	���������
 ,��
 ��,��
 ���	
 �.
 �������	
 ��
 ����
 ��
 9J8

�����3
 
'��	��	�
�.
 ���
 �	��
 ����
 �����	��
 �	��
4.
 �������	�
 ���
 ������	�
 ���������
 ��
 ���

 ��	�
 ���������
 ���
 !39
 �����
 ,������
 ����������
 ��	���������
 �	�������
 ���
 J
 �����3
 
 ���




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

�������	
 ��
 #(
 �����	��
 ��
 	�	%��	��
 ��������	��
 	�����
 �,��	)(�
 �	
 ���
 4.%�.
  ��	��

���������
��������
�	�������
��
=3=(�(3("
$�N�3

.������	
��
�,��	)(�
����������
��	���������

��
 ���
4.%�.
 ��	�
,��
��������
���������
����
!#(
��
!)(
�D<��3
���
������
��
 ���
	�	%
��	��
 ��������	�
 -�,��	)(/
�	
 ���
 ����������
 ��	���������
 ��������	
 �����
 �
 �*����	��
 ����

�.
 ���
 �	�
���������
,��
����� ��
��������
 �
��������	�
���������
 �����	�
��
�
 ��,��

����������
��	���������
-������
�������	�
������/�
���	
�,��	)(
��

	�	%��	��
��������	�3
����

����� ��
  ������
 ����
 	�	%��	��
 ��������	�
 �������
 ���
 �
 ����
 ��� �����
 �	
 ���
 ��������	�

�������
���������
�����	�
��
�
��,
�����	�
�����
��
�������%��������	�
���������
�	��������	

-E�	�
 ��
 ��3�
 "((=/�
 ,����
 ����� �
 �*�� ���	�
 �
 ��,
 ������
 �	
 ���������
 ��
 ���
  ��	��

��	���	�	�
 �,��	)(3
 
 .������	
 ��
 ���3'"�
 ������	�
 ���������
 �	�
 �������
 ��	���	
 ,���
 	��

���	�����	���
��������3



!�����1
D������	
����������
��
����
�����
�������
�������	�
��
4.
�	�
�.
��
,���
��
4.%�.


 ��	�
�������	
��	���	�
��
	��
��	���	�
�,��	
)(
�	�
������	
'"


2	�������	����	
��

%	����	
�"�	"�������

�""���
���
$���	������

3� 044�52�/�6�

%��������
��
��	
�
5��7�6�

������������
�	
�����$�����

5�%7��6�

$���
4.<J8I������
����

-"(I,<,/
 73=(>(3"J
 9937J>(3!"
 (3(">(3((


$���
�.<8(I
������
����
-!"I,<,/
 (3(J>(3((
 9!38(>(3!#
 =3=!>(3!"



4.6�.
H
7868
 =3))>(3()
 9)3!7>(3(9
 (3!#>(3((



4.6�.6�,��	)(
H
7"6869
 =3=(>(3("
 993)7>(3!=
 (3!)>(3((



4.6�.6�,��	)(6���3'"
H
7!68696!
 =3)8>(3#"
 9937!>(3)J
 (3!#>(3((

�

,	�"�	�	���	������������	�"�
��������

���
 �������
 ��������
 ��
 ����
 4.
 ����������	
 �� ���
,��
 "(J>J)
 	�
 -
��3
 !�/�
 ,�����
 �.

�������
 �������	
 ��������
 �	
 ��������������
 ���������
 ��
 4.%�.
  ��	�
 ,������
 �,���)(

����������	
 �� ���
,���
!)!>J)
	�3
 
'�������
  �����
�	�
 ��	���	�
����������
 ��
,���
 ��
 �

����
 ��������
 ��������	�
 ,��
 ����
 	������ ��3
 
 .������	
 ��
 ��������	��
 ���
 ���������
 ��

����������	
 4.%�.
  ��	���
 �� ��
  �����
 ������
 -!J=>=8
 	�/
 ,���
 ����
 ����
  �����

���������
��
 ���
 �� ��
 -
��
!�/3
 
'�������
 ��
 ����
 ��	��� ����
 ��
 �
������
������	����
��
 ���

�� ��
��������
����
���
��������
��������	
,��
�������
����
#(
��
)(
�����	��3

���������
��

,��
 ����
 � ������
 ����
 ���
 ����������		�	�
 �������
,��
 ����
 �����������
,��	
 ���
 ��������	�

,��
�����3
2	
����
��
����	�
���3'"�
�������
��������
��
���
�� ���
,��
��
!7=>J)
	�3




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�


 -�/



 - /



 -�/



 -�/




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�


 -�/


�������1
D��
�����������
��
����������	
��������
-�� ���
 ����/
����
�������	
��
���������

�������
�	�
���
�� ���	
-��	���	�	��
��
	��
��	���	�	�
�,��	
)(
�	�
������	
'"/3

���

�����	����
 ��	��	�
�����
��
4.6�.
��	���
����
-�/
!((6(�
- /
(6!((�
-�/
7868�
-�/

4.6�.6�,��	)(
�����
��
7"6869
�	�
4.6�.6�,��	)(6���3'"
�����
��
7!68696!3

���
��	���

��
���
�����
 ��
,��
"
��3

.��
���
����������	
���������
,���
����������	
��
����������
�����

����	���
��
"(
�:
�	�
����������		�	�
�����	��
��
!8
��
,���
���,
����
��
(3!J
�;<�3





�


�����������������������	��$��/�0���	�����������
��������	�"�
�����	�������



���
�������
��	�����
�	�
�������
����
��
���3'"
����
���
�� ����
����
,��
���������
 �
�
������

��,��
��,
�����
���,�	�
�	
�B�����	
!5





	� ��
�
�

�
�


 -�B3
!/


,����
��
 ��
 ���
����
 ��
 ���3'"
 ��������
 ��
 ����
 ��
� 
 ��
 ���
����
 ��
 ���3'"
 ��������
 ��
 �	

�	��	���
 �����
 	
 ��
 �
 ��������	��
 �*��	�	��
 �	�
 �
 ��
 ���
 ��	����
 ��	���	�
 ����
 ��
 �������3


1�	�������
 ���
	
 �����
 ��
 (38�
 (38O	O!
 �	�
 	O(38
 �	������
 ����
 ���
 ��������	
 � ��
 
�����	

��������	�
	�	%
�����	
��������	
�	�
B����%
�����	
��������	�
������������3��
�



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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

�

�������0

����
�������
��������
��
������	
'"
����
4.%�.
����������	
�� ����
����

��������
�	
�0
!3"
�	�
=3)
 �����
�������	
�	�
��
�����������
��
9=�(38
K4
���
7
�����


���
�������
��
�������
���������������
���
7
�����
��
���3'"
����
���
4.%�.
 ��	�
�� ����
����

,��
���,	
�	

�����
"3
 
���
����
���,��
����
���3'"
,��
�������
�������
�	
 ���
�����
������	

��	����
 ���	
  �����
 ����
 ���,��3
 
 ���
 �������
 ��
 ����
 �������
 �	
 �0
 !3"
 ��	���
 ��
  �

��	���	�
�����
#
�����3


�����
9
���,�
���
��������������
��
���
 ��	���
�� ����
����
 �����

-�/
�	�
�����
- /
�������3

2�
,��
� ������
����
���
�� ��
�*�����
�	
�0
!3"
,��
����
�,����	

���	
����
�	
�0
=3)3

����
,��
���������+��
����
��
�����
 �
���
����
����3














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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

� 5�6�

� 5�6�

�������8�D��
����������
��
���
4.%�.
����������	
�� ����
����
��	���	�	�
������	
'"
�����

�������	�
�	
���
 �����
�������	
-�/
�0
!3"
�	�
- /
�0
=3)
���
7
�����


.�
 ���,	
 �	
 �� ��
 "�
 ���
 ��������	��
 �*��	�	�
 -	/
 �	
 �0
 !3"
 �	�
 =3)
,���
 (3"J>(3("
 �	�

(3"9>(3()�
 ������������3
 ���
 ��������	��
 �*��	�	�
 �	�������
 ����
 �������
 ��
 ���3'"
 ����
 ���

 ��	�
	�	��� ���
� ����
B����%
�����	
��������	3

����
���	�
����
�������
����
��
���3'"
����

���
 4.%�.
  ��	�
 �� ����
 ����
 ,��
 ��	�������
  �
 ��� �	�	�
 ���	���	�5
 ��������	
 ��
 ���

�������	�
 -���3'"/
 �������
 ���
 �,����	
 �����*
 �	�
 ���� ���+����	
 ��
 ���
 �������	�
 �	
 ���

�	����	��	���
������
�� � ��
�	
���
�,����	
�����*3

���
��	���	�
����
-�/
�������
��������

����
�������
����
��
���
�� ����
����
�	
�0
=3)
,��
���������
!3=
�����
������
���	
����
�	
�0

!3"3















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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

!�����0�&������
����
��	���	�
!�/�
��������	
�*��	�	�
-	/
��
4.%�.
 ��	�
�� ����
����

��	���	�	�
���3'"
�	
 �����
�������	
�0
!3"
�	�
=3)
�	�
��
����
��
9=>(38
K4





�0




��	����
��	���	�
-�*!(8/

-�%!/


��������	
�*��	�	�
-	/




&"




1/0
 (3(#>(3("
 (3"J>(3("
 (377


9/:
 (3!(>(3()
 (3"9>(3()
 (377


�

�)��.+%()��
2	
����
������
�
����� �����
��
���	�
4.%�.
 ��	�
����������	
�� ����
����
��
��	����
�������
��

,����%���� ��
  ��������
 ������	�
 �	
 �������	�����	��
 �����
 ,��
 �������3
 
 ���
 ����������	

�� ���
,���
��������
����
���
 ��	�
�������	
��
"(
,�I
4.
�	
J8I
������
����
�	�
!"
,�I

�.
�	
	���
������
����3

D����
,�����
 ��	��	�
�����
��
4.6�.6�,��	)(6���3'"
,��
7!68696!3


���
�� ���
,���
������������
����������	
��
"(
�:
�	�
����������		�	�
�����	��
��
!8
��
,���

�
 ���,
 ����
(�
(3!J
�;<�3
 
���
�������
��������
��
 ���
���������	
 ��	�
 �� ��
,��
!7=>J)

	�3
 
�,��	
)(
,��
������
 ��
����
 �	
 �������	�
 ����
�	
 ���
����������		� �����
��
4.%�.

 ��	�
�������	3




:�����	
'"
,��
�	�������
�	
�.
�����
�	�
�����
��
�������
������3

&������
���������������
��

���
 ��	���
����
,���
�������
�	
 �����
�������	�
�0
!3"
�	�
�0
=3)
�	�
��
9=>(38
?4
���
7
�3


���
�����	���
 �	�
 ��	���	�
 ����
 ��
 �������
,���
 � ���	��
  �
 �����	�
 ���
 ����������
����

��������
��
������
��,��
��,
�����3

���
��������	��
�*��	�	��
-	/
�	
�0
!3"
�	�
=3)
,���

(3"8>(3(=
 �	�
 (3")>(3()�
 ������������3
 
 ����
 �	�������
 ����
 �
 ����,��
 ��
 ���
 �������
 ,��

��������
 ��
 ��������	
 �������
 ���
 �,����	
�����*
 �	�
 �
 ��������	
 �������
  �����
 �������	

�� � ��
 �	
 ���
 �,����	
�����*3
 
&������
 ����
��
 ���
 ����
 �	
�0
=3)
,��
������
 ���	
�0
!3"

�����*�������
 ��
 !3=
 �����3
 
 ����
 �����
  �
 ���
 ��
 �
 ������
 ���� �����
 ��
 ���3'"
 �	
 ������	�

�������	
 -������	
 !7J)�
 $����	��
 ��
 ��3�
 "(()/3
 
 0�,�����
 �	
 �0
 !3"�
 ���
 ����
 �������

 �����
 ��	���	�
 �����
 #
 �
 ��
 ���
 ���������
 �������3
 
 ����
 ,��
 ����� ��
 ���
 ��
 ���

��������������
 ���	��
 ��
 ��	������
  �
 D��
 ����������3
 
 ����
 �����
 ����	�������
 �

����	����
��
 �� ������	�
������	%��������������
 ��	�
	�	��� ����
 ����
���
����	����
��������

 ��������
 ������	�
 �	
 ����	
 12
 �����
 ,����
 ���
 �������
 ����
 ��
 ���
  ��	���
 ����
 ��	
  �

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

����	3


����)&.�*;�,��!%




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

����
��������
,��
��	�	������
���������
 �
������	�
&�������
��	�
-�&
/5
���	�
	�� ��
��

�&18(J(((J3





���
����%�
'�F����

D3�3
�	�
D�	�������
M3�
"((9�
P��	����
�������
��
�� ������	
����
�
����	%��������

��������
������6
�	
�	
�����
�����Q�

�����$��<���
���	
���2	�������
:��3
88���3
!7=R
"!(3


1�	��
S3�
�,�	�
@3�
�	�
M�	��
M3�
"((8�
P����������		�	�
��
�������	
���������
�	

��	��	������
������
����
�������	Q�
��	����������
:��3
"#�
��3
8)"=R8)9"3


0�	�
D3@3�
T����
M303�
��	�
�3�3�
��	��
T3@3�
�	�
$����
E303�
"((J�
P����������		�	�
��

���������
�������
	�	��� ���
���	�
�
��*��
�����	�
��
������
����<,����6
�������
��
�����	�

����������	
�	
���
�� ��
��������Q�
,���������.�������
:��3
#"�
��3
=87%=#"3



0��	��
C3�3�
C��	��T3C3�
&��������	��
D3�
�	�
;���
43�3�
"(()�
P����������		�	�
�	�

�����	����
����������+����	
��
������	
	�	��� ���Q�
2	������
:��3
)8�
��3
89#!%89#J3


����	�
;3�
;�������
A3�
.�����	�
�3�
���������
�3�
�����
�3�
�������
T3�

������	�
�3�
�	�

0�����	�
.3�
"((#�
P1���������	����
.�������	
$���6
�	��	����	�
��
�� ������	

 �������� �����
�	
����	�Q�
=	��
���	���	
��	�����
�������
:��3

!!9�
��3
"(JR"!83


������	�
�3�
-!7J)/�
>�
��		��	��$�����
�?�
������	
�� ���	����������
��

���
�������"���� �������
�������
2	�3�
A�,
T���3


A���	��
A3�
1��	������
43�
M������
&3
�	�
��������
$3�
!778�
P
������	����������	
 �

�����������	
��
����-�������%��%���������/
2:3
������
��
���
��������	�
����������
�	

�����������	
�	�
�	����������	Q�
=	��
���	���	
��	�����
�������
:��3
98�
��3
!!=R!"83


$������F�����,�	��
�3�
"((=�
P������	�"�

�
��	��+������
��������	���������������
������
����
��������Q�
������
��
�	��	����	�
�������

���
�	��	����	�
$�������


������
��
�	��	����	��
��	�
��	������
�	��������
��
����	�����
���	 ����
��3
"9%983


$����	���
�3�
D������
23�
�	�
:����%:��������
43�
"(()�
P2	����	��
��
�����	�
�	�
�����	�
�	

���
������	�
�� ������	
�	�
	����	
��	��	��
��
�������Q�
�		������������
:��3J)�
��3
"=!R
"==3


D�,�	��	��
@3�
@��	�������
$3�
&����	�	�����
�3�
�	�
D��������
$3�
"((=�
P����������	

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

�� ���	��Q�
2	������
:��3
)J�
��3
=8)#%=88=3




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

����	��	���� ����
�����	���
������� !���	���������	��"#$%��&�	 ����%��#�

�

������ ��	�
$3�&�	��������	��
�3��	�
D��������
$3�
"((=�
P:�����	%������
����������	

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

����
�	�
������	
�Q�
���	"��
�=	��
���	��2��������������
����	"�������������
:��3

#=���3
9J=R97=3


��	�������
D3�
$��	����	�
�3�
E������� ���
�3�
M�	������
23�

�����
$3�
D���	�����
D3�

�����������
43�
�	�
D�������
$3�
"((=�
P����������	
���������
�������
�� ���6
�������
��

�����	�
������
�	
����������
������
�	
����������
��������Q�
������	���
:��3
!)�
��3

8#9%8=83


E�	��
E3�
E�	��
T3M3�
�	�
E�	��
�3U3�
"((J�
P����
�������
��
�,��	
J(
�	
������	

��� �����Q�
(
���
���	
���=	��
���	��2������������ �:��3
9)=�
��3
9!R9J3


E�	���������
D3�
T��������
��3�
'��������	��
D3�
0�	����� ����
$3�
��4����	���
�3M3
�	�

E�����
M3�
"((#�
P������%�����	����
����������
��
���
�� ���	R�������
������
���������

�����
��	���	�	�
��	���,��%���
��������
��
�	����	���
 �
��������
��	��	�Q�
�		��
��������
(
���
���	
���
:��3
97�
��3
"==%"J)3


E�	��������
D�
T��������
��
���
���
��4����	��
�M
�	�
E����
M3
"((#3
P���
������
��

�������	
����������
�	
���
����������
��
�������	�
����������	
���
�� ���	%$�@

���������
�� ���Q�
2	�����3
)J-"/6
))J%)8=3
�

C�	��
M3�
S��
S3�
4��	�
S3�
;��	��
U3�
'��	�
S3�
T�	��
;3�
�	�
M�	��
S3�
"((9�
P'��������� ��

����������	
�� ���
���
����
��������Q�
=	��
���	���	
��	�����
�������
:��3
7"�
��3
""=R

"9!3







Dear  Saowakon  Wongsasulak 

On behalf of the organizing committee of the 21st Annual Meeting and International 
Conference of Thai Society for Biotechnology to be held between 24-25 September, 2009 
at Queen Sirikit National Convention Center, Bangkok, Thailand, it is my pleasure to 
inform you that your abstract entitled FABRICATION OF FOOD GRADE 
NANOFIBERS FOR FUTURE APPLICATION OF NEUTRACEUTICAL 
DELIVERY IN HUMAN is accepted for 

� Oral presentation       Poster presentation   

In the session: Nanobiotech Bioengineering

Please find reviewers’ comment(s) on file attached separately and also make sure that 
the presenter’s name is underlined and email(s) of corresponding author(s) is 
provided.

In case some revisions are required, please submit a revised version of your abstract on-line at
http://www.biotec.or.th/tsbconference to the secretariat office by August 12, 2009.  Abstract 
submitted after the deadline will not be published in the abstract book.

Guidelines for preparation of both oral and poster presentation are available on 
http://www.biotec.or.th/tsbconference/home/callforpaper.asp.  To those accepted for oral 
presentation, schedule will be sent to you on a separate email.    

We would like to remind you that the deadline for early-bird registration and full paper 
submission will be on 14 August, 2009 (on-line payment at 
http://www.biotec.or.th/tsbconference). 

We are looking forward to seeing you at the conference. 

Sincerely yours, 
Sansanalak Rachdawong, Ph.D. 
Chairman of the organizing committee of TSB2009 

Conference Secretariat 
Tel: (66-2) 470 7400-1, 470 7450-2, 470 7557
Fax: (66-2) 452 3466 
E-mail: annualmeeting2009@gmail.com 



Evaluation Form

The 21st Annual Meeting and International Conference of Thai Society for 
Biotechnology Conference (TSB 2009) 

                               Article code… O-NB01 … 

Article Title FABRICATION OF FOOD GRADE NANOFIBERS FOR FUTURE  

  APPLICATION OF NEUTRACEUTICAL DELIVERY IN HUMAN 

Reviewer’s Opinion 

�  Accept

�  Accept     with corrections     

�  Reject

       Scientific Committee of TSB 2009 



FABRICATION OF FOOD GRADE NANOFIBERS FOR FUTURE 
APPLICATION OF NEUTRACEUTICAL DELIVERY IN HUMAN 

Saowakon Wongsasulak and Tipaporn Yoovidhya 

Department of Food Engineering, Faculty of Engineering, King Mongkut’s University of 
Technology Thonburi.  126 Parcha-U-Tit rd. Bangmod, Tungkru, Bangkok 10140, THAILAND

This report highlights an attempt to apply nanotechnology to improve an efficiency of 
neutraceutical/drug delivery in human GI-tract.  Two forms of food grade nanofibers carrying 
model protein were fabricated; hollow nanofibers containing core model protein and  
nanofiber containing dispersed model protein.  The former was produced using coaxial 
electrospinning technique whereas the latter was fabricated using the conventional one.  The 
main component of the fibers was cellulose acetate.  The model proteins of the hollow and 
typical fibers were gelatin and egg albumen, respectively.  Properties of the electrospining 
polymer solution; viscosity, facial-intertension, surface tension and electrical conductivity 
were improved by properly adding surfactant, viz. Tween�40.  The morphology of the 
electrospun fibers was examined by scanning electron microscope (SEM) whilst their 
compositions were characterized by Fourier transforms infrared (FTIR) spectroscopy and 
thermal gravimetric analysis (TGA).  The release properties of the typical electrospun fibers 
as well as the hollow fibers were also explored.  It was found that with properly modifying 
polymer solution properties, the fine structure of the protein-polysaccharide blend fiber could 
be produced using the traditional electrospinning technique.  Meanwhile the electrospinning 
setup developed in this work was proved to have a good potential for fabrication of core-shell 
coaxial electrospun fibers.  Besides, the preliminary results of release properties for both as-
spun fibers showed the trend of slow release characteristics with no bursting effect within 2 
days immersion in pH 2 buffer solution.  These fibers may provide a great interesting result 
for neutraceutiocal/drug delivery in human GI-tract application.                           
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ABSTRACT1

Edible nanofibrous membranes were fabricated, for the first time, from blend 2

solutions of cellulose acetate (CA) in 85% acetic acid and egg albumen (EA) in 50% 3

formic acid by an electrospinning technique.  The percentage ratios of CA to EA dissolved 4

in the mixed solvents varied from 100:0 to 91:9, 77:23, 66:34 and 0:100. Effects of the 5

blend ratios on the solution properties and the morphology of the electrospun particles 6

examined by SEM were studied.  The results evidently suggested that EA lacked sufficient 7

entanglement and also possessed very high surface tension, thereby being unable to form 8

nanofibers.  The addition of CA and surfactant (Tween40�) resulted in lower electrical 9

conductivity and surface tension of the blends, which can lead to the formation of CA-EA 10

blend nanofibers.  The micrographs obtained indicated that the continuity of the blend 11

fibers was improved by increasing the EA ratio. Results from FTIR and TGA indicated 12

that the blend fibers were composed of both CA and EA.  This study demonstrated a 13

potential to fabricate edible nanofibers from natural food biopolymers using the14

electrospinning technique. These nanofibers may provide new functionalities with respect 15

to vivo-controlled release.      16

17
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1. INTRODUCTION1

Over the past two decades, the use of novel biodegradable polymers as drug 2

delivery vehicles in the human body has drawn increased attention (Karp and Langer, 3

2007, Ranganath and Wang, 2008).  This is attributed to the expectancy of non- or 4

minimum harm to the treated human biological system, as well as a non subsequent-5

removal after surgery.  For biodegradable foreign material that are being incorporated into 6

the body, the potential risks can ordinarily be minimized by a biological excretion 7

mechanism of macrophages (phagocytosis), which engulf and digest a foreign substance,8

thereby allowing excretion.  The other important properties of the polymers or materials 9

used for drug carriers are that they improve delivery efficiency such as responsibility to 10

physiologically regulated or to external stimuli, improve patient compliance, are non-11

toxic, and are also cost effective (Gunasekaran et al., 2007, Karp and Langer, 2007,12

Uchegbu and Schätzlein, 2006).  The problems of conventional drug delivery are low 13

drug-loading efficiency and the initial burst release of the drug. Recently, release kinetics 14

of many encapsulated drugs and active compounds have been improved to have a close to 15

zero order kinetics and a low overall degradation of the encapsulating materials.  Zeng et 16

al. (2003) reported that drugs could be encapsulated directly into electrospun fibers, whose17

fibrous structure had a close to zero-order kinetics of drug release when compared with a 18

nanospherical structure (Zeng et al., 2003).  The other advantages of electrospun fiber19

films over conventional solution-cast films is the highly porous nature of the fibrous20

membranes; these exhibit a much greater surface area, thus allowing active molecules to 21

diffuse out from the matrix much more freely (Agarwal et al., 2008, Kenawy et al., 2002,22

2009, Zong et al., 2002). Electrospun biodegradable nanofibers used as drug carriers23

(Agarwal et al., 2008, Kenawy et al., 2002, 2009, Chew et al., 2005, Taepaiboon et al., 24

2007) and for postoperative local chemotherapy (Ranganath and Wang, 2008, Xu et al.,25

2005) have thus become a promising new development.26

Electrospinning is a technique used to form long, non-woven, ultrafine fibers. The 27

diameters of the electrospun fibers vary from sub-micrometers down to nanometers,28

depending on the polymer solution and processing condition (Deitzel et al., 2001, Sill and29

von Recum, 2008). In the fiber-formation process, a polymer solution is charged and 30

ejected through a syringe needle.  A distorted drop of the polymeric solution, known as a31

Taylor cone, is formed at the tip of the needle as a consequence of the applied electrical 32

forces. When electrical voltage is applied to the air-droplet interface, polymers are 33
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electrostatically charged and a polymer jet is then ejected from the apex of the cone1

(Deitzel et al., 2001, Sill and von Recum, 2008, Yarin et al., 2001, Reneker and Chun, 2

1996). Solvent evaporates from the jet while traveling to the grounded target, where fibers3

are collected.4

Egg albumen (EA) is an excellent natural source of protein. In this research, EA 5

was chosen as the electrospun polymer because it has a low cost compared to other 6

proteins, and it is readily available in Thailand as a by-product of Thai dessert7

manufacturing. Moreover, EA exhibits several interesting functionalities that make it of 8

interest to various industries.  It has the ability to stabilize emulsions; a high potential to 9

be used for controlled release (due to its pH and temperature-sensitive properties); and its10

release pattern can be easily manipulated through regulation of the structural forming 11

condition (Wongsasulak et al., 2007a). It has been previously demonstrated by our group 12

that egg albumen-based ultrafine fibers are superior drug carriers. They can withstand the 13

stomach’s severe acidic condition and release the bioactive material at the alkaline pH of 14

the intestine, thereby yielding maximum absorption (Wongsasulak et al., 2007b).15

However, EA’s globular molecular structure causes low polymeric solution entanglement,16

leading to failure in nanofiber formation. This research was therefore aimed at improving17

the fabrication of edible EA-based nanofibers by blending them with cellulose acetate 18

(CA), an edible polymer proven to have electrospinnability (Taepaiboon et al., 2007, Ma 19

et al., 2005, Son et al., 2006, Tungprapa et al., 2007, Suwantong, et al., 2007, Han et al., 20

2008). Additionally, CA has properties similar to poly(ethylene oxide) (i.e., a linear chain 21

molecular structure; being hydrogen bondable; and having charge and high entanglement) 22

which was used as an electrospinning aid in our previous study (Wongsasulak et al.,23

2007b). 24

2. MATERIALS AND METHODS25

2.1. Materials26

Egg albumen (EA) powder (Igreca, France) was purchased from Winner Group 27

Enterprise. Egg albumen is a commercial product consisting of a mixture of different 28

proteins with molecular weights ranging from 14 to 76 kDa (Li-Chan et al., 1995).29

Cellulose acetate (CA; white powder; Mw ���	 kDa; acetyl content = 39.7 wt%; degree of 30

acetyl substitution ��
��
�������������������������-Aldrich (Switzerland). Formic acid 31
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(commercial grade; Samsung Fine Chemicals, Korea) and glacial acetic acid (analytical 1

reagent grade; Carlo Erba, Italy) were used as solvents of the polymer. Tween40�2

(analytical reagent grade; Fluka, Germany) was used as a surfactant.3

2.2. Preparation of polymer solutions for electrospinning4

A CA-EA blend solution was prepared by blending two primary solutions:  20% 5

(w/w) of CA dissolved in 85% acetic acid, and 12% (w/w) of EA dissolved in 50% formic 6

acid. Formic acid (50% w/v) and acetic acid (85% w/v) were respectively chosen as the 7

solvent for egg albumen and cellulose acetate with due to their ability to dissolve the 8

respected polymer.  Furthermore, formic acid was previously found to be a good solvent 9

to initiate electrospinning of protenaceous polymers (Martin et al., 1997, Bucho et al., 10

1999, Ki et al., 2005, Park et al., 2004, Leeden et al., 2000, Um et al., 2001, George and 11

Sander, 2004). A flowchart of the preparation of primary solutions and electrospun blend 12

solutions are shown in Table 1.  Briefly, CA stock solution with a concentration of 20 13

%(w/w) in 85% acetic acid  and EA stock solution with a concentration of 12 %(w/w) in 14

50% formic acid were prepared.  Each stock solution was gently stirred to ensure a full 15

dissolution prior to blending together. The polymer concentration of CA to EA in the 16

blend solution was varied as follows; 91:9, 77:23 and 66:34.  The resulting blends were17

further stirred to obtain a homogeneous mixed solution.  For CA-EA blends, Tween40�18

was added at various concentrations.  The amount of Tween40� added was 10, 18 and 2319

%(w/w) corresponding to the CA:EA blend ratio of 91:9, 77:23 and 66:34, respectively.20

The blend solutions referred to as blend 91/9, blend 77/23 and blend 66/34, were then 21

electrospun.  All solutions were prepared at an atmospheric condition of 25 °C and relative 22

humidity of 50±5%23

2.3. Electrospinning24

A 30-mL syringe (TOP, JAPAN) containing 10 mL of the blend solution, and 25

equipped with a stainless steel needle with an inner diameter of 0.69 mm (Hamilton No. 26

91019), was mounted on a syringe pump (New Era Pump Systems; NE1000, USA). The 27

needle was connected to a high-voltage generator (Model ES30P-5W; Gamma High 28

Voltage, FL, USA) operating in the positive DC mode at 15 kV. A tip-to target distance 29

of 15 cm was used.  A grounded and cleaned copper plate was used for the collection of 30

electrospun particles (fibers or beads). The electrospinning flow rate was controlled and 31
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kept constant at 2.2 mL/h by the syringe pump. All of the electrospun products were 1

formed under identical atmospheric conditions (RH = 50�5 %, Temp = 25�0.5 �C). 2

2.4. Rheology3

The apparent viscosity of the polymer solution was determined by using a 4

rotational rheometer (Haake VT500, Germany) with a double coaxial stainless steel bob 5

and cup (length = 61.4 mm, diameter = 10.1 mm, gap width = 1.4����
����������������!$&�6

'�
��������<>�[����>����[���������������������[����[���������������!\]&��-1) ranging between 7

0 and 400 s-1. The temperature of the loaded sample was set at 25±0.5 °C. The reported 8

results were averaged from triplicate measurements.  The recorded data of shear stress 9

versus shear rate were fitted to the power law model (Eq. 1)  Flow behavior consistency K10

and flow index n were then calculated, as described by Lapasin and Pricl (1995)11

nK�� ��     (1)12

where � is the shear stress, �� is the shear rate.  The flow-behavior index n reflects the 13

viscosity of the solution: i.e., n = 1 if the solution behaves Newtonian, and n ��^� ��� ����14

solution behaves non-Newtonian (e.g., shear thinning or shear thickening).15

2.5. Tensiometry16

Surface tension of the polymer solution was determined by the Du Noüy ring 17

method, using a digital tensiometer (Model DCT11; Dataphysics, Germany). Ring 18

diameter was 18.7 mm. Twenty milliliters of each sample was poured into a clean 19

measured glass having a diameter of 6.7 cm. The De Noüy ring was first submerged into 20

the solution below the solution meniscus and then vertically pulled out of the solution. The 21

surface tension (mN/m) was recorded at the maximum pulling force prior to the ring 22

breaking through the solution meniscus. Measurement temperature was kept at 25±0.5 °C. 23

2.6. Electrical conductivity24

Electrical conductivity of the polymer solution was determined by a digital 25

conductivity meter (Model CG855; Schott, Germany). Calibration was done using NaCl 26

standard solution (1000 μS/cm). Results are averaged from three sets of measured data 27

and two replications of sample preparation.28
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2.7. Scanning electron microscopy1

The morphology of the electrospun products (fibers and/or beads) was evaluated 2

by scanning electron microscopy (SEM) (Model JSM 5800; JEOL, USA). Fibers were 3

spun directly onto a grounded SEM brass stub that was mounted on the collector plate. 4

After deposition of the samples, the stub was removed and sputter coated with gold using 5

a coating condition of 2 kV, 5 mA for 2 min, with an argon backfill at 8 Pa. The average 6

diameters of the electrospun fibers were determined by the image analysis software 7

(Image J; NIMH, Maryland, USA).8

2.8. Fourier transforms infrared spectroscopy9

To determine composition and chemical characteristics of the electrospun fibers, 10

infrared spectra of the fibers were recorded using a Fourier transform infrared 11

spectrophotometer (Model Spectrum GX; Perkin-Elmer, USA) operated at a wave number 12

ranging between 4000 and 400 cm-1 and with a resolution of 4 cm-1. Each measurement 13

was carried out from an average of 16 scans.14

2.9. Thermal gravimetric analysis15

Thermal gravimetric analysis (dm/dT) was performed in a PerkinElmer Pyris I 16

TGA HT instrument, using 7-8 mg of material as a sample. The samples were heated on 17

platinum pans at a heating rate of 20 °C/min, and under a nitrogen atmosphere controlled18

flow rate of 20 mL/min. TGA and differential thermal gravimetric (DTG) curves were 19

recorded from 50 to 700 °C. Data shown represent an average of three scans.20

2.10 Statistical analysis21

All the measured data were ranked and evaluated for their statistical differences 22

using one-way analysis of variance (ANOVA) and turkey’s multiples range test. A value 23

of p�0.05 was significantly different.  The data were expressed as mean � SD.24

3 RESULTS AND DISCUSSION25

3.1 Optimization of primary stock solution concentration of EA and CA26

In a set of preliminary studies, CA solutions at a polymer concentrations of 8, 15 27

and 17% (w/w) in 85% acetic acid were prepared and tested for their ability to produce 28
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electrospun nanofibers (data not shown). Scanning electron microscopy micrographs 1

indicated that the minimum concentration of CA for fiber formation was 17% (w/v) in 2

85% acetic acid. This was in good agreement with Han et al. (2008) (Han et al., 2008), 3

where pure CA electrospun fibers were successfully produced from 17% (w/v) of CA in 4

85% acetic acid. However, electrospinning of the CA solution blended with the primary 5

solution of EA (having a concentration of 5% (w/w) in 85% formic acid) failed to obtain 6

fibers for all the studied ratios of CA:EA (i.e., 91:9, 77:23 and 66:34). The flow 7

properties of the blend suggested that their entanglements, measured in terms of the 8

solution’s zero-shear viscosity, were too low (data not shown here), causing a failure in 9

fiber formation.  10

The failure could also be explained in terms of the critical chain overlap concentration 11

(c*) of the polymer solution; the crossover between the dilute and the semi-dilute 12

concentration regimes was used to determine the degree of polymer entanglement that is 13

an important key of fiber formation (Gupta et al., 2005). Our recent work (Wongsasulak14

et al., 2007b) reported that the concentration exponent for EA solution in formic acid was 15

approximately 1.32 (��c1.32).  The exponent value of 1.32 indicates the semi-dilute 16

unentangled solutions of polymers with respect to the determined values of Gupta et 17

al.(2005).  Accordingly, the concentration of EA in the primary solution was increased 18

from 5% to 12% (w/w) whilst that of CA primary solution was increased from 17% to 19

20% (w/w). Nevertheless, because of the higher EA concentration, the formic acid 20

concentration had to be reduced from 85% to 50%, in order to avoid gelation of the EA21

solution. Preliminary results indicated production of fibrous structures of the CA-EA 22

blend at these elevated concentrations; 12 %(w/w) of EA in 50% formic acid and 20 23

%(w/w) of CA in 85% acetic acid.  The concentrations of 12 %(w/w) of EA in 50% 24

formic acid and 20 %(w/w) of CA in 85% acetic acid were thus used for the preparation of 25

the primary stock solutions throughout the remainder of this study. 26

3.2 Solution properties of CA-EA blend solutions27

Viscosity, surface tension and electrical conductivity of the blend solutions were 28

measured, and are shown in Table 1. The apparent viscosity of the pure CA solution at a 29

shear rate of 100 s-1(�a,100) was 3.10±0.07 Pa·s, while that of the EA was 0.37±0.04 Pa·s. 30

As the ratio of EA increased, the viscosity of the blends decreased; however, surface 31

tension and electrical conductivity increased. Electrical conductivity of the primary EA 32
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solution was very high (5.75 mS/cm) compared with the primary solution of CA (0.021

mS/cm). The electrical conductivity of the blend 91/9, blend 77/23 and blend 66/34,2

increased from 0.17 to 0.69 and 1.05 mS/cm, respectively. This was due to the increase of 3

EA in the blend from 9 to 34 percents.  With respect to the fiber-forming ability of the 4

blends, SEM micrographs revealed that only the pure solution of CA yielded beaded fibers5

or fibers with some bead defects but EA and blend solutions failed to form fibers (data not 6

shown here).  This could be attributed to the fact that EA in 50% formic acid possesses a 7

very high surface tension with high electrical conductivity (Table 1). The high surface 8

tension might counteract electrostatic forces and prevented the successful ejection of a 9

steady polymer jet from the tip of syringe. 10

3.3 Solution properties of CA-EA blend solutions in the presence of Tween40��11

A food-grade non-ionic surfactant (Tween40�) was added to the blend 91/9, blend 12

77/23 and blend 66/34 for 10, 18 and 23 %(w/w), respectively. Addition of surfactant to 13

polymer solution has previously been reported to aid in the electrospinning process14

(Kriegel et al.,2009, Peng et al., 2008).  The effect of Tween40� on the electrical 15

conductivity, surface tension and viscosity of the blend solutions was shown in Table 2.  16

The apparent viscosities of the CA-EA blends containing Tween40�, at a shear rate of 17

100 s-1 (�a,100), decreased slightly to 2.73±0.06, 1.32±0.01 and 1.19±0.09 Pa·s, which 18

corresponds to the blend 91/9, blend 77/23 and blend 66/34, respectively. Adding 19

Tween40� considerably lowered the surface tension and electrical conductivity of the 20

blends, whilst their viscosities were not notably affected.  As previously indicated, the21

reduction in surface tension of the polymer blend is a key factor in EA-CA blend fiber 22

formation (Fig. 1).  To form fibers, the supplied voltage should be sufficient to overcome23

the surface tension at the tip of the Taylor cone to initiate the electrospinning jet. The 24

entanglement of the polymer solution should thus be high enough to resist the coulombic25

repulsive forces (Reneker et al., 2000). However, the viscosity of EA was low and 26

Tween40� should be added to reduce the surface tension of the blends thereby inducing 27

successful fiber formation.  This result agreed well with the study of Peng et al. (2008) 28

who reported the important role of surfactants in modulating the morphology of 29

electrospun fibers. The authors stated that poly(L-lactic acid) electrospun fibers with 30

smaller and more uniform diameters were obtained when certain concentrations of31

surfactant were added to the PLLA solutions.  Similarly, in a study on the influence of 32
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surfactant on electrospun fiber morphology of Jung et al. (2005) reported that 1

morphologies and diameters of poly(vinyl alcohol) electrospun fibers were evidently 2

affected by types (e.g. anionic, cationic and non-ionic) and concentration of surfactant 3

added to the polymer solutions.  The study revealed that addition of amphoteric surfactants4

not only significantly decreased fiber diameters but also created a point-bonded junction 5

structure of the PVA non-woven fiber mat.  Here, the reduction in electrical conductivity 6

upon addition of the non-ionic surfactant (Tween40�) to the CA-EA blend might7

potentially be explained by binding of surfactant monomers to the backbone of EA 8

thereby reducing its ability to act as a polyelectrolyte.  This possibility was recently 9

discussed by Khun et al. (1998), Klinkesorn and Namatsila (2009), Mun et al. (2006) and 10

Trados (2009).11

As mentioned previously, the viscosity was not significantly affected by the 12

addition of surfactant suggesting that the presence of Tween40� might not interfere in 13

polymer-polymer entanglement processes and instead aided in dispersing polymer 14

molecules (Klinkesorn and Namatsila, 2009, Tadros, 2009), A similar result was reported 15

by Kriegel et al. (2009) in that addition of nonionic surfactants had little influence on 16

solution viscosity of chitosan–PEO blends. In contrast, addition of ionic surfactant may 17

lead to substantial changes in solution viscosity due to alteration in polymer-surfactant18

interaction (Kriegel et al., 2009, Jung et al., 2005).            19

3.2. Electrospinning of CA-EA blend nanofibers and morphology of the electrospun 20

blend fibers containing Tween40��21

In this study, pure CA and CA-EA blends containing Tween40� were successfully 22

electrospun at a tip-to-target distance of 15 cm with an applied voltage of 15 kV at a flow 23

rate of 2.2 mL/h (tip’s inner diameter ~0.69 mm). Fig. 1 shows the SEM micrographs at a 24

magnification of 5000� that illustrate the morphologies of electrospun products 25

(fibers/particles).  Electrospinning of pure EA solution resulted in deposition of submicron 26

particles, while electrospinning of pure CA solution yielded nanofibers with an average 27

diameter of 265±48 nm (Fig. 1A). For the blend 91/9, blend 77/23 and blend 66/34, the 28

average diameters of their fiber were 242±32, 384±54 and 410±38 nm (Fig. 1B-D),29

respectively. SEM micrographs thus showed that the addition of EA increased the average 30

diameters and also improved the continuity of the blend fibers. Some surface cracking of 31

the fibers was also observed. The surfaces of the CA fibers seemed to be generally 32
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smoother than those of the CA-EA blend fibers. Nevertheless, the smoothness of the 1

blend fibers increased with increasing concentration of EA (Fig. 1B-D). This could be 2

because EA potentially accumulated on the surface of the CA—EA blend electrosopun jet.  3

However, additional experiments using atomic force microscopy or x-ray photon 4

spectroscopy would be needed to gain an insight into the surface composition of the fibers.  5

3.3  Compositional analysis of CA-EA electrospun blend nanofiber by Fourier6

Transform Infrared Spectroscopy (FTIR) and Differential Thermal 7

Gravimetry (DTG)8

Infrared spectra of nanofibers electrospun from CA and EA indicated that 9

electrospun fibers were composed of both CA and EA (Fig. 2). FTIR spectra of 10

electrospun particles of EA had characteristic peaks at about 34.00 and 16.00 m-111

indicative of amine and carboxylic acid groups, respectively (Stuart, 2004).  Characteristic 12

peaks for pure CA fibers were located at about 3500 1750, 1250 and 1050 cm-1. The 13

absorption peak at 3500 cm-1 can be attributed to the presence of a hydroxyl group, while 14

the peaks at 1750, 1250 and 1050 cm-1 indicated the presence of carbonyl group, ether 15

group, and �C�O� bond of �CH2�OH group, respectively (Brandenburg and Seydel, 16

1996). 17

Thermal gravimetric analysis of electrospun fibers or particles subjected to a 18

temperature ramp of between 50 to 700 °C is shown in Fig. 3. Differential analysis of the 19

TGA data confirmed that electrospun blend fibers were indeed composed of both CA and 20

EA. Thermal degradation of pure CA electrospun fibers was observed at ~370 °C, while 21

degradation of pure EA electrospray occurred in the ranges of 170-250 °C and 270-350 °C. 22

The char content at 700 °C for the electrospun pure CA fibers was about 5% while that of 23

pure EA electrospray was about 15%. The characteristic weight loss revealed an 24

improvement in the thermal stability of the electrospun blended fibers. Fig. 4 shows the 25

composition of the composite electrospun fibers as well as that of polymer solution 26

obtained from deconvolution of the dTGA spectra of Fig. 3 followed by integration of the 27

peak areas.  Electrospun composite fibers produced from solutions of blend 91/9, blend 28

77/23 and blend 66/34 contained 21.3%, 48.3% and 59.1% of EA, respectively, which was 29

noticeably higher than the concentration in the electrospinning solution.  It is interesting to 30

note that egg albumen was preferentially electrospun since the proteins has a globular 31

structure and thus did not readily entangle to form a continuous fiber, as evidenced by the 32
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fact that pure EA could not be electrospun into fibers. EA like many proteins is surface 1

active and thus readily accumulates at surfaces and interfaces (Mun et al., 2006, Tadros, 2

2009). The preferential adsorption of EA at the surface of the to-be-spun solution could 3

thus be a contributing factor to the increased concentrations of EA found in the fibers. In 4

addition, preferential accumulation of protein at the surface of the ejected polymer jet 5

might occur.6

4. CONCLUSION   7

This study demonstrated a successful fabrication of edible electrospun fibrous thin 8

film.  The blend fibers were electrospun from two well-known food biopolymers, CA and 9

EA.  The blend fibers were electrospun from solutions of CA (20 wt% in 85% acetic acid) 10

and EA (12 wt% in 50% formic acid). Due to the low entanglement and very high surface 11

tension of the EA solution, nanofibers were unable to form. Unlike CA, the pure CA 12

nanofibers were electrospun at a condition with a tip-to-target distance of 15 cm, an 13

applied voltage of 15 kV, and a flow rate of 2.2 mL/h (tip’s inner diameter ~ 0.69 mm). 14

Initially, the mixing of egg albumen with cellulose acetate did not induce fiber 15

production, but after addition of Tween40�, a food emulsifier, to the blend electrospun 16

composite fibers were successfully obtained. Our study highlights that while the use of 17

food biopolymers in electrospinning may be challenging, variations in solution 18

composition and addition of surfactant to modulate the solution properties are viable 19

options to induce electrospinning. While the fibers produced in this study are 20

fundamentally edible; the high concentrations of the acids that were utilized for 21

electrospinning process still pose a problem.  Ultimately, the fibers would need to undergo 22

a washing process in order to become a completely acceptable product for use in food and 23

pharmaceuticals.  Since both EA and CA are water soluble, an additional crosslinking step 24

may be required to prevent the dissolution of fibers during the washing step.  Despite 25

these remaining challenges, edible polysaccharide-protein composite ultrafine fibers could 26

find applications in food packaging materials contributing to an increased safety and 27

quality of foods.  In the future, the fibers could also be used for the encapsulation of 28

bioactive compounds and act as a pharmaceutical carrier for controlled release in the 29

gastrointestinal tract.    30
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NOMENCLATURES1

c* Critical chain overlap concentration2

K Flow behavior consistency3

n Flow-behavior index4

� Shear stress (Pa)5

�� Shear rate (s-1)6

a� Apparent viscosity (Pa{�
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Figure 1. SEM micrographs of the electrospun nanofibers or electrospun particles from 

mixed solution of CA (20 wt% in 85% acetic acid) and EA (12 wt% in 50% formic 

acid).  The micrographs from (A) to (D) were the morphology of  (A) pure CA, (B) 

blend 91/9, (C) blend 77/23, (D) blend 66/34 and (E) pure EA.  The bar scale is 5 
m. 

Figure 1
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Figure 2. Infrared spectra of the electrospun fibers of CA, CA-EA blends (i.e, blend 91/9, 

blend 77/23 and blend 66/34) and electropsun particles of EA at wave numbers 

ranging between 4000-400 cm-1.
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Figure 3. Differential thermo gravimetric curve dm/dT in mg/°C as a function of the oven 

temperature (T) for electrospun fibers of CA, CA-EA blends (i.e, blend 91/9, blend 

77/23 and blend 66/34) and electropsun particles of EA. 

Figure 3
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Figure 4. Comparison of cellulose acetate (CA):egg albumen (EA) composition ratio in 

the blend solution and that of blend electrospun fiber.  The shown values were 

calculated from the thermogravimetric analysis of the samples; pure CA, blend 91/9, 

blend 77/23 and blend 66/34. 
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Table 1.  Preparation step and blending ratios of CA-EA blend electrospun solutions;   1

blend 91/9, blend 77/23 and blend 66/342

Preparation step of Components

Stock solution of CA; stock CA CA powder                         20.0      g
85% acetic acid                  80.0      g

Stock solution of EA; stock EA    EA powder                           12.0        g
50% formic acid                   88.0        g

CA-EA blending solutions Stock solution blending volume ratio
CA:EA

Samples
polymer 

weight ratio 
(CA:EA)

Total polymer  
conc. (% w/w) Stock CA (g)/stock EA (g)/Tween40�(g)

Pure CA
Blend 91/9
Blend 77/23
Blend 66/34
Pure EA

100:0
91:9
77:23
66:34
0:100

20.0
19.25
18.25
17.25
12.00

20.00/-/-          
3.64/0.36/0.40  
3.08/0.92/0.72  
2.64/1.36/0.92  
-/ 20.00/-              

(The concentrations of stock solution were prepared as obtained from the study result 3

reported in topic#3.1)4

5
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10
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Table 2. Solution properties of the polymer blends with no Tween40� added for electrospinnig.1

Percentage Apparent Power law Power law Surface Electrical
ratio viscosity consistency flow-behavior tension conductivity

(CA:EA) �a,100 (Pa	s) coefficient (K) index (n) (mN/m) (mS/cm)

100:0 3.10±0.07 4.33±0.20 0.93±0.01 29.68±0.06 0.02±0.00

91:9 2.8±0.02 5.43±0.12 0.92±0.01 30.44±0.03 0.17±0.00

77:23 1.48±0.04 5.63±0.04 0.83±0.02 31.25±0.10 0.69±0.00

66:34 1.36±0.04 5.42±0.11 0.79±0.01 32.03±0.10 1.05±0.00

0:100 0.37±0.04 6.85±0.37 0.37±0.02 34.28±0.06 5.75±0.01

2

Table 2



Table 3. Solution properties of the polymer blends with Tween40� added for electrospinning.1

Percentage Apparent Power law Power law Surface Electrical
ratio viscosity consistency flow-behavior tension conductivity

(CA:EA) �a,100 (Pa	s) coefficient (K) index (n) (mN/m) (mS/cm)

91:9 2.73±0.06 5.42±0.23 0.85±0.01 28.69±0.02 0.14±0.01

77:23 1.32±0.01 5.81±0.17 0.68±0.01 29.16±0.05 0.42±0.00

66:34 1.19±0.09 3.51±0.26 0.77±0.01 29.28±0.05 0.73±0.01
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