
 
 

Susana Margarida Neto Simões 

 

 

 

 

 

 

 

SUPRAMOLECULAR CYCLODEXTRIN GELS FOR 

TREATMENT OF OSTEOMYELITIS AND  

BONE REGENERATION 

 

 

 

 

 

 

 

 

 

 

 

FACULTY OF PHARMACY 

UNIVERSITY OF COIMBRA 

2013 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Susana Margarida Neto Simões 

 

 

 

 

 

 

 

SUPRAMOLECULAR CYCLODEXTRIN GELS FOR 

TREATMENT OF OSTEOMYELITIS AND  

BONE REGENERATION 

 

 

 

 

 

 

 

 

 

 

 

FACULDADE DE FARMÁCIA 

UNIVERSIDADE DE COIMBRA 

2013 



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�
�

�

� �



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�������������!������������!���

����������� �����������������#����#����#��� ������"�����������#��

!��������!��#��������!��#����$��������!�����"���
�

�

��������*+�������������������

 �������������������,������������� ���������-��������������.�

!������������!���)���������$����������������"���
�

�

�



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�/��	����	0/�1�	2�3	������������/����/�����1���3�	4�	��������/����5�	���	6��4��/�	��0����0�7�

��0/��7�
68� ������	�
�� �� �������8� ����	� ��3�	9������ �4� �	�4����	� !	��0��0�� $��
�� ����

�	�4����	� ���� �	������� ��5��	�8� ���� ��� �/�� ��5�	���	6� �4� �/�	��06� ���� �/�	��0����0�7�

��0/��7�
68�������	�
�� �� ���
����� ��� �����	
���� �4� �3���8� ����	� ��3�	9������ �4� �	�4����	�

��	���� �79�	�:;��	��:�<� ��� 1��� ��33�	���� 56� ��	��
����� !���������� 4�	� �0���0�� ����

��0�/�7�
6�=�!�#>"�>?@(%?>%&&@A�������������� �7�0���='&���%&(&'(��A8��3���<�

�

�

��� �	�5�7/��� �B3�	��������� �3	���������� ������ ����� 4�	��� 	��7�:����� ��� ��5�	��C	��� ���

��0��7�
��� !�	��0D���0�� ��� !�0�7����� ��� !�	�E0��� ��� ������	������ ��� �������� ��5� ��

��3�	9��F������	�4����	������	�!	��0��0��$��
��������	�4����	�������	�������	���������5��	�8�

�� ��� ��5�	��C	��� ��� !�	�E0��� �� ��0��7�
��� !�	��0D���0�� ��� ������	������ ��� ���
����� ���

�����	
���8���5�����3�	9��F������	�4����	�������	����	�����79�	�:;��	��:�<��3�������3�7��

!����GF�� 3�	�� �� ��D�0��� �� �� ��0��7�
��� =�!�#>"�>?@(%?>%&&@A� �� 3�7�� ������ ���  �7�0���

='&���%&(&'(��A8���3��/�<�

�

�

�



�
�

�

� �



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��������������

��������
��������
������������

�

�

�



�
�

�

�

�

� �



�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

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

� 
���������	�������
�	���	����
�����

!�	����
����	������������
�	�� 
�����

�!	��2���5�7��

�

�

�



�
�

�

�

�



�
�

�"#�$%�!�%&'(���

�

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

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

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

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

�

��� �	�4����	� )��� �	 �� *����8� H��	�� �B3	����	� �� ���� �
	���0������� 3�7�� �3�	��������� ���

4�:�	� �� �����	������� ��� !�0�7����� ��� !�	�E0��8� 3�7�� 0��4���G�� ���3	�� �������	���� �� 3�	�

�����������I��	���3�7�9	�������3	�G����3�	����������0�	�J������8�������H�������F��3�	�0���

3���K9�7<��������������5	�
���<��

�

�� 7��� �	�4���	��� ������� ������+� ,����+�� 6� ������ ��� �����8� ��� ��6�	� 
	������� 3�	� ���

0��������� �3�6�8� ����0�0�C�8� 3�0���0��8� 5������ 0����J��� 6� ��3�0��7������ 3�	� /�0�	��� �����	�

����3	��3�	�����7�L
	�3�M<���3������E��H�������	�	7���
	�������	�0�C��6��
	���0�������<��

�

.��	�4����	���������	
����#������8������/����������0�	��
	����F��3�7������9��F������0����9�����


�����3�7�� ��9����
�GF�<����3������
���	��������H���	�9�7��� ��0���������������� 7��
���������

�����3�	��������0/�
�	��������
��E9���������<��5	�
����3�7���������:���<�

�

�7��	�4����	�-����'����	�,���������������
	���0��������3�	�����6���8����3���5�7����8��3�6��6�

�������<���0/���
	�0����6�4��	:�<��

�

���
����	K������	�	�����
	���0����������������7���.���	���	�����$����
����
�����'� �����/��

)���� 0�
� ��������)� ��
������)���� ���������������	�����������
�������������	
���8�3�	�

����	�	���3�	��������������00���57���6�0	��	�����B0�7�������5����������	�5�J�<�

�

���� .���		���	� ��� )� ������� ��� )���1 ��� ��� ������	������ ��� �������8� ��� ��3�0��7�

	�0��/�0�������3�7���������3����8��J�������
	��E9�7�	�0�3GF����������!�0�7����<��

�



�
�

���� .���		���	� ��� $����
����
�� ��� 2�/�� �� ��� )� ������� ��� ��3� ��	� �� '� �������� ���

������	������ ��� �������8� �� ���� 	�0��/�0������8� ����	�GF�� �� �
	���0������� 3�7�� ����

����	���E9�7����3���5�7���������J���<��

.�)����45�����������3� �������'� �������8��������
	���0�������3�7����	�5��GF�����"�7������

�����	�������H�����	�����B�H�K9�7�������	�5�7/�<��

�

��7���	�<�����#���#� ������
	���0��������3�	������������6���������N��:������7��	��7�:�0�C�����

����3�	�����3�	���������7�������6���0���0O7�7���6���7�������5	�����7�!�	
�
�
�����(�
���������

6�� �����'�7���	���	����	8�0
� �	�7����
	���:0��������3���5�7�����6��6���<��

�

�� ���� 0��3�N�	��� ��7� ��3�	�������� ��� ��0��7�
K�� !�	��0O���0�� ��� 7�� ���9�	������ ���

������
��������3����7�8��������8�61�����8���
�����8�����.���8�$���8������7�8�,��	8������8�

�����+�8� 9�����8� %����8� ����8� %��8� )���8� �����8� ���������� 6� �����8� 0��� 7��� H��� /��

0��3�	����� ������	�57��� /�	��� ��� �7� 7�5�	���	��� H��8� 
	�0���� �� �77��8� /��� ����� ����3	�� �E��

77�9���	��������79���57��<���!	��#����
	�0����3�	�����7�
	K�8��6����6�3�	��������	�����3	����J�	�	�

�����3�N�7<�����������
	���:0������������8����3��K��6��6����0����7�#���<�����������0/���


	�0����3�	�0��9�	��	���������0����E���
	���57��6���9�	����<�

�

���
����	K�� �
	���0�	���� 4�	��� ��3�0��7� ��.�
�� ��8� 3�	� ��� �������8� �6���� 6� ���� 3�7�5	��� ���

E���������������������6����0��3�NK������7
�����9��J��<���0/���
	�0������-���������	�6�.�
���

3�	��7�0�	�N��6�3�	�L���3��	��M<���,�����������
��7�57���
	���0��������3�	������7��3�0���0���6�

�������8� 6� 3�	� ������ 7��� ��9�	������ ���0�������� H��� 3�	����C� �07�	�	8� �� ��8� 7��� ����J��:��� ���

P��	��
�7; �7�0��;��3�N�Q<���0/���
	�0������,�����6�'������3�	�	�0�5�	���������0���<���������

9����	��8���0/���
	�0����3�	�7�����0�	��������������	��6�4��	����7�7�5�	���	��<��

�

�������
	���0������8�����0�7�
�����������	����������!�0�7��������!�	�E0���������9�	�������

�������5	�8�)1
���8�������*�
�����8�������8�#�
�8�)�����8��0����8�#�8���8�!��8�$�� �8�������8�

)�����8� ���� )��
���8� -����8� ���� �����������:� $������� �� !	�8� 3�7�� ���:���8� �	�0�� ���

0��/�0�������� �� �9����	��<� .� ������ *�����8� 3�7�� ���� 
	����� ���:���8� 0�	��/�� �� �J���<� .�

��0���� 3�7��� ��I��	��� /�	��� ��� 5��� ���3���GF�8� �J���� �� ���:���<�.�$��"���� 3�7�� ���� �J���8�

���:������0����7/��<��

�



�
�

������������
���H�����	���������/��9����������7�
	�8�H������4�:�����H��0�	����3	�57�������

0������H�����3����������������������
	��E9����������H��0K9���<�.�,������8���
�����8���	�
�8�

'����8� !�3	8� ���8� ��1����8� �� ����8� ����	�� �� $����� )�������	� �
	���G�� �� ���� 0�	��/�8�

3�0�D�0���������������:�����3���	��������R�0�������I7����������<��

�

������������/��)��/���8�����	������	��������
	����3�7���3������4�	G��H��������	������3	����

��������������������<��

�

���������.��	���H�����������9��������9���8��������������5	�
����3�7��9������3������0�	��/�8�

3�	����������	�����7���	8����F�����������	8�3	��0�3�7������H��������	��7������0�		��������5��<�

�
	���G�� 3�	� ����� ���:���8� 3�0�D�0��8� 0��4���G�� �� 0��3	����F�� H��� ���3	�� ��� ��	��<� .�

���/�� �	�F� �� ��7/�	� ���
�� %���	�� #�8���8� �� ���� 3	�4����� �5	�
���� 3�7�� ���� �7�
	��8�

0��37�0�����������������I��0��<�

�

�

��
���	:�������(����������

�

�

�

�

� �



�
�

�

� �



�
�

�� !"��#�$�%�"%�&�

�

������� ��
�5��	�0�� ����
������4�3�57�0������� $�
������4��55	�9�������� $���
������4�4�
�	��� ���
������4���57��� ����

�

�

�

$'�(�")�*�� ������������������ �

'<'���3	���7�0�7�	��6������ (�
'<%�!��	�
��
�77��
��6������ S�
'<(�"����3��/�7�
���� T�
'<?������������7�����4��/����� @�
'<S���4�	��0���� U�

� �

$'�(�")�+������ ��"������!;�����"���������������� ����!������ �
����$�����

�

%<'��5��	�0�� 'V�
%<%��6	��
��57�� �7�� '@�
%<(��������3/6��0�776�0	���;7��2���/6�	�
�7�� %(�
%<?�!	����������
�77��
��
����W�3�76=3�����A	���B������/�����74;�

	�
���� %T�
%<?<'� �7���0/������ %T�
%<?<%��337�0������� %U�

%<S���76;�������
�77��
��
����W�:�33�	;7�2����	�0��	��� (T�
%<S<'� �7���0/������ (T�
%<S<%��337�0������� (U�

%<T����07������� ??�
%<V���4�	��0���

�

?S�



�
�

$'�(�")�,������ ��"����������;X;���������������������������
 ����!����������������$�����!�$��������

�

(<'��5��	�0�� T'�
(<%����	���0����� T%�
(<(�����	��7���������/���� T?�
(<(<'�����	��7�� T?�
(<(<%�;<������/�	��� T?�
(<(<(� �7�3	�3�	������ TS�
(<(<?��;	�6���44	�0���������!���� TS�
(<(<S� �7��33��	��0�������6	��
��5�7��6�� TT�
(<(<T��/��7�
�0�7�3	�3�	������ TT�
(<(<V�$��0��60���	�7����� TT�
(<(<@�����5�0��	��7��0��9��6� TV�

(<?�����7����������0�������� T@�
(<?<'�;<������/�	��� T@�
(<?<%� �7��33��	��0���������5�7��6� V&�
(<?<(��6	��
��5�7��6�����9��0��7����0��6� VV�
(<?<?��	�
�	�7����� @'�
(<?<S�����5�0��	��7��0��9��6� @?�

(<S����07������� @S�
(<T���4�	��0��� @T�

� �

$'�(�")�-�����������;�����������;���$����������������������
����������������������"�������!!����������!������#����������

������

�

?<'��5��	�0�� U(�
?<%����	���0����� U?�
?<(�����	��7���������/���� UV�
?<(<'�����	��7�� UV�
?<(<%� �7���	�3�	������ UV�
?<(<(��/��7�
�0�7�3	�3�	����� UV�
?<(<?��6��0��3���5�7��6��0	�����
� U@�
?<(<?<'�#��;��������6� U@�



�
�

?<(<?<%������57�����9��5�7��6� U@�
?<(<S����9����������7�5�7�:�������������5�7��6� UU�
?<(<T����9��������	�7����� UU�
?<(<V��72�7����3/��3/������=���A�����6� '&&�
?<(<@���77�3	�7�4�	������� '&'�
?<(<U���������0�7����76���� '&'�

?<?�����7����������0������� '&'�
?<?<'� �7��3	�3�	�������������5�7��6�� '&'�
?<?<%��6��0��3���5�7��6��0	�����
� '&V�
?<?<%<'�#��;��������6� '&V�
?<?<%<%������57�����9��5�7��6� '&@�

?<?<(����9����������7�5�7�:�������������5�7��6� ''&�
?<?<?����9��������	�7����� '''�
?<?<S��72�7����3/��3/����������6� ''(�

?<S����07������� ''@�
?<T���4�	��0��� ''U�

� �

$'�(�")�.����������������� �����!�����;X;������������������;
"����������������!���������������� �����$����

�

S<'��5��	�0�� '%S�
S<%����	���0����� '%T�
S<(�����	��7���������/����� '%V�
S<(<'�����	��7�� '%V�
S<(<%��6��/������4�X���3�76��	��=3�76;X��A� '%V�
S<(<(���76;X�����7�0�7�	�1��
/�� '%@�
S<(<?���3	���7�0�7�	������57����� '%@�
S<(<S�Y�����4�0�������4�X��� '%U�
S<(<T��;	�6���44	�0�����	6� '%U�
S<(<V�����;����3�0�	��0�36� '%U�

S<(<@��6��0��3���5�7��6��0	�����
� '(&�
S<(<@<'������57�����9��5�7��6� '(&�
S<(<@<%�#��;��������6� '('�

S<(<U�$��0��60���7�����
� '('�



�
�

S<?�����7����������0�������� '((�
S<?<'��6��/���������0/�	�0��	�:�������4�3�76;X��� '((�
S<?<%���76;X�����7�0�7�	�1��
/�� '(T�
S<?<(�!�	��������4���3	���7�0�7�	�
�7�� '(V�
S<?<?��6��0��3���5�7��6��0	�����
� '?%�
S<?<S�$��0��60���7�����
�����	�7����� '??�

S<S����07������� '?T�
S<T���4�	��0��� '?T�

� �

$'�(�")�/���������������!���������������$��� 'S(�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �



��
�

)"&01��

��� 0�07���B�	����� =��A� �� ��� 0�3�7K��	��� ��� 57�0�� �����3��/��� ��� 3�3�7� 4�70	�78� 0����

�B0�3������8� ��� �����9�79������� ��� ��������� ��� 7�5�	��GF�� ��� 4E	��0��<� �F�� ���7�:�����

����9����7������ 3�	����7/�	�	� ��� 3	�3	�������� 4K��0�;H�K��0��� ���� 4E	��0��8� �������������

��7�5�7������ ��� E
��8� ����5�7������ �� 3�	���5�7�����8� ��	�9O�� ��� 4�	��GF�� ��� 0��37�B��� ���

��07��F�� ��� ��� ��0�7��� 3�7��O	�0��<� �� �������8� ��� 0��J����� 3����� �����3��/�	� ��9���

4��G���<� �� ����	GF�� ���� 0������� 3�7��O	�0��� ��� ����	��	� ���� 0�07���B�	����� ��
����� ��� ����;

�	
���:�GF�� =	��<�		�����=8� 3���� 7�9�	� Z� 4�	��GF�� ��� ��� 
�7� ��3	���7�0�7�	� ���H����� Z�

7�5�	��GF�� 0���	�7���� ��� 4E	��0��<� ����� ����� �����9�79��;��� ������ 0����B��8� ������ 0����

�5J�0��9���B37�	�	����������
�7�����3	���7�0�7�	���0����4�	���4�	��0D���0����J��E9�7�0�3�:����

�7�J�	�4E	��0���3�	�7��
���3�	K�����������3�����7�0�7������37����<�����3	����	��4���8�4�	���

	�9������ ����O������ ��� 3	�3�	�GF�� �� �9�7������ ��� 3	��0�3���� ��3��� ��� 
�7��� ��� 0�07���B�	�����

��J�0�E9���<� ��� 
�7��� 4�	��� �5������ ��	�9O�� ��� ��4�	������ 3	�0�����8� ������������W� ����;

�
	�
�GF���������>�	����=��
�?���	��� 7�
�G������3����0����=+�����<��@�A�3�	�	��	
���:�GF������

0�07���B�	����� 4��0����7�:����� �� /C�3����� ��0	���7�0�7�	��� 4��0����7�:����<� !��� 4����� ����

��E7���� 0��������� ���� ��0�������� �� ���� 9�	�E9���� ��9�79����� ���� 3	�0������ ��� 
�7�4�0�GF�<�

���7���	��;��� ������ ��� �37�0�G���� ����� 	�0������ ������� 
�7��� ��� ��������� ��� 7�5�	��GF�� ���

4E	��0�������� ������37�0�G�����������0���� 	�
���	���9�� =��3K��7��%A<�������
����� 4����4���

��������� �� 0�3�0������ ��� 0�3�7K��	�� 0��3����� 3�	� 3�7�=CB���� ��� ���7���A;3�7�=CB���� ���

3	�3�7���A;3�7�=CB����������7���A8�����
������7�	���0�!'%V8�3�	��4�	��	�
�7�����3	���7�0�7�	���

���3	����G���������H�������������H��������X��8���3���K9���������	�����������	��������4�	���

��������������9���9��=��3K��7��(A<����
�7����3	������	���5�������5�7������4K��0�8���B��	�3�����

��	��
�5�7�����8� �� 4�	��� 0�3�:��� ��� ���� 7�5�	��GF�� 0���	�7���� ��� 9��0���0���� ��� 7��
�� ���

9E	���� ����<����0�������������8� ��� �������� ��� ��
�������	�	��� �0��9������ 0���	�� 0�7��	��� ���

�
������ �  �	� �����	<� ������ 3	�3	�������� 4�:��� 0��� H��� ������ 
�7��� ��3	���7�0�7�	��� ���

�7�	���0;X��;9��0���0���� ��J��� ���H������ 3�	�� �� �	��������� ��� ��4�0G���� 0����

��������7����<��

��3	�9�7D�0����������G����������
���	���9���5���0�������4	�0��	��8�����	���	����������9����

����������������3�	��G���O�������9��������������������3	E��0��������3�	��8�7�9���Z�3	�0�	�����

��5��������� 3�	�� ����� �� �7�;��B�	���8� 5��� 0���� ��� 	 �����	� 0�		�
����� 0��� 3	���K����

��	4�
O��0��� 5�������� ���3��������<� ��� �������� �7��	����9�� 4��� �����9�79���8� ������� ����

���	�� 4��K7��� ��� 0�3�7K��	��� ��� 3�7�=CB���� ��� ���7���A;3�7�=CB���� ��� 3	�3�7���A8� 3�7�B������



���

U&@8���I��0��3�7K��	�� ����O��0�8����0	���� ��O��
�	�8�0���0�3�0�����������
O��0�� ���	K���0�<���

���3��GF�� ��� ����>�	����=��
�?���	� ��� 3�7�B�����;X��� 0��� ��� �����������	� ����O��0��

=���9��������A�3�	�������5��	�
�7�����3	���7�0�7�	���0�3�:����������:�	�����4�	��0��GF�8������
��8�

��� 0O7�7��� ����������� �����H���������� ��� �����57������ =��3K��7�� ?A<� ������ 
�7���

��3	���7�0�7�	��� �3	������	��� 5��� 0���0��3���5�7������ �� 3	���9�	��� �� 3	�7�4�	�GF�� ����

0O7�7��� ����������� �����H������� ��	����� �� 3	����	�� ������� ��� 0�7��	�8� ��
�����;��� ���

��4�	��0��GF�� ��� �����57������ 0�	�0��	�:���� 3�7�� ����GF�� ��� ���9������ ��� 4��4������ �70�7����

=���A<���0�	E0��	����9���	�����
�7�����3	���7�0�7�	������3�7�B�����;X��;���9���������7�9��;

������3	���
�	���3	�3	�����������7�0���7����������9���
�7���3�	�������������3����������<�

�� 3�	��� 4���7� ������ ����8� 4��� ���0	���� ���� ���	��O
��� �7��	����9�� 3�	�� �����9�79�	� 
�7���

��3	���7�0�7�	��8����7�:�����3�7K��	������X���=3�76;X��A���7I9�������E
��8���3	�3�	�����3�	�

3�7���	�:�GF��0����3�07�	��	���8����9�:�������	���	���0	����7���������9����7�:��������X��<����

����	�G���8����	����3�76;X��������7�	���0�!'%V8�3�7�B�������U&@���3�7����7���;
7�0�7� =�� A8�

4�	������7�������3�	����	�:������������4�	�����������4�0�	����3	�3�	G�������H���������0����

0��3������� 3�	�� �� �5���GF�� ��� 
�7��� 0��� ��� 0��3�	�������� ��J��E9�7� �� 0�3�:��� ��� ����

7�5�	��GF��3	�7��
�������9��0���0����=��3K��7��SA<�

�

�

�

�

�

�

�

�

�

�



����
�

� &�)�$��

�607���B�	���� =���A� ���� 57�02� 0�3�76��	�� 37�6� �� 2�6� 	�7�� ��� �B0�3������ 4�	� �	�
� ��7�9�	6�

�6������ 1��/� ��9��0��� 4����	��<� ��3�	���768� 5��/� 0��� �9�	0���� 3��	� 3/6��0�0/���0�7�

3	�3�	������4��	�
���7�0�7��8���0/��������7�5�7��6����1���	8������5�7��6�����7�������3�	���5�7��6�

56� 4�	���
8� 	��3�0��9�768� ��07������ 0��37�B��� �	� 3�76��	�0���0�77��<�#�1�9�	8�1/�����B��8�

��9�7� 4����	��� 0��� 5�� �5������<� �/	�����
� �4� ���� �7��
� ���H����� 3�76��	� 0/����� ����

��5��H����� ��74;�����576� 0��� 7��� ��� ��3	���7�0�7�	� 
�7�� �����57�� 4�	� 0���	�77��� 	�7����<� �/���

�/����� ���	
��� ��� �/��� 0����B�� ���� ����� ��� �B37�	�� 3/�	��0����0�7� �337�0������� �4�

��3	���7�0�7�	� 
�7�� ��� �6	��
��57�� �	�
� ��3���� �/��� 0��� 	������ 4�	� 3	�7��
��� ����� ��� �/��

��37��������� ����<� !�	��8� 3	�3�	������ ���� 3�	4�	���0�� �4� ����� �63��� �4� �6	��
��57�� ��� 
�7�8�

3	�3�	��� 9��� ��74;�

	�
������ �4� 3�76=3�����A	���B����� ���� 9��� :�33�	;7�2�� �����576� �4� ��;

4��0�����7�:�������
����;4��0�����7�:�����0	���7�0�7����	��	�9������8�1��/���0�	�4�7����76�����4�

�/����0/�����������9�	��57�����9�79�������/��
�77��
�3	�0�����������/�������	�0�����337�0�������

��� �/�� �	�
� ��7�9�	6� ���� 	�
���	���9�� ����0���� 4��7��� =�/�3��	� %A<� �/��8� �/�� �5�7��6� �4� ���

�33	�9���3�76=��/67�����B���A;3�76=3	�367�����B���A;3�76=��/67�����B���A�0�3�76��	8��7�	���0�

!'%V8����4�	����3	���7�0�7�	�
�7������/��3	����0���4�X��������57��4�	�5���
����������	���1��/�

������776� ��9���9�� �����9�	�� 1��� �B37�	��� =�/�3��	� (A<� �/�� 
�7�� �B/�5����� 
���� 3/6��0�7�

���5�7��68��/�B��	�36������6	��
��5�7��6�����1�	���57�������������9��0��60���	�7�����4�	���9�	�7�

��6�� 5���
� �0��9�� �
������ �
������ �  �	� �����	� ��� ��� ��
��� 0�7��	��<� �/���� 3	�3�	�������2��

�7�	���0;X��;9��0��60�����3	���7�0�7�	�
�7�������57��4�	���������76�����	�������<�

�/��3	�9�7��0���4��������
���	���9��������������1�77�����00������7�4	�0��	��8�����76���������/��

��	�� 3	�7��
��� 7�4�� �B3�0������� ���� �/�� 3�3�7�	�:������ �4� �3�	��� 3	�0��0�8� �	�� 3	��3���
� �/��

���	0/�4�	���5�������������/������7�
������������	�
	�4������1�77��������/���0�744�7���7������1��/�

�B3����9��5������	3/�
���0�3	������<�����7��	����9���6�����1�������
��������
�����/�	�4���76�

�4�3�76=��/67�����B���A;3�76=3	�367�����B���A�57�02�0�3�76��	�8��/��3�7�B������
	��38�1/�0/�

/��� 5���� 	�3�	���� �/�� ��76� �6��/���0� 3�76��	� 1��/� ���	����0� �����
���0� 0�3�5�7��6� ��� 4�	<�

����
	�������4�3�76=3�����A	���B������4�3�7�B�����;X���1��/��/���6��/���0����������0�9���	�
�

=���9�������A� 	���7���� ��� ��3	���7�0�7�	� 
�7�� �57�� ��� ����0�� ��� ��
��� ��44�	���������� �4�

�����0/6��7� ����� 0�77�� ��� �����57����� =�/�3��	� ?A<� �/�� ��3	���7�0�7�	� 
�7�� �/�1��� 
����

06��0��3���5�7��6�����3	�7�4�	���9���44�0�����������0/6��7������0�77������/��4�	���1��2�4�77�1���

56���44�	���������� ��������57����8����0/�	�0��	�:���56��72�7����3/��3/�������0��9��6� =���A<��/��



�$�

��9�7�6�������9����9�����3��4��/��3�7�B�����;X��;���9�����������3	���7�0�7�	�
�7��3	��3����

������3	���0���/������77�0���7�3	�3�	�6��4��/����63���4�
�7��56��������4�������3�����<�

!���7768� ��� �/��� �/����� ��� �7��	����9�� ��	���
6� ��� ����
�� ��3	���7�0�7�	� 
�7�� ��� 3	������ ����
8�

���������4� ����9����7�:���3	�������X���8�1���	;��7�57��3�76��	���4�X���=3�76;X��A�3	�3�	���

56�	��0�����1��/��3�07�	�/��	��<�����	�0������5��1����3�76;X��������7�	���0�!'%V8�3�7�B������

�U&@�����3�76��/67����
760�7�1�	�����76:�����������7�����	��	����������46����H�����3	�3�	������

�4��/��0��3��������/���0���3	�9����
�7���/���5�/�9������6	��
��57������0�����������9��0��60���

	�7�����4�	�7��
������=�/�3��	�SA<��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



$�
�

!2&���#�(0 !2$��2�%&�

�

�<�<<� ������8� !<� $��
�8� [<[<� ��		��;��5�����	�8� �<�<!<� ��5��	�8� �<�<� �����:;��0/�8� �<�

���0/��	�8� �<� �79�	�:;��	��:�<� �6	��
��57�� �7�	���0;X;0607���B�	��� ��3	���7�0�7�	� 
�7�� 4�	�

������������7�9�	6��4�9��0��60��<���	�3����[��	��7��4��/�	��0����0�� ����"��3/�	��0����0�8�

@&='A8�'&(;''%8�%&'%<�

�

�<�<<� ������8� !<�$��
�8� [<[<� ��		��;��5�����	�8� �<�<!<� ��5��	�8��<� ���0/��	�8� �<��79�	�:;

��	��:�<� ��7�B�����;0607���B�	��;���9�������� ��3	���7�0�7�	� �6������ 3	������ �����57����

��44�	���������� �4� �����0/6��7� ����� 0�77�<� ��0	���7�0�7�	� "���0���0�8� %&'(8� ���W�

'&<'&&%>��5�<%&'(&&&'V�=!�����		A<�

�

�<�<<� ������8� !<�$��
�8� [<[<� ��		��;��5�����	�8� �<�<!<� ��5��	�8��<� ���0/��	�8� �<��79�	�:;

��	��:�<� �6	��
��57�� ��74;�����57��� 0607���B�	��� 
�7�� 4�	� �	�
� ��7�9�	6<� ��		���� ��3�0�� ���

����0���7��/�����	68�%&'(�>�  ��
������.���� �
���=<�

�

�<�<<� ������8� !<� $��
�8� �<�<!<� ��5��	�8� �<� ��5����8� �<� ���0/��	�8� �<� �79�	�:;��	��:�<�

��3	���7�0�7�	� 
�7�� �4� 3�76;X;0607���B�	��� ���� ���;5����� 0�3�76��	�� 4�	� 0���	�77��� �	�
�

	�7�����=�����

���������
���	A<���

�

(��"%��

�<�<<�������8�!<�$��
�8��<����0/��	�8��<��79�	�:;��	��:�<���7�B������/6�	�
�7�������/��	�

���� 4�	� �/�� 	�
���	������ �	� 5���� 	�3��	<� =�337�0������ ���5�	� �%&'((&'(S8� �3���8� !�5	��	6�

%&'(A<�

�

�

�



$��

��'")�1�%0&$)2(�&�%���2%$!03"3�2%��'"��'"&2&�

�

�<�<<� ������8� �<� !�
���	��8� !<� $��
�<� ����7�	� /6�	�
�7�� 4�	� �	�
� ��7�9�	6<� [��	��7� �4�

"������	��7���������5����0/��7�
68�(=%A8�'@S;'UU8�%&'%<�

�

�<�!�
���	��8��<�$���	�8��<�<<�������8�!<�$��
�<���0���/���9��"�00�7��6��������� ���9�7�

��	���
6� 4�	� ����;��47������	6� �	�
�� ��������	�����<� ����;��47������	6� \� ����;�77�	
6�

�
������������0���7��/�����	6�=!�	��	76���		��������0���7��/�����	6A8�'&=(A8�'U&;%&%8�%&''<��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



$���
�

!2&���#��  )"42��2�%&�

�

X��� �����;0607���B�	���

]��� ��
�;0607���B�	���

���� �����;0607���B�	���

�<���	�
����	�� ��	4�0��3	����	��;��	�������/�	��

���� �72�7����3/��3/�������0��9��6�

��� �	��4�0��7����	�7����1�	2���

��$�� ���76�����4�9�	���0��

����� %;�����;%;���/67�3	�3������7�

"��� "�0��0/�����0��0���=�	����������6�2��A�

"������ "������		�1���	�9��������0/6��7������0�77���

"���� "������	3/�
���0�3	�������

"��� "�9������	����75�����

�� ���
�7������

���� �607���B�	����

�!�� ��7��6;4�	���
������

���� �	���0�7���0�77�	�0��0���	�������

����� ���3���/�0���

$� ��44������0��44�0�������

��� ���B6	�5���07��0��0���

�;���� ��75�00�^������4������
7���������

�������� �����/67���74�B����

����� ��44�����;�	��	����3�0�	��0�36�

���� ���/���	6�/	���7�

������ ��:6��;7��2������������	5��������6�

���� ��	�3��������0������
��06�

!'%V� �7�	���0�!'%V�

!��� !���������	�
���������	������

!���� !��	��	��	���4�	����4	�	����3�0�	��0�36�

 _� ���	�
���	��7����0�����7���

 `� ������	�9��0��������7���



$����

 ;��!�  	���7�06���0�7��6;�����7������4�0��	�

 ���  ��������4�0��	��
�3	�0��0��

#� #���		/�
��

/������ #��������3���;��	�9��������0�77��

#�3� #�3�	���

#��;���� #��Q���

�����;0/�	���77�����0����5	�����

=#� A;���� #6�	�B67;(;���/67;
7���	67�0���:6�����

#�;X��� #6�	�B63	�367;X;0607���B�	���

#�;]��� #6�	�B63	�367;];0607���B�	���

#�;���� #6�	�B63	�367;�;0607���B�	���

#���� #�
/;3�	4�	���0��7�H����0/	�����
	�3/6�

#���� #6�	�B63	�367����/670�77�7����

���$��� ����	�
��06�0��	�������
�0�������������/��9�7���������4��7��	����9��

���/����

��� �		���������0�	���

�� �6����

��S&� �������7��/�7������

�]��� ���/67;];0607���B�	���

��� ����4������B�	���

����� ����������/�5���	6�0��0���	������

���� ����77�3	����������

����� �����0/6��7������0�77��

���� a=(;=?8S;�����/67�/��:�7;%;67A;%8S;��3/��67���	�:�7����5	�����b��

��77��	�7�4�	������c�����

������ ��76=�����������A�

�"�� �/��3/����5�44�	�����7����

3��� �7������0����

�� � ��76=��/67����
760�7A�

�� ?� ?;�	�����	��/�3���3�76=��/67����
760�7A�

�� @� @;�	�����	��/�3���3�76=��/67����
760�7A�

���� ��76=��/67�����B���A�

�#"� =�A;(;/6�	�B65��6	����

���� ��76=(;76����A��



���
�

�7�	���0��� �7�	���0�	�9�	���

������� ��76=;����3	�367�0	67�����A�

��76;]��� ]���3�76��	�

��76;X��� X���3�76��	�

��76;���� ����3�76��	�

����� ��76=3	�367�����B���A�

�� � ��76=3	�367����
760�7A�

�%� ��		�7������0��44�0�����

	/"��� ��0��5������/�����5������	3/�
���0�3	�������

���� ��7���9��������	����9�������

����;%� ��	0���������
���0�

��������	� �
������ �  �	������	�

��� ������	����9���������

���� �����������067���74����

���� �0�����
��7�0�	�����0	��0�3��

��;���� ����3�	������7�0��3�	��07����

���� �����0�7�
/���0����	��
�

�d�� #65	�����4����
7�;1�77���0�	5���������5���

�U&@� ���	���0�U&@�

���� (;�	����/67��7673	�3����0��0���

�	�;#�7�5�44�	� �	��=/6�	�B6���/67A��������/����5�44�	�

�$� �7�	�9��7���

1�<� d��
/��

1>9� d��
/�>�9�7�����

�

�

�





���

�

!2&���#�#250)"&�

�

#	�����*�*����	�0��	����4�����	�7�0607���B�	����=�A8��0/�����0�	�3	������������4���74;

�����576��4�0607���B�	����1��/���7����	�3�76��	�=5A<�

-�

#	�����*�+���0/�����0��77���	�������4����/�	�3����0���7;
�7���J�0��57�����	�
�������5����

2����J����������0�44�7���3	�3�	�����4�	���
����	��
�������<��

.�

#	�����*�,���	�
	�������	�
���	���9��5�����/�	�3���<�� 6�

#	����� +�*�� �/	��� ��	���
���� ���4�7� ��� ��9�7�3� 3�76��	;5����� �6	��
��57�� ��3����

4�	��7������<�

*7�

#	�����+�+���0/�����0�	�3	������������4���74;�����57���0607���B�	���
�7���/���	�76����

����	�0������ �4� 4	�������1��/�3�76��	� 5�025����� =�A� �	� 
	�4���� 0/����� =5A� ��� 4�	��

3�76=3�����A	���B����� �/��� ��74;�

	�
���8��	������;4��0�����7�:���3�76��	�� =0A��	�

���77���;����	�� =�A� �/��� ����	�0��1��/�3�76��	��5��	��
�3�������
������ �����57�� ���

4�	����07������0��37�B��8�7�����
����:�33�	;7�2�������57���<��

+*�

#	����� +�,�� #���76��0� �44�0��� �4� X� =eA8� ]� =fA� ���� ���� =gA� ��� ��
� �	6�/	�06����

��0�5���������"��=3#�V<?A����(V�h�<���3	���0���4	���aS@b�1��/�3�	���������4���9���

����O��0����$O�O	����	�<�

+,�

#	����� +�-�� �9�	�
�� ��:�� �4� ����9�� ��� �

	�
����� =�� 	�3	������� �/�� ���5�	� �4�

��7�0�7��A� 9�	���� ��� 0��0���	�����8� ��� �5��	9��� 56� 7�
/�� �0����	��
<� ��3	���0���

4	���aT(b�1��/�3�	���������4��7��9��	<�

+-�

#	�����+�.���44�	��������������1/�0/������0���5��4����������3/6��0�776�0	���;7��2���

/6�	�
�7W�=�A���9�57������3�0���i�=5A�3�76=3�����A	���B�����1��/��/���/	����������

����	�0���
���0/���/�	i�����=0A�����
	�4�������3�76��	�0/������0���
�������;J��0������

�4���/�	�0/����<��

+.�

#	�����+�/���/����	�0��	���4����j���j�����	�57�02�0�3�76��	�=�A������0/�����0�

	�3	����������� �4� �/�� ��	�0��	�� �4� �/�� X��j���j���j���� 3�763�����	���B�����

1/�	�� �/�� �/����	�����7������57�02�� 4�	�� ��07������ 0��37�B���������1��/� X��8�

1/�7�� �/��47�2��
� �/�02�	�����57�02���	����0��37�B������� 	���������	3/����="A<�

+6�



����

��3	���0���4	���a@@b�1��/�3�	���������4��7��9��	<�

#	�����+�6����	�0��	����4� �/��0��37�B��� 4�	����56��7�	���0�0�3�76��	��1��/�X���

=�A�����]���=5A<����3����4	���a@@b�����aUSb�1��/�3�	���������4��7��9��	��

+7�

#	�����+�8����	��� 7�9�7���4� ����7��� �4��	� ��50��������� ��������	������ ��� 	�����4� ���

����7�����7�����������������7��>���;�� �
�7�4�	��7�����<��/������7���
�7�1�����7�����

1��/� %(%� �
>��� ���� ��7�����<� ��0/� 3����� 	�3	������� �/�� ����� k� �<�<� �4� �����

�B3�	������� =l3� m� &<&S� 9�	���� ����7��A<� ��3	���0��� 4	��� aUVb�1��/� 3�	�������� �4�

�7��9��	<�

,9�

#	�����+�7���33��	��0���4��7�	���0� =T<S8� '(� ����%&nA�1��/�U<Vn�X���
�7�� ��� �/��

4�	������������4��	�3	�3�	������=�A8�����9��0��60���	�7���������(V�h��4	����7�	���0�

4�	��7������� 3	�3�	��� 1��/� �	� 1��/���� U<Vn� X��� =5A<� ���3���� 4	��� aU(b� 1��/�

3�	���������4��7��9��	<�

,*�

#	�����+�*9��!�	��������4�����3	���7�0�7�	�/6�	�
�7>��0�77��0��3������ 4	���X���

���� ���;7������ #�3;!;'%V� ��0�77�> ;��!� 0��37�B��� ��� ��� �H������ �6����<�

��3	���0���4	���a'&Sb�1��/�3�	���������4��/����6�7���0���6��4��/�����	6�

,+�

#	����� +�**�� ���� ��0	�3�0��	��� �4� 4	��:�;4	�0��	��� 0	���;��0������ �4� �/��

]��>	�9�	����7�	���0�3�763�����	���B����
�7��3	�3�	������1���	����%S�h��=�������A8�

���1���	����TS�h��=5������A8��	����0��	�0��0�����7������='?&��
>��A����%S�h��=0�����4A<�

��3	���0���4	���a'&Vb�1��/�3�	���������4��7��9��	<�

,,�

#	����� +�*+�� ��	�0��	�� �4� �� �� ;X��;����	���	� ���� �0/���� �4� 0	6���7� 3�02��
�

��	�0��	����4�X���=�A���������="A�3�76=3�����A	���B����<���3	���0���4	���a'''b�

1��/�3�	���������4��7��9��	<�

,.�

#	����� +�*,�� ��	�0��	��� �4� ��� 3�76��	�� �5������� 56� 
	�4���
� =����5�7�:��� ��A8�

3�76��	�:������ =0/���� ��� 3�76��	A� �	� 0	���;7��2��
� 	��0������ =���1�	2� ���

3�76��	A<����3����4	���a''%b�1��/�3�	���������4��7��9��	<��

,/�

#	�����+�*-��$�	��������4� �/��9��0����6��4� ��7��������4� ����������;
	�4���� 0/�������

'&�=%<S;(�
>������0������5�44�	����%S�o�A������4��0������4��/��a��b>a����������b�	����i�

�<�<8� ��0	�����
��/��0��0���	�������4��������	���	�V�=�A8�/6�	�3/�5�0���������	�@�
=pA� ���� /6�	�3/�7�0���������	� U� =fA<����3���� 4	��� a'%@b�1��/� 3�	�������� �4� �/��

,7�



�����

�

��6�7���0���6��4��/�����	6<�

#	����� +�*.�� �0/�����0� 	�3	����������� �4� �/�� 4�	������� �4���;3]��� 
�7�� =�A� ����

3/���
	�3/�� �4��	� S� ��0����� ��� ��B��
� �4� �1�� 3�76��	�0� �H������ ��7������� �4� ��

/6�	�3/�5�0�776� ����4���� ��B�	��� 56� 
	�4���
� �7267� ����� 0/����� =��A� ���� �� ];

0607���B�	���3�76��	�=3]��A�=5A<�������7267�0/������4�����	��0��37�B�����������

0�9�������4��/��3]��8�7��9��
��7���4	�������4�	��/����07�������4�/6�	�3/�5�0��	�
�<�

��3	���0���4	���a'('b�1��/�3�	���������4�[�/��d�7�6���������<�

-*�

#	����� +�*/�� 3#;	�9�	��57�� 3	�3�	����� �4� �� ��3	���7�0�7�	� �����576� 5����� ���

�3�0�4�0�/���j
�����0��37�B���5��1�������;0��J�
�����3�76=(;76����A��=����A�����

(;�	����/67��7673	�3����0� �0��� =���A���7�0�7��W� ����	��7�0�7�	� ����	�0������ ����
�

/6�	�3/�5�0� ���� ��7�0�7��� ���� 0������0� 	�3�7��9�� ����	�0������ 5��1���� ������


	��3�� =�A8� ��3	���7�0�7�	� �

	�
������ 9��� 0��3�	���9�� ����	��7�0�7�	� ����	�0������

5��1����������
	��3���7��
����0/��������0�	5�B67�
	��3���4�����=5A8�����������0�

	�3�7��9������	�0������5��1����0/�	
���0�	5�B67�
	��3���4�����=0A<���3	������1��/�

3�	��������4	���a'(Tb<���36	�
/��%&&S����	�0����/���0�7���0���6<�

-+�

#	����� +�*6�� #65	���� �4� ���
7�;1�77��� 0�	5��� ������5��� =�d��A� ���� ];

0607���B�	���� =]���A� 1�	�� 4�	���� 56� qrq� ����	�0����� 5��1���� 36	���� ����4����

]���� ���� �d��<� �� 0/���0�776;	��3����9�� ��3	���7�0�7�	� �d�� /6�	�
�7�1���

�5�������1/���3�76=�0	67�0��0��A�0�		6��
�����067�
	��3��1�������������/���r
�����

����	�0������ �00�		��<� ���3�����9�� ����	�0������ 1��/� ������� ����������� �	� X����

	�9�	���� �/�� �6����� ��� �/�� ��7� �����<� ��3	���0��� 4	��� a'(@b<� ��36	�
/�� %&&V�

���	�0����/���0�7���0���6<�

-,�

#	�����,�*���;�� ����/�	��� 	�0�	����4�	��7�	���0�!'%V����1���	� =�A��	���� �/������

��7�������=5A�����4�	��/��X�����7�����������������53/����=0A<�

/7�

#	�����,�+������� 	�H��	��� 4�	� �/���7�	���0WX����H������ �6������ ��� 5�0���� �� 
�7�

=��������������
��/����9�	���;��5������A�1/������	������%&�h�<�

6+�

#	����� ,�,�� �9�7������ �4� ���	�
�� = _8� 4�77� �6�5�7�A� ���� 7���� = `8� �3��� �6�5�7�A�

����7�� �4� �7�	���0WX��� 4�	��7������� 0��������
� '(n� �7�	���0� !'%V� ���� Vn� =�3�

�	���
7��A��	�U<Vn�=��������A�X��<�

6,�



��$�

#	�����,�-���;	�6���44	�0�����3����	����4�X��8��7�	���0�!'%V������/���7�	���0�!'%V�

='(nA;X���=SnA�
�7<��

6-�

#	����� ,�.���/���� ���
	����4��7�	���0WX��� 4�	��7������� �4��	� 5���
� ���	��� 4�	� 'T�

/��	�� =�3��� �6�5�7�A� �	� @� ��6�� =��7��� �6�5�7�A� ��� ?8� %&8� �	� (V� h�<� �7�	���0�

0��0���	������1���T<Sn�=�H��	��A8�'(n�=0�	07��A�����%&n�=�33�	��	���
7��A<�

6.�

#	����� ,�/��  �7� �33��	��0�� �4� �7�	���0;���� 4�	��7������� �4��	� �1�� ����/�� �4�

���	�
�����?�h�<�

6/�

#	�����,�6�����	�
��=4�77��6�5�7�A�����7����=�3����6�5�7�A�����7���4��/���7�	���0;

X���4�	��7�������0��������
�T<Sn�0�3�76��	�1��/����X���=�H��	��A��	�0��������
�

%<Sn� =0�	07��A8� Sn� =�3� �	���
7��A8� Vn� =��1�� �	���
7��A� �	� U<Vn� =��������A� X��8�

	�0�	�������'&8�%S�����(V�h�<��/���6������1��/����X���=�H��	��A��	�0��������
�%<Sn�

=0�	07��A� /��� ��3�	��3���57�� =���77A� 7���� ����7��� 9�7���� ���� ���� ���� �/�1�

3�	0�3��57�����	�
������7��<�

68�

#	����� ,�8�� ��3�����0�� �4� �/�� ���	�
�� = _8� ��7��� �6�5�7�A� ���� 7���� = `8� �3���

�6�5�7�A� ����7�� �4� '(n� ���� %&n� �7�	���0� !'%V� 4�	��7������� 1��/���� X���

=�H��	��A� �	� 0��������
� %<Sn� =0�	07��A8� Sn� =�3� �	���
7��A8� Vn� =��1�� �	���
7��A� �	�

U<Vn�=��������A�X��<�

89�

#	�����,�7���/��
������9��0����6��4�T<Sn�=0����������7����A�����'(n�=�������7����A�

�7�	���0�!'%V� 4�	��7������� 0��������
� U<Vn�X��<�!�	� ��0/� 4�	��7������ �/�� �33�	�

7����0�		��3���������/����0	�����
��/��	�	����9�7���<�

8*�

#	����� ,�*9��$��0��60��� 	�7������ ��� (V� h�� 4	��� �7�	���0� 4�	��7������� 1��/� ����

1��/����X��<��/�������0�		��3�����
�����/��4�	���'&�/��	���B3����������/��37�������/��

	�
/�<��

8+�

#	�����,�**����3�����0���4� �/����44������0��44�0�������� �/��X���0��0���	������4�	�

�77��7�	���0��6�������������=T<S�n8��H��	��i�'(�n8�0�	07��i�%&�n8��33�	��	���
7��A<���s�

&<&&&&&UUTV'%�t�&<&&&&&(&V%?U�X���;�&<&&&&&''?'VT�X��%�t�V<V?SU?u'&;@�X��(�

=�%�s�&<@((i�!(8?'��<4<�s�T@<??i��m�&<&'A<�

8-�

#	����� ,�*+����7��	�� 37����� �4��	� ��0�5������ 4�	� %?� /� ��� (V� h�8� �/�1��
� :����� �4�

��/�5������4�	��
������ �  �	������	<�

8.�



�$�

�

#	�����-�*����	�0��	���4��/��7�0���������/6�	�B6��0���4�	����4����9��������=�A������4�

���	���0�U&@�=5A<�

7/�

#	�����-�+���/�������
	����4��U&@WX���4�	��7��������4��	�S���6���4����	�
�����?8�%&�

�	�(V�h�<��

*9-�

#	�����-�,�����	�
��=4�77��6�5�7�A�����7����=�3����6�5�7�A�����7���4��/���U&@;X���

4�	��7������� 0��������
� 'n� =�H��	��A8� %n� =�3� �	���
7��A8� (n� =0�	07��A8� ?n� =��1��

�	���
7��A8�Sn�=��������A8�@n�=7�4�� �	���
7��A8�'(n�=���	A�����%&n�=	�
/�� �	���
7��A�

�U&@�1��/����X�������1��/�Sn�����U<Vn�X������(Vh�<�

*9.�

#	�����-�-�����	�
��=4�77��6�5�7�A�����7����=�3����6�5�7�A�����7���4��/���U&@;X���

4�	��7������� 0��������
� 'n� =�H��	��A8� %n� =�3� �	���
7��A8� (n� =0�	07��A8� ?n� =��1��

�	���
7��A8�Sn�=��������A8�@n�=7�4�� �	���
7��A8�'(n�=���	A�����%&n�=	�
/�� �	���
7��A�

�U&@�1��/����X�������1��/�Sn�����U<Vn�X������'&�����%Sh�<�

*9/�

#	����� -�.�� #��;���� ����� 	���7��� �4� @n� �U&@;Sn� X��� ��3	���7�0�7�	� 
�7� =�A8�

��
���9��0���	�7�=&<Un���7i�5A�����3�����9��0���	�7�=&<'����#i�0A<���76�����/��

3������9��0���	�78�/���		/�
�8�9��0�7�	�76��������0��
�7������1�	���9����0��<�

*96�

#	�����-�/��$��5�7��6��4������57��������0����0��1��/��U&@;X�����3	���7�0�7�	�
�7�<�

l��
��4�0���76�7�1�	��/���4�	��/���6�����1��/����X���=3m�&<&&'A<�

*98�

#	����� -�6�� ���4�0�7� ���
��� �4� 7�9�� =0�70���8� 
	���A� ���� ����� =3	�3������ ������8�

	��A������57������4��	�V%/� ���0����0��1��/�?n��U&@�=�A8�?n��U&@;Sn�X���=5A8�@n�

�U&@�=0A�����@n��U&@;Sn�X���=�A<�

*97�

#	����� -�8�� ���9�������� 	�7����� ��� (V� h�� 4	��� ���	���0� U&@� 4�	��7������� 1��/����

X���=�3����6�5�7�A8�1��/�Sn�X���=57�02���7����6�5�7�A�����U<Vn�X���=	�����7���

�6�5�7��1��/����/��� 7����A<��U&@�1����9�7���������'n�=�H��	��A8�%n�=0�	07��A8�?n�

=�3� �	���
7��A8� @n� =��1�� �	���
7��A� ���� '(n� =��������A<� '&&n� 	�7����� 1��7��

0�		��3�������&<&T?��
>0�%<��/��37�������/��	�
/���B3������/��4�	���%?�/���3�0�������

�/��37�������/��7�4�<�

**+�

#	�����-�7��������9�7�������4�9��57�������0/6��7������0�77����5�	�=�8�0A���������

�0��9��6� �4������0/6��7� ����� 0�77�� =58� �A� ��� 0�7��	��������� =��
���9�� 0���	�7A8� ���

**.�



�$��

�����
���0��������=3�����9��0���	�7A��������0�7��	������������1/�0/�=�8�5A���7�������

�4�&<&@8�&<@S8�@<S�����?%<S�������9��������=4���7��	�
�0��0���	�����������/��0�7��	��

�������1�	��&<&'8�&<'8�'�����S���8�	��3�0��9�76A��	�=08��A�4�	��7��������4��U&@�1��/�

����1��/����X����������9��������=�	�
�0��0���	�����������0����������57��?<(A�1�	��

�����<�l��
��4�0���76�
	����	��/�����
���9��0���	�7�=3m�&<&'A<�ll���
��4�0���76�
	����	�

�/���3�����9��0���	�7�=3m�&<&'A<�

#	�����-�*9�������������
��4�0�77���4��	�'%���6�����0���	�7��������=�A8������
���0�

�������="A8�&<&@��	�@<S�v�����9������������"��=�8��A8�?�n��U&@�1��/�&8�&<&@��	�@<S�

v�����9��������=�8�!8� A8��?�n��U&@�;�S�n�X���1��/�&8�&<&@��	�@<S�v�����9��������

=#8��8�[A8�@�n��U&@�1��/�&8�&<&@��	�@<S�v�����9��������=c8��8�A�����@�n��U&@�;�S�n�

X���1��/�&8�&<&@��	�@<S�v�����9��������=�8��8�YA<��

**6�

#	�����.�*�������57����	�0��	����4�3�76;X����5��������/	��
/�3�760������������1��/�

��<�!�	��/����2���4�07�	��68���76��/��	��0���������/��3	���	6��70�/�7������/�1������/��

0���	�7�X��<�

*,,�

#	����� .�+<� '#� ��� �3�0�	�� �4� X��� =�A8� 3�76;X��� =5A� ���� ��3	���7�0�7�	�

�����57�����4�?&n�3�76;X���1��/�'&n��U&@�=0A������79�������%�<�

*,.�

#	�����.�,<���56��37���4�	��H��������7��������4�3�76;����=�VX��'SA����%S�h�<� *,6�

#	�����.�-���9�7���������%S�h���4��/���33��	��0���4��6������0��3	����
�?&n�3�76;

X�������'&n��U&@8�!'%V��	��� �=��>�����7�	�	����������0���������/��	�
/���B��A<�

*,8�

#	�����.�.����	��������
��4�X���5��1�����/��
�7�3/����=
	�6�5�	�A������/����7�3/����

=1/���� 5�	�A� �4� �/�� �6������ 0��3	����
� %&n� 3�76;X��>'&n� ���;5����� 3�76��	�

=���;��	�33��� 5�	A8� %&n� 3�76;X��>'Sn� ���;5����� 3�76��	� =0��	��� ��	�33��� 5�	A8�

?&n� 3�76;X��>'&n� ���;5����� 3�76��	� =4���� ��	�33��� 5�	A8� ���� ?&n� 3�76;

X��>'Sn� ���;5����� 3�76��	� =/�	�:����776� ��	�33��� 5�	A8� ��� ����	������ 56� �/��

3/���7����/����4��	�%?�/��4�3	�3�	�������4��/��
�7�<���

*,7�

#	�����.�/����1�	��;	�6���44	�0�����3����	����4������7����=�A8�3�76;�����7����=5A8�

%&n�����t�'&n��U&@�
�7�=0A8�'&n�3�76;����t�'&n��U&@��4��	�'�/��4�3	�3�	������

=�A8�'&n�3�76;����t�'&n��U&@�
�7��4��	�%?/��4�3	�3�	������=�A<�

*-9�



XVII 

 

Figure 5.7. 2D DOSY spectra of (a) poly-αCD at 40%, (b) 40% poly-αCD + 10% 

T908, (c) 10% T908, (d) 40% poly-αCD + 10% PEG and (e) PEG at 10% in D2O at 

25 ºC.  

141 

Figure 5.8. Viability of SAOS-2 cells in contact with PEO-based polymer solutions 

at 10%, poly-αCD solutions at 20, 40 and 80%, and supramolecular assemblies of 

40% poly-αCD with 10% of T908, F127 or PEG.  

142 

Figure 5.9. HET-CAM test results of negative (a) and positive (b) control, poly-αCD 

at 80% (c) and poly-αCD-T908 at 40:10% (d) prepared in PBS at pH 7.4.  

143 

Figure 5.10. Vancomycin release at 37 ºC form PBS pH 7.4 (■), 20% αCD (●), 10% 

T908 (□), 10% F127 (○), 10% PEG (◊), poly-αCD at 80% (▼), 40% (◄) and 20% 

(►), 40% poly-αCD with 10% T908 (■), 10% F127 (●) and 10% PEG (▲). 
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Figure 1.1. Structures of natural cyclodextrins (a), schematic representation of self-assembly of 

cyclodextrins with a linear polymer (b).  
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1.2 IN SITU GELLING SYSTEMS  

For many biomedical applications, injection of so-called in situ forming hydrogels is preferred 

over surgical implantation of flexible or rigid polymeric matrices. Syringeable systems 

represent an attractive approach for non-invasive prosthetic implantation and for administering 

depots for sustained delivery drugs, both for human and animal therapeutics [22, 28, 29]. In situ 

gelling systems are administered as a liquid, after which a gel is formed at the site of injection 

[29-31]. Physically crosslinked gels are particularly suitable as in situ gelling devices. Due to 

their reversible nature, many physically crosslinked gels behave fluid-like, when are subjected 

to shear stress in the needle and syringe (Figure 1.2) [32, 33]. These injectable, shear-thinning 

hydrogels often exhibit relatively low mechanical strengths. To minimize leakage of the gelling 

solution into the surrounding tissue, it is important that gelation at the site of injection occurs 

within a few minutes [34]. The relevance of injectable gels lies in their economical elaboration, 

patient-friendly application, and the avoidance of surgical maneuvers that have an inherent risk 

of infection. For all these reasons, the development of injectable gels for drug delivery and 

regenerative medicine is gaining an increase commercial interest and, as a consequence, it 

generates high interest in the research and development activities of pharmaceutical industries. 

 

 

 

Figure 1.2. Schematic illustration of a therapeutic sol-gel injectable in situ in a bone knee joint 

and scaffolds properties for engineering tissue.  
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Figure 1.3. Progress in regenerative bone therapies.  

 

Chronic osteomyelitis could be also treated by the implantation of an antibiotic delivery device 

that can release a high amount of antibiotic for an extended period. In general, oral antibiotics 

only lead to relative low local concentrations. Intravenous antibiotic regimens enable the 

attainment of constant levels of drug in the blood stream [42]. However, the infected necrotic 

focus within the bone is often surrounded by sclerotic, avascular bone, and is therefore almost 

unreachable with systemic antibiotics. Thus, intravenous antibiotics usually lead to significant 

relapse rates during or after their administration, and harmful side-effects are common since 

serum levels remain high during a long period of time (at least 6 weeks) [52-54]. Local 

administration is thought to increase antibiotic concentrations where it is most needed, without 

increasing systemic side-effects [42]. Carriers like beads and fillers that are made of non-

degradable poly(methyl methacrylate) (PMMA) are the most used for osteomyelitis treatment, 

but as drawback, they have to be chirurgical implanted and removed afterwards [51]. Minimally 

invasive treatments are preferred. Several injectable gels have been used to deliver drugs and to 

carry cells in order to bone engineering [29, 34, 55].  

 

 

 

� Treatment with biomaterials scaffolds (collagen, 

polymers, titanium)

� Treatment with scaffolds in combination with

osteogenic factors (BMPs, platelet-rich plasma)

� Treatment with cell transplation in combination with

scaffolds and osteogenic factors

(bone marrow-derived MSCs, adipose-derived MSCs)
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8 Chapter 1

1.4 AIM AND OUTLINE OF THESIS

The aim of the work presented in this thesis was design and characterize novel syringeable 

supramolecular gels able to be used in the treatment of bone infections and actively participate 

in the regeneration of bone tissue. The supramolecular gels were based on host-guest inclusion 

complexes between X-cyclodextrin (XCD) and poly(ethylene oxide)-poly(propylene oxide) 

(PEO-PPO) block copolymers, and found to be suitable for the controlled and sustained delivery 

of antibiotics and statins.

Chapter 2 gives a literature overview of syringeable cyclodextrin gels that offer the possibility 

of being administered with minimally invasive maneuvers to form depots that can remain for 

prolonged time in the implantation site being suitable for drug delivery. Two different types of 

cyclodextrin-based supramolecular systems are discussed. 

Chapter 3 reports on the formation of poly(pseudo)rotaxanes of Pluronic® F127 with XCD and 

the subsequent supramolecular assemblies that lead to gel formation. The effect of the 

proportion of both components on the temperature-sensitiveness, the rheological properties and 

the vancomycin release behavior were studied. Furthermore, the syringeablility of the gels and 

the antibacterial activity were evaluated. 

Chapter 4 describes osteoinductive systems based on poloxamine-cyclodextrin-simvastatin 

supramolecular networks. The solubility and stability of simvastatin hydroxyl acid and the 

poly(pseudo)rotaxanes formation were analyzed. The cytocompatibility of the gels was tested in 

vitro on osteoblasts and applying the HET-CAM assay. Moreover, the proliferation and 

differentiation of mesenchymal stem cells into osteoblasts and the consequent alkaline 

phosphatase activity were evaluated in order to establish the osteogenic/osteoinductive activity 

of ternary poloxamine-cyclodextrin-simvastatin supramolecular systems.

In Chapter 5, an alternative strategy is present to design supramolecular gels based on X-

cyclodextrin-polymers (poly-XCD) and PEO-based copolymers. The synthesis of poly-XCD was 

optimized to render high molecular weight hydrosoluble polymers. The interactions with the 

copolymers were evaluated in detail by means of NMR and their incidence on vancomycin 

release characterized.

Finally, in Chapter 6, main findings of this thesis are summarized and suggestions are given to 

further development of supramolecular gels technology for in vivo applications. 



"���������
���� 
���� U
�

�

*�.�)"#")"%$"&��

a'b� #�	���8� �<i� #��/��:���8� �<i� ����
�0/�8� #<i� ��2��/���8� �<� .������� � ��
�?���	<�

�/���0�7���9��1�8�%&&U8�'&U=''A8�SUV?;T&%(<�

a%b� �33�78� d<�<[<i� ���1��/��:��8� �<�<�<i� ���J�	8� �<d<� ��7��37�� #6�	�
��;"������

��3	���7�0�7�	���76��	�8������������� ������������� ����	
��<�d�7�6;$�#�$�	7�
� �5#�\�

��<�c ��<8�%&&'8�';%@<�

a(b����2��;��7	�68�c<i�"	���9�7�8��<���������� ����� ���� ����������B����� 
����	��
��
� �	��<

�		������	<��	
���0�\�"����7�0�7�	��/�����	68�%&'(8�''=%A8�%'U;%(%<�

a?b� ����8� �<i� �/��8�  <i� [���
8� �<� C�������	� �� @��� ��� ���� ����� �� ����
���� ������� �
�

��	���	�����		������� 
������
�<���76��	��/�����	68�%&'(8�?=TA8�'V((;'V?S<�

aSb� ����8� #<[<i� [��
8�d<�<�.������� � 	�������� ����� 	�	
��	� ��� ����� ��������<� [��	��7� �4�

����	��7���/�����	68�%&'&8�%&=%A8�%'';%%%<�

aTb������	�8�c<�<�'���	
�����
���� � ����?
���� �����?�	����	���
���<��/���0�7���9��1�8�'UUV8�

UV=SA8�'(%S;'(S@<�

aVb�"	�1���	8��<�<i���4�����8��<��� ����?
���	��	������� ��
� ���	�������+��	<���9��0����	�
�

��7�9�	6���9��1�8�%&&V8�SU=VA8�T?S;TTT<�

a@b��:�J�7�8�[<�!�
���� 
��������������������������� � ����?
���� ����	
��<��/���0�7���9��1�8�

'UU@8�U@=SA8�'V?(;'VS?<�

aUb� ��8� [<i� ��/8� �<[<��� ����?
���<��	��� 	�������� ����� �� ��
� 
���	D� 	��
��	�	:� 	
�� 
���	:�

��������� �
���	� �������������������������<���9��0����	�
���7�9�	6���9��1�8�%&&@8�T&=UA8�

'&&&;'&'V<�

a'&b�c�1�5���8��<i�c������8��<i�����
�0/�8��<i����8�<�6��������
����������� � ����	���
��

E< � ����?
����  ���
��  ��
����
���� 
�� 	�������� ����� ��
���@� ����
���<� ��0	���7�0�7��8�

%&&V8�?&=?A8�'&'';'&'V<�

a''b� #�	���8� �<i� c���0/�8� �<� ������?� ����
���� ��
����� ����>�
������� ��� ��=� ���� F<

 � ����?
���<���0	���7�0�7��8�'UU&8�%(='&A8�%@%';%@%(<�



'&� � ����
���A
�

�

a'%b�����77�8��<�<�&���	
�� 
���������� �� 
������+�����������	���
�� � ����?
���	<���76��	8�

%&&@8�?U=VA8�'V%S;'V(T<�

a'(b� ��8� [<i� �8� �<i� ����
8� c<� 6�� @<	��� 
��� ���� ����� �� ����
���� ���� ����
���� ��

�����	������
�?���	� ��
����� ����>���������� �?���=<����>�
������� �?���=<����>����������

�?���=� 
����� @�  ��������	� ���� F< � ����?
���<� ��
�1������ �/����� ����	�������7� �������8�

%&&(8�?%='A8�TU;V%<�

a'?b� �/��8� �<�<i� c��8� �<d<i� �/��
8� !<�<� ���
��	�	� �� 
��� ������ G�������� � ������� 	
���

�������	�����
������� ��	���� �����?�	���
�� � ����?
���	<���0	���7�0�7��8�%&&S8�(@=@A8�(&UU;

('&V<�

a'Sb�d��:8�  <i� #��8� "<#<i� ��77�	8� �<��� ����?
���� ��
�?���	� ���� ������
�?���	<� �/���0�7�

��9��1�8�%&&T8�'&T=(A8�V@%;@'V<�

a'Tb� ��8� [<i� ��8� �<i� �/��8� �<i� �8� �<i� ����
8� c<d<� )����
���� �� 	�������� ����� ��������	�

���� ��� ��� �� ��	����  �����?�
���� ��
����� .������ � ���� F< � ����?
���<� ��0	���7�0�7��8�

%&&'8�(?=%'A8�V%(T;V%(V<�

a'Vb�  �	�	����8� �<�<i� �/��8� �<i� ������8� [<i� "�02/��8� #<d<i"�02��778� �< <� ��7��� ��07������

0��37�B��� �4� X;0607���B�	��� ���� 3�	�����	����� 3�76=�B6��/67���A<� ��0	���7�0�7��8� %&&S8�

(@=TA8�%%T';%%V&<�

a'@b�d��8�#<i���8�#<i��/��
8��<i����8��<i�#��8��<i�!��
8��<����
��	�	����� ���� 
���+�
������


�����	��	�
���� ���� 	�������� ����� 	
�� 
����� ��������	<� ��0	���7�0�7��8� %&&S8� (@=%'A8�

@@((;@@(U<�

a'Ub� ���8� c<�<i� �/��
8� �<i� ��8� [<� ��������� ����� ��������	� ��	��� ���  � ����?
���<��������

�����	������
�?���	D� ��
�����	� ��	���� ���� ��������� ������
��	<� ��4�� �����	8� %&''8� V=%?A8�

''%U&;''%UV<�

a%&b���8� [<����<�		������� 	�������� �������������	���	�������������< � ����?
���� �� ��	����

 �����?�	�����������������<�� ����������	��7��%&'&8�%=(A8�''%;''@<�

a%'b� ��8� [<i� �/��8� !<i� ��8� [<�.�����
�?���	� ��� ����� �
���	� ��� ���� 	 ��� �� �������
� �������<�

�337������0	�5��7�
6�����"����0/��7�
68�%&''8�U&=%A8�?%V;??(<�



"���������
���� 
���� ''
�

�

a%%b� ��8� �<i� ���	�
���8� [<i� �����8� #<� !�7� 
����� ���� �������������� ��������	D� ����
���:�

����������
���� ���� ������� ��� ����� �
���	<� �/���0�7� ��0���6� ��9��1�8� %&'%8� ?'=TA8� %'U(;

%%%'<�

a%(b� #�
��/�8� �<i� ��J���8� �<i� ����6���8� c<i� �	���8� #<� �� ����?
���G����>�
������� ��� ��=�

�����	������
�?������������	��	��������	����	�	
�����<�����	��	�	
��������	�+���<�[��	��7��4�

�/�	��0����0�7��0���0��8�%&'%8�'&'=@A8�%@U';%@UU<�

a%?b� �/��0/��8��<�<�.������� 	 ����	� ��� �����
�����	� ����� �
���	<���0	���7�0�7��8� %&&U8�

?(=%A8�S@';SU'<�

a%Sb�$���$7��	5�	
/�8��<i���5	��78��<i��0/�0/�8��<�6���������<��	�����������	��	�	 ����	����


�		�������������������� �
���	D���������<�"����0	���7�0�7��8�%&''8�'%=SA8�'(@V;'?&@<�

a%Tb� ���8� �<�<i� #���
8� "<[<i� c�7�:8� �<�<i� ��	8� �<i� �10��58� �<[<i� ���028� �<�<i� �/�/8� �<<i�

���338��<�<�6���� ��������
������
�� ������	��6�.<H��������������������
� � 	�������� �����

��������	���
���� ��������	 ����	<�"������	��7�8�%&'(8�(?=%A8�?S%;?SU<�

a%Vb����8��<#<i��/��8�#<���
�� �	�����	 ����	������������������� 
�������� ���	�������������

 ��
������
�		��������������<���9��0����	�
���7�9�	6���9��1�8�%&&V8�SU=?jSA8�((U;(SU<�

a%@b���02/�����	8��<"<i��0/�����	�8�[<i�����	8��< <i�c����78��<�!��	�
��������������
����������

���������	�	
��	D������������<���	�3����[��	��7��4��/�	��0����0������"��3/�	��0����0�8�%&&?8�

S@=%A8�??S;?SS<�

a%Ub�c	��7�18�[<�<i�c7����8��<i���2��8��< <�!�7� 
�������
�� �	�����	 ����	������������������

���
�		��������������<���9��0����	�
���7�9�	6���9��1�8�%&&V8�SU=?;SA8�%T(;%V(<�

a(&b�$��������8��<�<i����	�8� <i�#�����28�d<�<�!��	�
������������������	���������� ��
� ���

����������� �������� �
���	<�����	�������7�[��	��7��4��/�	��0����0�8�%&&@8�(SS='j%A8�';'@<�

a('b�#�8��<i�c��8��<d<i����8��<�<� !�� 	�
����������	
�����<	��	�
������� @� �����������������	�

����������������<�[��	��7��4�����	�77�����7����8�%&&@8�'%V=(A8�'@U;%&V<�

a(%b��8��<i��/��
8��<i���8�[<���������� �������������	���	������	��<�		��������
�����.%(<

..(<.%(� 
����� @�  ��������	�����F< � ����?
���<� [��	��7��4�"������0�7�����	��7�������	0/�

��	���8�%&&U8�@@�=?A8�'&(';'&(T<�



'%� � ����
���A
�

�

a((b�$��������8��<�<i�9��������5�	
��8��<[<i���������8��<�<i�9������	��8��<!<i�#�����28�

d<�<����<����������������	���	����������	�
���� ���������?
������ ��	�����	<�"������	��7�8�

%&&S8�%T='?A8�%'%U;%'(S<�

a(?b� ������448� [<�<i� ��2��8� �< <� !�7� 
����� �������������� ��
�����	� ��� ��
������ � 
�		���

�����������<�"������	��7�8�%&&&8�%'=%(A8�%?&S;%?'%<�

a(Sb���1��8��<�<i���8��<i���
8�c<id�8�"<8�%�������� �� ��
	� �������� 
�		��������������8� ���

��		������3�0�������9�7�3�����7�"��7�
6<�%&&S8��0�����0��	���<�3<�%(U;%@S<�

a(Tb����/8��<i�#��0/�����8�"<c<i���7�9	��8��<i����9���9�08��<$<�#� ��	
�� 
�������	
�������
�	�

��� 
	<�������	������7����0���	
�	68�%&&U8�%(=%A8�'&@;''@<�

a(Vb���18��<�<i�d�7�9�
�78�!<�<�(	
�������
�	<��/�����0��8�%&&?8�(T?=U?('A8�(TU;(VU<�

a(@b� �	��3�:8� �<i� d����	8� �<!<� !�� 
���	� �		� ��
��� ��
�� ��
������ � ������
	<� ��		����

�3�����������4�0��������������8�%&&T8�'U=?A8�(?U;(ST<�

a(Ub��	�5��8��<i������8�$<i��	��3�:8��<�'���
���
������ 
�����
������������
	<�[��	��7��4�"����

\�[�������	
�	68�"	����/�$�7���8�%&&S8�@V;"=%A8�%?U;%ST<�

a?&b���6�	8� [<�<i� !�728��<!<i�c�7768��<�<i� �/�9�768� [<�<i�d��/	�18��<[<i���	��778�d<�<i�c	�778�

�<[<i������73/8��<d<i�������
8��<�<�.������
�������������
��� ���� 
���+�
���������
��� ��<

��������
��� �������������� ����	� 	��
����� ��� 
���
���
� �� �	
�������
�	<� [��	��7� �4�

�/�	��0����0�7��0���0��8�'UU@8�@V=UA8�''?U;''S?<�

a?'b�  ���7��8� �<i� "	�5�0/8�  <�<� '��� 
���
���
� ��  ����� � �	
�������
�	� ��
�� �� ��������������

��
����
� <��������
���������
<�[��	��7��4��	��3/����0���	
�	6�%&&%8�'&='A8�S(;T&<�

a?%b� c7���8� �<�<i� 9��� ��	� ���8� #<�<i� "���0/�	8� #<[<i� ���8� �<� 6������������� �	� ���<

����������������
����
� �������������� �	� ��� 
��� 
���
���
����	
�������
�	<��B3�	���3���������

�	�
���7�9�	68�%&'(8�'&=(A8�(?';(S'<�

a?(b��/��
8�d<i��5�2�1�8�#<i��	��7��8��<[<i�c�5��8��<"<i�$�0����8� [<�<i���7�028� �<�<�'�		���

������������������
��
�<����� ��	
�� 
	<����/���8�%&&U8�?V=%A8�'%%;'%@<�



"���������
���� 
���� '(
�

�

a??b�Y��
8�d<i� ���
;���
8� �<i� ���8� <i� ���8��<�'��� �	
������ � 	
���� �� 
�		��� ������������

����� ��
�� 6�.<H� ���� 6�.<I� ����<�������� ��
� �����	�<�������� 	
���  ���<� [��	��7� �4�

"������0��������"����0/��7�
68�%&'%8�%&'%8�V<�

a?Sb��7����8��<i���/����8��<�%� 
���6�.<H�����6�.<I����������	���������?
������6�.<

HG6�.<I� ���������	� ��� �	
�����	
� ����	���� ���� ����
�� ���������  ��
���� ��� ��  ��������

	 ����<�"������0�7�����	��7�8�%&&@8�(='A8�&'S&&@<�

a?Tb� [���
8� [<i� !��8� �<�<i� ���
8� "<!<� %?�������
���  ��	
�� 
���� �� 6�.<H� ���� *%")� �����

�������� 
�		��� ������������ ����� ��� ��
��<� ����	�������7� [��	��7� �4���7�0�7�	� �0���0��8� %&''8�

'%=(A8�'V??;'VSS<�

a?Vb� �
�7�8��<i���9��8��<�<i�!��7����	;��77��
8��<�<i� �����8�!<#<i�������68��<d<i��7�����;

��9��8� �<�<����������	� 6�.<H� ���� ��� �	
������	�	� ���  ������
���� ��
��  ��������  ������	<�

"������	��7�8�%&&V8�%@=(&A8�??TU;??VU<�

a?@b��	��57�/�7��8��<�<�����������<�����
��������
���	�������������������<�d�������3��	�

������
���	�����8�%&&&8�@=TA8�?T&;?V%<�

a?Ub� ��8� c<d<#<i� ��/�8� c<�<i� c��8� #<�<i� ���	��0��8� �<�<� '��� ����� �� 	����� ���� ���	� ���

��	 ���	@���
�����������
���<���
���	���9������0���8�%&'%8�V=?A8�S(S;S?U<�

aS&b� ��6;��0�8� �<i� ��79�8� �<i� ���0��	�8� [<i� ���0/��	�8� �<i� �79�	�:;��	��:�8� �<�(	
������ �

�� ��� �������	�
��������������?������	�	
��	���
��������
���
����������������
� ����
���<H<�

��	�3������77����������	��7�8�%&''8�%'8�('V;(?&<�

aS'b�  �
7��7��8� "<[<i� ��5�	8� �<�<i� ��7����8� �<i� [�0�5�8� �<�<� ��
���?���� 
������� ���

�
������ �  ����	
�������
�	D���������<��7���0�7���4�0��������������8�%&&&8�(&='A8�%&S;%&V<�

aS%b� #�	����8� �<�<i� #�����8� �<i� ���2�	���	�6����8� [<i� �����	8� [<�<i� !7�	��0�8� �<�<i��338�

�<�<������ �����
 ���	�����������
�?� �
���		� ��
�����
����� ��� ���
������ �� ��
��
���	�

�������
���
���
�������<	��
������ 
���	<��B3�	���3����������	�
���4��68�%&'&8�U='A8�U;'?<�

aS(b��3�775�	
8�"<i���3�268�"<�<���	
��� ���
����
� �
���������� ����� ��	
�������
�	��������
	<�

�7���0�7���4�0��������������8�%&'%8�S?=(A8�(U(;?&V<�



'?� � ����
���A
�

�

aS?b� ���8� �<i� 9��� ��� "�7�8� #<i� 9��� #�	�8� [<�<i� 9��� ��	����8� #<�<i� "���0/�	8� #<[<�#�	������

���
��� ��<�����	�� ���� ��
����
� <������� ������
�����
�� ����
�� ����	� �
��� J� ����	� ��

������
�
���<�"������	��7�8�%&&(8�%?='&A8�'@%U;'@('<�

aSSb� ���
8� c<�<i� �/��8� �<!<i� �/�8� �<�<i� ��8� �<�<i� #��8� d<#<i� #��8� �<d<d<i� �/��
8� �<[<�

'���
���
� �� �	
�������
�	� ��
�� 
�� �������<�� ��	���
��� �������������� 
�����	��	�
����

����������������
� ��	<�"������	��7�8�%&'&8�('='UA8�S%%V;S%(T<�

�

�

�



�

�

�

�

�

�

�

����
���H�
���� ��"������!;�����"���������������

 ����!������ �����$����

�
�

�

�

�

�

�

�

�

�

�

�

�



�

�

�

�

�

�

�



������������	��<�		������� � ����?
�������	������������������ 'V
�

� �

+�*�� &�)�$���

�/������
���4��6	��
��57��0607���B�	���=��A�
�7���������9�7�3��
��	�������/���	�
���7�9�	6�����

���������
����	��
�4��7��8����0���/�6��44�	��/��3����5�7��6��4�5���
����������	���1��/�������776�

��9���9�������9�	�����4�	����3�����/���0���	������4�	�3	�7��
������������/����37�������������<�

�1����44�	������3	���7�0�7�	��6������0���5���5��������B37�����
��/��0�3�5�7��6��4��������4�	��

��07������ 0��37�B��<� =�A� �/�� �/	�����
� �4� 4	��� ���� ��� 0�	����� 57�02�� �	� ����� 0/����� �4�

0�3�76��	�� 7����� ��� 3�763�����	���B����8� 1/�0/� 0��� �����576� 9��� 	�
�7�	� ���02��
� �4� �/��

�/	���������<��/��	���7����������57����0���5��	�9�	��57��5	�2�������	���0�	������/��	���	��������

	�4�	���� ��� 	���8� �B/�5����
� �/�B��	�36� �/��� ���57��� �/�� 47�1� �/	��
/� �/�� �6	��
�� ���� �/�� 
�7�

	�0�9�	6�����/����37�������������<�=��A�����
	�4�������3�76��	�0/�����0�����9�7�3��/��	��5�7��6����

4�	�� ��07������ 0��37�B��� 1��/� 0��37������	6� 
����� ��������� ��� ��/�	� 3�76��	�0� ��	�0��	��<�

�/��	���7�������7����	;��	�:�33�	;7�2���		��
�����8�1/�0/�0���5���7���5	�2�������	�4�	��������	�

0�	�������	����0���������<�"��/��63����4���;��3	���7�0�7�	�
�7��0���7�����������5�7�:����9�	���6�

�4��	�
��9�������	�0�����1��/��9��7�57��3�76��	�4��0�����7�
	��3���	�1��/��/�������/����	������

3�	��0�3����
� ��� ��/�	� 0��37�B��<���	��9�	8� ���0�� �/�� 0��37�B� 4�	������� ��3����� ��� 9�	�����

�B��	��7����� ����	��7�9�	��57����4� �/��5��68� �/���6	��
��57�����
�7��0����7���3	�9���������7�;

	��3����9�� �	�
� 	�7����<��/��� 	�9��1� 4�0����� ��� �/�� �1������� �63��� �4� �6	��
��57����� 
�7�8�

3	�3�	��� 9��� ��74;�

	�
������ �4� 3�76=3�����A	���B����� ���� 9��� :�33�	;7�2�� �����576� �4� ��;

4��0�����7�:��� ���� 
����;4��0�����7�:��� ��0	���7�0�7��8� ���� ���76:��� �/�� ��0/������� ����

9�	��57�����9�79�������/��
�77��
�3	�0�����������/�������	�0�����337�0�����������/���	�
���7�9�	6�

4��7�<�

�

�

�

�

�

�

�



'@� � ����
���H
�

�

+�+�&;)2%5"� !"�';3)�5"!&�

��9��0������0/�����	6��4�3�76��	��������9�7�0	���;7��2��
��33	��0/���/�9��7�������/��0�		����

�9��7�5�7��6��4���1����9�	���6��4��	0/���0��	�������0��3��������<�����/��7������0�����0/���0�776�

0	���;7��2������1�	2��/�9�����	�0����������	���������������5�0������4��/��3����5�7�������4�4���76�

�����
��/��	���0/���0�7�4����	���������
	�������>�	������3����	�������	��	����4�74�77��/����������

�4�4��7��������9�	��������7�	�4���	68���	��3�0��������	68���9�	�������7�	����������8��
	�0�7��	�8�

3�02�
��
8��������	68�3/�	��06����� ���������
����	��
�a'b<�#6�	�3/�7�0�0	���;7��2������1�	2�8�

������/6�	�
�7�8�/�9��5�����/�1��9�	6�0��9����������37��4�	���4�	�����4����	�7������4��	�
��

���� ��/�	� �0��9�� ��5����0��� a%;Sb<� �/�� ���;J��0������ =0	���;7��2�A� ����
� �/�� 3�76��	� 0/�����

	�
�7���� �/�� ���/� ��:�� �4� �/�� ���1�	28� ���� �/��� �/�� 4����5�7��6� �/��� �� ��7�0�7�� 0��� ��44����

�/	��
/� ��<���	��9�	8����0�� �/�����/����	�� 	�����76��	��	��8� �/����
	����4� ��	�����������7���

����	�������/����44������	���<��/�����;J��0������0���5��3�	��������	��	���57�i�����/���7����	�0���8�

�/�� 5����
	�������� 	���� 0���	�5����� ��� �/�� �	�
� 	�7����� 3����	�� ���<� ���������7768� 0/��
��� ���

���/���:���	�9���56��/��3�76��	��	��3����9����������/����0	���9�	�������0���5���B37�����������

1�6� ��� �0/��9�� ��� ���������7� 0���	�7� �4� �/�� 	�7����� 3	�4�7��� aT;@b<� �B0�77���� 	�9��1�� ��� �/��

�337�0������� �4� 0/���0�776� 0	���;7��2��� /6�	�
�7�� ��� �/�� 5������0�7� 4��7�� 0��� 5�� 4�����

�7��1/�	��aS8�U;''b<�

���3�����/������������
�4����	���	�3�	����4�	��/��0/���0�776�0	���;7��2������1�	2�8��/��4�0���/���

�/��0/������	��0�9�7���76�5���������0/���/�	���6�5�0�������	�15�02�4�	��/��	���������	������

����
� ������776� ��9���9�� �����9�	�<� ���3�	��� ��� 0��9�������7� 0/�	�	
�0�7� ��37���������

��0/��H���8� ��������	������ �/	��
/� �� �6	��
�� �77�1�� 37�0��
� �/�� 4�	��7������ ����� /�	�76�

�00����57�� ������ =��0/�����0�7�	� ��	�0��	��8� 5������4�0��8��	� ����	� �������A8�����576� 	���0�� �/��

	��2��4� ��4�0����������4�0�7��������3	��3�� 	�0�9�	6��4� �/��3������� a'%;'Tb<��6	��
��57�� �6������

�/���4�	����3�����57�����4�77���
�9����3�0������/��5��6�����	������������4�	�3	�7��
���������	��

3�	��0�7�	76����	�0��9���������0�������37����<��/	����������	���
����0���5��4�77�1��������9�7�3�

3�76��	;5������6	��
��57����3��� 4�	��7������8���� 4�77�1�� =!�
�	��%<'A<������33	��0/� =!�
�	��

%<'�A�0�������� ��� 4�	���
� �/��0�9�7���76�0	���;7��2������1�	2� ��� 	�
�� �4��	� �/�� ��J�0������4� �/��

3�76��	� 3	�0�	��	�8� ����76� ������	�� �	� �7�
���	�� 1��/� �/�� 0	���;7��2�	� �
���� ���� �/��

��������	�� �	� 0���76:�	�� �4� 3�76��	�:�����<� �/��� �/�� 0���� �4� /6�	�
�7�� 4�	���� 56�

3/���3�76��	�:������ �4� =���/A�0	67����� a'V;'Ub<� #�1�9�	8� �/�� 0���������� 4�	� �/�� 	��0����� ���

��2��37�0�������/��	���������	��0����������	�����1�77�����/��56;3	���0���
���	�������	��
��/��

3�76��	�:��������
/���44�0���/�����5�7��6�����5��7�
�0�7��0��9��6��4���0�3��7�����3/�	��0����0�7��



Syringeable self-assembled cyclodextrin gels for drug delivery 19

 

  

and the toxicity of the system [20-33]. The application of Michael addition reactions between 

thiols and acrylates or vinyl sulfones might notably improve the applicability of this approach 

[24-27]. First hydrogels prepared by Michael addition for pharmaceutical applications involved 

the reaction between multifunctional PEG acrylate and PEG dithiol or dithioerythritol (DTT) for 

sustained release of human growth hormone [24, 28, 29]. By using Michael addition, 

biomimetic scaffolds have been obtained by incorporation of thiol-bearing biomolecules, such 

as peptide sequences that can be cleaved by metalloproteinases (MMPs) secreted by the 

encapsulated cells [27] or thiol-modified hyaluronic acid degradable by the enzyme hyaluronase 

[30, 31]. The gelation and degradation time and the mechanical properties of the hydrogels and, 

consequently, the release rate of encapsulated hormones or growth factors and/or cell adhesion 

and survival can be finely tuned varying the degrees of substitution of the molecules bearing 

reactive groups [25, 32, 33].  

 

 

Figure 2.1. Three strategies useful to develop polymer-based syringeable depots formulations.  

 

The two other strategies (Figure 2.1b and 2.1c) to develop syringeable hydrogels rely on the use 

of polymers that can lead to physically cross-linked networks. One of them involves stimuli-

responsive polymers that, once in aqueous medium, can undergo phase transitions which are 

macroscopically evidenced as notable changes in the viscoelastic features of the dispersion [7, 

34-36]. Namely, these polymers modify their aggregation state as a function of pH, temperature, 
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Hydrogel formation results from the balance between the aggregation of CDs forming part of 

inclusion complexes with different polymer chains (i.e., polypseudorotaxane formation leads to 

polymer coacervation) and the hydration of hydrophilic polymer segments (which maintain the 

aggregates dispersed in solution) [45]. If the polymer chains are functionalized with grafted 

CDs or with small molecules suitable as guests for CD-dimers or polymers, hydrogels can be 

obtained by mixing with the complementary guest-polymer or CD-polymer, respectively, by 

means of a zipper mechanism (Figure 2.2c and 2.2d). 

 

 

Figure 2.2. Schematic representation of self-assembled cyclodextrin gels that rely on 

interactions of free CDs with polymer backbones (a) or grafted chains (b) to form 

poly(pseudo)rotaxanes that self-aggregate, or on CD-functionalized polymers (c) or small CD-

dimers (d) that interact with polymers bearing pendant guests suitable to form inclusion 

complexes, leading to zipper-like assemblies.  
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added at a low concentration (1%) an enhancement of nasal drug penetration was 

observed, but at higher concentrations (5-10%) nasal penetration diminished. 

(iii) the hindrance that free CDs can exert on the movement of the other diffusible 

species [6, 69-71];  

(iv) the interaction of CDs with the polymer chains, which makes the scenario to 

become more complex, with microdomains dense in polymer and CDs that can 

make the diffusion difficult (Figure 2.5) [70].  

 

 

 

Figure 2.5. Different states in which a CD can be found in a physically cross-linked hydrogel: 

(a) movable CD species; (b) poly(pseudo)rotaxanes with the threaded CDs interacting each 

other; and (c) CDs grafted to polymer chains acting as tie-junctions of other chains.  
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Figure 2.6. The structure of PPO–PEO–PPO triblock copolymer (A) and schematic 

representation of the structure of the αCD–PPO–PEO–PPO polypseudorotaxanes where the 

thinner middle PEO blocks form inclusion complex domains with αCD, while the flaking 

thicker PPO blocks are uncomplexed and remain amorphous (B). Reproduced from [88] with 

permission of Elsevier. 

 

In the particular case of designing syringeable gels, the concentrations of both the polymer and 

the CDs have to be adequately tuned to lead to a continuous network, instead of the assembled 

nanoaggregates (micelles, nanoparticles) that result from diluted systems [90]. When a 

concentrated aqueous solution of αCDs is mixed with PEG or PEO-block copolymers, the 

mixture rapidly becomes turbid. The cooperative threading of a number of αCDs molecules onto 

the hydrophilic polymeric chain causes the dehydration of the polymer chains, as pioneering 

observed by Harada and coworkers [44, 91]. The stoichiometry of the polypseudorotaxanes is 2 

EO units per one αCD, and the αCDs stack forming nanocylinders with a crystalline channel 

type structure in which PEG is included [91]. This process is entropically unfavorable, but 

enthalpically favorable due to hydrogen bond formation between αCDs that arrange head-to-

head and tail-to-tail along the nanocylinder, which points out the importance of the cooperative 

effects on the likelihood of polypseudorotaxane formation. The complex formation of PEG 

becomes faster as the polymer molecular weight increases up to 1000 Da, but beyond that 
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Figure 2.7. Structures of the complexes formed by Pluronic copolymers with αCD (a) and βCD 

(b). Adapted from [88] and [95] with permission of Elsevier. 

 

2.4.2 Applications 

Incorporation of labile active substances to polypseudorotaxane-based gels is notably facilitated 

by the mild conditions under which the gels are prepared. For example, insulin has been shown 

to remain stable when encapsulated in αCD or γCD-PEG gels [97]. Moreover, pegylated-insulin 

forms polypseudorotaxanes with αCD or γCD in a similar manner as PEG does, and the 

resulting gels can sustain the release of the peptide hormone [98, 99]. To avoid pegylation of the 

protein, the gels can be formed by adding CDs to PEG/insulin solutions (100 mg PEG and 5.74 

mg insulin per mL, 0.5 mL). αCDs (145 mg/mL, 3.35 mL) rendered gels in less than one hour, 

while γCDs (232 mg/mL, 2.23 mL) required 12 hours [97]. Freeze-dried αCD and γCD gels 

rapidly swelled in water up to about 3.6 and 1.3 times their mass, respectively, and sustained 

insulin release in PBS pH 7.4 for several hours. Subcutaneous administration of the gels to rats 

evidenced more marked decrease in glucose serum concentration and more prolonged insulin 

levels, compared to the insulin solution formulation (Figure 2.8). The area under the serum 

insulin level-time plot was significantly increased, compared to that of insulin alone, suggesting 

that the potential use of the gels as an injectable sustained release system for insulin.  

Hydrophobic interactions Self-assemblySelf -assembly

PEO PPO PEO

Self -assembly

PEO PPO PEO

= αCD = βCD

(a) (b)
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Figure 2.8. Serum levels of insulin after subcutaneous administration to rats of an insulin 

solution and an insulin/�CD-PEG gel formulation. The insulin gel was diluted with 232 mg/mL 

�CD solution. Each point represents the mean ± S.E. of nine experiments (*p < 0.05 versus 

insulin). Reproduced from [97] with permission of Elsevier.

In the case of the temperature-sensitive PEO/PPO block copolymers, notable changes of the sol-

gel transition temperature and of the viscoelasticity of the gel phase may occur after the addition 

of CDs [91, 100, 101]. PEO-PPO-PEO form gels at 37 ºC, but the relatively high concentrations 

required can lead to safety concerns [102, 103]. Thus, approaches for increasing gel strength 

while reducing Pluronic concentration should render safer systems with improved drug release 

��	4�	���0�<��/	�����
��4�X������� the PEO blocks largely changes the hydrophobicity of the 

copolymer and significantly lowers its gelation concentration, as observed for PEO-poly[(R)-3-

hydroxybutyrate](PHB)-PEO block copolymers [104]. For example, incorporation 5% 1>9�X���

to 6.5% w/v Pluronic F127 (EO100PO69EO100) can form a supramolecular gel in few hours, but 

��0	�����
� �/�� 0��0���	������ �4� �7�	���0� ���� X��8� �/�� 
�7� 0��� ��� ��������� ��� 4�1� ��������

(Figure 2.9). Besides the associations between the polypseudorotaxanes of complexed PEO 

blocks, the hydrophobic interaction between the PPO blocks (Figure 2.7) also play a role in the 

formation and stability of the gels [93]. In fact, gels prepared with 13% w/v Pluronic F127 

showed temperature-responsive viscoelasticity and thixotropy and were able to sustain the 
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release of vancomycin for several days, a drug that does not interact with αCD nor with the 

copolymer. These gels, which could be easily drawn from 1 mL syringes, were active against 

Staphylococcus aureus in in vitro cultures and thus promising as depots for the local treatment 

of infections. Gels formed adding αCD to EO10PO44EO10 were able to slowly release bovine 

serum albumin (BSA) for one week, while those prepared from EO113PO57EO113, 

EO13PO30EO13, EO11PO16EO11, and EO76PO30EO76, resulted to be too unstable for long-term 

sustained delivery [88]. 

 

(a)

 

(b) 

 

0 1 2 3 4 5 6

0

1

2

3

4

5

6

7
 

V
a
n

c
o

m
y
c
in

 (
m

g
/c

m
3
)

Time (days)

 P-6.5-0

 P-13-0

 P-20-0

 P-6.5-9.7

 P-13-9.7

 P-20-9.7

 

Figure 2.9. Appearance of Pluronic (6.5, 13 and 20%) with 9.7% αCD gels in the first minutes 

after preparation (a), and vancomycin released at 37 ºC from Pluronic formulations prepared 

with or without 9.7% αCD (b). Adapted from [93] with permission of Elsevier. 

 

An injectable antitumor formulation has been prepared with Pluronic F127 bearing heparin 

conjugated to some PEO blocks. The copolymer self-associated as micelles able to host 

camptothecin (antitumoral drug) in the cores and granulocyte colony-stimulating factor (G-CSF; 

an hematopoietic growth factor) bound to the heparin moieties. Then, an aqueous solution of 

αCD (5-7 wt.%) was added to the micelles dispersion (5 wt.%) to induce supramolecular 

gelation, co-encapsulating both active substances (Figure 2.10). The gels were formed in few 

minutes and released both active substances in a sustained way for several weeks, preserving its 
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therapeutic activity [105]. Using a similar strategy, doxorubicin hydrochloride was solubilized 

in cinnamic acid hydrophobically-modified methoxy-PEG micelles and subsequently gels were 

formed by incorporation of αCD [106]. As mentioned above (Figure 2.6), αCDs can also form 

supramolecular aggregates with reverse Pluronic 10R5 (PPO8-PEO22-PPO8) block copolymer, 

resulting in gels with a wide range of viscosities [95].  

 

 

Figure 2.10. Formation of a supramolecular hydrogel/micelle composite from αCD and CPT-

loaded Hep-F-127 micelle/G-CSF complexes in an aqueous system. Reproduced from [105] 

with permission of the Royal Society of Chemistry.  

 

Differently to the effects observed for αCD, polypseudorotaxanes of PEO-PPO-PEO with βCD 

usually lead to poorly soluble aggregates [95]. Gel formation can be regulated by tuning the 

solubility and the crystallization process of the threaded βCDs [107]. For example, mixing equal 

amounts of a reverse Pluronic PEO-PPO-PEO with βCD in water at 25 ºC has been shown to 

result in weak gels formed by loosely aggregated and heterogeneously distributed particles and 

some circular structures having thick walls and cavities, which may represent insolubilized βCD 

particles covered with reverse Pluronic (Figure 2.11a and 2.11d). Incubation at 65 ºC enhanced 

βCD solubility and thus promoted polypseudorotaxanes formation, resulting in slightly more 

uniform and viscous gels (Figure 2.11b and 2.11e). Incorporation of citric acid to βCD enabled 

a complete solubilization of this CD, which became to perform as the αCD. Citric acid altered 

hydrogen bonding in the βCD, increasing the solubility and thus the amount of βCD available 

for forming complexes. Nevertheless, the alteration of the hydrogen bonds diminished the gel 
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formation rhate. Thus, citric acid partially restricted polypseudorotaxanes crystallization, which 

resulted in a fine, net-like gel structure (Figure 2.11c and 2.11f) with higher gel strength, 

thixotropy and stability [107].  

 

 

Figure 2.11. SEM micropictures of freeze-fractured cross-sections of the βCD/reverse Pluronic 

polypseudorotaxane gels prepared in water at 25 ºC (a and d), in water at 65 ºC (b and e), or in 

citric acid solution (140 mg/mL) at 25 ºC (c and f). Reproduced from [107] with permission of 

Elsevier. 

 

Incorporation of hydrophilic derivatives of βCD to PEO-PPO-PEO solutions makes the 

copolymer more hydrophilic, raises the critical micellar concentration and decreases the number 

of micelles and CD cavities available to host drug molecules. This results in a lower ability to 

solubilize hydrophobic drugs in the micelles and also in the CDs. For example, addition of 5 

wt.% HP-βCD or randomly methylated-βCD increased by 4-6 ºC or up to 15 ºC, respectively, 

the gelation temperature of 15 wt.% Pluronic F127 solutions, and significantly decreased G′ 

(storage) and G″(loss) moduli of the gels [94]. Recently, Artificial Neural Networks (ANNs) 

modeling has been demonstrated to be an useful tool for designing injectable intratumoral 

formulations of the anticancer drug β-lapachone [108]. The modeling required first the 
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volume of release medium also affected to the release, as the dethreading of CDs from 

polypseudorotaxanes became faster as the volume of the medium increased. Overall, these 

findings point out PEG-αCD-dendrimer polypseudorotaxanes as suitable non-viral vectors for 

delayed and sustained gene expression in vivo [111]. 

 

 

 
Figure 2.12. Structure of a PEG-αCD-dendrimer and scheme of crystal packing structures of 

αCD (A) and γCD (B) poly(pseudo)rotaxanes. Reproduced from [111] with permission of 

Elsevier. 
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2.5 POLY-CDS AS GELLIG AGETS: Zipper-like structures 

2.5.1 Gel mechanism 

Formation of CD hydrogels by means of zipper-like junctions requires starting from oligomers 

or polymers containing many CD units. Linear and branched CD polymers can be prepared in 

different ways (Figure 2.13) [112]: (1) grafting of CDs to preformed polymers [113]; (2) cross-

linking of CDs with bi- or multifunctional reagents, such as epichlorohydrin, biepoxides and 

diisocyanates [114-116]; and (3) polymerization of monomer derivatives of CDs bearing 

reactive double bonds (e.g. acrylic substituted CD) suitable for reaction with other acrylic/vinyl 

monomers [117]. The CD polymers preserve the capability of CDs to form inclusion complexes, 

which may be even enhanced due to cooperative effects [65]. 

 

 

Figure 2.13. Structures of CD polymers obtained by grafting (immobilized CD), polymerization 

(chain CD polymer) or cross-linking reactions (network CD polymer). Adapted from [112] with 

permission of Elsevier.  

 

The zipper mechanism is based on the host-guest complexes that can be formed when CD 

oligomers or polymers enter into contact with multifunctional guests or polymers bearing guest 

moieties (Figure 2.2c and 2.2d). The CDs recognize the guest moieties and form complexes that 
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shaped PEG (PEG8). The 8-arm polymer-based mixtures yielded tight viscoelastic networks, but 

their storage and loss moduli significantly deviated from those predicted by the Maxwell model. 

The βCD/cholesterol hydrogels were thermoreversible, showing viscoelastic behavior at low 

temperature, but liquid-like behavior when heated due to a reduced number of complexes and 

concomitant faster chain relaxation processes [129].  

 

 

Figure 2.14. Variation of the viscosity of solutions of adamantine-grafted chitosan 10 (2.5-3 

g/L in acetate buffer at 25 °C) as a function of the [CD]/[adamantine] ratio; i.e., increasing the 

concentration of βCD tetramer 7 (◆), hydrophobic βCD dimer 8 (○) and hydrophilic βCD 

dimer 9 (■). Adapted from [128] with permission of the Royal Society of Chemistry. 

 

2.5.2 Applications 

Poly-βCDs spontaneously self-assembled with dextran chains bearing grafted alkyl side 

moieties and formed gels for sustained drug release (Figure 2.15). The βCD polymer was 

obtained by means of cross-linking with epichlorohydrin, with a final content in βCDs of ca. 

70% [130]. Mixing aqueous solutions of poly-βCDs with lauryl-grafted dextran (4% degree of 

substitution) at 2.5-7.5 wt.% led to an instantaneous phase separation. The gel phase settled in 

the bottom of the vial was very rich in both polymers. Gels formed with 50% in each polymer, 
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Figure 2.15. Schematic representation of the formation of MD-pβCD gels (a) and photographs 

after 5 seconds to mixing of two polymeric aqueous solutions of a hydrophobically modified 

dextran by grafting alkyl side chains (MD) and a β-cyclodextrin polymer (pβCD) (b). Some 

alkyl chains of MD are complexed into CD cavities of the pβCD, leaving also free CDs for the 

inclusion of hydrophobic drugs. Reproduced from [131] with permission of John Wiley and 

Sons. 

 

Stimuli-responsive supramolecular assemblies have been prepared from series of α- and βCD-

conjugated poly(3-lysine)s (CDPLs) that served as host molecules for polyfunctional guest 

moieties containing hydrophobic and anionic groups [135]. Inclusion complexes and 

intermolecular ionic interactions determined a fast aggregation; e.g., within 100 ms in the case 

of βCDPL and 3-trimethylsilylpropionic acid (TPA). This rapidly assembling system shows a 

clear dependence on pH and temperature, which significantly affect the gelling of the 

supramolecular structure (Figure 2.16). At low pH, each TPA can simultaneously interact with 

two CDs, but repulsive interactions between cationic amino groups of poly(3-lysine)s prevent 

intermolecular aggregation and the systems remain as transparent solutions. In the pH region 

5.0-8.0 inclusion complexes and ionic attractions between the cationic groups of CDPLs and the 

anionic end-groups of TPAs occur and a gel is formed. At more alkaline conditions, the poly(3-

lysine) backbone becomes neutral, the repulsive ionic interactions between negative carboxylate 

groups of TPAs prevent aggregation, and solutions are again transparent. These systems also 

showed temperature- and surfactant-responsiveness [136]. Glucose- and redox-sensitivity have 
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been attained with supramolecular gels that combine βCD-grafted alginate with ferrocene-

modified Pluronic F127 [137].   

 

 

Figure 2.16. pH-reversible properties of a supramolecular assembly based on specific host–

guest complexes between βCD-conjugated poly(3-lysine)s (CDPL) and 3-

trimethylsilylpropionic acid (TPA) molecules: intermolecular interactions among hydrophobic 

TPA molecules and cationic repulsive interactions between amino groups (a), supramolecular 

aggregation via cooperative intermolecular interactions between amino groups along PL chain 

and carboxyl groups of TPA (b), and anionic repulsive interactions between charged carboxyl 

groups of TPA (c). Reprinted with permission from [136]. Copyright 2005 American Chemical 

Society. 

 

Hybrids of single-walled carbon nanotubes (SWNTs) and cyclodextrins have been explored as 

chemically-responsive hydrogels [138]. Water soluble SWNTs were prepared by chemical 

adsorption of pyrene-modified βCDs. The surface of the hybrids was thus decorated with empty 

βCDs available to form inclusion complexes with a variety of guests (Figure 2.17). When 

poly(acrylic acid) carrying 2 mol% of dodecyl groups was added, host-guest interaction 



Syringeable self-assembled cyclodextrin gels for drug delivery 43

 

  

occurred with the participation of βCDs from various SWNTs and a gel was rapidly formed. 

Adding competitive guests (sodium adamantane) or hosts (αCDs), the gel transformed again in a 

solution. This approach may open novel applications of SWNTs in the biomedical field. 

 

 

Figure 2.17. Hybrids of single-walled carbon nanotubes (SWNTs) and β-cyclodextrins (βCDs) 

were formed by π-π interaction between pyrene modified βCDs and SWNTs. A chemically-

responsive supramolecular SWNT hydrogel was obtained when poly(acrylic acid) carrying 

dodecyl groups was added and host-guest interactions occurred. Competitive interactions with 

sodium adamantane or αCDs reverted the system to the sol state. Reproduced from [138]. 

Copyright 2007 American Chemical Society. 

 

Photoresponsive gels have been prepared using CD-covered silica particles. Mesoporous silica 

particles (Si-MPs) provide a rigid framework with a porous reservoir that can encapsulate a 

large amount of guest molecules and, if adequate gates are inserted, they can exert a precise 

control of drug release [139]. CD-covered Si-MPs were designed to host calcein, to have 

photocleavable linkers and CDs as gatekeepers, and to form host-guest gels that exhibit 

photoresponsive release characteristics [139]. The particles can release their content under UV 

irradiation. Addition of six-arm PEGs with dodecyl end groups triggered gel formation via host-

guest interactions with the CDs covering the Si-MPs. As shown above, the gel reverted to a 

solution when αCDs were added to the medium. The CD-covered Si-MPs may be suitable 
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makes the immersion of EO units in the subphase more favorable. Further compression caused a 

rapid increase in pressure since the movement of PPO block becomes restricted. It has been 

reported that, in the absence of cyclodextrin, PEO chains in the subphase are in helicoidal 

conformation and entangle with those of neighbor copolymer molecules [45].
 
In the presence of 

αCD, the PEO chains may be partially inserted in the CD cavities, adopting a more linear 

conformation. The αCD units of adjacent PEO chains are responsible for the interaction in the 

subphase. Similar profiles were recorded for the two αCD concentrations tested in the subphase, 

which indicates that in both cases the interface and the subphase contains sufficient αCD 

molecules for interacting with Pluronic F127. Furthermore, the profiles were also similar to 

those recorded when the Pluronic F127-αCD mixture was deposited on water surface. By 

contrasts, they were quite different to those recorded using the same concentrations of βCD 

derivatives in the subphase. Hydroxypropyl-βCD and methyl-βCD caused more marked changes 

in the isotherms, probably because they interact with the PPO block, which is the main 

responsible for the changes observed when the area is stretched [28].  

 

 

Figure 3.1. π-A isotherms recorded for Pluronic F127 on water (a) or on the αCD solutions (b) 

and for the αCD solutions used as subphase (c). 
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Figure 3.6. Gel appearance of Pluronic-αCD formulations after two months of storage at 4 ºC. 
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3.4.3 Syringeability and viscoelasticity

Pluronic-�CD formulations stored for 8 days at 4 ºC were easily drawn from 1-mL syringes 

(Table 3.2). The work required for moving the plunger at a constant rate was quite similar to 

that required in the case of an empty syringe 14.20 (SD 1.59) N·mm. Only 6.5% Pluronic F127-

U<Vn�X��� �6����8� �<�<8� �/�� ����1��/� �/�� 7�	
���� X��W�����7�	� 	����� =&<&UVA8� �44�	��� /�
/�	�

resistance to flow, although the value was still low and in the range that can be considered 

easily syringeable.

Table 3.2. Mean values of work (N·mm) required to draw the formulations from 1-mL syringes 

and the respective standard deviations, indicated in parenthesis.

X���=n w/v)
Pluronic (% w/v)

6.5 13 20

0 11.61 (1.14) 13.27 (1.86) 11.31 (1.78)

2.5 13.95 (0.89) 11.12 (0.58) 8.74 (2.14)

5 9.96 (1.43) 16.00 (1.06) 11.08 (1.03)

7 15.74 (0.22) 10.80 (0.66) 7.71 (0.77)

9.7 22.73 (0.01) 9.93 (1.50) 9.95 (0.58)

Viscoelastic behavior of the Pluronic-X���4�	��7�������0��������
�9��0��60���1����9�7������

after being stored at 4 ºC for 5 days (Figure 3.7). 6.5% Pluronic F127 aqueous dispersions 

behaved as Newtonian fluids; the storage modulus (G_) being negligible at any temperature 

������<� ��0�	��	������ �4� %<Sn�X��� =X��W�����7�	� 	����� &<&%SA� ���� ���� �7��	� �/�� 	/��7�
�0�7�

�	�4�7�<� "6� 0���	���8� ��������� �4� X��� ��� Sn� =X��W��� ��7�	� 	����� &<&S&A� 0������ �/��

formulations to become structured gels with storage modulus above the loss modulus; the values 

of both moduli being practically independent of the angular frequency at any temperature tested. 

!�	�/�	���0	��������X���0��0���	������=X��W�����7�	�	������&<&V&�����&<&UVA�7�������7���������

order of magnitude increase in G_ and G`. No noticeable effect of the temperature on the 

viscoelastic parameters was recorded, which can be related to the fact that 6.5% Pluronic 

concentration is far from the concentration required for temperature-induced gelling. 
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P-13-0 (-) P-13-0-vanc (18 mm) P-13-5 (-) P-13-5-vanc (23 mm) 

  

P-13-7 (-) P-13-7-vanc (30 mm) P-6.5-7 (-) P-6.5-7-vanc (22 mm) 

  

Figure 3.12. Culture plates after incubation for 24 h at 37 ºC, showing zones of inhibition for 

Staphylococcus aureus. 

 

3.5 COCLUSIOS  

Combination of Pluronic F127 with αCD results in supramolecular systems that behave as 

viscoelastic but syringeable gels when the concentration of αCD is equals to or above 5%. This 

enables the decrease of Pluronic concentration up to 6.5% while keeping high storage and loss 

moduli. A strong dependence of the gel rate formation and physical stability on the 

Pluronic:αCD molar ratio and storage temperature was observed. Pluronic F127-αCD systems 

containing 6.5% copolymer and 5% or more αCD at 20 ºC were the most physically stable, 

while the minimum Pluronic F127 concentration that provides thixotropy and temperature-

responsiveness was 13%. All gels sustained vancomycin release for several days being active 

against S. aureus in in vitro cultures. Therefore, 6.5-13% Pluronic F127 and 5-7% αCD appear 

as the most adequate concentrations for preparing injectable drug depots for the local treatment 

of infections. Among them, the formulation containing 13% Pluronic F127 and 5% αCD 

appears to be particularly promising since it combines fast gel formation, stability for one 

month, easy syringeability, high viscoelastic behaviour, and control of drug release for several 

days. 
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this is the first time that synergic osteoinductive effects of two synthetic molecules are 

described. The results obtained clearly highlight the potential of the developed formulations as 

syringeable scaffolds with osteoinductive activity.  

 

 

 

Figure 4.1. Structure of the lactone and hydroxy acid forms of simvastatin (a) and of Tetronic 

908 (b). 
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Figure 4.2. Phase diagram of T908:αCD formulations after 5 days of storage at 4, 20 or 37 ºC.  

 

Below the sol–gel temperature, aqueous solutions of poloxamine solely exhibited Newtonian 

rheological behavior. Conversely, above the gelation temperature they became viscoelastic 

systems, although following cooling, the gel reverted to the initial low viscosity dispersions. In 

the 1 to 13% concentration range, T908 solely dispersions in PBS pH 7.4 showed small values 
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4.4.2 Cytocompatibility screening 

4.4.2.1 HET-CAM assay 

Since free αCD units have been reported to cause hemolysis at high concentrations [28], 

T908:αCD formulations were evaluated for biocompatibility applying the HET-CAM assay [29, 

30]. Free 5% αCD solutions and T908 solely (data not shown) or with 5% αCD dispersions 

(Figure 4.5a) did not induce hemorrhage, lysis or coagulation. Thus, their IS was 0.0, as 

occurred for the negative control (0.9% NaCl; Figure 4.5b). By contrast, the IS of the positive 

control was 18.9 ± 0.3 (Figure 4.5c), fulfilling the requirement for an acceptable test. The fact 

that the CDs are threaded onto the copolymer backbone in the form of a polypseudorotaxane 

would also enable an increase in αCD concentration without detrimental effects on 

cytocompatibility [31]. 

 

   

   

Figure 4.5. HET-CAM test results of 8% T908-5% αCD supramolecular gel (a), negative 

control (0.9% NaCl; b) and positive control (0.1 N NaOH; c). Only in the possitive control, 

hemorrhage, vascular lysis and coagulation were evidenced. 

 

 

 

 

 

(a) (b) (c) 
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4.4.2.2 Osteoblasts viability 

Live/dead stain and MTT assays of SAOS-2 cells (human osteoblast cell line) after 24 and 48 h 

of culture with T908 dispersions (0-13%) corroborated the cytocompatibility of this block 

copolymer (Figure 4.6 and confocal images as Figure 4.7). Incorporation of αCD caused a 

progressive decrease in osteoblasts viability; the viability was around 60% for gels containing 

5% αCD. Only for those containing 9.7% αCD the viability was lower than 50%.  

 

 

Figure 4.6. Viability of osteoblasts in contact with T908-αCD supramolecular gels. 

*Significantly lower than for the system without αCD (p < 0.001). 
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Figure 4.7. Confocal images of live (calcein, green) and dead (propidium iodide, red) 

osteoblasts after 72 h in contact with 4% T908 (a), 4% T908-5% αCD (b), 8% T908 (c) and 8% 

T908-5% αCD (d). 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Table 4.2. Apparent solubility and lactone/hydroxy acid molar ratio of simvastatin in XCD or 

T908 solutions in phosphate buffer pH 7.4.

Medium
Simvastatin 

solubility (SD x10-4)
[mg.mL-1]

fs X a) P b)
Simvastatin/ 
PO (mg/g)

Lactone/
hydroxy acid 
molar ratioc)

H2O 0.0018 (1.3) _ _ _ _ 1:1
Phosphate 

buffer pH 7.4
0.0032 (5.3) _ _ _ _ 0.9:1

%<Sn�XCD 0.0082 (3.2) 2.56 _ _ _ 0:1
Sn�XCD 0.0104 (6.4) 3.25 _ _ _ 0:1
Vn�XCD 0.0125 (7.7) 3.91 _ _ _ 0:1
U<Vn�XCD 0.0167 (7.9) 5.22 _ _ _ 0.01:1
1% T908 0.0063 (4.9) 1.97 0.000 2.50 3.173 0:1
2% T908 0.0080 (2.5) 2.50 0.037 3.44 2.012 0:1
3% T908 0.0100 (2.6) 3.13 0.024 4.56 1.669 0:1
4% T908 0.0123 (4.4) 3.84 0.021 5.83 1.534 0:1
5% T908 0.0144 (4.4) 4.50 0.019 7.00 1.441 0:1
8% T908 0.0220 (8.8) 6.88 0.017 11.22 1.373 0:1
10% T908 0.0259 (4.6) 8.09 0.016 13.39 1.296 0.1:1
13% T908 0.0395 (13.6) 12.34 0.019 20.94 1.518 0.1:1
20% T908 0.2468 (18.2) 77.13 0.077 136.11 6.172 0.2:1

a) number of moles that can be solubilized by 1 mol of copolymer in the micellar state; b) micelle/water partition 
coefficient, i.e. the ratio of the drug concentration in the micelle to the drug concentration in water.

5.4.4 Simvastatin release 

For comparative purposes, T908 dispersions and T908-XCD systems were prepared with a fix 

concentration of simvastatin (50 �M = 0.0209 mg/mL). Since the drug was completely 

solubilized in the gels, T908 dispersions were transparent while T908-XCD systems maintained 

the homogenous whitish appearance. The greater the concentration in T908, the slower the 

release process was (Figure 4.8). Incorporation of simvastatin to the T908 dispersions did not 

alter the subsequent gelling process with XCD, which can be explained by the fact that 

simvastatin and XCD interact with different sites of the copolymer; namely the PPO and the 

PEO blocks, respectively. The gelation led to more sustained release profiles; T908-XCD 
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formulations controlled simvastatin release for more than one week. Diffusion coefficients were 

calculated from the slope of the fitting to the Higuchi equation [34]: 

�
� = 2�� ���

� �
 /"

 

where Q is the amount of drug (mg) released at time t (s), A is diffusion area (cm
2
), C0 is the 

initial concentration of simvastatin in the formulation (mg/mL), and D is the diffusion 

coefficient (cm
2
/s).  

A negative correlation between the content in αCD and the diffusion coefficient values (Table 

4.3) was found. In general, addition of 5% αCD decreased 2-fold the diffusion coefficient, while 

9.7% αCD led to 3- to 4-fold decrease compared to the values recorded for T908 solely 

formulations. This is in agreement with the increase in viscosity that occurred when the 

polypseudorotaxanes were formed. Tie-junctions among the αCDs threaded on the PEO blocks 

may notably hinder the diffusion of simvastatin molecules trapped close to the inner PPO 

blocks. 

 

 

Figure 4.8. Simvastatin release at 37 ºC from Tetronic 908 formulations without αCD (open 

symbols), with 5% αCD (black solid symbols) and 9.7% αCD (red solid symbols with dashed 

lines).  T908 was evaluated at 1% (squares), 2% (circles), 4% (up triangles), 8% (down 

triangles) and 13% (diamonds). 100% release would correspond to 0.064 mg/cm
2
. The plot on 

the right expands the first 24 h depicted in the plot on the left. 
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lowest concentration tested (0.01 µM). Thus, based on our data and in the literature, 0.01 and 1 

µM simvastatin concentrations were chosen for further studies with supramolecular gels of 

T908-αCD, which were prepared with 0.08 and 8.5 µM simvastatin in order to render 0.01 and 1 

µM concentrations after the dilution in the cellular medium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Time evolution of viable mesenchymal stem cell number (a, c) and ALP activity of 

mesenchymal stem cells (b, d) in culture medium (negative control), in osteogenic medium 

(positive control) and in culture medium to which (a, b) solutions of 0.08, 0.85, 8.5 and 42.5 μM 

simvastatin (final drug concentrations in the culture medium were 0.01, 0.1, 1 and 5 μM, 

respectively) or (c, d) formulations of T908 with and without αCD and simvastatin (drug 

concentrations indicated in Table 4.4) were added. *Significantly greater than negative control 

(p< 0.01). ** Significantly greater than positive control (p< 0.01). 
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Figure 4.10. ALP staining of cells after 12 days in control medium (A), osteogenic medium (B), 

0.08 or 8.5 µM simvastatin in PBS (C, D), 4 % T908 with 0, 0.08 or 8.5 µM simvastatin (E, F, 

G), 4 % T908 – 5 % αCD with 0, 0.08 or 8.5 µM simvastatin (H, I, J), 8 % T908 with 0, 0.08 or 

8.5 µM simvastatin (K, M, N) and 8 % T908 – 5 % αCD with 0, 0.08 or 8.5 µM simvastatin (O, 

P, Q).  

 

 

4.5 COCLUSIOS  

Polypseudorotaxanes of poloxamine T908 with αCD enable the preparation of syringeable 

viscoelastic gels using minimal amounts of both components, which leads to good compatibility 

with both MSCs and osteoblasts and enhances the intrinsic osteogenic/osteoinductive effect of 

this block copolymer. T908-αCD systems can stand moist heat sterilization (autoclaving) 

without relevant changes in the rheological properties, which is an important aspect for the 

development of injectable scaffolds. Moreover, the polypseudorotaxane-based gels can 

solubilize simvastatin, stabilize the hydroxy acid form at pH 7.4, and provide sustained drug 

release for more than one week. The release rate can be easily tuned by means of the content in 

αCD. Such a controlled release of simvastatin hydroxy acid form allows polypseudorotaxane-

based gels to attain faster and more prolonged ALP activity than that displayed by T908 solely 

formulations. The remarkable osteoinductive effects attained with simvastatin-loaded T908-

αCD polypseudorotaxanes make them suitable syringeable synthetic scaffolds with intrinsic 

ability to promote osteoblast differentiation. 
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5.4 RESULTS AD DISCUSSIO  

5.4.1 Synthesis and characterization of poly-αCD 

αCD possesses hydroxyl groups at the 2-, 3- and 6-positions in the glucose unit, whose 

reactivities depend on reaction variables such as temperature and alkalinity [13, 38]. The 

hydroxyl groups allow direct substitution reaction and/or chemical modification to different 

positions yielding a variety of derivatives when react with EP (Figure 5.1). The starting 

experimental conditions for preparing poly-αCD were similar to those previously described 

for water-soluble high molecular weight polymers of βCD and γCD [11, 39]. Conditions of 

poly-αCD reaction are summarized in Table 5.1.  

 

 

Figure 5.1. Possible structures of poly-αCD obtained through polycondensation with EP. For 

the sake of clarity, only the reaction on the primary alcohols is shown in the central αCD. 

 

The synthesis was carried out at 30 ºC in order to control the polycondensation rate and to be 

able to stop the reaction with EP before a three-dimensional insoluble network was formed 

[11]. The reaction time was fixed at 180 minutes. First, EP/αCD molar ratio was fixed and 
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1
H NMR spectra of unmodified αCD and poly-αCD (P7αCD15) are shown in Figure 5.2. 

The spectra showed one peak ca. 5 ppm assigned to the C1-OH of the glucose unit. 

Polymerization caused a broadening of the peaks between 4.1 to 3.4 ppm, corresponding to 

protons from C-OH (2, 3, 4, 5 and 6) of the αCD and hydrogen atoms due to EP. 
1
H NMR 

analysis demonstrated that substitution simultaneously occurred at different hydroxyl groups 

of natural αCD. The determination of the structure of poly-αCD is rather complex due to the 

polyfunctionality of CDs with three possible positions C2-OH, C3-OH and C6-OH on which 

the substitution can take place, and by the fact that EP can react with grafted (2-

hydroxypropyl)ether residues leading to polytails and polybridges [11, 40] (Figure 5.1). It 

has been shown that high NaOH concentration leads to substitution mainly on one side, 

favoring a long 2-hydroxypropyl ether segment while a low NaOH concentration makes the 

substitution on the two sides of the cavity possible [11, 40]. As shown in Figure 5.2, for 

NaOH/αCD molar ratio < 10 the reaction with EP occurs at the three hydroxyl groups 

positions (Figure 5.2b).  

 

 

Figure 5.2. 
1
H RMN spectra of αCD (a), poly-αCD (b) and supramolecular assemblies of 

40% poly-αCD with 10% T908 (c) dissolved in D2O. 

 

 

ppm (t1)
1.02.03.04.05.0
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Figure 5.3. Debye plot for aqueous solutions of poly-αCD (P7αCD15) at 25 ºC. 

 

5.4.3 Formation of supramolecular gels 

Three different PEO-based polymers were tested regarding their interaction with poly-αCD, 

namely PEG (136 EO units/molecule), Pluronic F127 (200 EO units/molecule) and Tetronic 

908 (456 EO units/molecule). The X-shaped architecture of Tetronic 908 can be considered 

to be formed by two pluronic chains bound each other by means of an ethylenediamine 

group.
43

 When solutions of these polymers were mixed with P7αCD15 solution, the systems 

rapidly evolved to turbid dispersions (Figure 5.4), suggesting the formation of 

poly(pseudo)rotaxanes-like structures. Phase separation was observed after 1 hour. This 

behavior occurred for systems comprising 20% or 40% poly-αCD and 10% or 15% PEO-

based polymers. The αCD:EO molar ratio in each supramolecular system was calculated 

from the number of moles of αCD given as follows [9]: 

0567 =  89:;<=567  · 0.7
@567

 

where N is the number of αCD cavities (molar), mpoly-αCD is the mass of poly-αCD used in 

the supramolecular gels, 0.7 is the αCD content in the polymer and M the molar mass of 

αCD. The molar ratios ranged between 0.06 and 0.18. 
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It has been previously shown that after incorporation of pristine αCD to PEO copolymers 

solutions, insoluble poly(pseudo)rotaxanes are initially formed and then the systems increase 

their consistency as αCDs threaded along adjacent PEO chains self-organize [25, 44, 45]. 

This seems to be also the case of P7αCD15/PEO-based polymer systems as indicated by the 

two well-defined peaks in the 3.7-4.0 ppm region of the 1H NMR spectrum of 40% poly-

αCD/10% T908 system, which correspond to the interaction between the EO blocks (-O-

CH2-CH2 at 3.6 ppm) and the αCD cavities (Figure 5.2c). 

 

 

Figure 5.4. Evolution at 25 ºC of the appearance of systems comprising 40% poly-αCD and 

10% T908, F127 or PEG (CD/EO molar ratios on the right axis). 
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The content of αCD in each phase was determined by means of the phenol-sulfuric acid 

colorimetric method [31]. Most αCD (> 80%) concentrated in the gel phase, particularly in 

the case of systems prepared with 40% poly-αCD (near 90%) (Figure 5.5).  

 

 

Figure 5.5. Partitioning of αCD between the gel phase (grey bars) and the sol phase (white 

bars) of the systems comprising 20% poly-αCD/10% PEO-based polymer (non-stripped bar), 

20% poly-αCD/15% PEO-based polymer (coarse stripped bar), 40% poly-αCD/10% PEO-

based polymer (fine stripped bar), and 40% poly-αCD/15% PEO-based polymer 

(horizontally stripped bar), as determined by the phenol method after 24 h of preparation of 

the gels. 

 

To gain an insight into the structure of the complexes of poly-αCD with PEO-based 

polymers, X-ray analysis was carried out (Figure 5.6). Differently, from the herringbone 

packing of pristine αCD, powdered poly-αCD was not crystalline. As previously observed, 

poly(pseudo)rotaxanes of pristine αCD and T908 showed the typical diffractogram of 

hexagonal columnar channels of the aligned αCDs in the crystalline phase (Figure 5.6c) [24, 

26]. Interestingly, freshly mixed poly-αCD/T908 systems after 1 h of storage did not exhibit 

any peak although they were already turbid. After 24 h, the gel phase showed a broad band 

(Figure 5.6e) that indicates the formation of poly(pseudo)rotaxanes with more complicated 

structure than those of pristine αCD/T908, as previously observed for PEG- and αCD-grafted 

dendrimers [24]. Interactions of PEO-blocks with poly-αCDs can occur through αCDs 
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Figure 5.7. 2D DOSY spectra of (a) poly-αCD at 40%, (b) 40% poly-αCD + 10% T908, (c) 

10% T908, (d) 40% poly-αCD + 10% PEG and (e) PEG at 10% in D2O at 289 K. 

 

 

Table 5.2. Diffusion coefficients determined from NMR-DOSY data at 25 ºC. Mean values 

and, in parenthesis, standard deviations (n=3). 

Compound 

in D2O 

Concentration 

% (w/v) in D2O 
D x10

11
 (m

2
.s

-1
) D D2O x10

11
 (m

2
.s

-1
) 

αCD 0.97 28 
a)
 

b) 

Poly-αCD 3.64 5.59 (0.09) 142.91 (0.14) 

T908 0.91 4.05 (0.07) 178.06 (0.09) 

Poly-αCD + T908 3.64+0.91 3.11 (0.05) 131.82 (0.15) 

PEG 0.91 8.05 (0.06) 212.23 (0.16) 

Poly-αCD + PEG  3.64+0.91 4.86 (0.04)  206.56 (0.11) 

 
 

6.02 (0.10)  

a) From reference [34]; b) From reference [49]. 
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5.4.4 Cytocompatibility screening 

Preliminary biocompatibility of autoclaved poly-αCD solutions at 20, 40 and 80% and 

supramolecular assemblies of 40% poly-αCD with 10% of T908, F127 or PEG was assessed 

by recording the cytocompatibility against SAOS-2 cells (human osteoblast cell line) for 72 

h and the compatibility with the chorioallantoic membrane (HET-CAM test). The viability of 

SAOS-2 cells after 24 h was above 80%, except for 80% poly-αCD and supramolecular 

systems comprising 40% poly-αCD and 10% PEG (Figure 5.8). At 72 h a decrease in cell 

viability was observed, although it still remained above 60%. The most cytocompatible 

systems resulted to be 20% poly-αCD and 40% poly-αCD with 10% T908.  

 

T90
8 

10
%

F1
27

 1
0%

PEG
 1

0%

po
ly

-C
D
 2

0%

po
ly

-C
D
 4

0%

po
ly

-C
D

 8
0%

40
%

 p
ol

y-
C
D
+10

%
 T

90
8

40
%

 p
ol

y-
CD

+10
%

 F
12

7

40
%

 p
ol

y-
C
D
+10

%
 P

EG
0

20

40

60

80

100

C
el

l 
v
ia

b
il

it
y

 (
%

)

 24h

 72h

 

Figure 5.8. Viability of SAOS-2 cells in contact with PEO-based polymer solutions at 10%, 

poly-αCD solutions at 20, 40 and 80%, and supramolecular assemblies of 40% poly-αCD 

with 10% of T908, F127 or PEG.  
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The HET-CAM test is a subrogate fast and 

biocompatibility of a material

positive (NaOH 0.1 N) controls were 0.0 (

respectively. Free αCD (20% 

80%, Figure 5.9c) and supramolecular gels (Figure 

coagulation, as previously observed for poly(pseudo)rotaxanes of 

Therefore, the cross-linking of 

not have detrimental effects on cytocompatibility. 

 

(c) poly

Figure 5.9. HET-CAM test results of negative 

80% dispersions (c) and poly

 

-α-cyclodextrin 

CAM test is a subrogate fast and cheap test that provides measurable indices of the 

biocompatibility of a material [50, 51]. The IS values obtained for negative (0.9% NaCl) and 

positive (NaOH 0.1 N) controls were 0.0 (Figure 5.9a) and 17.8 ± 0.2 (

CD (20% w/v) also led to IS = 0. None of poly-αCD solutions (up to 

and supramolecular gels (Figure 5.9d) induced hemorrhage, lysis or 

coagulation, as previously observed for poly(pseudo)rotaxanes of 

linking of αCD with EP and the gel formation at high concentrations do 

not have detrimental effects on cytocompatibility.  

(a) C- 

 

                     (b) C+ 

 

(c) poly-αCD 80% 

 

     (d) poly-αCD 40% + T908 10%

CAM test results of negative (a) and positive (b) controls, and poly

80% dispersions (c) and poly-αCD-T908 40:10% gels (d) prepared in PBS at pH 7.4.
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cheap test that provides measurable indices of the 

. The IS values obtained for negative (0.9% NaCl) and 

and 17.8 ± 0.2 (Figure 5.9b), 

CD solutions (up to 

hemorrhage, lysis or 

coagulation, as previously observed for poly(pseudo)rotaxanes of αCD-T908 [25]. 

CD with EP and the gel formation at high concentrations do 

 

CD 40% + T908 10% 

 

(a) and positive (b) controls, and poly-αCD 

T908 40:10% gels (d) prepared in PBS at pH 7.4. 
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5.4.5 Vancomycin loading and release 

Vancomycin hydrochloride easily dissolved either in poly-αCD or PEO-based polymer 

solutions in phosphate buffer pH 7.4. In the case of the supramolecular gels, the drug was 

incorporated to the T908, F127 and PEG solutions before mixing with poly-αCD. Drug 

release from 10% T908, F127 or PEG solutions and from 20% αCD solutions was completed 

in 24 h (Figure 5.10). Vancomycin diffusion was slower from poly-αCD solutions; the large 

molecular weight and lower mobility of poly-αCD make the movement of drug molecules 

difficult. The slowest release was observed for the supramolecular gels, with release profiles 

that fitted well to the square-root kinetics [37]. Those prepared with 40% poly-αCD and 10% 

PEO-based polymer sustained the release for several days and showed one order of 

magnitude lower drug diffusion coefficients than those recorded for the free drug in the 

buffer (Table 5.3).  

 

 

Figure 5.10. Vancomycin release at 37 ºC from PBS pH 7.4 (■), 20% αCD (●), 10% T908 

(□), 10% F127 (○), 10% PEG (◊), and 20% (►), 40% (◄) and 80% (▼) poly-αCD 

dispersions, and 40% poly-αCD with 10% T908 (■), 10% F127 (●) and 10% PEG (▲) 

supramolecular gels. 
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Conclusions and future perspectives 155

As stated in Chapter 1, the aim of this thesis was the design and the characterization of novel 

syringeable supramolecular gels that can used in the treatment of an infection of bone and 

can actively participate in the regeneration of bone tissue. In particular, the work focused on 

supramolecular hydrogels based on the self-assembly of poly(pseudo)rotaxanes between X-

cyclodextrin (XCD) and bioeliminable block copolymers suitable for sustained release. Gel 

formation occurred spontaneously upon mixing of XCD and PEO-PPO block copolymers in 

aqueous environment. Detailed analysis of the structure, physical-chemical properties,

physical stability, drug release performance and biocompatibility were carried out.

Briefly, the most relevant conclusions obtained throughout the work subjacent to the present 

thesis are the following:

Chapter 1. There is a brief of literature that highlights the biomedical potential of 

supramolecular systems obtained by means of self-assembly of copolymer or their 

poly(pseudorotaxanes) formed by threading of CDs along certain blocks of the copolymers. 

Moreover, relevant advantages can be foreseen for syringeable systems compared to solid 

prosthesis or scaffolds, namely: feasibility of application using minimally invasive strategies 

(syringe), they can form depots in the application site for prolonged release of the active 

substance, and since there is not covalent links among the components, the systems are 

bioerodible and can be eventually cleared via renal route.

Chapter 2. There are two main procedures to obtain injectable supramolecular systems 

based on free CDs or polymers containing CDs. (i) Threading of free CDs on certain blocks 

or side chains of copolymers leads to polypseudorotaxanes, which can assembly via regular 

stacking of the threaded CDs. (ii) CDs grafted to polymer chains can develop their ability to 

form inclusion complexes with complementary guest moieties in other polymeric structures, 

resulting in ladder- or zipper-like arrangements. The resultant assemblies can be reversible 

broken under a certain shear stress and reformed at rest, exhibiting thixotropy that enables 

the flow through the syringe and the gel recovery in the implantation site. CDs and/or the 

polymer moieties that do not participate in the junctions remain available for hosting 

therapeutic substances. Therefore, the syringeable CD gels offer a variety of possibilities 

regarding control of drug release through diffusion, affinity and/or stimuli-driven 

mechanisms. These features together with an excellent in vivo compatibility ensure a 

promising future for self-assembling CD gels in the biomedical field.  
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