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�5�p�V�X�P�p 

 

�&�H�W�W�H�� �W�K�q�V�H�� �G�H�� �G�R�F�W�R�U�D�W���D�� �S�R�X�U�� �G�H�V�V�D�L�Q�� �G�¶�p�Y�D�O�X�H�U�� �G�¶�X�Q�� �S�R�L�Q�W�� �G�H�� �Y�X�H�� �F�K�L�P�L�T�X�H���� �P�D�L�V�� �V�X�U�W�R�X�W��

biologique les complexes polypyridyle  �5�X�����,�,�������&�H�V���F�R�P�S�O�H�[�H�V���P�p�W�D�O�O�L�T�X�H�V���S�H�X�Y�H�Q�W���r�W�U�H���X�W�L�O�L�V�p�V��

comme photosensibilisateurs (PS) pour la �W�K�p�U�D�S�L�H��photodynamique (PDT), ou encore comme 

�D�J�H�Q�W�V���F�K�L�P�L�R�W�K�p�U�D�S�H�X�W�L�T�X�H�V���G�D�Q�V���O�H���W�U�D�L�W�H�P�H�Q�W���G�X���F�D�Q�F�H�U�����/�D���3�'�7���H�V�W���X�Q���W�U�D�L�W�H�P�H�Q�W���D�O�W�H�U�Q�D�W�L�I��

�R�X�� �F�R�P�S�O�p�P�H�Q�W�D�L�U�H�� �j�� �O�D�� �F�K�L�U�X�U�J�L�H���� �O�D�� �F�K�L�P�L�R�W�K�p�U�D�S�L�H�� �R�X�� �O�D�� �U�D�G�L�R�W�K�p�U�D�S�L�H��Ses nombreux 

�D�Y�D�Q�W�D�J�H�V�� �O�X�L���F�R�Q�I�q�U�H�Q�W���X�Q�� �L�Q�W�r�U�H�W���G�D�Q�V le traitement actuel du cancer. �6�R�Q���F�R�Q�W�U�{�O�H�� �V�S�D�W�L�D�O���H�W��

�W�H�P�S�R�U�H�O���H�V�W���S�D�U�W�L�F�X�O�L�q�U�H�P�H�Q�W���L�Q�W�p�U�H�V�V�D�Q�W�����F�H���T�X�L���F�R�Q�G�X�L�W���j���F�L�E�O�H�U���O�H�V���W�X�P�H�X�U�V���W�R�X�W���H�Q���S�U�p�V�H�U�Y�D�Q�W��

�O�H�V���W�L�V�V�X�V���V�D�L�Q�V�����'�H���S�O�X�V�����O�H�V���U�p�V�L�V�W�D�Q�F�H�V���j���U�p�S�p�W�L�W�L�R�Q���H�W���O�H�V���H�I�I�H�W�V���V�H�F�R�Q�G�D�L�U�H�V���J�U�D�Y�H�V���S�U�R�Y�R�T�X�p�V��

pa�U�� �O�D�� �F�K�L�P�L�R�W�K�p�U�D�S�L�H�� �L�Q�F�L�W�H�Q�W�� �O�H�� �P�R�Q�G�H�� �V�F�L�H�Q�W�L�I�L�T�X�H�� �j�� �U�H�F�K�H�U�F�K�H�U�� �G�H�� �Q�R�X�Y�H�D�X�[�� �P�p�G�L�F�D�P�H�Q�W�V��

�F�D�Q�G�L�G�D�W�V���D�Q�W�L�F�D�Q�F�p�U�H�X�[�����/�H�V���F�R�P�S�O�H�[�H�V���G�H���U�X�W�K�p�Q�L�X�P���V�R�Q�W���O�
�X�Q���G�H�V���J�U�R�X�S�H�V���O�H�V���S�O�X�V���S�U�R�P�H�W�W�H�X�U�V��

�G�H���P�p�G�L�F�D�P�H�Q�W�V���F�D�Q�G�L�G�D�W�V���j���E�D�V�H���G�H���P�p�W�D�X�[�����F�R�P�P�H���F�K�L�P�L�R�W�K�p�U�D�S�H�X�W�L�T�X�H�V���R�X��PS) en raison de 

�O�H�X�U�V���P�X�O�W�L�S�O�H�V���p�W�D�W�V���G�
�R�[�\�G�D�W�L�R�Q���V�W�D�E�O�H�V�����&�H�W�W�H���W�K�q�V�H���G�p�F�U�L�W���X�Q���D�S�H�U�o�X���G�H�V���P�R�G�H�V���G�
�D�F�W�L�R�Q���F�R�Q�Q�X�V��

des complexes polypyridyle Ru (II) comme PS pour la PDT et introduit de nouveaux 

complexes, �T�X�L���S�H�X�Y�H�Q�W���r�W�U�H���X�W�L�O�L�V�p�V��pour des traitements PD�7���U�p�J�X�O�L�H�U�V���H�W���F�L�E�O�p�V�����(�Q���R�X�W�U�H�����F�H�W�W�H��

�W�K�q�V�H�� �V�H�� �F�R�Q�F�H�Q�W�U�H�� �p�J�D�O�H�P�H�Q�W�� �V�X�U�� �O�D�� �F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�� �G�
�X�Q�H�� �Q�R�X�Y�H�O�O�H�� �F�O�D�V�V�H�� �G�H�� �F�R�P�S�O�H�[�H�V�� �5�X��

�J�p�Q�p�U�p�V�� �F�R�P�P�H�� �D�J�H�Q�W�V�� �D�Q�W�L�F�D�Q�F�p�U�H�X�[�� �S�R�W�H�Q�W�L�H�O�V�� �S�R�X�U�� �O�D�� �F�K�L�P�L�R�W�K�p�U�D�S�L�H, par coordination de 

�G�L�I�I�p�U�H�Q�W�V���G�L�R�[�R�O�L�J�D�Q�G�V���D�X���Q�R�\�D�X���P�p�W�D�O�O�L�T�X�H�����&�H�W�W�H���W�K�q�V�H���H�V�W���F�R�P�S�R�V�p�H���G�H���������F�K�D�S�L�W�U�H�V���H�W���O�H�X�U��

�F�R�Q�W�H�Q�X���H�V�W���E�U�L�q�Y�H�P�H�Q�W���G�p�F�U�L�W���F�L-dessous 

Chapitre 1 

Ce premier chapitre se concentre sur l'introduction de complexes polypyridyle Ru (II) en tant 

que PS pour la �3�'�7���H�W�����H�Q���R�X�W�U�H�����G�p�F�U�L�W���O�H���R�X���O�H�V���P�p�F�D�Q�L�V�P�H�V���F�R�Q�Q�X�V���G�
�D�F�W�L�R�Q���G�H���F�H�V���F�R�P�S�R�V�p�V��

�G�D�Q�V���G�H�V���F�H�O�O�X�O�H�V�������V�R�X�U�L�V���Y�L�Y�D�Q�W�H�V���O�R�U�V���G�
�X�Q�H���L�U�U�D�G�L�D�W�L�R�Q���O�X�P�L�Q�H�X�V�H�����0�D�O�K�H�X�U�H�X�V�H�P�H�Q�W�����j���F�H���M�R�X�U����
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il �\�¶�D�� �S�H�X�� �G�¶�p�W�X�G�H�V�� �G�p�F�U�L�Y�D�Q�W��le ou les �P�R�G�H�� ���V���� �G�
�D�F�W�L�R�Q�� �G�H�� �F�H�V�� �F�R�P�S�R�V�p�V���� �'�D�Q�V��ce chapitre, 

�V�H�X�O�H�V�� �O�H�V�� �p�W�X�G�H�V�� �E�L�R�O�R�J�L�T�X�H�V���� �W�U�D�L�W�D�Q�W�� �G�H�� �O�D�� �S�K�R�W�R�W�R�[�L�F�L�W�p et de la localisation cellulaire de 

certains complexes Ru (II), �V�R�Q�W���S�D�V�V�p�H�V���H�Q���U�H�Y�X�H�����j���S�D�U�W�L�U���G�H�V���U�p�V�X�O�W�D�W�V���R�E�W�H�Q�X�V���D�Y�H�F���O�H���7�/�'-

1433, le PS du groupe McFarland actuellement en essai �F�O�L�Q�L�T�X�H�����¬���O�D���I�L�Q���G�H���F�H���F�K�D�S�L�W�U�H�����X�Q�H��

classification des complexes Ru (II) en fonction de leur localisation cellulaire est fournie. Il 

�F�R�Q�Y�L�H�Q�W�� �G�H�� �Q�R�W�H�U�� �T�X�H�� �V�H�X�O�V�� �O�H�V�� �F�R�P�S�O�H�[�H�V�� �G�H�� �S�R�O�\�S�\�U�L�G�\�O�H�� �5�X�� ���,�,���� �V�D�W�X�U�p�V�� �G�H�� �P�D�Q�L�q�U�H��

�F�R�R�U�G�R�Q�Q�p�H���H�W���L�Q�H�U�W�H�V���S�D�U���V�X�E�V�W�L�W�X�W�L�R�Q���V�R�Q�W���G�L�V�F�X�W�p�V���G�D�Q�V���F�H���F�K�D�S�L�W�U�H�� 

Chapitre 2 

�&�H�W�W�H�� �V�H�F�W�L�R�Q�� �G�p�F�U�L�W�� �O�D�� �V�\�Q�W�K�q�V�H���� �O�H�V�� �S�U�R�S�U�L�p�W�p�V�� �S�K�R�W�R�S�K�\�V�L�T�X�H�V�� �H�W�� �O�
�p�Y�D�O�X�D�W�L�R�Q�� �E�L�R�O�R�J�L�T�X�H�� �G�H�V��

complexes de polypyridyle Ru (II) portant une fraction cobalamine. Les PS pour PDT actuels 

manquent de �V�p�O�H�F�W�L�Y�L�W�p�� �S�R�X�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �F�D�Q�F�p�U�H�X�V�H�V���� �3�R�X�U���U�H�P�p�G�L�H�U�� �j�� �F�H�W���L�Q�F�R�Q�Y�p�Q�L�H�Q�W���� ���� �F�H��

�F�K�D�S�L�W�U�H���G�p�F�U�L�W���O�D���F�R�Q�M�X�J�D�L�V�R�Q���G�H���G�H�X�[���F�R�P�S�O�H�[�H�V���G�H���S�R�O�\�S�\�U�L�G�\�O�H���G�H���U�X�W�K�p�Q�L�X�P���j���O�D���Y�L�W�D�P�L�Q�H��

B12 (cobalamine)���� �D�I�L�Q�� �G�H�� �E�p�Q�p�I�L�F�L�H�U�� �G�H�� �O�D�� �V�R�O�X�E�L�O�L�W�p�� �H�W�� �D�E�V�R�U�S�W�L�R�Q�� �D�F�W�L�Y�H�� �G�H�� �F�H�O�Oe-. Ainsi, nos 

�U�p�V�X�O�W�D�W�V���P�R�Q�W�U�H�Q�W���T�X�H���O�D���Y�R�L�H���G�H���O�D���W�U�D�Q�V�F�R�E�D�O�D�P�L�Q�H���Q�¶�H�V�W���S�U�R�E�D�E�O�H�P�H�Q�W���S�D�V���L�P�S�O�L�T�X�p�H pour la 

�O�L�E�p�U�D�W�L�R�Q���G�H�� �F�H�V�� �3�6�� �j�� �E�D�V�H�� �G�H�� �U�X�W�K�p�Q�L�X�P���� �V�R�X�O�L�J�Q�D�Q�W�� �O�D�� �G�L�I�I�L�F�X�O�W�p�� �G�H�� �O�L�Y�U�H�U�� �D�Y�H�F�� �V�X�F�F�q�V�� �G�H�V��

�F�R�P�S�O�H�[�H�V���P�p�W�D�O�O�L�T�X�H�V���D�X�[���F�H�O�O�X�O�H�V���F�D�Q�F�p�U�H�X�V�H�V�� 

Chapitre 3 

�&�H���F�K�D�S�L�W�U�H���S�U�p�V�H�Q�W�H�� �O�D���V�\�Q�W�K�q�V�H���� �O�D���F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q���H�W���O�
�p�Y�D�O�X�D�W�L�R�Q���S�K�R�W�R�S�K�\�V�L�T�X�H���D�S�S�U�R�I�R�Q�G�L�H 

de nanocorps comportant un complexe �F�R�Q�M�X�J�X�p�� �G�H�� �S�R�O�\�S�\�U�L�G�\�O�H �5�X�� ���,�,���� �V�p�O�H�F�W�L�I�� �S�R�X�U�� �O�H��

�U�p�F�H�S�W�H�X�U���G�X���I�D�F�W�H�X�U���G�H���F�U�R�L�V�V�D�Q�F�H���p�S�L�G�H�U�P�L�T�X�H�����(�*�)�5�����H�Q���Y�X�H���G�
�X�Q�H���3�'�7���F�L�E�O�p�H����Actuellement, 

un essor �S�R�X�U�� �O�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�� �Q�R�X�Y�H�D�X�[�� �3�6 de PDT �H�V�W�� �R�E�V�H�U�Y�p�� ceux actuellement 

�D�S�S�U�R�X�Y�p�V�� �Q�Q�¶�p�W�D�Q�W�� �S�D�V�� �H�Q�W�L�q�U�H�P�H�Q�W�� �V�D�W�L�V�I�D�L�V�D�Q�W. Parm�L�� �O�H�V�� �F�R�P�S�R�V�p�V�� �W�H�V�W�p�V���� �O�H�V�� �F�R�P�S�O�H�[�H�V��

polypyridyle Ru (II) de type [Ru (bipy) 2 (dppz)] 2+ et [Ru (phen) 2 (dppz)] 2+ (bipy = 2,2'-

bipyridine; dppz = dipyrido [3,2-�D���������•�������•-c] -�S�K�p�Q�D�]�L�Q�H�����S�K�p�Q��� ����������-�S�K�p�Q�D�Q�W�K�U�R�O�L�Q�H�����R�Q�W���G�p�M�j��
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�p�W�p�� �p�W�X�G�L�p�V���� �&�H�V�� �F�R�P�S�O�H�[�H�V�� �F�L�E�O�H�Q�W�� �V�p�O�H�F�W�L�Y�H�P�H�Q�W�� �O�
�$�'�1���� �&�H�S�H�Q�G�D�Q�W���� �F�R�P�P�H�� �O�
�$�'�1�� �H�V�W��

�R�P�Q�L�S�U�p�V�H�Q�W�����O�¶�R�E�M�H�F�W�L�I�� �I�€�W�� �G�¶�D�F�F�U�R�v�W�U�H �O�D�� �V�p�O�H�F�W�L�Y�L�W�p�� �G�H�� �F�H�V�� �3�6�� �H�Q�� �O�H�V�� �U�H�O�L�D�Q�W�� �j�� �X�Q�� �Y�H�F�W�H�X�U�� �G�H��

�F�L�E�O�D�J�H���H�Q���Y�X�H���G�H�� �O�D���3�'�7���F�L�E�O�p�H�����'�D�Q�V���F�H���F�K�D�S�L�W�U�H�����O�H�V���W�H�F�K�Q�L�T�X�H�V���,�&�3-MS et de microscopie 

confocale ont p�H�U�P�L�V���G�H���G�p�P�R�Q�W�U�H�U���T�X�H���O�H �Q�D�Q�R�F�R�U�S�V���j���E�D�V�H���G�H���F�R�P�S�O�H�[�H �F�R�Q�M�X�J�X�p���S�R�O�\�S�\�U�L�G�\�O�H��

de Ru (II) a �X�Q�H�� �V�p�O�H�F�W�L�Y�L�W�p�� �p�O�H�Y�p�H�� �S�R�X�U�� �O�H�� �U�p�F�H�S�W�H�X�U�� �(�*�)�5. Celui-ci a une importance 

�S�D�U�W�L�F�X�O�L�q�U�H���G�X���I�D�L�W���T�X�¶�L�O���V�R�L�W une cible oncologique cruciale, en effet, celui-ci est surexp�U�L�P�p���H�W��

���� �R�X�� �G�p�U�p�J�X�O�p�� �G�D�Q�V�� �X�Q�H�� �Y�D�U�L�p�W�p�� �G�H�� �W�X�P�H�X�U�V�� �V�R�O�L�G�H�V���� �&�H�S�H�Q�G�D�Q�W���� �O�H�V�� �H�[�S�p�U�L�H�Q�F�H�V�� �G�H�� �F�R�O�R�U�D�W�L�R�Q��

DCFH-�'�$���R�Q�W���L�Q�G�L�T�X�p���T�X�
�D�X�F�X�Q���5�2�6���V�L�J�Q�L�I�L�F�D�W�L�I���Q�
�p�W�D�L�W���S�U�R�G�X�L�W���j���O�
�L�Q�W�p�U�L�H�X�U���G�H�V���F�H�O�O�X�O�H�V�����&�
�H�V�W��

�W�U�q�V���S�U�R�E�D�E�O�H�P�H�Q�W���O�D���U�D�L�V�R�Q���S�R�X�U���O�D�T�X�H�O�O�H���O�H���F�R�P�S�O�H�[�H���V�
�H�V�W���U�p�Y�p�O�p���Q�R�Q���S�K�R�W�R�W�R�[�L�T�X�H�� 

Chapitre 4 

�&�H���F�K�D�S�L�W�U�H���S�U�p�V�H�Q�W�H���X�Q�H���V�p�U�L�H���G�H���F�R�P�S�O�H�[�H�V���5�X�����,�,�����S�R�U�W�D�Q�W���G�H�V���O�L�J�D�Q�G�V���G�H���F�R�R�U�G�L�Q�D�W�L�R�Q���������•����

���•���� ���•�•-�W�H�U�S�\�U�L�G�L�Q�H�� ���W�H�U�S�\������ �P�R�L�Q�V�� �p�W�X�G�L�p�V�� �T�X�H�� �O�H�V�� �F�R�P�S�O�H�[�H�V�� �E�D�V�p�V�� �V�X�U�� �O�D�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �G�H�V��

�O�L�J�D�Q�G�V�� �E�L�G�H�Q�W�p�V���G�R�Q�Q�H�X�U�V���G�H���1���D�X���Q�R�\�D�X���G�H���U�X�W�K�p�Q�L�X�P�����,�F�L���������F�R�P�S�O�H�[�H�V���G�X���W�\�S�H���>�5�X�����W�H�U�S�\����

(terpy-�;���@�����������;��� ���+�������������&�O�������������%�U�������������2�0�H�������������&�2�2�+�������������&�2�2�0�H���������������1�0�H���������������R�Q�W���p�W�p��

�p�W�X�G�L�p�V�� �F�R�P�P�H�� �D�J�H�Q�W�V�� �F�K�L�P�L�R�W�K�p�U�D�S�H�X�W�L�T�X�H�V�� �S�R�W�H�Q�W�L�H�O�V�� �H�W�� �3�6��de �3�'�7���� �/�H�V�� �F�R�P�S�R�V�p�V�� �R�Q�W�� �p�W�p��

�H�Q�W�L�q�U�H�P�H�Q�W���F�D�U�D�F�W�p�U�L�V�p�V�����\���F�R�P�S�U�L�V���S�D�U���F�U�L�V�W�D�O�O�R�J�U�D�S�K�L�H���D�X�[���U�D�\�R�Q�V���;�����,�O���H�V�W���L�P�S�R�U�W�D�Q�W���G�H���Q�R�W�H�U��

�T�X�H���V�L�[���G�H�V���V�H�S�W���F�R�P�S�O�H�[�H�V���V�H���V�R�Q�W���D�Y�p�U�p�V���V�W�D�E�O�H�V���G�D�Q�V���O�H���S�O�D�V�P�D���K�X�P�D�L�Q���D�L�Q�V�L���T�X�H���S�K�R�W�R�V�W�D�E�O�H�V��

�G�D�Q�V�� �O�
�D�F�p�W�R�Q�L�W�U�L�O�H�� �O�R�U�V�� �G�
�X�Q�H�� �L�U�U�D�G�L�D�W�L�R�Q�� �/�(�'�� �F�R�Q�W�L�Q�X�H���� �/�D�� �G�p�W�H�U�P�L�Q�D�W�L�R�Q�� �G�H�V�� �Y�D�O�H�X�Us de logP 

�S�R�X�U���O�H�V�������F�R�P�S�O�H�[�H�V���D���U�p�Y�p�O�p���O�H�X�U���E�R�Q�Q�H���V�R�O�X�E�L�O�L�W�p���G�D�Q�V���O�
�H�D�X�����/�H���F�R�P�S�O�H�[�H���O�H���S�O�X�V���S�U�R�P�H�W�W�H�X�U��

�����V�
�H�V�W���U�p�Y�p�O�p���r�W�U�H���F�\�W�R�W�R�[�L�T�X�H���G�D�Q�V���O�D���J�D�P�P�H���P�L�F�U�R�P�R�O�D�L�U�H���G�D�Q�V���O�
�R�E�V�F�X�U�L�W�p���H�W���D�Y�R�L�U���X�Q�H���F�H�U�W�D�L�Q�H��

�S�K�R�W�R�W�R�[�L�F�L�W�p���O�R�U�V���G�
�X�Q�H���H�[�S�R�V�L�W�L�R�Q���j���O�D���O�X�P�L�q�U�H���j�����������Q�P���G�D�Q�V���O�
�p�S�L�W�K�p�O�L�X�P���S�L�J�P�H�Q�W�D�L�U�H���U�p�W�L�Q�L�H�Q��

�Q�R�Q���F�D�Q�F�p�U�H�X�[�����5�3�(-�������H�W���O�H���F�D�U�F�L�Q�R�P�H���F�H�U�Y�L�F�D�O���K�X�P�D�L�Q���F�D�Q�F�p�U�H�X�[�����+�H�/�D�����F�H�O�O�X�O�H�V�� 
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Chapitre 5 

�&�H�W�W�H���V�H�F�W�L�R�Q���S�U�p�V�H�Q�W�H���X�Q�H���W�H�Q�W�D�W�L�Y�H���U�p�X�V�V�L�H���G�H���U�H�F�K�H�U�F�K�H���J�X�L�G�p�H���J�U�k�F�H���j���X�Q�H���p�W�X�G�H��DFT pour un 

PS de PDT efficace qui a�X�U�D���X�Q���I�R�U�W���G�p�F�D�O�D�J�H���Y�H�U�V���O�H���U�R�X�J�H����M�D�O�J�U�p���O�H�V���U�p�F�H�Q�W�V���G�p�Y�H�O�R�S�S�H�P�H�Q�W�V��

�G�H���O�D���U�H�F�K�H�U�F�K�H�����O�H�V���W�U�D�L�W�H�P�H�Q�W�V���G�H���W�K�p�U�D�S�L�H���S�K�R�W�R�G�\�Q�D�P�L�T�X�H �X�W�L�O�L�V�H�Q�W���O�D���O�X�P�L�q�U�H���E�O�H�X�H���R�X���8�9-

�$���S�R�X�U���R�E�W�H�Q�L�U���X�Q���H�I�I�H�W���3�'�7�����(�Q���F�R�Q�V�p�T�X�H�Q�F�H�����O�D���S�U�R�I�R�Q�G�H�X�U���G�H���S�p�Q�p�W�U�D�W�L�R�Q���j���O�
�L�Q�W�p�U�L�H�X�U���G�X���W�Lssu 

�H�V�W���O�L�P�L�W�p�H�� �H�W�� �O�D�� �S�R�V�V�L�E�L�O�L�W�p�� �G�H�� �W�U�D�L�W�H�U�� �G�H�V���W�X�P�H�X�U�V�� �S�U�R�I�R�Q�G�H�V�� �R�X�� �G�H�� �J�U�D�Q�G�H���W�D�L�O�O�H�� �H�V�W���D�I�I�D�L�E�O�L�H����

�*�U�k�F�H�� �j�� �F�H�W�W�H�� �F�R�Q�F�H�S�W�L�R�Q�� �U�D�W�L�R�Q�Q�H�O�O�H���� �G�H�V�� �F�R�P�S�O�H�[�H�V�� �G�H�� �U�X�W�K�p�Q�L�X�P�� �D�Y�H�F��une forte absorption 

dans le rouge �R�Q�W�� �S�X�� �r�W�U�H�� �S�U�p�S�D�U�p�V�� �D�Y�H�F�� �V�X�F�F�q�V���� �/�
�X�Q�� �G�H�V�� �F�R�P�S�Oexes stable dans le plasma 

�K�X�P�D�L�Q���D�L�Q�V�L���T�X�H���O�R�U�V���G�
�X�Q�H���L�U�U�D�G�L�D�W�L�R�Q���O�X�P�L�Q�H�X�V�H�����V�
�H�V�W���U�p�Y�p�O�p��se localiser dans le cytoplasme 

�G�H�V���F�H�O�O�X�O�H�V���+�H�/�D�����/�R�U�V���G�H���O�
�L�U�U�D�G�L�D�W�L�R�Q���j�����������Q�P���F�O�L�Q�L�T�X�H�P�H�Q�W���S�H�U�W�L�Q�H�Q�W�H�����H�O�O�H���D���H�Q�W�U�D�v�Q�p���X�Q�H��

perturbation de la respiration mitochondriale et des processus de glycolyse dans les cellules 

�P�R�Q�R�F�R�X�F�K�H�V�����'�����'�H���S�O�X�V�����L�O���D���p�W�p���G�p�P�R�Q�W�U�p���T�X�H���O�H���F�R�P�S�R�V�p���p�W�D�L�W���p�J�D�O�H�P�H�Q�W���S�K�R�W�R-cytotoxique 

�G�D�Q�V�� �O�H�V�� �0�&�7�6�� ���'���� �T�X�L�� �V�R�Q�W�� �X�Q�� �P�R�G�q�O�H�� �W�X�P�R�U�D�O�� �E�H�D�X�F�R�X�S�� �S�O�X�V�� �D�S�S�U�R�S�U�L�p�� �T�X�H�� �O�H�V�� �F�X�O�W�X�U�H�V��

monocouches. D'autres �U�H�F�K�H�U�F�K�H�V�� �V�X�U�� �O�
�H�I�I�L�F�D�F�L�W�p�� �L�Q�� �Y�L�Y�R�� �G�H�� �F�H�� �F�R�P�S�R�V�p�� �S�U�R�P�H�W�W�H�X�U�� �V�R�Q�W��

�S�U�p�Y�X�H�V���j���O�
�D�Y�H�Q�L�U�� 

Chapitre 6 

�&�H�� �F�K�D�S�L�W�U�H�� �G�p�F�U�L�W�� �O�D�� �V�\�Q�W�K�q�V�H�� �G�H�� �Q�D�Q�R�F�R�Q�M�X�J�X�p�V�� �S�D�U�� �S�R�O�\�P�p�U�L�V�D�W�L�R�Q�� �G�¶�R�X�Y�H�U�W�X�U�H�� �G�H�� �F�\�F�O�H�� �G�X��

�O�D�F�W�L�G�H���L�Q�L�W�L�p�H���S�D�U���X�Q���F�R�P�S�O�H�[�H���S�R�O�\�S�\�U�L�G�\�O�H���G�H���5�X���Q�R�Q���S�K�R�W�R�W�R�[�L�T�X�H �H�W���Q�H���S�p�Q�p�W�U�D�Q�W���S�D�V���G�D�Q�V��

les cellules (RuOH������ �&�H�V�� �F�R�Q�M�X�J�X�p�V�� �R�Q�W�� �H�Q�V�X�L�W�H�� �p�W�p�� �I�R�U�P�X�O�p�V�� �H�Q�� �Q�D�Q�R�S�D�U�W�L�F�X�O�H�V�� �S�D�U��

�Q�D�Q�R�S�U�p�F�L�S�L�W�D�W�L�R�Q���� �S�X�L�V�� �F�D�U�D�F�W�p�U�L�V�p�V�� �S�D�U�� �V�S�H�F�W�U�R�P�p�W�U�L�H�� �G�H�� �U�p�V�R�Q�D�Q�F�H�� �P�D�J�Q�p�W�L�T�X�H�� �Q�X�F�O�p�D�L�U�H��

���5�0�1�������G�p�V�R�U�S�W�L�R�Q-�L�R�Q�L�V�D�W�L�R�Q���O�D�V�H�U���G�H���P�D�W�U�L�F�H���F�R�X�S�O�p�H���j���O�D���V�S�H�F�W�U�R�P�p�W�U�L�H���G�H���P�D�V�V�H���j���W�H�P�S�V���G�H��

vol (MALDI -�7�2�)�� �0�6���� �H�W�� �S�D�U�� �G�L�I�I�X�V�L�R�Q�� �G�\�Q�D�P�L�T�X�H�� �G�H�� �O�D�� �O�X�P�L�q�U�H�� ���'�/�6������ �(�Q�I�L�Q���� �O�H�X�U�� �L�Q�G�L�F�H��

�S�K�R�W�R�W�K�p�U�D�S�H�X�W�L�T�X�H�� ����exc = 480 nm ; 3.21 J.cm-2���� �D�L�Q�V�L�� �T�X�H�� �F�H�O�X�L�� �G�X�� �S�U�p�F�X�U�V�H�X�U��RuOH �D�� �p�W�p��

�G�p�W�H�U�P�L�Q�p�� �V�X�U�� �G�H�V�� �F�H�O�O�X�O�H�V�� �G�H�� �F�D�U�F�L�Q�R�P�H�� �F�H�U�Y�L�Fal humain (HeLa) et sur des cellules non-
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�F�D�Q�F�p�U�H�X�V�H�V�� �G�¶�p�S�L�W�K�p�O�L�X�P�� �S�L�J�P�H�Q�W�D�L�U�H�� �U�p�W�L�Q�L�H�Q�� ���5�3�(-������ �H�W�� �O�H�X�U�� �L�Q�W�H�U�Q�D�O�L�V�D�W�L�R�Q�� �F�H�O�O�X�O�D�L�U�H�� �D�� �p�W�p��

�p�Y�D�O�X�p�H���S�D�U���P�L�F�U�R�V�F�R�S�L�H���F�R�Q�I�R�F�D�O�H���H�W���S�D�U���V�S�H�F�W�U�R�P�p�W�U�L�H���G�H���P�D�V�V�H���j���S�O�D�V�P�D���j���F�R�X�S�O�D�J�H���L�Q�G�X�F�W�L�I��

(ICP-MS). Ces nanoparticule�V�� �R�Q�W�� �P�R�Q�W�U�p�� �G�H�V�� �S�U�R�S�U�L�p�W�p�V�� �S�K�R�W�R�S�K�\�V�L�T�X�H�V���� �W�H�O�O�H�V�� �T�X�H�� �O�D��

�O�X�P�L�Q�H�V�F�H�Q�F�H�� �H�W�� �O�H�� �U�H�Q�G�H�P�H�Q�W�� �G�H�� �S�U�R�G�X�F�W�L�R�Q�� �G�¶�R�[�\�J�q�Q�H�� �V�L�Q�J�X�O�H�W���� �V�X�S�p�U�L�H�X�U�H�V�� �j�� �F�H�O�O�H�V�� �G�X��

�F�R�P�S�O�H�[�H���V�H�X�O�� �D�L�Q�V�L���T�X�¶�X�Q�H�� �L�Q�W�H�U�Q�D�O�L�V�D�W�L�R�Q���F�H�O�O�X�O�D�L�U�H���S�O�X�V�� �L�P�S�R�U�W�D�Q�W�H���S�R�X�Y�D�Q�W���S�R�W�H�Q�W�L�H�O�O�H�P�H�Q�W��

�U�p�V�X�O�W�H�U�� �H�Q�� �X�Q�H�� �P�H�L�O�O�H�X�U�H�� �S�K�R�W�R�W�R�[�L�F�L�W�p���� �*�O�R�E�D�O�H�P�H�Q�W���� �F�H�W�W�H�� �p�W�X�G�H�� �P�R�Q�W�U�H�� �O�D�� �S�R�V�V�L�E�L�O�L�W�p�� �G�H��

�W�U�D�Q�V�I�R�U�P�H�U���X�Q���3�6���Q�R�Q���S�K�R�W�R�W�R�[�L�T�X�H���H�Q���X�Q���3�6���D�F�W�L�I���H�Q���H�P�S�O�R�\�D�Q�W���X�Q�H���U�p�D�F�W�L�R�Q���G�H���S�R�O�\�P�p�U�L�V�D�W�L�R�Q��

simple et modulable. 

Chapitre 7 

�&�H�� �F�K�D�S�L�W�U�H�� �G�p�F�U�L�W�� �O�D�� �F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�� �G�¶�X�Q�� �Q�R�X�Y�H�D�X�� �F�D�Q�G�L�G�D�W�� �P�p�G�L�F�D�P�H�Q�W�� �D�Q�W�L�F�D�Q�F�p�U�H�X�[�� �Q�R�W�p��

[Ru(DIP)2(sq)]PF6 (Ru-sq) (DIP = 4,7-�G�L�S�K�p�Q�\�O-1,10-�S�K�p�Q�D�Q�W�U�R�O�L�Q�H ; sq = ligand 

�V�H�P�L�T�X�L�Q�R�Q�D�W�H������ �/�H�� �E�X�W���G�H�� �F�H�W�W�H�� �p�W�X�G�H�� �H�V�W���G�H�� �F�R�P�E�L�Q�H�U�� �O�H�� �J�U�D�Q�G�� �S�R�W�H�Q�W�L�H�O�� �D�Q�W�L�F�D�Q�F�p�U�H�X�[�� �G�¶�X�Q��

�F�R�P�S�O�H�[�H�� �S�R�O�\�S�\�U�L�G�\�O�H�� �G�H�� �5�X���,�,���� �D�Y�H�F�� �O�H�V�� �S�U�R�S�U�L�p�W�p�V �E�L�R�O�R�J�L�T�X�H�V�� �H�W�� �U�H�G�R�[�� �S�D�U�W�L�F�X�O�L�q�U�H�V�� �G�X��

�J�U�R�X�S�H�P�H�Q�W���F�D�W�p�F�K�R�O�D�W�H�����'�H�V���U�p�V�X�O�W�D�W�V���H�[�S�p�U�L�P�H�Q�W�D�X�[�����F�U�L�V�W�D�O�O�R�J�U�D�S�K�L�H���D�X�[���U�D�\�R�Q�V���;�����U�p�V�R�Q�D�Q�F�H��

�S�D�U�D�P�D�J�Q�p�W�L�T�X�H�� �p�O�H�F�W�U�R�Q�L�T�X�H���� �p�O�H�F�W�U�R�F�K�L�P�L�H���� �P�R�Q�W�U�H�Q�W�� �T�X�H�� �O�D�� �I�R�U�P�H�� �V�H�P�L�T�X�L�Q�R�Q�D�W�H�� �H�V�W�� �O�¶�p�W�D�W��

�G�¶�R�[�\�G�D�W�L�R�Q�� �S�U�p�G�R�P�L�Q�D�Q�W���G�X�� �O�L�J�D�Q�G�� �G�L�R�[�R�� �G�H�� �F�H�� �F�R�P�S�O�H�[�H���� �/�¶�D�F�W�L�Y�L�W�p�� �E�L�R�O�R�J�L�T�X�H�� �G�H��Ru-sq a 

�H�Q�V�X�L�W�H���p�W�p���p�Y�D�O�X�p�H��in vitro et in vivo�����U�p�Y�p�O�D�Q�W���O�H���I�R�U�W���S�R�W�H�Q�W�L�H�O���W�K�p�U�D�S�H�X�W�L�T�X�H���G�H���F�H���F�R�P�S�O�H�[�H���H�Q��

�W�D�Q�W���T�X�¶�D�Q�W�L�F�D�Q�F�p�U�H�X�[�����(�Q���S�D�U�W�L�F�X�O�L�H�U����Ru-sq �S�U�p�V�H�Q�W�H���X�Q�H���F�\�W�R�W�R�[�L�F�L�W�p�� �E�L�H�Q���V�X�S�p�U�L�H�X�U�H���j���F�H�O�O�H��

du �F�L�V�S�O�D�W�L�Q�H�����G�H���O�¶�R�U�G�U�H���G�X���Q�D�Q�R�P�R�O�D�L�U�H�����T�X�L�����F�R�Q�W�U�D�L�U�H�P�H�Q�W���D�X���F�L�V�S�O�D�W�L�Q�H�����S�H�X�W���r�W�U�H���H�[�S�O�L�T�X�p�H��

�H�Q���S�D�U�W�L�H���S�D�U���O�¶�L�Q�G�X�F�W�L�R�Q���G�¶�X�Q�H���G�\�V�I�R�Q�F�W�L�R�Q���P�L�W�R�F�K�R�Q�G�U�L�D�O�H�����/�H�V���P�X�O�W�L�S�O�H�V���F�L�E�O�H�V���F�H�O�O�X�O�D�L�U�H�V���G�H��

Ru-sq �S�H�X�Y�H�Q�W�� �r�W�U�H�� �O�D�� �V�R�O�X�W�L�R�Q�� �S�R�X�U�� �F�R�Q�W�R�X�U�Q�H�U�� �X�Q�� �G�H�V�� �G�p�V�D�Y�D�Q�W�D�J�H�V��du cisplatine (i.e., 

�O�¶�D�S�S�D�U�L�W�L�R�Q���G�H���U�p�V�L�V�W�D�Q�F�H�V�������'�H���S�O�X�V����Ru-sq �D���S�U�p�V�H�Q�W�p���X�Q�H���D�F�W�L�Y�L�W�p���V�S�H�F�W�D�F�X�O�D�L�U�H���G�D�Q�V���X�Q���P�R�G�q�O�H��

�G�H�� �V�S�K�p�U�R�w�G�H�V�� �P�X�O�W�L�F�H�O�O�X�O�D�L�U�H�V�� �W�X�P�R�U�D�X�[�� ���0�&�7�6������ �P�H�Q�D�Q�W�� �j�� �O�¶�L�Q�K�L�E�L�W�L�R�Q�� �G�H�� �O�D�� �F�U�R�L�V�V�D�Q�F�H��

�W�X�P�R�U�D�O�H�� ������ �M�R�X�U�V�� �D�S�U�q�V�� �W�U�D�L�W�H�P�H�Q�W���������� �—�0������ �1�R�W�D�E�O�H�P�H�Q�W���� �F�H�� �F�R�P�S�R�V�p�� �D�� �p�W�p�� �E�L�H�Q�� �W�R�O�p�U�p�� �H�W���D��

�P�R�Q�W�U�p���X�Q�H���D�F�W�L�Y�L�W�p���S�U�R�P�H�W�W�H�X�V�H���G�D�Q�V���G�H�X�[���P�R�G�q�O�H�V��in vivo �G�L�I�I�p�U�H�Q�W�V�� 
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Chapitre 8 

�(�Q�� �U�D�L�V�R�Q�� �G�X�� �I�R�U�W�� �S�R�W�H�Q�W�L�H�O�� �H�[�S�U�L�P�p�� �S�D�U�� �O�H�� �F�D�Q�G�L�G�D�W�� �P�p�G�L�F�D�P�H�Q�W�� �D�Q�W�L�F�D�Q�F�p�U�H�X�[�� �Q�R�W�p��Ru-sq 

([Ru(DIP)2(sq)]PF6 (DIP : 4,7-�G�L�S�K�p�Q�\�O-1,10-ph�p�Q�D�Q�W�U�R�O�L�Q�H���� �V�T ���� �O�L�J�D�Q�G�� �V�H�P�L�T�X�L�Q�R�Q�D�W�H���� �G�p�F�U�L�W��

�G�D�Q�V���O�H���F�K�D�S�L�W�U�H���������O�H���F�K�D�S�L�W�U�H�������S�U�p�V�H�Q�W�H���X�Q�H���p�W�X�G�H���G�H���U�H�O�D�W�L�R�Q���V�W�U�X�F�W�X�U�H-�D�F�W�L�Y�L�W�p�����6�$�5�����L�Q�F�O�X�D�Q�W��

�X�Q�H�� �J�D�P�P�H�� �S�O�X�V�� �O�D�U�J�H�� �G�¶�D�Q�D�O�R�J�X�H�V�� �U�p�V�X�O�W�D�Q�W�� �G�H�� �O�D�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �G�H�� �G�L�I�I�p�U�H�Q�W�V�� �O�L�J�D�Q�G�V�� �G�L�R�[�R��

�D�Q�D�O�R�J�X�H�V�� �G�X�� �F�D�W�p�F�K�R�O�� �V�X�U�� �O�H�� �P�r�P�H�� �F�H�Q�W�U�H�� �5�X���'�,�3��2���� �'�H�V�� �F�D�W�p�F�K�R�O�V�� �S�R�U�W�D�Q�W���G�H�V�� �J�U�R�X�S�H�P�H�Q�W�V��

�p�O�H�F�W�U�R�G�R�Q�Q�H�X�U�V�� ���(�'�*���� �R�X�� �p�O�H�F�W�U�R�D�W�W�U�D�F�W�H�X�U�V�� ���(�:�*���� �R�Q�W�� �p�W�p�� �V�p�O�H�F�W�L�R�Q�Q�p�V�� �H�W�� �O�H�V�� �S�U�R�S�U�L�p�W�p�V��

�S�K�\�V�L�F�R�F�K�L�P�L�T�X�H�V�� �H�W�� �E�L�R�O�R�J�L�T�X�H�V�� �G�H�� �O�H�X�U�� �F�R�P�S�O�H�[�H�� �R�Q�W�� �p�W�p�� �G�p�W�H�U�P�L�Q�p�H�V���� �'�L�I�I�p�U�H�Q�W�V�� �U�p�V�X�O�W�D�W�V��

�H�[�S�p�U�L�P�H�Q�W�D�X�[�� �G�p�P�R�Q�W�U�H�Q�W�� �T�X�H�� �O�D�� �F�R�R�U�G�L�Q�D�W�L�R�Q�� �G�H�� �F�D�W�p�F�K�R�O�V�� �S�R�U�W�D�Q�W�� �G�H�V�� �J�U�R�X�S�H�P�H�Q�W�V��

�p�O�H�F�W�U�R�G�R�Q�Q�H�X�U�V�� �P�q�Q�H�� �j�� �O�D�� �I�R�U�P�D�W�L�R�Q�� �G�H�� �F�R�P�S�O�H�[�H�V�� �U�R�X�J�H�V�� �S�U�R�I�R�Q�G�V�� �H�W�� �S�R�V�L�W�L�Y�H�P�H�Q�W�� �F�K�D�U�J�p�V��

(complexes 1-4�������G�D�Q�V���O�H�V�T�X�H�O�V���O�¶�p�W�D�W���G�¶�R�[�\�G�D�W�L�R�Q���S�U�p�G�R�P�L�Q�D�Q�W���G�H�V���O�L�J�D�Q�G�V���G�L�R�[�R���H�V�W���O�D���I�R�U�P�H 

�V�H�P�L�T�X�L�Q�R�Q�D�W�H���S�R�U�W�D�Q�W���X�Q�H���X�Q�L�T�X�H���F�K�D�U�J�H���Q�p�J�D�W�L�Y�H�����'�¶�D�X�W�U�H���S�D�U�W�����O�H�V���F�R�P�S�O�H�[�H�V comportant un 

�O�L�J�D�Q�G���F�D�W�p�F�K�R�O���S�R�U�W�D�Q�W���X�Q���J�U�R�X�S�H�P�H�Q�W���p�O�H�F�W�U�R�D�W�W�U�D�F�W�H�X�U�����F�R�P�S�O�H�[�H�V��5 et 6), sont des complexes 

�Q�H�X�W�U�H�V�� �E�O�H�X�V���Y�L�R�O�H�W�V�� �R�•�� �O�H�� �F�D�W�p�F�K�R�O�� �H�V�W�� �G�R�X�E�O�H�P�H�Q�W�� �F�K�D�U�J�p�� �Q�p�J�D�W�L�Y�H�P�H�Q�W���� �/�¶�p�Y�D�O�X�D�W�L�R�Q��

biologique des complexes 1-6 �D���P�H�Q�p���j���O�D���F�R�Q�F�O�X�V�L�R�Q���T�X�H���O�H�V���G�L�I�I�p�U�H�Q�F�H�V���G�D�Q�V���O�H�X�U�V���S�U�R�S�U�L�p�W�p�V��

�S�K�\�V�L�F�R�F�K�L�P�L�T�X�H�V�� �R�Q�W�� �X�Q�� �I�R�U�W�� �L�P�S�D�F�W�� �V�X�U�� �O�H�X�U�� �D�F�W�L�Y�L�W�p�� �E�L�R�O�R�J�L�T�X�H���� �$�L�Q�V�L���� �O�H�V�� �F�R�P�S�O�H�[�H�V��1-4 

�S�U�p�V�H�Q�W�H�Q�W���X�Q�H���F�\�W�R�W�R�[�L�F�L�W�p���E�L�H�Q���V�X�S�p�U�L�H�X�U�H���j���F�H�O�O�H���G�H�V���F�R�P�S�O�H�[�H�V��5 et 6. Le complexe 1 est le 

�F�R�P�S�R�V�p���O�H���S�O�X�V���S�U�R�P�H�W�W�H�X�U���G�H���O�D���V�p�U�L�H���H�W���D���G�R�Q�F���p�W�p���V�p�O�H�F�W�L�R�Q�Q�p���S�R�X�U���X�Q�H���p�Y�D�O�X�D�W�L�R�Q���E�L�R�O�R�J�L�T�X�H��

�S�O�X�V���S�R�X�V�V�p�H�����2�X�W�U�H���X�Q�H���U�H�P�D�U�T�X�D�E�O�H���F�\�W�R�W�R�[�L�F�L�W�p�����,�&50 = 0.07-00.�����—�0���G�D�Q�V���G�L�I�I�p�U�H�Q�W�H�V���O�L�J�Q�p�H�V��

cellulaires), le complexe 1 �H�V�W���L�Q�W�H�U�Q�D�O�L�V�p���W�U�q�V���H�I�I�L�F�D�F�H�P�H�Q�W���S�D�U���O�H�V���F�H�O�O�X�O�H�V���+�H�/�D���H�Q���V�X�L�Y�D�Q�W���X�Q��

�P�p�F�D�Q�L�V�P�H�� �G�H�� �W�U�D�Q�V�S�R�U�W�� �S�D�V�V�L�I���� �'�H�� �S�O�X�V���� �V�R�Q�� �D�F�F�X�P�X�O�D�W�L�R�Q�� �P�R�G�p�U�p�H�� �G�D�Q�V�� �G�L�I�I�p�U�H�Q�W�V��

compartiments intracellulaires (i.e., noyau, lysosomes, mitochondries et cytoplasme) est un 

�D�Y�D�Q�W�D�J�H�� �V�L�J�Q�L�I�L�F�D�W�L�I�� �G�D�Q�V�� �O�D�� �U�H�F�K�H�U�F�K�H�� �G�¶�X�Q�� �D�J�H�Q�W���D�Q�W�L�F�D�Q�F�p�U�H�X�[�� �j�� �P�R�G�H�V�� �G�¶�D�F�W�L�R�Q�� �P�X�O�W�L�S�O�H�V����

�(�Q�� �F�R�P�S�O�p�P�H�Q�W���� �G�H�V�� �p�W�X�G�H�V�� �G�H�� �O�D�� �P�p�W�D�O�O�D�W�L�R�Q�� �G�H�� �O�¶�$�'�1�� �H�W�� �G�X�� �P�p�W�D�E�R�O�L�V�P�H�� �p�Q�H�U�J�p�W�L�T�X�H��

�V�X�J�J�q�U�H�Q�W�� �X�Q�H�� �L�Q�W�H�U�D�F�W�L�R�Q�� �G�L�U�H�F�W�H��du complexe 1 �D�Y�H�F�� �O�¶�$�'�1�� �D�L�Q�V�L�� �T�X�H�� �O�¶�L�Q�G�X�F�W�L�R�Q�� �G�¶�X�Q�H��
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dysfonction mitochondriale. Les cibles multiples du complexe 1 ainsi que sa remarquable 

�F�\�W�R�W�R�[�L�F�L�W�p���H�Q���I�R�Q�W���X�Q���F�D�Q�G�L�G�D�W���P�p�G�L�F�D�P�H�Q�W���S�U�p�F�L�H�X�[���G�D�Q�V���O�H���G�R�P�D�L�Q�H���G�H���O�D���U�H�F�K�H�U�F�K�H���F�R�Q�W�U�H��

le cancer. 

Chapitre 9 

L�H�� �F�K�D�S�L�W�U�H�� ���� �G�p�F�U�L�W�� �X�Q�� �D�Q�D�O�R�J�X�H�� �G�X�� �F�R�P�S�O�H�[�H�� �S�U�p�V�H�Q�W�p�� �G�D�Q�V�� �O�H�� �F�K�D�S�L�W�U�H�� ���� �Q�R�W�p��

[Ru(DIP) 2(mal)](PF6), portant un ligand maltol ���P�D�O�������X�Q���H�[�K�D�X�V�W�H�X�U���G�H���J�R�€�W���D�S�S�U�R�X�Y�p���S�D�U���O�D��

�)�'�$���� �3�R�V�V�p�G�H�U�� �X�Q�� �O�L�J�D�Q�G�� �D�S�S�U�R�X�Y�p�� �S�D�U�� �O�D�� �)�'�$�� �H�V�W�� �H�V�V�H�Q�W�L�H�O�� �S�R�X�U�� �X�Q�� �F�R�P�S�O�H�[�H�� �G�R�Q�W�� �O�H��

�P�p�F�D�Q�L�V�P�H�� �G�¶�D�F�W�L�R�Q�� �S�H�X�W�� �L�P�S�O�L�T�X�H�U�� �X�Q�� �p�F�K�D�Q�J�H�� �G�H�� �O�L�J�D�Q�G���� �'�D�Q�V�� �F�H�� �F�K�D�S�L�W�U�H�� �V�R�Q�W�� �G�p�F�U�L�W�H�V�� �O�D��

�V�\�Q�W�K�q�V�H�� �H�W�� �O�D�� �F�D�U�D�F�W�p�U�L�V�D�W�L�R�Q�� �G�H��[Ru(DIP)2(mal)](PF6)���� �O�¶�p�W�X�G�H�� �G�H�� �V�D�� �V�W�D�E�L�O�L�W�p�� �H�Q�� �P�L�O�L�H�X��

�E�L�R�O�R�J�L�T�X�H�� �D�L�Q�V�L�� �T�X�H�� �V�R�Q�� �p�Y�D�O�X�D�W�L�R�Q�� �E�L�R�O�R�J�L�T�X�H�� �S�R�X�V�V�p�H���� �'�H�V�� �W�H�V�W�V�� �G�H�� �F�\�W�R�W�R�[�L�F�L�W�p�V�� �V�X�U��

�G�L�I�I�p�U�H�Q�W�H�V�� �O�L�J�Q�p�H�V�� �F�H�O�O�X�O�D�L�U�H�V�� �G�D�Q�V�� �X�Q�� �P�R�G�q�O�H�� ���'�� �D�L�Q�V�L�� �T�X�H�� �G�D�Q�V�� �X�Q�� �P�R�G�q�O�H�� �G�H�� �V�S�K�p�U�R�w�G�H�V��

multicellulaires tumoraux (�0�&�7�6�����G�H���F�H�O�O�X�O�H�V���+�H�/�D���R�Q�W���P�R�Q�W�U�p���T�X�H���F�H���F�R�P�S�R�V�p���S�U�p�V�H�Q�W�H���X�Q�H��

�D�F�W�L�Y�L�W�p�� �D�F�F�U�X�H�� �F�R�P�S�D�U�p�H�� �D�X�� �F�L�V�S�O�D�W�L�Q�H���� �D�F�W�X�H�O�O�H�P�H�Q�W���F�R�P�P�H�U�F�L�D�O�L�V�p���� �M�X�V�W�L�I�L�D�Q�W���X�Q�H�� �p�W�X�G�H�� �S�O�X�V��

�S�R�X�V�V�p�H����[Ru(DIP) 2(mal)](PF6) �H�V�W���H�I�I�L�F�D�F�H�P�H�Q�W���L�Q�W�H�U�Q�D�O�L�V�p�� �S�D�U�� �O�H�V�� �F�H�O�O�X�O�H�V�� �+�H�/�D�� �H�Q�� �V�X�L�Y�D�Q�W��

une voie �G�H���W�U�D�Q�V�S�R�U�W���S�D�V�V�L�Y�H�����H�W���D�I�I�H�F�W�H���V�p�Y�q�U�H�P�H�Q�W���O�H���P�p�W�D�E�R�O�L�V�P�H���P�L�W�R�F�K�R�Q�G�U�L�D�O�� 

Chapitre 10  

�&�H�� �F�K�D�S�L�W�U�H�� �S�U�p�V�H�Q�W�H�� �T�X�D�W�U�H�� �Q�R�X�Y�H�D�X�[�� �F�R�P�S�O�H�[�H�V�� �P�R�Q�R�F�D�W�L�R�Q�L�T�X�H�V�� �S�R�O�\�S�\�U�L�G�\�O�H�V�� �G�H�� �5�X���,�,������

�V�\�Q�W�K�p�W�L�V�p�V���j �S�D�U�W�L�U�� �G�H�� �O�D�� �I�R�U�P�X�O�H�� �J�p�Q�p�U�D�O�H�� �>�5�X���'�,�3��2�I�O�Y�@�;���� �R�•�� �'�,�3�� �F�R�U�U�H�V�S�R�Q�G�� �j��la 4,7-

�G�L�S�K�p�Q�\�O-1,10-�S�K�p�Q�D�Q�W�U�R�O�L�Q�H�����I�O�Y���F�R�U�U�H�V�S�R�Q�G���j���X�Q���O�L�J�D�Q�G���I�O�D�Y�R�Q�R�w�G�H������-hydroxyflavone dans le 

complexe [Ru(DIP)2(5-OHF)](PF6)���� �J�p�Q�L�V�W�p�L�Q�H�� �G�D�Q�V�� �O�H�� �F�R�P�S�O�H�[�H��[Ru(DIP)2(gen)](PF6), 

chrysine dans le complexe [Ru(DIP)2(chr)](OTf) , et morine dans le complexe 

[Ru(DIP)2(mor)](OTf) ���� �H�W�� �;�� �U�H�S�U�p�V�H�Q�W�H�� �O�H�V�� �F�R�Q�W�U�H-ions PF6- et OTf- (triflate, CF3SO3
-). Ces 

�Q�R�X�Y�H�D�X�[���F�R�P�S�R�V�p�V���R�Q�W���p�W�p���F�D�U�D�F�W�p�U�L�V�p�V���H�W���O�H�X�U���F�\�W�R�W�R�[�L�F�L�W�p���F�R�Q�W�U�H���G�L�I�I�p�U�H�Q�W�H�V���O�L�J�Q�p�H�V���F�H�O�O�X�O�D�L�U�H�V��

�D�� �p�W�p�� �W�H�V�W�p�H���� �/�¶�D�F�W�L�Y�L�W�p�� �E�L�R�O�R�J�L�T�X�H�� �G�X�� �F�R�P�S�O�H�[�H le plus prometteur [Ru(DIP)2(gen)](PF6) a 
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�H�Q�V�X�L�W�H���p�W�p���p�W�X�G�L�p�H�����'�H�V���p�W�X�G�H�V���G�X���P�p�W�D�E�R�O�L�V�P�H���p�Q�H�U�J�p�W�L�T�X�H���R�Q�W���P�R�Q�W�U�p���T�X�H���F�H���F�R�P�S�O�H�[�H���D�I�I�H�F�W�H��

�V�p�Y�q�U�H�P�H�Q�W�� �O�D�� �U�H�V�S�L�U�D�W�L�R�Q�� �P�L�W�R�F�K�R�Q�G�U�L�D�O�H���� �'�H�� �S�O�X�V���� �V�R�Q�� �D�F�F�X�P�X�O�D�W�L�R�Q�� �S�U�p�I�p�U�H�Q�W�L�H�O�O�H�� �G�D�Q�V�� �O�H�V��

cellules MDA-MB-435S (cellu�O�H�V�� �G�H�� �P�p�O�D�Q�R�P�H�� �L�G�H�Q�W�L�I�L�p�H�V�� �L�Q�L�W�L�D�O�H�P�H�Q�W�� �F�R�P�P�H�� �G�H�V�� �F�H�O�O�X�O�H�V��

�F�D�Q�F�p�U�H�X�V�H�V�� �G�H�� �J�O�D�Q�G�H�V�� �P�D�P�P�D�L�U�H�V�� �R�X�� �G�X�� �V�H�L�Q�� �H�[�W�U�D�L�W�H�V�� �G�¶�X�Q�� �V�L�W�H�� �P�p�W�D�V�W�D�W�L�T�X�H�� �V�L�W�X�p�� �G�D�Q�V�� �X�Q��

�p�S�D�Q�F�K�H�P�H�Q�W���S�O�H�X�U�D�O�������I�U�p�T�X�H�P�P�H�Q�W���X�W�L�O�L�V�p�H�V���S�R�X�U���O�¶�p�W�X�G�H���G�H�V���P�p�W�D�V�W�D�V�H�V�����H�[�S�O�L�T�X�H���O�¶�H�I�I�L�F�D�F�L�W�p��

accrue du �F�R�P�S�O�H�[�H�� �G�D�Q�V�� �F�H�W�W�H�� �O�L�J�Q�p�H�� �F�R�P�S�D�U�p�H�� �j�� �O�D�� �O�L�J�Q�p�H�� �0�&�)-7 (carcinome canalaire 

humain). 

Chapitre 11 

�&�H���G�H�U�Q�L�H�U���F�K�D�S�L�W�U�H���F�R�Q�W�L�H�Q�W���X�Q���U�p�V�X�P�p���D�L�Q�V�L���T�X�H���O�H�V���F�R�Q�F�O�X�V�L�R�Q�V���I�L�Q�D�O�H�V���G�H���F�H�V���W�U�D�Y�D�X�[���G�H���W�K�q�V�H��

�S�R�U�W�D�Q�W���V�X�U���O�¶�p�W�X�G�H���G�X���P�R�G�H���G�¶�D�F�W�L�R�Q���G�H���F�R�P�S�O�H�[�H�V���S�R�O�\�S�\�U�L�G�\�O�H�V �G�H���5�X���,�,�����X�W�L�O�L�V�p�V���H�Q���W�D�Q�W���T�X�H��

�3�6���S�R�X�U���O�D���3�'�7���R�X���H�Q���W�D�Q�W���T�X�¶�D�J�H�Q�W���F�K�L�P�L�R�W�K�p�U�D�S�H�X�W�L�T�X�H�����,�O���U�p�V�X�P�H���O�H�V���G�p�V�D�Y�D�Q�W�D�J�H�V���D�F�W�X�H�O�V���G�H��

�F�H�V���F�R�P�S�O�H�[�H�V���H�W���S�U�R�S�R�V�H���G�H�V���S�L�V�W�H�V���G�¶�D�P�p�O�L�R�U�D�W�L�R�Q�V���S�R�X�U���F�H�W�W�H���F�O�D�V�V�H���L�Q�W�p�U�H�V�V�D�Q�W�H���G�H���F�R�P�S�O�H�[�H�V��

�R�U�J�D�Q�R�P�p�W�D�O�O�L�T�X�H�V�� 
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Summary 

 

This PhD thesis aims to evaluate chemically and, more importantly, biologically Ru(II) 

polypyridyl complexes. These metal complexes can be used as photodynamic therapy (PDT) 

photosensitizers (PS) or as chemotherapeutic agents in cancer treatment. PDT is an alternative 

or complimentary treatment to surgery, chemotherapy or radiotherapy. Currently it draws a lot 

of attention due to its advantages. Especially interesting is its spatial and temporal control, 

which leads to targeting tumours while preserving healthy tissue. Additionally, repeatedly 

occurring resistances and severe side effects brought by chemotherapy urges the scientific 

world to search for new anticancer drug candidates. Ruthenium complexes are one of the most 

promising groups of metal-based drug candidates (as chemotherapeutics or PSs) owing to their 

multiple stable oxidation states, etc. This thesis describes an overview of the known modes of 

action of Ru(II) polypyridyl complexes as PDT PS and introduces new complexes that can be 

used in regular as well as targeted PDT. Additionally, this thesis also focuses on the 

characterisation of novel class of Ru complexes that were generated as potential anticancer 

agents for chemotherapy by coordination of different dioxoligands to the metal core. This thesis 

is composed of 11 chapters and their content is shortly described below. 

Chapter 1 

This chapter of the thesis focuses on the introduction of Ru(II) polypyridyl complexes as a class 

of PDT PSs and, in addition, describes known mechanism(s) of action of these compounds in 

living cells/mice upon light irradiation. Unfortunately, to date, there is a scarcity of studies 

exploring thoroughly the mode(s) of action of these compounds. In this chapter, only biological 

studies that show more than just the phototoxicity and the cellular localisation of some Ru(II) 

complexes are reviewed, starting from the results obtained with TLD-1433, the PS of the 
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McFarland group currently in clinical trial. To the end of this chapter, a classification of the 

Ru(II) complexes depending on their cellular localisation is provided. Of note, only 

coordinatively saturated and substitutionally inert Ru(II) polypyridyl complexes are discussed 

in this chapter. 

Chapter 2  

This section describes the synthesis, photophysical properties and biological evaluation of 

Ru(II) polypyridyl complexes bearing a cobalamin moiety. The current PDT PSs lack 

selectivity for cancer cells. To tackle this drawback, in view of selective cancer delivery, this 

chapter describes the conjugation of two ruthenium polypyridyl complexes to vitamin B12 

(cobalamin) to take advantage of the solubility and active uptake of the latter. Ultimately, our 

results show that the transcobalamin pathway is unlikely involved for the delivery of these 

ruthenium-based PDT PSs, emphasizing the difficulty in successfully delivering metal 

complexes to cancer cells.  

Chapter 3 

This chapter presents the synthesis, characterization and in-depth photophysical evaluation of 

a nanobody-containing Ru(II) polypyridyl conjugate selective for the epidermal growth factor 

receptor (EGFR) in view of targeted PDT. There is currently a surge for the development of 

novel PDT PSs since those currently approved are not completely ideal. Among the tested 

compounds, Ru(II) polypyridyl complexes with a [Ru(bipy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ 

scaffold (bipy = 2,2'-bipyridine; dppz = dipyrido[3,2-�D�����•�����•-c]-phenazine, phen = 1,10-

phenanthroline) were previously investigated. These complexes selectively target DNA. 

However, since DNA is ubiquitous, it was of great interest to increase the selectivity of these 

PDT PSs by linking them to a targeting vector in view of targeted PDT. In this chapter, ICP-

MS and confocal microscopy techniques allowed to demonstrate that the a nanobody-
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containing Ru(II) polypyridyl conjugate had a high selectivity for the EGFR receptor, which is 

a crucial oncological target as it is overexpressed and/or deregulated in a variety of solid tumors. 

However, DCFH-DA staining experiments indicated that no significant ROS was produced 

inside the cells. This is most probably the reason why the complex was found to be non-

phototoxic. 

Chapter 4 

This chapter presents a series of Ru (II) complexes bearing �������•�����•���� ���•�•-terpyridine (terpy) 

coordinating ligands, which are less investigated than the complexes based on the coordination 

of N-donating bidentate ligands to the ruthenium core. Herein, 7 complexes of the type 

[Ru(terpy)(terpy-X)]2+ (X = H (1), Cl (2), Br (3), OMe (4), COOH (5), COOMe (6), NMe2 

(7)) were investigated as potential chemotherapeutic agents and PDT PSs. The compounds were 

characterized in-depth including by X-ray crystallography. Importantly, six of the seven 

complexes were found to be stable in human plasma as well as photostable in acetonitrile upon 

continuous LED irradiation. The determination of the logP values for the 7 complexes revealed 

their good water solubility. The most promising complex 7 was found to be cytotoxic in the 

micromolar range in the dark as well as to have some phototoxicity upon light exposure at 480 

nm in non-cancerous retinal pigment epithelium (RPE-1) and cancerous human cervical 

carcinoma (HeLa) cells. 

Chapter 5 

This section presents a successful attempt of DFT guided search for an efficient PDT PS that 

will have a strong red shift. Currently photodynamic therapy treatments, despite the recent 

research developments, utilizes blue or UV-A light to obtain a PDT effect. As a result, 

penetration depth inside the tissue is limited and therefore, the possibility to treat deep-seated 

or large tumours is weakened. Thanks to this rational design, ruthenium complexes with a 
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strong red shift in their absorption profile could be successfully prepared. One of the complexes, 

while being stable in human plasma as well as upon light irradiation, was found to localize in 

the cytoplasm of HeLa cells. Upon irradiation at clinically relevant 595 nm, it led to the 

disturbance of mitochondrial respiration and glycolysis processes in 2D monolayer cells. 

Moreover, it was demonstrated that the compound was also photo-cytotoxic in 3D MCTS, 

which are a much more suitable tumour model than monolayer cultures. Further investigations 

of the in vivo efficiency of this promising compound are planned in the future. 

Chapter 6 

This chapter describes the synthesis of ruthenium-containing nanoconjugates from a non-cell-

penetrating, non-phototoxic ruthenium(II) polypyridyl complex (RuOH), by a drug-initiated 

ring-opening polymerization of lactide. These conjugates were then formulated into 

nanoparticles by nanoprecipitation and characterized by means of nuclear magnetic resonance 

spectroscopy (NMR), matrix-assisted laser desorption/ionization - time of flight mass 

spectrometry (MALDI-TOF MS) and dynamic light scattering (DLS). Finally, their photo-

�W�K�H�U�D�S�H�X�W�L�F���D�F�W�L�Y�L�W�\������exc = 480 nm, 3.21 J.cm-2) in cancerous human cervical carcinoma (HeLa) 

and non-cancerous retinal pigment epithelium (RPE-1) cells was tested alongside that of RuOH 

and their cellular uptake in HeLa cells was assessed by confocal microscopy and inductively 

coupled plasma - mass spectrometry (ICP-MS). All nanoparticles showed improved 

photophysical properties including luminescence and singlet oxygen generation, enhanced 

cellular uptake and, capitalizing on this, an improved photo-toxicity. Overall, this study 

demonstrates how it is possible to transform a non-phototoxic PDT PS into an active PS using 

an easy, versatile polymerisation. 
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Chapter 7 

This chapter characterises a new chemotherapeutic drug candidate against cancer, namely 

[Ru(DIP)2(sq)]PF6 (Ru-sq) (DIP = 4,7-diphenyl-1,10-phenanthroline; sq = semiquinonate 

ligand). The aim of this study was to combine the great potential expressed by Ru(II) 

polypyridyl complexes and the singular redox and biological properties associated to the 

catecholate moiety. Experimental evidences (e.g., X-ray crystallography, electron paramagnetic 

resonance, electrochemistry) demonstrated that the semiquinonate is the preferred oxidation 

state of the dioxo ligand in this complex. The biological activity of Ru-sq was then scrutinised 

in vitro and in vivo, and the results highlight the auspicious potential of this complex as a 

chemotherapeutic agent against cancer. Ru-sq was notably found to have a much higher 

cytotoxic activity than cisplatin (i.e. in the nanomolar range), and, contrary to cisplatin, to have 

mitochondrial disfunction as one of its modes of action. The multicellular targets of Ru-sq 

could potentially be the key to overcome one of the main drawbacks of cisplatin (i.e., the 

occurrence of resistance). Moreover, Ru-sq exhibited impressive activity on Multi Cellular 

Tumour Spheroids (MCTS) model, even leading to growth inhibition of the tumour 13 days 

�D�I�W�H�U���W�U�H�D�W�P�H�Q�W�����������—�0��. Importantly, using two different in vivo models, this compound was 

found to be well-tolerated by mice and has very promising activity. 

Chapter 8 

Due to the great potential expressed by an anticancer drug candidate discussed in Chapter 7, 

namely Ru-sq ([Ru(DIP)2(sq)](PF6) (DIP: 4,7-diphenyl-1,10-phenanthroline, sq: 

semiquinonate ligand), Chapter 8 presents a structure-activity relationship (SAR) that involves 

a broader range of derivatives resulting from the coordination of different catecholate-like 

dioxoligands to the same Ru(DIP)2 core. More in detail, catechols carrying either electron-

donating or electron-withdrawing groups EDG or EWG were chosen and the physico-chemical 
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and biological properties of their complexes investigated. Several pieces of experimental 

evidences demonstrated that the coordination of catechols bearing EDGs led to deep red 

positively charged complexes 1�±4, in which the preferred oxidation state of the dioxoligand is 

the uninegatively charged semiquinonate. Complexes 5 and 6, on the other hand, are blue/violet 

neutral complexes, which carry an EWG substituted dinegatively charged catecholate ligand. 

The biological investigation of complexes 1�±6 led to the conclusion that the difference in their 

physico-chemical properties has a strong impact on their biological activity. Thus, complexes 

1�±4 expressed much higher cytotoxicities than complexes 5 and 6. Complex 1 constitutes the 

most promising compound of the series and was selected for a more in-depth biological 

investigation. Apart from its remarkably high cytotoxicity (IC50 = 0.07�±�������� �—�0�� �L�Q�� �G�Lfferent 

cancerous cell lines), complex 1 was taken up by HeLa cells very efficiently by a passive 

transportation mechanism. Moreover, its moderate accumulation in several cellular 

compartments (i.e., nucleus, lysosomes, mitochondria and cytoplasm) is extremely 

advantageous in the search of a potential drug with multiple modes of action. Further DNA 

metalation and metabolic studies pointed to the direct interaction of complex 1 with DNA and 

to the severe impairment of the mitochondrial function. Multiple targets, together with its 

outstanding cytotoxicity, make complex 1 a valuable candidate in the field of chemotherapy 

research.  

Chapter 9 

Chapter 9 focuses on structurally similar compound to the one from Chapter 7, namely 

[Ru(DIP) 2(mal)](PF6), carrying the flavour-enhancing agent approved by the FDA, maltol 

(mal). To possess an FDA approved ligand is crucial for a complex, whose mechanism of action 

might include ligand exchange. Herein, we describe the synthesis and characterisation of 

[Ru(DIP) 2(mal)](PF6), its stability in solutions and in conditions which resemble the 

physiological ones, and its in-depth biological investigation. Cytotoxicity tests on different cell 
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lines in 2D model and on HeLa MultiCellular Tumour Spheroids (MCTS) demonstrated that 

our compound has higher activity compared to the approved drug cisplatin, inspiring further 

tests. [Ru(DIP) 2(mal)](PF6) was efficiently internalised by HeLa cells through a passive 

transport mechanism and severely affected the mitochondrial metabolism.  

Chapter 10 

This Chapter presents four novel monocationic Ru(II) polypyridyl complexes that have been 

synthesized with the general formula [Ru(DIP)2flv]X, where DIP is 4,7-diphenyl-1,10-

phenanthroline, flv stands for the flavonoid ligand (5-hydroxyflavone in [Ru(DIP)2(5-

OHF)](PF6), genistein in [Ru(DIP)2(gen)](PF6), chrysin in [Ru(DIP)2(chr)](OTf) , and morin 

in [Ru(DIP)2(mor)](OTf) ) and X is the counterion, PF6�C, and �2�7�I���C�� ���W�U�L�I�O�D�W�H���� �&�)3SO3�C ), 

respectively. These novel compounds were thoroughly characterised, and their cytotoxicity 

tested against several cancer cell lines. The most promising complex, [Ru(DIP)2(gen)](PF6), 

was further investigated for its biological activity. Metabolic studies revealed that this complex 

severely impaired mitochondrial respiration and glycolysis processes, contrary to its precursor, 

Ru(DIP)2Cl2, which showed a prominent effect only on the mitochondrial respiration. In 

addition, its preferential accumulation in MDA-MB-435S cells (a human melanoma cell line 

previously described as mammary gland/breast; derived from metastatic site: pleural effusion), 

�W�K�D�W���D�U�H���X�V�H�G���I�R�U���W�K�H���V�W�X�G�\���R�I���P�H�W�D�V�W�D�V�L�V�� explained the better activity in this �F�H�O�O���O�L�Q�H���F�R�P�S�D�U�H�G��

�W�R���0�&�)��������human, ductal carcinoma���� 

�&�K�D�S�W�H�U������ 

The last section of this thesis contains the summary and final conclusions of introduced work 

regarding modes of action of Ru (II) polypyridyl complexes as PDT PSs and as chemotherapy 

drug candidates. It recapitulates on the current drawbacks and future directions for this 

interesting class of metal-based complexes.   
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Abstract 

The unique photophysical properties of Ru(II) polypyridyl complexes make them very 

attractive candidates as photosensitisers in Photodynamic Therapy (PDT). However, to date, 

there are not many studies exploring in detail the mechanism(s) of action of such compounds 

in living systems upon light irradiation. This feature article provides an overview of the most 

in-depth biological studies on such compounds. 
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Introduction  

The earliest reports on the use of light in combination with chemical entities in the field of 

medicine are more than 100 years old.1 Since then, this medical technique, known as 

photodynamic therapy (PDT), has evolved to a successful alternative or complimentary 

treatment to chemotherapy, radiotherapy and surgery. Nowadays PDT is an approved and 

common treatment in dermatology. It is used to treat acne, psoriasis, keloid scars and port wine 

stains, helping patients to improve their appearance and quality of life.2, 3 PDT also gives 

another, new perspective for cancer therapy due to its spatial and temporal control.4 This 

treatment modality is currently approved for a wide range of cancer types using commercially 

available photosensitisers such as �3�K�R�W�R�I�U�L�Q�Š�����9�L�V�X�G�\�Q�H�Š�����)�R�V�F�D�Q�Š���R�U���/�H�Y�X�O�D�Q�Š (see Figure 

1 for structures).5, 6 
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Figure 1. Chemical structures of �3�K�R�W�R�I�U�L�Q�Š�����9�L�V�X�G�\�Q�H�Š�� �)�R�V�F�D�Q�Š and �/�H�Y�X�O�D�Q�Š. 

PDT usually requires three main components, namely a photosensitiser (PS), molecular oxygen 

(3O2) and light. After injection/application of the PS into/on the patient, the latter is irradiated 

at a specific, defined wavelength, allowing the PS to reach its singlet excited state 1PS*. After 

intersystem crossing (ISC), the PS reaches an excited state, which has a triplet character (3PS*). 

It might then react in two different electron exchange mechanisms, resulting in the formation 

of very reactive singlet oxygen 1O2 (Type II) or radical anions or cations, which can further 

react with oxygen producing other reactive oxygen species (ROS) like hydrogen peroxide H2O2, 

superoxide O2- or hydroxyl radicals �‡OH (Type I). Both mechanisms, namely Types I and II, 

lead to the formation of products that impair metabolic pathways and eventually lead to 
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eukaryotic cell or bacteria death. The ratio between these two processes depends on the PS used 

as well as the concentrations of molecular oxygen and other biological substrates.7 The most 

attractive feature of PDT is its subsistent selectivity. Indeed, areas that are affected by PDT 

treatments are only those where the PS has accumulated and where light is applied. 

Additionally, due to the short life of generated 1O2 (40 ns) and radicals, the area of action is 

estimated to be only 20 nm.8  

Currently used PSs are based on cyclic tetrapyrrolic structures like porphyrins, phtalocyanines 

or chlorins.9 Although they fill the requirements of a PS, they also have a number of drawbacks. 

�3�K�R�W�R�I�U�L�Q�Š, for example, exhibits poor light penetration into the tumour as well as low 

clearance from the patients bodies that leads to photosensitivity.10 There is therefore a need for 

new PSs that overcome these unwanted effects and that have a higher uptake and selectivity 

towards cancer cells.11 Recently designed molecules can be classified in two main classes, 

namely modified porphyrin-based PSs or porphyrin-free PDT systems.6 In the second class, 

inert Ru(II) polypyridyl complexes have raised great interest not only as alternatives to cisplatin 

but also as a novel PDT PSs because of their favourable photophysical properties (e.g. long 

excited state lifetimes, visible light absorption and two-photon excitation).6, 12-15 One of these 

compounds, namely TLD-1433, is currently undergoing a human clinical trial against invasive 

bladder cancer (Figure 2).58  

Understanding the mechanism(s) of action of these compounds in living cells/mice upon light 

irradiation is extremely important to establish their therapeutic potential and to design new 

generation PSs. Unfortunately, to date, there is a scarcity of studies exploring in depth the 

mode(s) of action of these compounds.16 In this feature article, we review only biological 

studies that describe more than just the phototoxicity and the cellular localisation of some Ru(II) 

complexes, starting from the results obtained with TLD-1433, the PS of the McFarland group 

currently in clinical trial. To the end of our feature article, we have decided to classify the Ru(II) 
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complexes depending on their cellular localisation. Of note, only coordinatively saturated and 

substitutionally inert Ru(II) polypyridyl complexes are discussed herein. 

 

TLD -1433 and its derivatives 

In 2013, the group of prof. McFarland reported two compounds, namely TLD -1411 and TLD -

1433 (see Figure 2).17 Both molecules were first investigated for photodynamic inactivation 

(PDI) of pathogenic bacteria. 

 

Figure 2. TLD-1411 and TLD-1433  

The researchers pointed out that the 2-�����¶�����¶�¶�����¶�¶�����¶�¶�¶-terthiophene)-imidazo[4,5-

f][1,10]phenanthroline (IP-TT) ligand in the compounds structure might be responsible for both 

Type I and Type II electron exchange mechanisms. The ability of the designed complexes to 

work in low oxygen conditions through a Type I mechanism corroborated the advantage of 

these compounds. Promising results obtained in bacteria led to further examinations of the 

compounds. In 2015, a study on TLD -1411 and TLD -1433 as PSs suitable for anticancer PDT 

in vitro and in vivo was reported by Lilge and co-workers.18 For in vitro studies, four cell lines 

were used, namely CT26 and CT25.26 (respectively wild type and N-nitroso-N-

methylurethane-induced mouse colon carcinoma), U87MG (human glioblastoma cell line) and 
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F98 (rat glioblastoma). The Lethal Dose to kill 50 % of the cell population (LD50) was 

determined for TLD -1411 and TLD -1433 on all four cell lines in the dark and after light 

�L�U�U�D�G�L�D�W�L�R�Q���� �&�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� ���� �—�0�� �R�I��TLD -1411 �D�Q�G�� ���� �—�0�� �R�I��TLD -1433 effectively killed 

100% of CT-26 WT and U87MG cells upon light irradiatio�Q�����J�U�H�H�Q���/�(�'���H�P�L�W�W�L�Q�J���D�W�����������“��������

nm; 45 J cm-2). U87MG cells were chosen to check whether these PSs could be used in hypoxic 

and normoxic conditions. A photodynamic effect was observed in normoxic conditions with 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���������—�0�������������R�I���F�H�O�O�V���N�L�O�Oed). Unfortunately, TLD -1411 and TLD -1433 did 

not work in hypoxia conditions in human cell lines. The compounds were also tested in vivo 

using 8-10 week-old BALB/C mice injected with CT26.WT murine colon carcinoma. The 

maximum tolerated dose 50 (MTD50) values for TLD -1411 and TLD -1433 were established to 

be 36 mg.kg-1 and 103 mg.kg-1, respectively. Mice treated with doses of TLD -1411 higher than 

MTD50 showed sign of weakness, ataxia and died a couple of days post-injection. On the 

contrary, TLD -1433 when given at higher doses than MTD50 did not cause death and all 

behavioural symptoms disappeared 24 h post-injection. Accumulation studies showed that both 

compounds were detectable in the tumour, liver and brain after 24 h. Tumour concentration of 

TLD -1411 was lower than the one of TLD -1433 �������������—�0���W�R�������������—�0������The efficacy of PDT 

treatment was also tested using the same mouse model. Mice with grown tumours were injected 

with compounds and irradiated after 4 h thereafter with 190 J.cm-2 for 32 min in 30 s cycles. 

Tumours were significantly reduced when treated with 2 mg.kg-1 of TLD -1411 and displayed 

a growth delay of 8 days. However, all tumours recurred. A higher dose of 5 mg.kg-1 of TLD -

1433 gave a tumour reduction and growth delay of 9 days. The researchers also checked 

whether continuous wave (cw lasers) or pulsed lasers would give better results with the tested 

PSs. Cw lasers are regularly used in PDT applications. Pulsed ones have the advantage of 

lowering down the local tissue heating, keeping the high power density. Mice treated with TLD -
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1411 and TLD -1433 showed significant increase in survival when higher doses of the 

compounds as well as cw light source was applied.  

Upregulated receptors or cell surface markers in cancer cells are useful targets for therapeutic 

agents. Usually, targeting mosaic is conjugated with the complex. It is also common to use the 

association of the serum or membrane proteins with the active compound in non-covalent 

manner to improve compound uptake. Ru complexes are known to associate with human serum 

albumin (HSA) or transferrin.19, 20 Transferrin is a 78 kDa glycoprotein necessary for chelating 

Fe 3+ from the serum.21 Cancer cells display upregulated levels of transferrin receptors due to 

their higher demand for Fe3+ to grow.22 In 2016, Lilge et al. confirmed that the uptake of TLD -

1433 as well as ROS production upon light irradiation (96 laser diode array light source; 625 

�Q�P�����������“�������-���F�P-2) were improved in cell free environment when the complex was mixed with 

transferrin.23 TLD -1433 associated with transferrin showed also lower dark cytotoxicity, 

probably due to enhanced Fe3+delivery to the cancer cells, and resistance to photobleaching in 

contrary to TLD -1433 alone. 

Cell localisation of TLD -1433 and its impact on cell metabolism by changing the cellular redox 

balance was published in a recent study.24 Colocalisation studies performed by confocal and 

time-resolved laser scanning microscopy were inconclusive. Additionally, fluorescence signals 

of the tracking dyes vanished before the TLD -1433 signal could be detected. It is possible that 

redox reactions and complex activation during laser scanning could be the reason for that 

unexpected phenomena.  

The good results obtained with TLD -1433 led to the preparation of a series of cyclometalated 

Ru(II) complexes similar to TLD 1433 structure (1-4, Figure 3).25  
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Figure 3. Structure of complexes 1-4 

Cyclometalated Ru(II) complexes are usually more photostable and their absorption spectra is 

red-shifted compared to diamine Ru(II) complexes. The (photo-)toxicity of the complexes was 

checked in two cell lines, namely SK-MEL-28 (melanoma) and CCD-1064Sk (normal skin 

fibroblasts). Complexes 1-3 were found to be highly cytotoxic in the dark towards melanoma 

cell line and were affecting much less normal skin fibroblasts. Complex 4 did not show any 

cytotoxicity in the dark. Upon irradiation with visible light (400-700 nm, 34.7 mW.cm-2), all 

complexes appeared to be extremely cytotoxic to melanoma cells. Particularly, complex 4 had 

a surprising PI of more than 1100, much higher than the three other complexes. To determine 

if complexes 1-4 would possibly bind to DNA, a mobility shift assay was performed. Upon 

light irradiation with visible light, the pUC19 plasmid formed aggregates in the presence of the 

complexes. No single-strand nor double-strand DNA breaks were observed under these 

conditions. Ethidium bromide staining with or without light irradiation was impaired, 
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presumably as a result of the intercalation of complexes 1-4 into DNA, or quenching of the 

ethidium bromide fluorescence. Confocal microscopy and DIC images were taken to assess 

compounds uptake and cells morphology before and after light treatment (400-700 nm, 34.7 

mW.cm-2, 50 J.cm-2). Complexes 1 and 2, which had the highest uptake in melanoma cells, as 

determined by confocal microscopy, were not taken up by non-cancerous cells. Complexes 3 

and 4, despite their lower uptake in melanoma cells, caused impressive changes of cell shape 

upon light irradiation, contrary to complexes 1 and 2. 

 

Mitochondria targeting  compounds 

Mitochondria are the cell energy centres and play and important role in the intrinsic apoptotic 

pathway. DNA damage, metabolic stress or the presence of unfolded proteins might lead to the 

permeabilisation of mitochondrial outer membrane. The release of mitochondrial proteins into 

the cytosol (e.g. cytochrome c) activates an apoptotic signalling cascade and finally leads to 

cell death.26 Generation of singlet oxygen or other ROS in this organelle might trigger a rapid 

apoptotic response in the targeted cell, making this cellular compartment an interesting target 

for PDT photosensitizers.  

Two Ru(II) polypyridyl compounds that target mitochondria functionalized with tyrosine and 

tryptophan were designed in 2013 (Figure 4).27 Both amino acids were chosen to improve the 

cellular uptake of the Ru complexes. 
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Figure 4 Structures of complexes 5 and 6. 

Cytotoxicity in the dark and upon light irradiation (�����K���Z�L�W�K���Y�L�V�L�E�O�H���O�L�J�K�W���V�R�X�U�F�H�����a������-480 nm, 

10 J cm-2) of both compounds was examined in A549 (pulmonary carcinoma) and HCT116 

(colon cancer) cell line. Promising phototoxic index (PI) values in A549 cell line (>10 for 

complex 5 and >10 for complex 6) and in HCT116 (>9 and >10, respectively) encouraged the 

authors to perform further biological studies. 

Singlet oxygen 1O2 production upon light irradiation was confirmed and was suggested to be 

responsible for cell death. Fluorescence spectroscopy, UV-Vis absorption and isothermal 

titration calorimetry experiments showed that the Ru(II) complexes were able to bind CT-DNA 

in a non-covalent way, probably by intercalation into the DNA groove. Irradiation of pUC19 

plasmid with the Ru(II) complexes led to photo-cleavage of the DNA, suggesting this 

mechanism as the main cause of cell death. This finding was further confirmed by single cell 

gel electrophoresis, which revealed DNA damage in treated A549 cells upon light irradiation. 

Confocal laser scanning microscopy helped identify the cellular localisation of the complexes 

in A549 cells. Unexpectedly, none of the compounds was found to localise in the cell nucleus. 

Signals from Mitotracker Green suggested the presence of the complexes in mitochondria and 

cell membranes. Microscopy studies after light irradiation would have been an interesting 

addition to the work since some of the compounds are known to modify their localisation after 

illumination of the cells.28 Nevertheless, singlet oxygen is known to alter the mitochondrial 
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trans-membrane potential, which might trigger the apoptotic pathway. To further investigate 

the molecular mechanism of cell death, western blot analysis was performed. It revealed that 

caspase-3, a marker of apoptosis, was found to be overexpressed in irradiated cells. The 

researchers concluded that the mechanism of cell death included the disruption of mitochondria 

membrane potential that, in turn, triggered the caspase-3-dependent apoptotic pathway.  

Biological evaluation on Ru(II) complexes containing pdppz ([2,3-h]dipyrido[3,2-�D�����¶�����¶-

c]phenazine) ligands was published in 2015.16 Complexes 7 and 8 were expected to bind DNA 

because of their extended dppz ligand, while complex 9 was used as a control (see Figure 5 for 

chemical structures). Experiments confirmed that complexes 7 and 8 were able to intercalate 

DNA in non-cell environment. Incubation of complex 8 with the plasmid pBR322 upon light 

irradiation (390nm, 2 J cm-2) caused single and double breaks in the DNA. Such effect was not 

seen with complex 7. It was shown that HeLa cells could actively uptake compounds 7 and 8- 

in a temperature-dependent manner. Confocal microscopy studies of complex 8 demonstrated 

that this compound colocalised with mitochondria and lysosomes, which clustered near the 

nucleus. It is possible that small amounts of 8 were also able to localise to the nucleus. Alkaline 

comet assay revealed DNA damage in treated and irradiated cells. ICP-MS experiments would 

have been an attractive addition to this study. 
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Figure 5. Chemical structures of complexes 7, 8, 9. 

Cytotoxicity of the complexes in the dark and light conditions (�•400 nm, ~18 J cm-2) was 

examined in HeLa (cervical cancer), two mesothelioma cell lines (CRL5915 and One58), in 

Mutu-1 (Epstein-Barr virus-related Burkitt lymphoma) and DG-75 (Burkitt lymphoma) cell 

lines. Complex 7 did not show any dark or light cytotoxicity. Complex 8 was moderately 

cytotoxic in the dark (Inhibitory concentration 50 -IC50 �Y�D�O�X�H�V���U�D�Q�J�H�G���I�U�R�P���!���������W�R�������������—�0������

Light irradiation of the treated cells caused phototoxic effect (IC50 values ranged from 42.8 to 

���������—�0). Pre-treatment of Hela cells with N-acetylcysteine (NAC), an established antioxidant, 

confirmed that ROS were involved in cell death. Hela cells were 50% more viable with the 

NAC treatment upon light irradiation. Real-time confocal microscopy demonstrated that HeLa 

cells treated with 8 displayed an apoptotic morphology upon light irradiation. Such result was 

confirmed by Fluorescent Activated Cell Sorting (FACS) analysis. Interestingly cell death 

could be prevented when cells were co-treated with VAD-fmk (inhibitor of caspases). Hence, 

these results demonstrated that 8 triggered apoptotic cell death in the treated cells. 
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Another set of four Ru (II) compounds that target mitochondria was synthesised by the Chao 

group in 2015 (see Figure 6 for structures).29  

 

Figure 6. Chemical structures of complexes 7, 8, 9 and 10. 
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The triphenylphospine (TPP) present in complexes 12 and 13 adds lipophilic character to the 

compounds, resulting in better mitochondria targeting abilities.30 Confocal microscopy with 

Mitotracker Green in HeLa cell line revealed that complex 13 localises in the mitochondria. 

Three other compounds were found to moderately localise in that compartment. Localisation 

results were confirmed by ICP-MS analysis, showing that complexes 10-12 were present in 

higher amount in the cytoplasm (Figure 7). 

 

Figure 7. ICP-MS quantification of the internalized Ru by the HeLa cells. Figure taken from 

ref 30 with permission from Elsevier. 

All four compounds were designed to produce singlet oxygen not only using a one-photon but 

also a two-photon irradiation process. Confocal microscopy images of Hela cells taken before 

and after two-photon irradiation (810-830 nm for 3 minutes; 800 J.cm-1) with 2,7-

dichlorodihydro-fluorescein diacetate (DCFH-DA) allowed verifying singlet oxygen 

production in all samples. Dark and light cytotoxicities of all compounds were tested under 

one-photon irradiation. Compounds were not toxic under dark conditions (IC50 �!���������—�0�������$�I�W�H�U��

irradiation (LED source; 450 nm; 12 J.cm-2), complexes 10-12 showed similar cytotoxicity, 

varying �I�U�R�P�������������W�R�������������—�0�����3�U�R�E�D�E�O�\���G�X�H���W�R���L�W�V high concentration in mitochondria, complex 
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13 was found to be the most effective compound tested, with a PI >28. Since monolayer cell 

cultures are not a good model for tumour treatment, HeLa multicellular tumour spheroids 

(MCTS) were used for further tests. Diffusion of the compounds (10 �—�0������ h treatment) was 

examined in 800 �—�P���0�&TSs. Treated spheroids were imaged with one-photon and two-photon 

z-stack microscopy. The luminescence signal of the compounds was found in all depth sections 

of the spheroids. Two-photon microscopy showed deeper penetration of the complexes through 

spheroids than one-photon microscopy, probably due to its excitation wavelength in the 

therapeutic window. This confirmed the high permeability of the complexes through the 

MCTSs. Singlet oxygen generation with DCFH-DA was also investigated in MCTS. 

Enrichment of the singlet oxygen signal was observed in the treated spheroids. The results 

showed lower signal of produced singlet oxygen in the cores of the spheroids as compared to 

their surface. Compounds treatment also inhibited MCTSs growth after irradiation with two-

photon technique. The best results were obtained again with complex 13. All synthesised 

compounds exhibited good photodynamic therapy ability against the HeLa cell line. However, 

further investigations should include healthy cells to establish a possible therapeutic window 

for these compounds. 

An interesting study was recently published by the same group, who designed mitochondria-

localising Ru(II) complexes that can be activated by glutathione (GSH).31 The aim of the study 

was to improve the tumour selectivity of the Ru complexes that are used as PDT PSs. Complex 

14 is a dinuclear Ru(II) complex, which is bridged by a GSH activating �O�L�J�D�Q�G���������´-�D�]�R�E�L�V���������¶-

bipyridine) (Figure 8). Specific properties of the ligand cause quenching of luminescence of the 

Ru complex. Since intracellular concentration of GSH in cancer cells are higher than in healthy 

ones, the authors were hoping that the complex would be activated and transformed into 

complex 15 (Figure 8), and this mostly in cancer cells. 
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Figure 8. Chemical structures of complex 14 and complex 15.  

For the experiments, Chao and co-workers used two cell lines, namely HeLa and LO2 (human 

fetal hepatocyte- healthy control). Both were cultured in monolayers as well as in MTCSs. ICP-

MS and confocal microscopy experiments confirmed that the mitochondria were the main target 

for complex 14. As expected, LO2 cells displayed a much weaker accumulation of the complex 

compared to Hela. Two-photon irradiation (810 nm, 100 mW, 80 MHz, 100 fs) was used to 

establish ROS generation in treated 2D and 3D cell cultures. A strong green fluorescence of the 

ROS indicator was detected, confirming that the complex was able to permeate the MCTSs and 

induce single oxygen production. Cytotoxicity studies demonstrated that complex 14 was not 

toxic in the dark (IC50> 70 �PM) for both cells lines. After 15 min irradiation at 450 nm (20 

mW.cm2), its cytotoxicity raised to about 5 �PM for HeLa and 13 �PM for LO2 cells. Similar 

results were obtained with cancer cell MCTSs. Complex 14 was not toxic in the dark (IC50 > 
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100 �PM) and became more harmful on MCTSs after light irradiation (5.71 �—M). Viability of 

the MCTSs was checked by Calcein AM staining. Irradiation of treated cells caused loss of the 

fluorescent signal from the dye, suggesting cell death. It is worth noting that MCTSs treated 

with complex 14 at 10 uM concentration stopped growing two days after two-photon 

irradiation, whereas the control group treated with the same concentration of cisplatin kept 

growing. Of note, annexin V and propidium iodide (PI) staining showed that apoptosis was the 

main cause of cell death.  

In 2018, Stang, Chao and coworkers prepared a tetrametallic macrocyclic structure containing 

Ru(II) and Pt(II) atoms, that can be used in two-photon PDT (Figure 9).32  

  

Figure 9. Chemical structures of complex 16.  

The addition of the Pt(II) moieties to the two Ru(II) complexes was made to enhance the 

intrinsic photophysical properties of the Ru(II) complexes. Impressive two photon absorption 

(TPA) cross-section values of 1371 GM were obtained, which were much higher than the one 

of [Ru(bpy)3]2+ itself (66 GM). Moreover, the intersystem crossing process was enhanced, 

which elevated the singlet oxygen quantum yield value to 88% in mehanol, when [Ru(bpy)3]2+] 

was used as reference. Cellular localisation showed that metallacycle complex was 
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accumulating in the mitochondria and the nucleus. ICP-MS results corroborated those of 

microscopy, indicating that, after 2 h incubation, complex 16 �������—�0�� localised in mitochondria 

(67 %) and in the nucleus (25 %). Cellular uptake data revealed that complex 16 entered the 

cells through endocytosis pathway. Cytotoxicity experiments were performed on HeLa, A549, 

A549R (cisplatin resistant cell line), KV (multi-resistant human oral floor carcinoma) and PC-

3 (prostate cancer) cell lines. The PI values ranged between 11.6- 114 (irradiation conditions: 

LED source; 450 nm, 21.8 mW cm-2, 5 min). Since A549 cells displayed the highest PI, they 

were chosen as a model cell line for further studies. DCFH-DA staining and calcein 

AM/ethidium homodimer-1 (EthD-1) co-staining after two photon (TP) irradiation of the 

treated cells confirmed that compound 16 can generate singlet oxygen and cell death only in 

the irradiated area. Compound 16 caused cell apoptosis, confirmed by annexin V and PI staining 

as well as by elevated levels of caspase-3/7. To assess the impact of complex 16 in mitochondria 

and nucleus, several tests were performed. The mitochondrial membrane potential (MMP) was 

significantly lower in irradiated cells. TP irradiation also caused DNA fragmentation in the 

nucleus. Due to these promising results obtained in vitro, in vivo studies in mice were 

performed. To assess two photon photodynamic therapy (TP-PDT) efficacy of complex 16, 

A549 tumour bearing nude mice were used. The group treated with complex 16 (0.5 mg kg-1) 

and irradiated with TP laser (800nm, 50 mW, 20 s mm-1) did not exhibit observable weight loss. 

The tumour volume of the treated group was reduced by 78%, while control mice groups 

showed 13-fold increase in tumour mass. Additionally, examination of tumour tissue of the 

treated group showed pathological changes, which were not observed in other organs like liver, 

kidney, heart, etc.   
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Nucleus targeting compounds 

Besides mitochondria, another important target for PDT PSs is the nucleus. Generation of 

singlet oxygen or other ROS, in close proximity to the DNA, might allow for DNA damage, 

and finally lead to cell death. It is known that dipyridophenazine (dppz) ligands have the ability 

to intercalate within DNA.33, 34 That is why in 2014 six different [Ru(bpy)2dppz]2+ derivatives 

17-22 were investigated by our groups (Figure 10).35  

 

Figure 10. Chemical structures of [Ru(bpy)2dppz]2+ derivatives. 

Singlet oxygen production study showed that all compounds had a high efficacy for 1O2 

production but only in hydrophobic environment. The excited state of the complexes bearing a 

dppz ligand are quenched very fast in the presence of water molecules.36 All synthesised 

complexes were found to be non-cytotoxic in the dark (IC50 �!���������—�0�� against HeLa and MRC-

5 cells (normal lung fibroblast). Light cytotoxicity studies were performed using two different 

light treatments: 10 min at 350 nm (2.58 J.cm-2) and 20 min at 420 nm (9.27 J.cm-2). Among all 

compounds, only complexes 17 and 18 showed an interesting phototoxic effect. The PI value 

for complex 9 was higher than 150, while for complex 18 it was 42. The cellular uptake of the 

Ru compounds was investigated by High-Resolution Continuum Source Atomic Absorption 

Spectrometry (HR-CS AAS), showing that it correlated well with toxicity studies. The most 

cytotoxic complexes 17 and 18 had the highest accumulation in the HeLa cells (1.08 and 1.76 

nmol Ru per mg protein). Accumulation of the compounds in the MRC-5 cell line was different 
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since only 0.76 and 0.18 nmol Ru per mg protein were determined. This indicates that the 

complexes penetrated the non-cancerous cell line to a lesser extent than the cancerous line. 

Cellular localisation of complexes 17 and 18 was investigated using confocal microscopy.  

 

Figure 11. Cellular localisation of complex 18. Figure taken from ref 36, with permission from 

John Wiley and Sons. 

The first complex was difficult to detect even when cells were treated with high doses of 

compound. The low luminescence quantum yield is probably responsible for this result. On the 

other hand, complex 18 was able to accumulate preferentially in the nucleus. Because of the 

luminescent quenching effect of the complex in aqueous environment mentioned above, 

fluorescence microscopy localisation was supported by HR-CS AAS. The results showed that 

both complexes efficiently accumulated in the nucleus (�����������“�������������D�Q�G�������������“ 0.06 nmol Ru 

per mg protein). To check if nuclear localisation and binding to DNA might have been the 

reason of toxicity, DNA photocleavage experiments were conducted. Treatment of pcDNA3 

plasmid with complexes and irradiation at 420 nm for 20 min (9.27 J.cm-2) showed that both 

complex 17 and 18 were able to cleave plasmid DNA. Administration of compounds in the dark 

did not cause cleavage of the plasmid. In a follow up study, our groups further explored the 

molecular cell death mechanism of complex 18.37 Mechanistic studies on the outcome of DNA 

binding led to the conclusion that irradiation of the intercalated compound caused oxidative 
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damage of purines in DNA. Importantly, alkaline comet assay supported these results in living 

cells. Confocal microscopy images of different cell lines such as U2OS (human bone 

osteosarcoma), MCF-7 (mammary gland adenocarcinoma) and RPE-1 (normal retina 

pigmented epithelium) confirmed that the complex was mainly localised in the nucleus 35. ICP-

MS confirmed these results. The determination of the presence of specific markers of DNA 

damage response, analysis of DNA content and cytotoxicity studies after irradiation showed 

that cells underwent cell cycle arrest and loss of viability. Annexin V and PI staining 

experiments of interphase cells excluded classic apoptotic or necrotic cell death. Further 

analysis demonstrated that cell death was caused by DNA damage and endoplasmic reticulum- 

(ER) mediated stress response pathways. On the other hand, treatment and irradiation of mitotic 

cells caused death according to classic apoptotic pathways, indicating two distinct modes of 

cells death in interphase or mitosis and pointing to the potential of the use of these compounds 

in combination with established cancer therapeutics. 

Further studies on Ru(II) polypyridyl complexes with dppz ligands were performed by our 

group in collaboration with the Chao group.28 Two substitutionally inert complexes, namely 

[Ru(phen)2(dppz-7,8-(OMe)2]2+ (complex 23) and [Ru(phen)2dppz-7,8(OH)2]2+ (complex 24) 

were investigated (see Figure 12 for structures).  

 

Figure 12. Chemical structures of complex 23 and complex 24. 
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The aim of this study was to investigate if small structural differences could cause significant 

changes in the biological response. It is worth noting that both complexes were investigated for 

use in one-photon (OP) and two-photon (TP) PDT. Dark and light cytotoxicity studies on HeLa 

and MRC-5 cell line monolayers showed that the introduction of -OMe groups on the ligand 

enhanced toxicity compared to those bearing the -OH groups (decrease of the IC50 value from 

�����������“�����������—�0���L�Q��-�2�+���E�H�D�U�L�Q�J���F�R�P�S�R�X�Q�G���W�R�����������“�����������—�0���L�Q��-OMe compound in HeLa). Both 

complexes were also much more effective than the positive control aminolevulinic acid (5-

ALA ), an approved PDT PS. Interestingly, the compounds were also studied on 3D 

multicellular tumour spheroid to provide a comprehensive overview on how Ru(II)  complexes 

might act in solid tumours. Surprisingly, only complex 23 was active on MCTSs upon light 

irradiation (LED light source; IC50 �����������“�����������—�0���� To further explore the mechanism of action 

of the complexes, cellular localization and uptake of the compounds were studied. ICP-MS 

showed that the amount of complex 23 was much higher in HeLa cells than complex 24 (2.4 

nmol Ru/mg protein to 0.9 nmol Ru/mg protein). This result might explain the differences 

between the IC50 values obtained for both complexes in the dark and upon light irradiation. 

Confocal microscopy showed that the Ru complexes under study localised in different 

compartments of the cell. Complex 23 was found to accumulate in the nucleus and mitochondria 

while 24 localised in the outer cell membranes. Imaging was also performed after light 

irradiation. Complex 23 changed its localisation and moved completely into the nucleus, 

probably as result of damage generated by singlet oxygen in membranes, enabling the 

compound to reach the nucleus. Worthy of note, these Ru complexes might also localise in 

other compartments that escaped detection by confocal microscopy. Indeed, due to 

luminescence quenching in aqueous solution of these dppz-containing complexes, their 

detection is only possible in hydrophobic environment.38 OP and TP absorption was also used 

to image both compounds in spheroids. For both complexes, TP imaging gave better results. In 
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this experiment, complex 23 completely permeated the MCTSs, while complex 24 could only 

be detected in the external parts of the spheroids (Figure 13 and Figure 14).  

 

Figure 13. A. OP and TP images of 23 after incubation with HeLa spheroids for 12 h.  

B stack images of the same HeLa spheroids captured every 5 �# m along the Z-axis.  

Figure taken from ref. 29 with permission from John Wiley and Sons. 

 



42 
 

 
 
Figure 14. A. OP and TP images of 24 after incubation with HeLa spheroids for 12 h.  

B �V�W�D�F�N���L�P�D�J�H�V���R�I���W�K�H���V�D�P�H���+�H�/�D���V�S�K�H�U�R�L�G�V���F�D�S�W�X�U�H�G���H�Y�H�U�\���������P���D�O�R�Q�J���W�K�H���=-axis.  

Figure taken from ref. 29 with permission from John Wiley and Sons. 

 

Comparable results with structurally related compounds were obtained by the Glazer group in 

2014.39 Although complexes 25 and 26 have very similar photophysical properties (Figure 15), 

the differences in their overall charge and hydrophilicities led to distinct biological effects. 

While complex 25 localised in the mitochondria, complex 26 did not show specific organelle 

localisation and was found in the cytosol. Upon irradiation (30 s pulses; >400 nm; 7 J.cm-2), 

complex 25 caused necrotic cell death distinct from complex 26 which turned on the apoptotic 

pathway. It is possible that the addition of sulfonic acid groups on complex 26 induced a 

different cell localisation and consequently a different type of cell death.  
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Figure 15. Chemical structures of complex 25 and 26. 

Similar conclusions were brought in 2015, when small changes in the structure of Ru(II)-based 

PSs cancelled phototoxicity of the complex.40 In this case, two inert Ru(II) polypyridyl 

complexes with a nitrile containing ddpz ligand and two bypridine or phenantroline ancillary 

ligands were tested. In contrast to previously described Ru(II) complexes with dppz ligands, 

both did not exhibit high singlet oxygen production (20% comparing to 50%-90%). This is 

probably why these complexes did not display any cytotoxic effect upon light irradiation (RPR 

200 Rayonet chamber reactor; 420 nm; 9.27 J.cm-2).  

A s�H�U�L�H�V���R�I���I�R�X�U���F�\�F�O�R�P�H�W�D�O�O�D�W�H�G���5�X���,�,�����F�R�P�S�O�H�[�H�V���Z�L�W�K���Œ-expansive ligands were described by 

McFarland in 2015 (Figure 16).  
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Figure 16. Chemical structures of complex 27-30. 

Cytotoxicity of the compounds was assessed in HL-60 (acute myeloid leukemia) and SK-MEL-

28 cell lines. Complexes 27-29 were toxic to the cells in the dark and did not show high PI 

value (4-18) after irradiation (190 W BenQMS 510 overhead projector; visible light 400-700 

nm; 34.2 mW.cm-2). On the contrary complex 30 showed an astonishing PI value, namely 1400. 

To assess if the complexes can interact with the DNA, a photocleavage assay was used. It was 

shown that all complexes could impair ethidium bromide staining due to induced DNA 

aggregation and precipitation. Because complex 30 was the most promising one, further tests 

were performed with it. Since 30 was generating singlet oxygen very weakly (less than 0.56% 

relative to [Ru(bpy)3]2+, it was suggested that the other ROS is responsible for the phototoxic 

effect in cells. Indeed, tests with dihydroethidium (DHE) in HL-60 cells confirmed that 
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superoxide O2
�‡�í was responsible for cell death. It was also shown in SK-MEL-28 cells that 

complex 30 altered its localisation upon light irradiation (from nucleus to cytoplasm) and 

induced morphology changes in the cells.  

 

Lysosome targeting compounds 

 In 2015, our group in collaboration with the Chao group introduced highly charged homoleptic 

complexes that are suitable for TP-PDT (see Figure 17).41  

  

Figure 17. Chemical structures of highly charged complexes. 

The compounds were found to be photostable and did not break down in bovine plasma. 

Electron paramagnetic resonance (EPR) experiments demonstrated that the main type of ROS 

generated by the three compounds at 450 nm irradiation was 1O2. Cellular localisation of 

complexes 31, 32 and 33 was determined using confocal laser scanning microscopy in HeLa 

cell line monolayers as well as in HeLa multicellular tumour spheroids. All three complexes 

were found to localise in the lysosomes, probably entering the cell by endocytosis pathway. 

ICP-MS experiments confirmed the microscopy outcomes. All compounds were not cytotoxic 

in the dark. After OP irradiation (450 nm, 10 J.cm-2), complex 31 showed particularly high 

phototoxicity with IC50 value of 1.5 �—�0�����3�, 313). All complexes had a higher phototoxicity 

than 5-ALA, which was used as a control PS. The same trend was also observed for MCTSs. 
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Further investigations were performed with complex 31, which was found to be the most 

promising compound of the series. Calcein AM staining and ROS indicator staining (DCFH-

DA) showed that cell death was only limited to the place of irradiation. Morphology studies 

after TP light treatment showed that cells underwent shrinking and formed bubbles.  

 

 

Figure 18. Micrographs of and ROS generation in HeLa cells incubated with complex 31 after 

irradiation with a two-photon confocal laser. Figure taken from ref. 42 with permission from 

John Wiley and Sons22 

 
The cellular localisation of complex 31 was also altered. After irradiation, the compound was 

found in the cytoplasm, nucleus and nucleoli (see Figure 18). Microscopy analysis indicated 

that cells died by a necrotic process, bursting their content into the extracellular space. Overall, 

this investigation revealed that lysosomes might be a good target for future PDT PSs. 
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Targeting conjugates 

The need for new Ru(II) polypyridyl complexes with better selectivity towards cancer cells led 

to the design of compounds with tumour specific targeting moieties. Such moieties might be 

antibodies, cell surface receptors, aptamers, etc.42, 43 In 2015, Weil and Rau introduced a Ru(II)-

based PS that was conjugated to somatostatin,44 a peptide hormone produced �E�\���/-cells of the 

pancreas inhibiting the release of insulin and glucagon.45 Somatostatin receptors are frequently 

overexpressed in many tumour cancer cells, making them a good target for anticancer agents.46 

In this study, [Ru(byp)3]2+ derivative was conjugated to the peptide hormone to form complex 

34 (Figure 19). 

  

Figure 19. Chemical structure of complex 34. 

The cellular uptake of the conjugate was analysed by laser scanning confocal microscopy in 

A549 cells, which express different types of somatostatin receptors. The intensity of the 

compound emission was measured. A hundred times higher uptake of the somatostatin 

conjugate compared to the control was observed. Tumour selectivity was tested on wild type 

CHO-K1/Ga15 (Chinese hamster ovarian �H�S�L�W�K�H�O�L�D�O�� �F�H�O�O�� �O�L�Q�H�� �H�[�S�U�H�V�V�L�Q�J�� �*�.������ �D�O�S�K�D�� �V�X�E�X�Q�L�W��

protein) and cells overexpressing somatostatin receptor 2, CHO-K1/Ga15/SSTR2. Very high 

selectivity towards receptor overexpressing cells was confirmed by functional calcium flux 
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assay. The IC50 value for cytotoxicity by complex 34, after light irradiation of A549 cells (LED 

array; ���������Q�P���I�R�U�������P�L�Q�������������“�����������-.cm2), �Z�D�V�������������“�����������—�0. Interestingly, the compound did 

not show any dark cytotoxicity �X�S���W�R�����������—�0.  

A different approach was utilised by the same research groups two years later, when a Ru(II) 

complex was conjugated to a protein carrier scaffold containing mitochondria targeting groups 

to yield complex 35 (see Figure 20 for Ru(II) complex structure).47  

  

Figure 20. Chemical structure of Ru(II) complex that was conjugated to the protein carrier 

scaffold. 

In this case, human serum albumin was the nanotransporter for the PS. Complex 35 was found 

to localise in mitochondria of Hela cells within 240 min, thanks to the TPP-mitochondria 

targeting groups. An impressing PI value of 250 was determined for the conjugate after 

irradiation for 5 min (LED array; 470 nm, ~ 20 mW.cm-2). Phototoxicity was also examined in 

A549, MCF-7 and CHO cell lines. IC50 values in the nanomolar range were obtained. Colony 

forming and cell proliferation assays revealed that complex 35 could relevantly reduce the 

colony growth of OCI-AML3 (myeloid leukemia cell line) (44% and 84.4%) and leukemic 

AE9a cell line (37% and 88%) when treated and irradiated for 2 min or 5 min, respectively. The 

conjugate reduced the healthy murine BM cells growth only by 10% and 28% upon light 

irradiation, clearly showing the specificity of the conjugate towards cancer cells. Since two 

photon absorbing PS offer deeper tissue penetration and better spatial resolution,48 researchers 
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also looked at the TP properties of complex. Data obtained for 35 showed 5 times higher TP 

cross-section values for the conjugate than for the Ru(II)  complex alone. This nanotransporter 

platform with enhanced cellular uptake, phototoxicity and specificity against a leukemic cell 

line is undoubtedly a successful solution for selective delivery of PDT PSs. 

In 2018, a biological evaluation of the use of a Ru(II) complex conjugated with tamoxifen as a 

TP-PDT PS was published (see Figure 21 for structure).49The Estrogen Receptor (ER) is highly 

overexpressed in breast cancer cells, making it a great target for anticancer therapy.50 For over 

30 years, tamoxifen has been an approved drug for the endocrine treatment of oestrogen-

receptor-positive breast cancer.51  

 

Figure 21. Chemical structure of complex 36 and 37 

The designed complex 36 demonstrated a large two-photon action cross section. The selectivity 

of complex 36 against cells overexpressing ER was confirmed by confocal microscopy in MCF-

7 (ER positive), MDA-MB 231(ER negative) breast cancer cell lines as well as in HL-7702 

(human liver) and COS-7 (monkey kidney) non-cancerous cell lines. Competitive assay with 
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17� -estradiol (inhibitor of ER) showed that the uptake of complex 36 depended on interaction 

with the ER. Complex 36 as found to be non-toxic to cells in the dark. Upon light irradiation 

(450 nm, 12 J.cm-2) almost all MCF-�����F�H�O�O�V���W�U�H�D�W�H�G���Z�L�W�K���������—�0���R�I���F�R�P�S�O�H�[��36 were killed (99%) 

in comparison to the control (complex 37 which is not conjugated to tamoxifen, Figure 21). 

Calcein AM and PI staining confirmed these cytotoxicity studies. Annexin V and PI assays 

showed that the treated and irradiated cells were in late apoptosis or necrosis. ROS generation 

of the complex 36 was verified by DCFH-DA. Moreover, upon addition of NaN3 (singlet 

oxygen scavenger), only very week fluorescence of the DCFH-DA was observed. Confocal 

microscopy studies showed that complex 36 localised in the lysosomes. Acridine orange (AO) 

staining demonstrated that upon light irradiation complex 36 caused lysosomes disruption. Very 

importantly, as a further confirmation of the mode of cell death action, complex 36 was found 

to generate singlet oxygen upon two-photon irradiation (fs, 820 nm) leading to cell death 

(calcein AM and PI staining).  

Nanomaterials like carbon nanotubes or nanodots can also be used as carriers for different 

therapeutic drugs or diagnostic molecules.52 In 2015, Zhang et al. developed carbon nanotubes 

functionalised with TP-absorbing Ru(II) complexes for bimodal photothermal and 

photodynamic therapy.53 Two years later, a full biological evaluation of carbon nanodots 

modified with ruthenium complex was published.54 This study showed that the combination 

with Ru(II) polypyridyl complexes might improve their intercellular uptake as well as their 

features required for PDT. For the studies, two complexes were used: complex 38 alone and 

complex 38 conjugated to carbon nanodots (see Figure 22 for structure of Ru(II) complex). 

These compounds exhibited TP phosphorescence as well as higher 1O2 production in acidic 

environment than at neutral pH. Both compounds were taken up by A549 cells as well as normal 

LO2 cells, as confirmed by ICP-MS. The ruthenium content was estimated to be 10.���� �“�� ��.3 

ng/106 cells for complex 38 and 16.�����“����.4 ng/106 for complex 38 with CDs in A549 cells and 
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6.�����“��.2 ng/106 and 6.�����“��.2 ng/106 in LO2 cells, indicating that CDs might improve the uptake 

into the cancerous cells.  

  

Figure 22. Chemical structure of complex 38. 

Cellular localisation performed by confocal laser microscopy showed that both compounds 

localised in the cytoplasm, specifically in the lysosomes. The cytotoxicity in the dark and after 

light irradiation (5 min; 450 nm; 20 mW.cm-2) was determined by cell proliferation assay (MTT) 

in A549 and LO2 cell lines. Complex 38 and complex 38 with CDs displayed high PI values 

(7.8 and 20.0 respectively) for the cancerous cell line compared to normal LO2 cells (>2.5 and 

6.2). Complex 38 with CDs showed better results than the Ru (II) polypyridyl complex alone. 

To assess the type of mechanism causing cell death, the researchers performed multiple 

experiments. Cell morphology, annexin V staining, protein levels of caspase 3 and 7 as well as 

ATP levels in irradiated A549 cells confirmed that apoptosis was the main cause of cell death. 

This mechanism was likely triggered by the high amounts of 1O2 produced in lysosomes, which 

caused lysosomal permeability. This hypothesis was further confirmed with confocal 

microscopy and flow cytometry analysis. To further investigate if complex 38 and complex 38 

with CDs would be efficacious in solid tumours, the researchers performed several experiments 

on MCTSs. Complex 38 and complex 38 with CDs were found to be able to penetrate 400 �—�P��
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A549 spheroids. Confocal microscopy studies with calcein AM staining corroborated that 

spheroids treated with the compounds in the dark condition were viable and that cell death was 

only limited to the irradiated area. Once again, complex 38 with CDs was found to be better 

than ruthenium complex alone. IC50 values that were obtained on spheroids upon light 

irradiation (20 min; 810 nm; 100 mW; 80 mHz; 100 fs) �Z�H�U�H�������������—�0��for complex 38 (PI >8.3) 

and 2�������—�0��for complex 38 with CDs (PI >45.5). Both compounds were successfully used as 

imaging agents in a living organism, namely zebrafish.  

The PDT therapeutic potential of a PS is usually dependent on the oxygen levels in the targeted 

tissue since most of the PSs act with type II mechanism. In 2017, an interesting work on 

cyclometalated Ru(II) complexes, which act as Type I PSs, was published by Huang and co-

workers.55 The aim of this study was to design new PSs that could exhibit good PDT effects 

under hypoxia conditions. One of the designed PS contains a coumarin moiety (complex 39) 

while the other one does not (complex 40) (see Figure 23 for structures). 

  

Figure 23. Chemical structure of complex 39 and complex 40. 

Coumarins have electron-donating and light-harvesting abilities. In both normoxia and hypoxia 

conditions, complex 39 showed low dark cytotoxicity and caused fast cell apoptosis after light 

irradiation in HeLa cells (white light; 400-800 nm, 30 mW cm-2, 10 min). Cell death was 

confirmed with flow cytometry and fluorescent microscopy experiments. ROS generation 
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studies confirmed that complex 39 generated high level of ROS under hypoxic and normoxic 

conditions compared to complex 39 and Ru(byp)32+, which were used as a control. Highly-

oxidative hydroxyl radicals were detected after light irradiation. Complex 40 was a far less 

effective PS compared to complex 39. To further verify the effectiveness of complex 39, in vivo 

studies (HeLa derived tumours in mice) were performed. Dosage of 5 mg kg-1 of the PS caused 

tumour growth inhibition and serious tumour cell damage after irradiation (xenon lamp, 250 

mW cm-2, 15 min) (Figure 24). No side-effects during 14 days of treatment were observed. 

Histopathology as well as clearing time studies confirmed that complex 39 was not toxic for 

organs and was not accumulating in the body.  

 

Figure 24.A. Relative tumor volume of different groups after various treatments. B Tumor 

weights of different groups after 14 days treatments. C. H&E stained tumor slices of different 

groups. Figure taken from ref.56 with permission from The Royal Society of Chemistry 
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Complex 39 can be considered as a promising PS that can work under hypoxic conditions. 

A recent study published by Keyes and co-workers introduced a Ru(II) complex conjugated 

with nuclear localisation signal (NLS). Such signal sequence was derived from nuclear factor 

�±kappa B (NF-���%�� (41, Figure 25),56 a regulatory protein involved in the control of immune 

and inflammatory responses. Its activation is caused by different stimuli (e.g. growth factors, 

microbial components and stress agents)57 and, mechanistically, requires nuclear translocation 

of the protein.  

 

 

Figure 25. Chemical structure of complex 41 and complex 42. 

Complex 42 was found to localise in the cell nucleus of HeLa and CHO cell lines. On the 

contrary, complex 41 (Figure 18), which did not have a NLS but was conjugated with cell 

permeable peptide, remained in the cell cytoplasm. Complex 42 was found to be taken up by 

cells through an energy-depended transport and to be not cytotoxic in the dark on HeLa cells 
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(IC50 �Y�D�O�X�H�� �R�I�� ���������� �—�0������ �/�L�J�K�W�� �L�U�U�D�G�L�D�W�L�R�Q��of treated cells at 440 nm (5 mW.cm-2, 15 min) 

lowered the IC50 �Y�D�O�X�H���W�R�������������—�0�� Single cell irradiation experiments with cells treated with 

complex 42 or complex 41, co-stained with nuclear dye DRAQ 7 (which only enters dead or 

permeabilised cells), demonstrated that the phototoxic effect of complex 42 was a result of its 

nuclear localisation. CT-DNA binding affinity studies along with photo-cleavage of pUC19 

plasmid showed that complex 42 binds strongly DNA and is able to cleave it upon light 

irradiation. Tests with NaN3 revealed that singlet oxygen was not responsible for DNA 

cleavage. It was proposed that either Type I mechanism of electron exchange or direct oxidative 

damage at the guanine bases was the cause of DNA damage. 

 

Conclusions and outlook 

In recent years, many Ru(II) polypyridyl complexes were studied as potential PDT PSs. Their 

strong absorption in the visible light, ability to produce singlet oxygen upon light irradiation, 

tunable photophysics and lack of cytotoxicity in the dark makes them very attractive candidates. 

Unfortunately, not many of them were analysed in-depth from a biological point of view. The 

mechanism of action of these compounds in living cells, a key factor in order to obtain their 

approval for a given indication, is very often still unknown or has only been superficially 

investigated. Worse, as shown in this Feature Article, there are only a few in vivo studies 

reported to date. However, despite this, one of such compounds has already entered clinical 

trial as a PDT PS against bladder cancer, clearly emphasising the potential of such complexes 

in this area of research. Further investigations in field of Ru(II) polypyridyl complexes as PDT 

PSs are of course needed. There is undoubtedly a necessity for new complexes that will exert 

their action by Type I mechanism. This is a crucial feature that will help fight very difficult to 

treat hypoxic tumours. During the designing process of the PDT PSs, adjustments will also need 

to be made in order to have PSs that can be activated at higher wavelengths. It is known that 
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longer wavelengths will allow for deeper penetration through tissue. As shown in this Feature 

Article, this can also be obtained by Ru(II) polypyridyl complexes that are activated by two 

photon irradiation. However, this technique will require further proofs of its suitability for in 

vivo models, since studies in this field of research, not only with Ru(II) complexes, are for the 

moment much too scarce. Overall, we are convinced that this field of research is still in its 

infancy and that very exciting results will be published in the near future. 

 

Abbreviations 

 

5-ALA - aminolevulinic acid 

AO- Acridine orange 

CDs- carbon nanodots 

cw- Continuus Wave lasers 

DCFH-DA- 2,7-dichlorodihydro-fluorescein diacetate 

DHE- dihydroethidium  

Dppz- dipyridophenazine 

EPR- Electron paramagnetic resonance  

ER- Endoplasmic reticulum/ Estrogen Receptor 

EthD-1- ethidium homodimer- 

FACS- Fluorescent activated Cell Sorting 

GSH- glutathione 

HR-CS AAS- High-Resolution Continuum Source Atomic Absorption Spectrometry 

HSA- Human Serum Albumin 

IC50- Inhibitory Concentration 50 

ICP-MS- Inductively Coupled Plasma Mass Spectrometry 

IP-TT- 2-�����¶�����¶�¶�����¶�¶�����¶�¶�¶-terthiophene)-imidazo[4,5-f][1,10]phenanthroline  

ISC- Intersystem crossing 

LD50- Lethal Dose 50 
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MB- Methylene Blue 

MCTS- Multicellular Tumour Spheroids 

MMP �± mitochondrial membrane potential 

MTD50- Maximum Tolerated Dose 50 

MTT- cell proliferation assay 

NAC- N-acetylcysteine 

NADPH- Nicotinamide Adenine Dinucleotide Phosphate 

NLS- nuclear localisation signal  

OP- One-photon 

PDI- Photodynamic inactivation 

Pdppz- ([2,3-h]dipyrido[3,2-�D�����¶�����¶-c]phenazine) 

PDT- Photodynamic therapy 

PI- Phototoxic index/ Propidium iodide 

PS- Photosensitiser 

ROS- Reactive oxygen species 

TP- Two photon 

TPA- two photon absorption 

TPP- Trisphenylphospine 

TP-PDT- Two photon photodynamic therapy 

 

Cell lines mentioned 

 

A549- pulmonary carcinoma 

A549R- Cisplatin resistant cell line 

AE9a- leukemia 

BM- normal murine cells 

CCD-1064sk- normal skin fibroblasts 

CHO-K1/Ga- �&�K�L�Q�H�V�H���K�D�P�V�W�H�U���R�Y�D�U�L�D�Q���H�S�L�W�K�H�O�L�D�O���F�H�O�O���O�L�Q�H���H�[�S�U�H�V�V�L�Q�J���*�.�������D�O�S�K�D���V�X�E�X�Q�L�W��
protein 

CHO-K1/Ga15/SSTR2- �&�K�L�Q�H�V�H���K�D�P�V�W�H�U���R�Y�D�U�L�D�Q���H�S�L�W�K�H�O�L�D�O���F�H�O�O���O�L�Q�H���H�[�S�U�H�V�V�L�Q�J���*�.�������D�O�S�K�D 
subunit protein and overexpressing somatostatin receptor 2 
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COS-7- monkey kidney cells 

CRL5915- mesothelioma cell line 

CT-26- wild type mouse colon carcinoma 

CT-5.26- N-nitroso-N-methylurethane-induced mouse colon carcinoma 

DG-75- Burkitt lymphoma 

F98- rat glioblastoma  

HCT116- colon cancer 

HeLa- cervical cancer  

HL-60- acute myeloid leukemia  

HL-7702- human normal liver cells 

HT1367- urothelial cell line 

KV- multi-resistant human oral floor carcinoma 

LO2- human fetal hepatocyte 

MCF-7- mammary gland adenocarcinoma 

MDA-MB 231- ER negative breast cancer 

MRC-5- normal lung fibroblast  

Mutu-1- Epstein-Barr virus-related Burkitt lymphoma 

OCI-AML3- myeloid leukemia 

One58- mesothelioma cell line 

PC-3- prostate cancer  

RPE-1 retina pigmented epithelium 

SK-MEL-28- melanoma cell line 

T24- urothelial cell line 

U2OS- human bone osteosarcoma 

U87 MG- human glioblastoma  
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Abstract:  

The current photosensitizers (PSs) for photodynamic therapy (PDT) lack selectivity for cancer 

cells. To tackle this drawback, in view of selective cancer delivery, we envisioned conjugating 

two ruthenium polypyridyl complexes to vitamin B12 (Cobalamin, Cbl) to take advantage of the 

solubility and active uptake of the latter. Ultimately, our results showed that the transcobalamin 

pathway is unlikely involved for the delivery of these ruthenium-based PDT PSs, emphasizing 

the difficulty in successfully delivering metal complexes to cancer cells.  

 

Keywords�����E�L�R�L�Q�R�U�J�D�Q�L�F���F�K�H�P�L�V�W�U�\���‡���F�R�E�D�O�D�P�L�Q�H���‡���P�H�G�L�F�L�Q�D�O���L�Q�R�U�J�D�Q�L�F���F�K�H�P�L�V�W�U�\���‡��

�S�K�R�W�R�G�\�Q�D�P�L�F���W�K�H�U�D�S�\���‡���U�X�W�K�H�Q�L�X�P���S�R�O�\�S�\�U�L�G�\�O���F�R�P�S�O�H�[�H�V 
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Introduction  

Photodynamic therapy (PDT) is an approved medical technique that relies on the use of a 

photosensitizer (PS) to ultimately generate reactive oxygen species (ROS) or radicals that can 

trigger cell death.[1] The interest of this method is its spatio-temporal control. The PS is 

activated only when and where the physician applies light. In brief, upon irradiation at a 

specific, defined wavelength, an electron of the ground state of the PS reaches a singlet excited 

state (1PS*), which then reaches a triplet state (3PS*) through an intersystem crossing (ISC) 

event.[2] The PDT process can then rely on two types of mechanism: 1) in Type I, an electron 

or proton transfer from the species 3PS* to a biological substrate that generates radicals which 

can further react with molecular oxygen and form superoxides, hydroxyl radicals or peroxides 

or 2) in Type II, an energy transfer from 3PS* to molecular oxygen in its ground triplet state 

(3O2) to generate the highly toxic singlet oxygen (1O2).[3]  

The currently used PSs in the clinic are mainly based on cyclic tetrapyrrolic scaffolds (chlorins, 

phtalocyanines and porphyrines [4]). Their main drawbacks are a lack of selectivity towards 

cancers cells, a low water solubility, an important photobleaching and, sometimes, serious 

problems of photosensitivity for the treated patients.[5] Ru(II) polypyridyl complexes were 

found to be an interesting alternative to the current PDT PSs. Although the use of such 

compounds as PDT PS against cancer is relatively recent, the results are spectacular with one 

of such compounds, TLD-1433, having recently completed phase I clinical trial against bladder 

cancer.[2, 6-10] We note that to reach the therapeutic window for PDT treatment (~ 600 to 800 

nm), some Ru(II) polypyridyl complexes were found to be good PSs for two-photon PDT [11-

13], further illustrating the versatility of ruthenium in medicinal chemistry. To further improve 

the properties of the Ru(II)-based PDT PSs, it is also possible to conjugate them with targeting 

moieties, or to associate them in non-covalent manner with serum or membrane proteins.[14-16] 
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Another possible strategy envisioned by our group and by others is the encapsulation of the 

Ru(II)-based PDT agents in polymers or their functionalization to nanoparticles.[17-19] 

Vitamin B12 is a vital nutrient that is characterized by a low bioavailability. Because it is playing 

an essential role in cell proliferation, it is crucial for fast growing cells.[20] This interesting 

characteristic was already used in several studies[21] in which cobalamin was used as a targeting 

moiety for metal complexes to direct them towards fast dividing malignant cells.[22-24] With this 

in mind, in this work, we aimed at developing a system for improving the solubility and uptake 

of Ru(II)-based PSs into cancer cells. Our hope was that the resulting conjugates would have a 

good water solubility and an active cellular uptake.[25, 26] Indeed, in the systemic circulation, 

Cbl is brought to the cells by a carrier protein named transcobalamin and ultimately taken up 

following a receptor-mediated endocytosis.[13, 27] Therefore, two trisbipyridyl ruthenium(II) 

complexes were conjugated to vitamin B12 (Cobalamin, Cbl). After characterization, the 

resulting conjugates were tested in vitro to evaluate their efficiency in PDT as well as their 

cellular uptake. This data were compared with the Ru(II) complexes themselves.  

 

Results and Discussion 

Compounds design and chemistry 

As a cofactor, inside cells, cob(III)alamin is ultimately reduced to cob(I)alamin and during this 

�S�U�R�F�H�V�V�����W�K�H����-upper ligand of cobalamin becomes labile.[28] This feature has been explored in 

the past to attach drugs/drug candidates at this position.[29] However, chemical modifications at 

�W�K�H����-position were for a long time restrained by synthetic constraints as well as the instability 

of the resulting derivatives.[30] Recent advances in organometallic chemistry of cobalamin have 

allowed to generate stable derivatives and to rethink this prodrug approach.[31, 32] As a 

prerequisite, the chosen compounds should bear an accessible alkyne group which can be 

directly attached to the cobalt center of Cbl following a copper-mediated reaction as described 
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by Gryko and coworkers.[33] Two bispyridyl ruthenium(II) complexes were chosen and adapted 

to the need of this coupling reaction: a cytotoxic compound, which was previously reported to 

accumulate at the plasma membranes of ovarian carcinoma cell line A2780, [Ru(NNbpy)3]2+ 

(where NNbpy = diethylamino-�������µ-bipyridine)  and the standard [Ru(bpy)3]2+ ���E�L�S�\���� �������•-

bipyridine).[34] These two compounds were synthetized asymmetrically in order to substitute 

one of the original bipyridyl ligands by a 4-ethynyl-2,2'-�E�L�S�\�U�L�G�L�Q�H�� �O�L�J�D�Q�G�� ���&�A�&�E�S�\������ �D�V��

previously reported to give [Ru(NNbpy)2���&�A�&�E�S�\���@2+ (1) and [Ru(bpy)2���&�A�&�E�S�\���@2+ (2) as 

shown in Figure 1.[35, 36] 

 

Figure 1. Ruthenium complexes and B12 conjugates used in this study. 

The complexes 1 and 2 �Z�H�U�H�� �W�K�H�Q�� �F�R�X�S�O�H�G�� �W�R�� �F�R�E�D�O�D�P�L�Q�� �L�Q�� �J�R�R�G�� �\�L�H�O�G�� �E�\�� �D�G�D�S�W�L�Q�J�� �*�U�\�N�R�¶�V��

procedure[31] to give two B12 derivatives: B12-1 and B12-2 (see Figure 1). The compounds were 

unambiguously characterized by 1H NMR and HR-ESI-MS and their purity verified by HPLC 

(see ESI). Very importantly, all compounds were found stable in water for at least 7 days as 

well as light stable over the same time period. 
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Photophysical properties 

With both compounds in hand, we investigated their photophysical properties to evaluate their 

potential as PDT PSs (Tables 1 and 2). As a first experiment, the absorption of the compounds 

was measured in MeOH and compared with their B12-conjugates (Image 2). Since the necessary 

3MLCT band centered at 450 nm did not significantly change, we assume that the photophysical 

properties of the conjugate should not be influenced through the conjugation. As a second 

experiment, the emission of the compounds was investigated upon excitation at 450 nm in 

CH3CN. Compound 2 has an emission maximum at 635 nm and a luminescence quantum yield 

of 0.02. These values are in the same range as other Ru(II) polypyridine complexes.[37, 38] 

However, the emission of 1 was barely measurable with the apparatus in our laboratory. As a 

third experiment, the luminescence lifetimes were determined and their influence on the 

presence of air investigated. Due to the very low emission of complex 1, its lifetime was not 

detected. This contrasts with the lifetime of compound 2 which was found to be in the same 

range than other Ru(II) polypyridyl complexes.[37, 38] Importantly, the excited state lifetime 

changed drastically upon the presence of oxygen indicating that 3O2 is able to interact with the 

excited state of 2. 

Table 1. Photophysical properties of 1 and 2���� ��abs � �� �D�E�V�R�U�S�W�L�R�Q�� �P�D�[�L�P�X�P�� �L�Q�� �0�H�2�+���� ��em = 

emission maximum in CH3�&�1�����-em = luminescence quantum yield in CH3�&�1�����2��� ���O�X�P�L�Q�H�V�F�H�Q�F�H��

lifetime, n.d. = not detectable. 

Compound ��abs / nm ��em / nm �- em �2�������Q�V 

    air degassed 

1 Column 2 695 >0.001 n.d. n.d. 

2 Column 2 635 0.021 226 679 
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After showing that our compounds are able to interact with oxygen, we investigated 

quantitatively the production of singlet oxygen (1O2) upon light exposure. This is a crucial 

factor for a PS since 1O2 is known to be the major active species for most applied PSs in the 

clinics. For this purpose, two different methods have been used: 1) direct by measurement of 

the phosphorescence of 1O2, 2) indirect by measurement of the change in absorbance of a 

reporter molecule.[39] Worthy of note, only singlet oxygen quantum yields over 20% can be 

detected via the direct method with our apparatus. The results shown in Table 2 demonstrate 

that compounds 1 and 2 are producing 1O2 only poorly. This could be explained by the weak 

population of the excited state indicated by the poor luminescence properties of the complexes 

(Table 1) which is a necessary requirement for the production of 1O2. 

 

Table 2. Singlet oxygen quantum yields in CH3CN and aqueous solution determined at 450 

nm. Average of three independent measurements.  

Compound Indirect 450 

nm CH3CN 

Indirect 450 

nm PBS 

1 8 % 3 % 

2 19 % 7 % 

 

Evaluation of PDT activity 

Dark and light cytotoxicity of the complexes was investigated in the cervical cancer cell line 

(HeLa) and non-cancerous retina pigmented epithelium (RPE-1) cell lines. It was expected that 

the B12 derivatives would be more toxic to both cell lines due to the presence of B12 that should 

increase their uptake. Surprisingly, compound 2 and its derivative B12-2 showed no cytotoxicity 

both in the dark or upon light irradiation. On the contrary, complex 1 was found to be cytotoxic 
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in the dark (IC50���� ���������� �“�� ���������� �—�0�� �D�Q�G�� ���������� �“�� ������������ �—�0�� �R�Q�� �+�H�/�D�� �D�Q�G�� �5�3�(-1 cell lines, 

respectively). Irradiation at 480 nm (10 min; 3.21 J.cm-2) did not significantly increase its 

toxicity. Photoindex (PI) values (IC50 dark/IC50 light) of 1.3 and 1.1 for Hela and RPE-1 cell 

lines, respectively, were determined. To our surprise, the B12-1 complex was found to be not 

toxic in the dark. Light irradiation of cells treated with B12-1 did not caused toxicity in the RPE-

1 cell line or in the HeLa cell line (see results in Table 1). Overall, these studies did not show 

any correlation between the presence of vit B12 and (photo-)toxicity, clearly emphasizing that 

the coupling of Cbl was not helping in the delivery of our Ru(II) complexes. An obvious reason 

could be the bulkiness of the Ru(II) complexes. In a more general context, these disappointing 

results highlight the difficulty in specifically delivering metal complexes to cancer cells. 

 

Table 3. IC50 values of complexes incubated with RPE-1 or HeLa cell line in the dark and upon 

�O�L�J�K�W���L�U�U�D�G�L�D�W�L�R�Q�����L�Q���—�0���� 

Compound Cell line 

RPE-1 HeLa 

Dark  Light  PI value Dark  Light  PI value 

1 ���������� �“��

0.085 

���������� �“��

0.060 

1.1 �����������“���������� �����������“���������� 1.3 

B12-1 >100 >100 - >100 >100 - 

2 >100 >100 - >100 >100 - 

B12-2 >50 >50 - >50 >50 - 
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Ru(II) polypyridyl complexes are usually known to be highly luminescent.[40] We have 

therefore used this characteristic to further investigate the cellular biodistribution of the 

complexes in cells, and confocal microscopy studies were performed. Disappointingly, these 

two Ru(II) complexes as well as their B12 derivatives showed very weak or no luminescent 

signal in treated HeLa cells (see Fig S13). For this reason, cellular localisation could not be 

precisely determined, although localization in the cytoplasm could be faintly observed. 

 

Conclusions 

In this article, we have presented the synthesis and characterization of the trisbipyridyl Ru(II) 

complexes 1 and 2 conjugated with vitamin B12. The resulting organometallic complexes were 

then evaluated as potential photosensitisers for PDT. The conjugation with cobalamin increased 

the water solubility of the compounds, especially for complex 1 which was found to be 

extremely poorly soluble in this solvent. Unfortunately, our ruthenium-containing conjugates 

were found to not have any significant phototoxic activity to the cell lines studied in this work. 

In addition, we could not precisely determine the cellular localization of the complexes by 

confocal microscopy due to either the lack of luminescence of the Ru(II) complexes or due to 

the very poor uptake of the compounds. Overall, this study suggests that the transcobalamin 

pathway is unlikely involved for the uptake of our Ru(II) conjugates. It would be interesting to 

assess if this is true with other Ru(II) polypyridyl complexes. More generally, this study 

highlights the difficulty in bringing selectively metal-based PDT PSs and, more generally, metal 

complexes to cancer cells. 
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Experimental Section 

 

General experimental details 

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) and used without further 

purification. The ligand 4-ethynyl-�������•-bipyridine was synthesized according to a published 

procedure as well as the Ru complexes 1 and 2 and the B12 derivative B12-1.15,16 HPLC analyses 

were performed on a Merck-Hitachi L7000. The analytical separations were conducted on a 

Macherey-�1�D�J�H�O�� �1�X�F�O�H�R�G�X�U�� �3�R�O�D�U�7�H�F�� �F�R�O�X�P�Q�� ������ �—�P�� �S�D�U�W�L�F�O�H�� �V�L�]�H���� �������� �c�� �S�R�U�H�� �V�L�]�H���� �������� �î�� ����

mm). The preparative separations were conducted on a Macherey�±Nagel Nucleodur C18 HTec 

�F�R�O�X�P�Q���������—�P���S�D�U�W�L�F�O�H���V�L�]�H�������������c���S�R�U�H���V�L�]�H�������������î���������P�P�������+�3�/�&���V�R�O�Y�H�Q�W�V���Z�H�U�H���Z�D�W�H�U�����$�����D�Q�G��

methanol (B). The compounds were separated using the following gradient: 0�±5 min (75% 

solvent A), 5�±35 �����������V�R�O�Y�H�Q�W���$���:���������V�R�O�Y�H�Q�W���$�����������±45 min (100% solvent B). The flow 

rate was set to 0.5 ml*min�í1 for analytical separations and 5 ml*min�í1 for the preparative ones. 

The eluting bands were detected at 320 nm. High resolution ESI-MS was performed on a Bruker 

FTMS 4.7-T Apex II (positive mode) and the UV/Vis spectra recorded on a Jasco V-730. NMR 

analyses were recorded on a Bruker Avance III 500 MHz. The corresponding 1H and 13C 

chemical shifts are reported relative to residual solvent protons and carbons.  

 

Synthesis and characterization of the derivative B12-2 

The following procedure was adapted from the literature to achieve the synthesis of the B12 

derivatives.13 A mixture of cyanocobalamin (20 mg, 0.013 mmol, 1 eq.), CuAcO (2.3 mg, 

0.0013 mmol, 0.1 eq.) and the alkynes 2 (0.07 mmol, 5 eq.) in DMA (3.5 ml) was stirred until 

dissolution. DBU (0.01 ml, 0.7 mmol, 5 eq.) was added and the solution was allowed to react 

at room temperature for 4h. The respective crudes were precipitated by dropwise addition to a 
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stirred solution of diethyl ether/CH2Cl2 (50 ml, 1:1). The residue was dissolved in a mixture of 

CH3OH and water (2 ml, 1:1), filtered again and purified by preparative HPLC. The eluting 

band containing the desired product was isolated and lyophilized. 

B12-2: Isolated as a brownish powder, yield 19.8 mg (70%). 1H NMR (500 MHz, MeOD-[d4]): 

�/ = 8.53 (t, J = 9.5 Hz, 4H), 8.25 (t, J = 9.37 Hz, 1H), 8.09-7.99 (m, 5H), 7.85-7.69 (m, 6H), 

7.54 (dd, J = 6.0, 2.37 Hz, 1H), 7.40-7.32 (m, 5H), 7.29 (s, 1H), 7.14 (s, 1H), 6.82-6.76 (m, 

1H), 6.50 (s, 1H), 6.37 (d, J = 3.2 Hz, 1H), 6.05 (d, J = 3.8 Hz, 1H), 4.38-4.23 (m, 2H), 4.13-

4.07 (m, 1H), 3.95 (dd, J = 13.0, 2.45 Hz, 1H), 3.78 (dd, J = 13.0, 4.0 Hz, 1H), 3.62 (d, J = 14.3 

Hz, 1H), 3.43-3.35 (m, 1H), 3.32-3.25 (m, 2H), 2.99 (dd, J = 9.0, 5.3 Hz, 1H), 2.79-2.32 (m, 

18H), 2.27 (s, 6H), 2.14 (t, J = 12.0, 1H), 2.09-1.93 (m, 6H), 1.89-1.77 (m, 5H), 1.45 (d, J = 4.2 

Hz, 3H), 1.40 (d, J = 3.4 Hz, 3H), 1.34 (s, 3H), 1.27 (d, J = 6.3 Hz, 3H), 1.18 (s, 3H), 1.15 (s, 

3H), 1.13-1.02 (m, 2H), 0.52 (s, 3H) ppm; UV/Vis spectrum in methanol solution: ��max = 330, 

363, 460, 519, 552; HPLC: tR = 14.5 min; HR-ESI-MS (ESI+): [M] 2+ = 960.8315, calculated 

for C94H111Co11N19O14P1Ru1 = 960.8342.  

 

Cell culture 

HeLa cell line was cultured in DMEM (Gibco, Life Technologies, USA) supplemented with 

10% of fetal calf serum (Gibco). RPE-1 cell were cultured in DMEM/F-12 (Gibco) 

supplemented with 10% of fetal calf serum. Cell lines were complemented with 100 U/ml 

penicillin-streptomycin �P�L�[�W�X�U�H�����*�L�E�F�R�������D�Q�G���P�D�L�Q�W�D�L�Q�H�G���L�Q���K�X�P�L�G�L�I�L�H�G���D�W�P�R�V�S�K�H�U�H���D�W�������ƒ�&���D�Q�G��

5% of CO2.  
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Cytotoxicity studies 

Dark and light cytotoxicity of the Ru(II) complexes and Ru(II) conjugates was assesed by 

fluorometric cell viability assay using resazurin (ACROS Organics). For light and dark 

cytotoxicity, HeLa and RPE-1 cells were seeded in triplicates in 96 well plates at a density of 

�����������F�H�O�O�V���S�H�U���Z�H�O�O���L�Q�����������—�O�����������K���S�U�L�R�U���W�R���W�U�H�D�W�P�H�Q�W�����&�H�O�O�V���Z�H�U�H���W�K�H�Q���W�U�H�D�W�H�G���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J��

concentration of compounds for 48 h. After that time medium was replaced by fresh complete 

medium. For light cytotoxicity experiments HeLa and RPE-1 cells were exposed to 480 nm 

light for 10 min in a 96-well plate using a LUMOS-BIO photoreactor (Atlas Photonics). Each 

well was individually illuminated with a 5 lm LED at constant current (light dose 3.21 J cm-2). 

After 44h in the incubator medium was replaced by fresh complete medium containing 

resazurin (0.2 mg ml-1 �I�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�������$�I�W�H�U�������K���L�Q�F�X�E�D�W�L�R�Q���D�W�������ƒ�&�������I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O��

of resorufin product was read by SpectraMax M5 mictroplate reader (ex: 540 nm; em: 590 nm). 

IC50 values were calculated using GraphPad Prism software. 

 

Localisation studies 

Cellular localisation of the Ru(II) compounds was assessed by fluorescent microscopy. HeLa 

cells were grown on the 12 mm Menzel�±�*�O�l�V�H�U���F�R�Y�H�U�V�O�L�S�V���L�Q������ �P�O���R�I���F�R�P�S�O�H�W�H���P�H�G�L�X�P���D�W���D��

density of 1.3 x 105 cells per ml. Cells were then treated with the compounds (IC50 concentration 

in the dark) for 2 h, with NucBlue (2 drops per 1 ml of media) for the last 25 min and with 100 

nm Mitotracker Green FM for the last 15 min. HeLa cells were then fixed with 

paraformaldehyde solution in PBS (4%) and mounted on glass slides using Prolong Glass 

Antifade Mountant. Leica SP8 confocal microscope was used to analyse the samples. Ru 

compounds were excited at 488 nm and emission above 650nm was recorded. Images were 
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recorded in Cellular and Molecular Imaging Technical Platform, INSERM UMS 025 - CNRS 

UMS 3612, Faculty of Pharmacy of Paris, Paris Descartes University, Paris, France. 
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Figure S1. 500 MHz 1H-NMR of compound B12-2 (in D2O, �S= solvent residual peak). 
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Figure S2. Normalized UV-Vis of compounds 2, B12-2 and of cyanocobalamin (CN-Cbl) in 
methanol. 
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Figure S3. HPLC chromatogram of compound B12-2. 
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Figure S4. HR-ESI-MS of compound B12-2.  
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Figure S5. Cytotoxicity of complex 2 in the HeLa cell line.  
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Figure S6. Cytotoxicity of complex 2 in the RPE-1 cell line.  
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Figure S7. Cytotoxicity of complex B12-2 in the HeLa cell line.  
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Figure S8. Cytotoxicity of complex B12-2 in the RPE-1 cell line.  
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Figure S9. Cytotoxicity of complex 1 in the HeLa cell line.  
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Figure S10. Cytotoxicity of complex 1 in the RPE-1 cell line.  
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Figure S11. Cytotoxicity of complex B12-1 in the HeLa cell line.  
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Figure S12. Cytotoxicity of complex B12-1 in the RPE-1 cell line.  
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Figure S13. Cellular localisation of the complexes in HeLa cell line. Cells were treated with 
the compounds (IC50 concentration in the dark) for 2 h and co-stained with NucBlue and 
Mitotracker Green FM. Compounds were then removed, cells were fixed and visualised by 
confocal microscopy. 
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Abstract 

There is currently a surge for the development of novel photosensitizers (PSs) for photodynamic 

therapy (PDT) since those currently approved are not completely ideal. Among the tested 

compounds, we have previously investigated the use of Ru(II) polypyridyl complexes with a 

[Ru(bipy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ scaffold (bipy = 2,2'-bipyridine; dppz = 

dipyrido[3,2-�D�����•�����•-c]-phenazine, phen = 1,10-phenanthroline). These complexes selectively 

target DNA. However, since DNA is ubiquitous, it would be of great interest to increase the 

selectivity of our PDT PSs by linking them to a targeting vector in view of targeted PDT. 

Herein, we present the synthesis, characterization and in-depth photophysical evaluation of a 

nanobody-containing Ru(II) polypyridyl conjugate selective for the epidermal growth factor 

receptor (EGFR) in view of targeted PDT. Using ICP-MS and confocal microscopy, we could 

demonstrate that our conjugate had a high selectivity for the EGFR receptor, which is a crucial 

oncological target as it is overexpressed and/or deregulated in a variety of solid tumors. 

However, contrary to expectations, this conjugate was found to not produce reactive oxygen 

species (ROS) in cancer cells and to be therefore not phototoxic. 
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Graphical abstract 

The synthesis, characterization and in-depth photophysical evaluation of a nanobody-

containing Ru(II) polypyridyl conjugate selective for the epidermal growth factor receptor 

(EGFR) in view of targeted PDT is presented. 
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Introduction  

The use of photodynamic therapy (PDT) has expanded the possible techniques in medicine to 

treat various types of cancer (e.g., lung, bladder, oesophageal and brain cancer) as well as 

bacterial, fungal or viral infections. Its effect is caused by a combination of an ideally non-toxic 

photosensitizer (PS), oxygen and light. Upon light exposure, the PS is able to produce reactive 

oxygen species (ROS), such as singlet oxygen (1O2) or other radicals. Due to the high reactivity 

of the latter, these can cause oxidative stress and damage in different cellular compartments 

(e.g., membrane, nucleus, endoplasmic reticulum, lysosome, mitochondria), leading ultimately 

to cell death.[1]  

Next to the already approved PDT PSs, which are based on a tetrapyrrolic sca�¡old (i.e. 

porphyrins, chlorins, phthalocyanines), the development of Ru(II) polypyridyl complexes as 

PDT PSs is receiving more attention due to their ideal photophysical and photochemical 

properties, which include, among others, high water solubility, high chemical stability and 

photostability, intense luminescence, large Stokes shifts, high 1O2 production.[1a-d, 2] These 

attractive features have allowed one of such complexes, namely TLD-1433, to enter into clinical 

trial as a PDT PS against bladder cancer.[3] Phase I has been recently completed.[2f] 

In this context, our group was able to demonstrate that Ru(II) complexes of the type 

[Ru(bipy)2(dppz)]2+ (bipy = 2,2'-bipyridine, dppz = dipyrido[3,2-�D�����•�����•-c]-phenazine) and 

[Ru(phen)2(dppz)]2+ (phen = 1,10-phenanthroline) were effective PDT PSs (Figure 1).[1a, 2c, 4] 

As a highlight, we could demonstrate that some of these complexes were non-toxic in the dark 

and highly toxic upon light irradiation with IC50 values in the low micromolar range and a 

phototoxic index of up to >150.[2c] Based o�Q���W�K�H���H�[�W�H�Q�G�H�G���S�O�D�Q�D�U���Œ-system of the dppz ligand, 

which is able to intercalate into the base pairs of the DNA, these compounds showed a 

preferable nuclear localization. Upon light exposure, these complexes caused oxidative stress, 
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as well as DNA photocleavage, suggesting that they impaired replication and integrity of the 

genetic material.[1a, 2c, 4]  

Highly proliferating cells like cancer cells are generally preferably targeted by such compounds 

over healthy cells, as it is the case for cisplatin.[5] However, other frequently dividing cells in 

the organism (e.g. hair follicles, gastrointestinal tract, bone marrow) can be affected, leading to 

severe side-effects for the patients.[4a, 6] Thus, it is extremely important to increase the 

selectivity of PDT PS, for example, with the development of a suitable delivery system. 

 

 

Figure 1. Structures of [Ru(bipy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ complexes as PSs 

developed by our group.[1a, 2c, 4] 

 

So far, the examples of Ru(II) polypyridyl complexes for targeted PDT are scare, if we do not 

take into account polymer encapsulation/nanoparticle attachment.[4a, 7] The group of Lilge could 

recently demonstrate that the premixing of TLD-1433 with transferrin was able to increase the 

extinction coefficient, prolongs the absorption range, reduced photobleaching, cellular uptake 

as well as overall toxicity of the compound.[8] Our group previously demonstrated the efficiency 

of the coupling of a metal-based PDT PS to peptides, which are known to bind specifically to 



107 
 

abundant molecular targets on malignant cells. More precisely, in those studies, bombesin, that 

is known to target the human gastrin-releasing peptide receptor as well as a nuclear localization 

signal peptide that facilitates the intracellular transport into the nucleus were coupled to Ru-

based PDT PSs. We were able to demonstrate an increased uptake of the conjugate in the 

receptor-expressing cells in comparison to the free complex.[4a] The groups of Weil and Rau 

were able to link the peptide hormone somatostatin to a PS and could show an 100-fold 

increased efficiency for somatostatin receptor-expressing cells compared to the free PS.[7a] 

Recently, the authors described a macromolecular plasma protein serum albumin�±PS conjugate 

with several Ru complexes bound to the protein surface. Using the protein as a nanocarrier, the 

PSs were delivered selectively to the mitochondria, where it showed an impressive 

phototoxicity with IC50 values in the nanomolar range.[7c] Worthy of note, a variety metal 

complexes as for example Re(I), Pt(II), Ru(II) or Ir(III) compounds have been successfully 

coupled to peptides to increase receptor selectivity.[9]  

Among the different established classes of delivery systems[10] (e.g. oil-dispersions, 

encapsulation in polymeric particles/lysosomes, targeting peptide-PS conjugates, polymer-PS 

conjugates), the conjugation of PS to monoclonal antibodies (mAb) takes advantage of the 

excellent target specificity of the latter. However, despite their clinical success, the concept of 

utilizing mAb-PS conjugates is afflicted with several important drawbacks. These vector 

molecules are known for their high stability and prolonged serum half-life, slow 

pharmacokinetics and clearance from the body. This leads to an increase of the absolute level 

of the mAb-PS conjugate in the tumor alongside with an increased non-specific uptake in non-

target tissues.[11] Additionally, the treatment of solid tumors is limited due to penetration 

problems of the large conjugate into the tumor caused by poor vascularization, drainage, 

interstitial pressure and dense stroma.[12] An attractive strategy to circumvent these limitations 

is the use of smaller oncotropic vector molecules like antibody fragments or nanobodies 
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(NBs).[13] NBs represent the antigen-binding domain of heavy-chain-only antibodies that occur 

in species belonging to the family of Camilidae. Their small size, stability, solubility, fast 

pharmacokinetics as well as high specificity and affinity for their cognate antigens make them 

powerful targeting agents for diagnostic imaging and targeted therapy.[14] Noteworthy in this 

context, Caplacizumab, a bivalent anti-von Willebrand factor NB, is currently in Phase III 

clinical trials against acquired thrombotic thrombocytopenic purpura.[15]  

A recent study has highlighted the high tumor uptake, rapid blood clearance and low liver 

uptake of a 99mTc-labed NB as an imaging probe for epidermal growth factor receptor (EGFR) 

positive tumors.[16] This receptor, which is involved in many cellular processes such as 

proliferation, differentiation and cell survival, represents a crucial target in oncology as it is 

overexpressed and/or deregulated in a variety of solid tumors, including head and neck, breast, 

non-small-cell lung and pancreatic cancer. Therefore, EGFR is a major target for cancer 

therapy.[16-17] Worthy of note, the successful conjugation of the PS IRDye700DX�±maleimide 

to nanobodies for hepatocyte growth factor receptor targeted PDT was recently 

demonstrated.[18]  

With this in mind, we report herein the design, synthesis, characterization and in-depth 

biological evaluation of a NB-containing Ru(II) polypyridyl conjugate (Scheme 1). The 

conjugate consists of three building blocks: 1) a [Ru(phen)2(dppz)]2+ complex (green), which 

is known to have an excellent phototoxicity[1a, 2c, 4], 2) a 7C12 NB (red), which is known for 

specific binding to EGFR expressing cells[16, 19] and 3) a peptide chain (blue) with a poly-

glycine unit, which is necessary for an efficient and site-specific conjugation by a sortase A 

(SrtA)-mediated trans-peptidation reaction leading to an 1:1 NB:PS ratio.[20] To the best of our 

knowledge, we report herein the first NB-containing Ru(II) polypyridyl conjugate as a PDT PS 

for EGFR-targeted PDT. As can be seen below, thanks to this design, a highly selective NB-

containing [Ru(phen)2(dppz)]2+ conjugate Ru-NB could be unveiled. 
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Scheme 1. Overview of the Sortase A-mediated site-specific modification of the NB derivative 

7C12-Strep-Sortag-His6 with the Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH2) complex resulting in Ru-NB conjugate. PDB entry of Sortase A from Staphylococcus 

aureus: 1t2p.[21] 
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Scheme S1. Total synthesis of [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH3)](TFA)3���� �D���� �(�W�2�+���� �U�H�I�O�X�[�� ���K���� �'�0�6�2���� �������ƒ�&�� ���� �K���� �E����1,10-phenanthroline, LiCl, DMF, 

reflux overnight under N2 atmosphere; c) 1,10-phenanthroline, KBr, H2SO4, HNO3, �����ƒ�&�������K��

under N2 atmosphere; d) EtOH, �����ƒ�&�������K��under N2 atmosphere; e) LiAlH4, THF, 6���ƒ�& 1 h under 

N2 atmosphere; f) acetic acid, CH3CN, reflux 1 h under N2 atmosphere; g) (COCl)2, DMF, 

CH3CN, RT, overnight under N2 atmosphere; h) Phthalimide, K2CO3, DMF, RT, overnight; i) 
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NH2NH2, MeOH, reflux overnight under N2 atmosphere; j) maleic anhydride, AcOH, reflux 10 

h under N2 atmosphere; k) (NH2CO-Cys-(Ser)2(Gly)5-NH3)(TFA), CH3CN:H2O 1:1, RT, 30 h. 

 

Results and discussion 

Synthesis of the [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)] complex 

The synthetic strategy for the synthesis of the [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-

(Ser)2(Gly)5-NH3)]3+ complex is described in Scheme 1. The [Ru(phen)2(dppz-7-

aminomethyl)](PF6)2 complex was synthesized as previously reported in nine synthetic steps.[4a] 

The synthesis of the [Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2 complex is already published 

but, in this study, a slightly different experimental procedure was employed.[4a] The maleimide-

containing Ru(II) complexes was prepared by reacting the [Ru(phen)2(dppz-7-

aminomethyl)](PF6)2 complex with maleic anhydride. [Ru(phen)2(dppz-7-

maleimidemethyl)](PF6)2 was coupled to the poly-glycine chain via a thio-Michael addition 

reaction. As recently highlighted, this bioconjugation presents important advantages such as 

synthetic accessibility, excellent reactivity and, importantly, biocompatibility.[22] Following 

this synthetic strategy, the thiosuccinimide product [Ru(phen)2(dppz-7-maleimidemethyl-S-

Cys-(Ser)2-(Gly)5-NH3)]3+ was prepared by reacting thiol of the (NH3-(Gly)5-(Ser)2-Cys-

CONH2)(TFA) peptide chain with the [Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2 complex. 

The product was obtained after an overnight reaction at room temperature and isolated via 

preparative HPLC. The identity of the obtained complexes was confirmed by HR-MS and the 

purity verified by HPLC (Figures S1-S2). 
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Sortase A-mediated conjugation 

The efficiency of chemoenzymatic bioconjugation was evaluated using the EGFR-specific NB 

7C12 and [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+ as a substrate. To 

this end, the NB was produced with its C-terminus tagged with a (GGGGS)3 spacer followed 

by a Strep-tag, the LPETGG sortase motif, another (GGGGS)3 spacer and a hexahistidine 

purification tag (His6). As successful sortase A-mediated conjugation leads to the elimination 

of the His6-tag, this design allows the removal of the unreacted NB as well as of the His6-tagged 

enzyme by Immobilized Metal Ion Affinity Chromatography (IMAC). To optimize the reaction, 

the molar ratios of SrtA, NB and [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH3)]3+ as well as the reaction time were varied (see Figures S3-S4). A 4 �K���U�H�D�F�W�L�R�Q���D�W�������ƒ�&��

with a molar ratio of 1:1:10 was identified as being ideal (Figure 2). 
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Figure 2. Course of reaction for the chemoenzymatic conjugation of [Ru(phen)2(dppz-7-

maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+ to the EGFR-specific NB 7C12. While the molar 

ratio between SrtA and NB was kept constant (1:1), the amount of the Ru(II) precursor was 

increased (10-100 nmol) to finally achieve molar ratios of 1:1:1, 1:1:2, 1:1:5 and 1:1:10, 

respectively. The reaction was monitored for up to 4 h and aliquots were separated on 15% SDS 

polyacrylamide gels. After electrophoresis, gels were imaged with a D-DiGit Gel Scanner (B) 

to detect the signal of the Ru(II) complex and subsequently stained with colloidal Coomassie 

G-250 (A). 

 

Consequently, these conditions were kept in an upscaled reaction using 2 �—�P�R�O���6�U�W�$������ �—�P�R�O��

sdAb and 20 �—�P�R�O�� �>�5�X���S�K�H�Q��2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+. After 

purification of the reaction mixture by affinity chromatography, the obtained conjugate 7C12-

Strep-[Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+ (Ru-NB) was 

analyzed by MALDI-TOF MS (Figure S5). The mass spectra of the final purified product Ru-
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NB showed a homogeneous population of a single-conjugated NB with a molecular mass of 

~17.7 kDa.  

 

Photophysical properties 

With the conjugate in hand, we performed photophysical measurements to evaluate its potential 

as a PDT agent. At first, the absorptions of [Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2, 

[Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)](TFA)3 and Ru-NB were 

measured to investigate if the peptide chain or the NB conjugation had an influence on the 

photophysical properties of the Ru(II) polypyridyl complexes. Since the conjugate is insoluble 

in CH3CN, the measurement of Ru-NB was performed in DMSO. The comparison between the 

absorption spectra (Figure S6) shows small differences in intensity as well as a small shift of 

the absorption band which can be explained by solvent effects. Since all major bands are still 

comparable, we assume that the conjugation did not change the photophysical properties of the 

Ru(II) polypyridyl complex. As a second experiment, the emission and luminescence of the 

conjugate was investigated upon excitation at 450 nm in DMSO. The maximum of the emission 

of the complex (Figure S7) was determined to be 633 nm. Consequently, there is a large Stokes 

shift which results in minimal interference between excitation and luminescence. The 

luminescence quantum yield (�- em) was measured upon excitation at 450 nm by comparison 

with the model complex [Ru(bipy)3]Cl2 in CH3CN (�- em = 5.9%).[23] The luminescence quantum 

yield (�- em) of the conjugate Ru-NB with a value of 3.3% was found to be in the same range 

than complexes of the type [Ru(bipy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+.[2c, 4] For a deeper 

investigation of the excited state, the luminescence lifetimes were determined in degassed and 

air saturated DMSO upon excitation at 450 nm to investigate the influence of the presence of 

oxygen. As expected, the luminescence lifetime in a degassed solution was much longer (589 

ns, Figure S8) than in an aerated solution (134 ns, Figure S9). This shows that oxygen has a 
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significant influence on the lifetime of the excited state and indicates that 3O2 can interact with 

the triplet state of the complex. 

 

Singlet oxygen generation 

Knowing that the triplet excited state of the conjugates are able to interact with oxygen, we 

were interested in determining the singlet oxygen quantum yield �- (1O2) of Ru-NB using two 

methods previously described by our group,[24] namely: 1) by direct method by measurement 

of the phosphorescence of 1O2 at 1270 nm. Worthy of note, this method is dependent on the 

used setup. With the used equipment in our laboratory, we can only detect �- (1O2) > 0.20; 2) by 

indirect method by measurement of the change in absorbance of a reporter molecule which is 

monitored by UV/VIS spectroscopy. Since the measurements were performed in DMSO and 

aqueous solution, only rather small values (Table 1) could be measured. This is not surprising 

and has already been investigated for several other [Ru(bipy)2(dppz)]2+ and 

[Ru(phen)2(dppz)]2+ complex derivatives.[2c, 4a, 4b] In-depth investigations showed that the 

excited state of the complex is quenched in an aqueous solution due to hydrogen bonding 

interactions between the nitrogen atoms of the dppz ligand and the solvent.[25] Comparison of 

the singlet oxygen quantum yield of Ru-NB with the ones obtained for structurally related 

[Ru(bipy)2(dppz)]2+ complexes[2c], revealed that these values are in the same range and 

therefore indicating that the bioconjugation did not significantly influence this property. 
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Table 1. Singlet oxygen quantum yields (�- (1O2)) of Ru-NB in DMSO and aqueous solution 

determined by direct and indirect method by excitation at 450 nm. Average of three independent 

measurements, +-10% (n.d.=not detectable). 

Compound 
DMSO 

direct 

D2O 

direct 

DMSO 

Indirect  

PBS 

indirect  

Ru-NB n.d. n.d. 9% 4% 

 

In vitro evaluation of EGFR targeting after conjugation 

In order to investigate the targeting ability of the functionalized NB, uptake in the human 

epithelial cell line A431 originating from an epidermoid carcinoma of the skin was examined 

by confocal fluorescence microscopy. These squamous carcinoma cells express approximately 

2 x 106 EGFR molecules per cell[26], which represents a high expression level. Confocal 

imaging of A431 cells showed co-localization of Ru-NB with EGFR (Figure 3), thus indicating 

the preserved targeting ability of 7C12 after site-specific modification. Noteworthy, Ru-NB 

showed a predominant membrane staining even after 48 h of incubation, and only very little 

intracellular fluorescence was observed. However, it has been shown recently that the free 

amine ruthenium complex is characterized by a poor cellular uptake even at high micromolar 

concentrations.[4a] 
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Figure 3. Confocal immunofluorescence microscopy images of A431 cells exposed to Ru-

NB for 4, 24 and 48 h showing specific binding and co-localization of the single-conjugated 

NB with EGFR.  

 

Cellular uptake of the bioconjugates 

The presence of a metal ubiquitous in a cellular environment as an essential component of the 

PS allows investigating the cellular accumulation of the bioconjugate by inductively coupled 

plasma- mass spectrometry (ICP-MS).[27] In order to demonstrate the receptor-specific uptake, 

EGFR-positive (A431) and EGFR-negative (MDA-MB-435S) cells were incubated for 

different periods of time (4, 24, and 48 h) with different concentrations of the bioconjugate in 
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the dark. The amount of cell-associated ruthenium was determined by ICP-MS and related to 

the cellular protein content (Figure 4). Although ruthenium was detectable in the cell lysate of 

both cell lines after 24 and 48 h, respectively, the amount of the metal strongly correlated with 

the level of EGFR expression. There was more of ruthenium in the EGFR-overexpressing cell 

line than in the EGFR-negative one. This finding confirmed that cell association was primarily 

mediated by the NB and not by the PS. 

 

 

Figure 4. Amount of cell-associated ruthenium after incubation of EGFR-positive A431 and 

EGFR-negative MDA-MB-435S cells with 2 or 20 �—�0���R�I��Ru-NB for up to 48 h. The level of 

ruthenium in cell lysates of MDA-MB-435S exposed to 2 �—�0�� �R�I��Ru-NB were below the 

analytical limit and are thus not shown.  
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An identical cell uptake study was performed with the complex [Ru(bipy)2(dppz-OMe)](PF6)2, 

resulting in comparable ruthenium levels for the A431 cell line (Figure S10 and Table S1). The 

amount of ruthenium detected in MDA-MB-435S cells upon incubation with this non-targeted 

Ru-complex was higher at each time point compared to the EGFR-targeting Ru-NB conjugate. 

This result is unsurprising as the latter cells lack these receptor proteins at their surface. 

 

To confirm the receptor specificity of the ruthenium accumulation, A431 cells were incubated 

in the presence or absence of cetuximab in addition to Ru-NB. The epitope for 7C12 partially 

overlaps the cetuximab epitope on domain III of the EGFR extracellular region and an excess 

of the mAb can block its interaction with the receptor.[16, 28] After 24 and 48 h of incubation 

with 200 nM of Ru-NB, 0.77 ng and 2.74 ng ruthenium per mg protein (Table 2), respectively, 

were detected in the cell lysates. Upon co-incubation of EGFR-overexpressing A431 cells with 

Ru-NB and cetuximab, no cell-associated ruthenium was detectable even after 48 h. 

 

Table 2. Amount of cell-associated ruthenium after incubation of EGFR-positive A431 with 

200 nM of Ru-NB for 24 or 48 h. The level of ruthenium in cell lysates of A431 co-incubated 

�Z�L�W�K�������—�0���R�I���W�K�H���(�*�)�5-blocking antibody cetuximab were below the limit of detection (LOD). 

Ru-NB 

Cetuximab 

200 nM 

- 

200 nM 

�����—�0 

 ng Ru per mg protein 

24 h �����������“���������� < LOD 

48 h �����������“���������� < LOD 
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These latter findings corroborate the hypothesis that cellular ruthenium association occurs in a 

receptor-mediated manner. Overall, Ru-NB targets EGFR specifically. Importantly, the free 

water-soluble PS exhibits only poor cell binding capacity and lacks cell line selectivity, until 

their conjugation to targeting moieties. These facts together strongly provide the basis for 

tumor-specific PDT.  

 

Dark cytotoxicity and phototoxicity of Ru-NB  

To evaluate the potency of the bioconjugate Ru-NB as a PDT agent, its cytotoxicity in the dark 

and upon light irradiation was determined. For these experiments, the A431 cell line had to be 

chose due to the strong light sensitivity of the MDA-MB-435S (EGFR negative) cell line that 

precluded it from phototoxicity studies. To avoid light sensitivity in A431 cell line, irradiation 

at 480 nm was performed in sequences. 6 x 3.5 min of irradiation with 15 min gap in between 

(6.741 J cm-2) were used. Dark treatment and surprisingly light irradiation of the A431 cells 

(48 h incubation with Ru-NB) at 480 nm did not cause any cytotoxic effect (IC50 dark �!�������—�0����

IC50 light �!������ �—�0���� �V�H�H�� �)�L�J�X�U�H�� �6�������� �I�R�U��Ru-NB. We note that we could not go for higher 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �G�X�H�� �W�R�� �F�R�Q�M�X�J�D�W�H�� �S�U�H�F�L�S�L�W�D�W�L�R�Q�� �D�W�� ������ �—�0����Adding polyethylene glycol spacers, 

changing ionic strength or pH could possibly affect conjugate solubility, and consequently help 

solving this problem.  Lack of cytotoxicity encouraged us to try to enhance the internalization 

of the conjugate into the cells. For that purpose, an additional step was used, namely 

temperature change.[29] Cells treated with Ru-NB �Z�H�U�H���L�Q�F�X�E�D�W�H�G���I�R�U�������K���D�W�������ž�&�����6�L�Q�F�H���(�*�)�5��

�L�Q�W�H�U�Q�D�O�L�]�D�W�L�R�Q�� �L�V�� �H�Q�H�U�J�\�� �G�H�S�H�Q�G�H�Q�W�� �S�U�R�F�H�V�V���� �L�Q�F�X�E�D�W�L�Q�J�� �F�H�O�O�V�� �D�W�� ���ž�&�� �Z�L�O�O�� �L�Q�K�L�E�L�W�� �H�Q�G�R�F�\�W�R�V�L�V��

processes but not binding of the Ru-�1�%���F�R�Q�M�X�J�D�W�H���W�R���W�K�H���U�H�F�H�S�W�R�U�����$���W�H�P�S�H�U�D�W�X�U�H���V�K�L�I�W���W�R���������ž�&��

(for 1 h) allowed then for efficient endocytosis of the receptor with the bound conjugate. This 

step enables for high accumulation of the Ru-NB in the cells. Due to conjugate precipitation, 

�W�K�H���K�L�J�K�H�V�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���W�H�V�W�H�G���Z�D�V�������� �—�0����Ru-NB was again found to be non-toxic in the 
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dark (IC50 �!�������—�0�������8�Q�I�R�U�W�X�Q�D�W�H�O�\�����O�L�J�K�W���L�U�U�D�G�L�D�W�L�R�Q���D�W�����������Q�P����6 x 3.5 min with 15 min gap 

between irradiations) again did not cause any phototoxic effect (IC50 �!�������—�0�����V�H�H���)�L�J�X�U�H���6���������� 

 

Cellular ROS production by Ru-NB 

The lack of phototoxicity of Ru-NB led us to investigate whether this conjugate could produce 

ROS in irradiated cells. For that purpose, we have stained A431 cells with the known ROS 

probe DCFH-�'�$�������•�����•-dichlorodihydrofluorescein diacetate). Cells were then treated with Ru-

NB ���������—�0�����X�V�L�Q�J���W�K�H���U�H�F�H�S�W�R�U���L�Q�W�H�U�Q�D�O�L�V�D�W�L�R�Q���S�U�R�W�R�F�R�O�����L�U�U�D�G�L�D�W�H�G�������������Q�P���O�L�J�K�W���I�R�U�����������P�L�Q����

1,124 J cm-2) and suspended in PBS buffer. The DCFH-DA signal was detected using flow 

cytometry instrument. As can be seen in Figure S13, there was no ROS production in the A431 

cells that were treated with Ru-NB and then irradiated, as distinct from the H2O2 treated control. 

This unexpected result might be caused by the impairment of the internalization of Ru-NB into 

the cells. Another explanation would be that the ROS produced are directly reacting with the 

NB itself. However, this hypothesis is unlikely since 1O2 was detected during the 1O2 production 

measurements.   

 

Conclusion 

In summary, in this article, we present the synthesis, characterization and photophysical and 

biological evaluation of a novel nanobody containing Ru(II) polypyridine conjugate. As a 

benefit of the linkage to a 7C12 nanobody, the conjugate selectively accumulated at the 

epidermal growth factor receptor (EGFR). The investigation of the uptake via ICP-MS 

indicated that the conjugate has been successfully internalized inside cancerous A431 cells. 

Photophysical studies in cuvette suggested that the photophysical properties of the conjugate 

remain unchanged in comparison to the compound alone. However, DCFH-DA staining 
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experiments indicated that no significant ROS was produced inside the cells. Consequently, 

photocytotoxicity investigations did not show any significant effect. Focus of future work will 

be the successful development of a nanobody-containing Ru(II) polypyridine conjugate with 

ROS and photocytotoxicity inside cancerous cells. 

 

Experimental Section 

Materials 

All chemicals were obtained from commercial sources and were used without further 

purification. Solvents were dried over molecular sieves if necessary. The ligand 5�æ

(aminomethyl)�æ�������•�æbipyridine[30] and the Ru(II) complexes [Ru(bphen)2Cl2] using the 

respective ligands[31], [Ru(phen)2(dppz-7-aminomethyl)](PF6)2 were synthesized as previously 

reported.[4a]  

 

Instrumentation and methods 

1H and 13C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. ESI-MS 

experiments were carried out using a LTQ-Orbitrap XL from Thermo Scientific (Thermo Fisher 

Scientific, Courtaboeuf, France) and operated in positive ionization mode, with a spray voltage 

at 3.6 kV. No Sheath and auxiliary gas was used. Applied voltages were 40 and 100 V for the 

ion transfer capillary and the tube lens, respectively. The ion transfer capillary was held at 

�������ƒ�&�����'�H�W�H�F�W�L�R�Q���Z�D�V���D�F�K�L�H�Y�H�G���L�Q���W�K�H���2�U�E�L�W�U�D�S���Z�L�W�K���D���U�H�V�R�O�X�W�L�R�Q���V�H�W���W�R���������������������D�W��m/z 400) and 

a m/z range between 150-2000 in profile mode. Spectrum was analyzed using the acquisition 

software XCalibur 2.1 (Thermo Fisher Scientific). The automatic gain control (AGC) allowed 

accumulation of up to 2*105 ions for FTMS scans, Maximum injection time was set to 300 ms 
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�D�Q�G�������—�V�F�D�Q���Z�D�V���D�F�T�X�L�U�H�G�����������—�/���Z�D�V���L�Q�M�H�F�W�H�G���X�V�L�Q�J���D���7�K�H�U�P�R���)�L�Q�Q�L�J�D�Q���6�X�U�Y�H�\�R�U���+�3�/�&���V�\�V�W�H�P��

(Thermo Fisher Scientific) with a continuous infusi�R�Q���R�I���P�H�W�K�D�Q�R�O���D�W�����������—�/���P�L�Q-1. For analytic 

�D�Q�G���S�U�H�S�D�U�D�W�L�Y�H���+�3�/�&���W�K�H���I�R�O�O�R�Z�L�Q�J���V�\�V�W�H�P���K�D�V���E�H�H�Q���X�V�H�G�������×�[���$�J�L�O�H�Q�W���*���������������������3�U�H�S���3�X�P�S��

system with Agilent G7115A 1260 DAD WR Detector equipped with an Agilent Pursuit XRs 

���&���������$�Q�D�O�\�W�L�F�����������c�����&�������� ���P���������×�[�×4.6 �P�P�����3�U�H�S�D�U�D�W�L�Y�H�����������c�����&�������� ���P���������×�[�×������ mm) 

Column and an Agilent G1364B 1260-FC fraction collector. The solvents (HPLC grade) were 

millipore water (0.1% TFA, solvent A) and acetonitrile (0.1% TFA, solvent B). The sample 

was dissolved in 1:1 (v/v) CH3CN/ H2�2�� ���������� �7�)�$�� �V�R�O�X�W�L�R�Q�� �D�Q�G�� �I�L�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� �D�� �������� ���P��

membrane filter. Gradient: 0-3 minutes: isocratic 95% A (5% B); 3- 17 minutes: linear gradient 

from 95% A (5% B) to 0% A (100% B); 17-25 minutes: isocratic 0% A (100% B). The flow 

rate was 1 mL/min (for preparative purposes: 20 mL/min) and the chromatogram was detected 

at 250 nm, 350 nm, 450 nm. 

 

Synthesis 

[Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2 

The synthesis of [Ru(phen)2-dppz-7-maleimidemethyl]2+ is already published[4a] but, in this 

study, a slightly different synthetic route was employed. [Ru(phen)2(dppz-7-

aminomethyl)](PF6)2 (25 mg, 1.0 equiv.) and maleic anhydride (46 mg, 20.0 equiv.) were 

suspended in acetic acid (10 mL) under a nitrogen atmosphere. The mixture was refluxed for 

10 h. The solution was then cooled down and a sat. aqueous solution of NH4PF6 was added. 

The crude product, which precipitated as a PF6 salt, was collected by filtration and washed three 

times with H2O and Et2O. The product was purified by column chromatography on silica gel 

with a CH3CN /aq. KNO3 (0.4 M) solution (10:1). The fractions containing the product were 

united and the solvent was removed. The residue was dissolved in CH3CN and undissolved 
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KNO3 was removed by filtration. The solvent was removed and the product was dissolved in 

H2O. Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was obtained 

by centrifugation and was washed with H2O and Et2O. Yield: 86%. Experimental data fits with 

the literature. Purity of the sample was assessed by NMR and HPLC analysis. RP-HPLC: Rt = 

16.2 min. 

 

[Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)](TFA) 3 

[Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2 (16 mg, 1.0 equiv.) and (NH2CO-Cys-

(Ser)2(Gly)5-NH3)(TFA) (11.6 mg, 1.2 equiv.) were dissolved in a 1:1 CH3CN/H2O mixture (20 

mL) and stirred in the dark at room temperature. The progress of the reaction was followed via 

HPLC. After 24 h, additional (NH2CO-Cys-(Ser)2(Gly)5-NH3)(TFA) (4.8 mg, 0.5 equiv.) were 

added. The reaction mixture was stirred for another 6 h until the complete consumption of the 

Ru(II) complex was monitored. The solvent was removed under reduced pressure and the 

product was purified by preparative HPLC. The product was isolated as a red TFA salt. Purity 

of the sample was assessed by HPLC analysis. Yield: 95%. HRMS (ESI) m/z: Calcd. for 

[C66H62N18O12RuS-3TFA]3+: 445.7874, Found: 445.7875; RP-HPLC: Rt = 14.9 min. 

 

E. coli strains and plasmids 

Escherichia coli NEB 5-alpha (fhuA2 �û��argF-lacZ)U169 phoA glnV44 �- 80�û�� ��lacZ)M15 

gyrA96 recA1 relA1 endA1 thi-1 hsdR17) was used in molecular cloning experiments, whereas 

E. coli �6�+�X�I�I�O�H�Š�� �7���� �(�[�S�U�H�V�V�� ��fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal ��att::pNEB3-r1-

cDsbC (SpecR, lacIq���� �ûtrxB sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10 --

TetS) endA1 �ûgor �¨��mcrC-mrr)114::IS10) and E. coli BL21(DE3) (fhuA2 [lon] ompT gal ������

DE3���� �>�G�F�P�@�� �¨hsdS) were used for expression of the recombinant proteins. All strains were 
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purchase from New England Biolabs. The generation of pET-28b:7C12 encoding the EGFR-

specific single-domain antibody 7C12 has been previously described.[32] The plasmid 

pGBMCS-SortA was a gift from Fuyuhiko Inagaki (Addgene plasmid # 21931).[33] 

 

Molecular cloning 

A DNA fragment coding for a (GGGGS)3 spacer followed by a Strep-tag, the LPETGG sortase 

motif and another (GGGGS)3 �V�S�D�F�H�U���Z�D�V���F�R�P�P�H�U�F�L�D�O�O�\���V�\�Q�W�K�H�V�L�]�H�G���L�Q�F�O�X�G�L�Q�J���D�����•���U�H�V�W�U�L�F�W�L�R�Q��

site for Hin�G�,�,�,�� �D�Q�G�� �D�� ���•�� �U�H�V�W�U�L�F�W�L�R�Q�� �V�L�W�H�� �I�R�U��XhoI, respectively. The ~150-nt fragment was 

digested with appropriate restriction endonucleases and ligated in-frame into HindIII/XhoI-

linearized pET-28b:7C12 plasmid.[32] The ligation reactions were transformed into chemically 

competent E. coli NEB 5-alpha cells. The DNA sequences of the resulting recombinant 

construct pET-28b:7C12-Strep-Sortag-His6 were checked by Sanger sequencing. 

 

Cultivation and expression of recombinant proteins 

Freshly transformed E. coli �6�+�X�I�I�O�H�Š���7�����(�[�S�U�H�V�V���R�U��E. coli BL21(DE3) harboring the plasmids 

pET-28b:7C12-Strep-Sortag-His6 or pGBMCS-SortA were inoculated in 10 mL of LB broth 

containing 50 ���J���P�/���R�I���N�D�Q�D�P�\�F�L�Q���R�U�����������—�J���P�/���R�I���D�P�S�L�F�L�O�O�L�Q, respectively, and cultivated at 

�����ƒ�&���R�Y�H�U�Q�L�J�K�W���L�Q���D�Q���R�U�E�L�W�D�O���V�K�D�N�H�U���Z�L�W�K�������� �P�P���R�I�I�V�H�W���D�Q�G���V�K�D�N�L�Q�J���V�S�H�H�G���R�I�������� rpm. After 

that, 5 mL of this pre-culture were transferred into 125 �P�/���0�D�J�L�F�0�H�G�L�D�Œ��E. coli Expression 

Medium (Life Technologies) in 1000 mL baffled-�E�R�W�W�R�P���J�O�D�V�V���I�O�D�V�N�V�� �D�Q�G���J�U�R�Z�Q���D�W�������ƒ�&���I�R�U��

24 h. For final harvest, cultures were chilled on ice for 5 min and centrifuged for at least 15 min 

�D�W���������������î���J���D�Q�G�����ƒ�&�����$�I�W�H�U���U�H�P�R�Y�D�O���R�I���W�K�H���V�X�S�H�U�Q�D�W�D�Q�W�����F�H�O�O���S�H�O�O�H�W�V���Z�H�U�H���H�L�W�K�H�U���V�W�R�U�H�G���D�W���í�����ƒ�&��

or subjected to purification procedure immediately. 
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Purification of recombinant proteins 

A high-capacity Ni-�L�P�L�Q�R�G�L�D�F�H�W�L�F�� �D�F�L�G�� ���,�'�$���� �U�H�V�L�Q�� �L�Q�� �F�R�P�E�L�Q�D�W�L�R�Q�� �Z�L�W�K�� �D�Q�� �b�.�7�$�� �S�X�U�H��

chromatography system (GE Healthcare) was used for purification of hexahistidine tagged 

proteins by immobilized metal affinity chromatography (IMAC) under native conditions. 

Efficient cell lysis was achieved by addition of 1 mL RIPA cell lysis buffer (G-Biosciences) 

supplemented with EDTA-free protease inhibitor cocktail (Roche Diagnostics), 500 �—�J��

lysozyme (Sigma-Aldrich) and 25 U endonuclease (Thermo Scientific Pierce) per 200 mg 

bacterial cell pellet. Prior to incubation on ice for at least 15 min, the pelleted cells were 

resuspended completely by vortexing or pipetting up and down until no cell clumps remained. 

�$�I�W�H�U���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���D�W�����������������[���J���D�Q�G�����ƒ�&���I�R�U������ min to remove cellular debris, the clarified 

supernatant was loaded using an automated sample pump with a flow rate of 0.5 ml/min. IMAC 

was performed on a prefilled 5-ml His60 Ni Superflow cartridge (Clontech Laboratories) at a 

flow rate of 5 mL/min in equilibration buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5). Before 

elution of the hexahistidine tagged proteins by addition of 8 CV elution buffer (50 mM Tris-

HCl, 150 mM NaCl, 500 mM imidazole, pH 7.5), the column was washed with 8 CV 

equilibration buffer and 7 CV wash buffer (50 mM Tris-HCl, 150 mM NaCl, 35 mM imidazole, 

pH 7.5).Removal of imidazole and buffer exchange after IMAC was achieved by dialysis 

against sortase buffer (50 mM Tris-HCl, 150 mM NaCl and 10 mM CaCl2, pH 7.5) using a 

cellulose ester membrane with a molecular weight cut-off of 3.5-���� �N�'�D�� ���6�S�H�F�W�U�X�P�Š��

Laboratories). 

 

Gel electrophoresis 

Denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out according to a standard protocol.[34] For each gel, PageRuler Plus Prestained Protein 
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Ladder (Thermo Fisher Scientific) was used as molecular weight ladder standard. After 

electrophoresis, gels were imaged with a D-DiGit Gel Scanner (LI-COR Biosciences) and 

subsequently stained with PageBlue protein staining solution (Thermo Fisher Scientific) 

�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�� 

 

Protein determination 

Protein concentration was determined with the DC Protein Assay (Bio-Rad Laboratories) 

�D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�¶�V�� �P�L�F�U�R�S�O�D�W�H�� �D�V�V�D�\�� �S�U�R�W�R�F�R�O�� �X�V�L�Q�J�� �E�R�Y�L�Q�H�� �V�H�U�X�P�� �D�O�E�X�P�L�Q�� �L�Q��

sortase buffer (50 mM Tris-HCl, 150 mM NaCl and 10 mM CaCl2, pH 7.5) as protein standard. 

Sortase A-mediated conjugation 

Small-scale reactions were set up in 100 �—�/���Z�L�W�K���Y�D�U�L�D�E�O�H���P�R�O�D�U���U�D�W�L�R�V���R�I�� �6�U�W�$���� ���&����-Strep-

Sortag-His6 and [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+and 

different incubation times. The optimal conditions were upscaled and the reaction mixture was 

composed of 2 �—�P�R�O���6�U�W�$������ �—�P�R�O���1�%�� �D�Q�G������ �—�P�R�O��[Ru(phen)2(dppz-7-maleimidemethyl-S-

Cys-(Ser)2(Gly)5-NH3)]3+ in sortase buffer (50 mM Tris-HCl, 150 mM NaCl and 10 mM CaCl2, 

�S�+���������������%�L�R�F�R�Q�M�X�J�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���D�W�������ƒ�&���I�R�U���X�S���W�R���� h in the dark with gentle 

shaking.  

 

Purification of conjugation reactions 

In the first purification step, all remaining hexahistidine tagged proteins were eliminated from 

the reaction mixture by IMAC using prepacked His60 Ni Gravity Columns (Clontech 

Laboratories). After collection of the flow-through, the gravity-flow column was washed twice 

with equilibration buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5). These wash fractions as 
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well as the flow-through were analyzed for the presence of the Ru-NB conjugate by SDS-

PAGE. Remaining unconjugated [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH3)]3+ was removed in a second purification step by size-exclusion chromatography using 

Zeba Spin Desalting Columns (7K MWCO, Thermo Scientific) with elution in PBS. The 

purified conjugate was sterile filtered using Whatman Puradisc FP 30 cellulose acetate syringe 

filter units with a pore size of 0.2 �—�P�����*�(���+�H�D�O�W�K�F�D�U�H���/�L�I�H���6�F�L�H�Q�F�H�V�����D�Q�G���V�W�R�U�H�G���D�W�����ƒ�&�� 

 

Matrix -assisted laser desorption ionization time-of-flight (MALDI -TOF) mass 

spectrometry of purified sdAb-conjugates 

2,5-Dihydroxyactetophenone (2,5-DHAP, Bruker Daltonik) was used as matrix for MALDI-

TOF MS. For solubilization of the matrix, 7.6 mg of 2,5-DHAP were dissolved in 375 ���/���R�I��

absolute ethanol. After this, 125 ���/�� �R�I�� �D�Q�� ���� mg/mL aqueous solution of diammonium 

hydrogen citrate (Sigma-Aldrich) were added. Protein samples were desalted using mixed 

cellulose esters membrane filters with a pore size of 0.025 �—�P���D�Q�G���D���G�L�D�P�H�W�H�U���R�I������ mm (MF-

�0�L�O�O�L�S�R�U�H�Œ���0�H�P�E�U�D�Q�H���)�L�O�W�H�U���9�6�:�3�����0�H�U�F�N���&�K�H�P�L�F�D�O�V�������%�U�L�H�I�O�\�����W�K�H���I�L�O�W�H�U���Z�D�V���S�O�D�F�H�G���R�Q���W�K�H��

water surface of a beaker filled with distilled water. A 2 �—�/���D�O�L�T�X�R�W���R�I���W�K�H���S�U�R�W�H�L�Q���V�D�P�S�O�H���Z�D�V��

carefully pipetted on top of the membrane. After incubation at room temperature for at least 

10 min, 2 �—�/���R�I���W�K�H���G�L�D�O�\�]�H�G���V�D�P�S�O�H���Z�D�V���P�L�[�H�G���Z�L�W�K���� �—�/���R�I���������7�)�$���V�R�O�X�W�L�R�Q�����$�I�Wer addition 

of 2 �—�/���R�I���W�K�H���P�D�W�U�L�[���V�R�O�X�W�L�R�Q�����W�K�H���P�L�[�W�X�U�H���Z�D�V���S�L�S�H�W�W�H�G���X�S���D�Q�G���G�R�Z�Q���X�Q�W�L�O���W�K�H���F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q��

starts and the solution became cloudy. Finally, 0.5 �—�/�� �R�I�� �W�K�H�� �F�U�\�V�W�D�O�� �V�X�V�S�H�Q�V�L�R�Q�� �Z�D�V�� �V�S�R�W�W�H�G��

onto the ground steel target plate and the droplet was air-dried completely at room temperature.  

Spectra were acquired with an autoflex II TOF/TOF (Bruker Daltonik) in positive linear mode 

in combination with the flexControl software (Version 3.3, Bruker Daltonik) and analyzed with 
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the flexAnalysis software (Version 3.3, Bruker Daltonik). Theoretical molecular weights were 

calculated using the Compute pI/Mw tool on the ExPASy Server.[35] 

 

Spectroscopic measurements 

The absorption of the samples was measured in a cuvette with a Lambda 800 UV/VIS 

Spectrometer (PerkinElmer Instruments) or in 96 well plates with a SpectraMax M2 

Spectrometer (Molecular Devices). The emission was measured by irradiation of the sample in 

fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical 

parametric oscillator (Ekspla) at 450 nm. The luminescence was focused and collected at a right 

angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i 

monochromator. As a detector a XPI-Max 4 CCD camera (Princeton Instruments) was used. 

 

Luminescence quantum yield measurements 

For the determination of the luminescence quantum yield, the samples were prepared in a 

CH3CN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in 

fluorescence quartz cuvettes (width 1 cm) using a NT342B OPO pulse laser Nd-YAG pumped 

optical parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and collected 

at a right angle to the excitation pathway and directed to a Princeton Instruments Acton SP-

2300i monochromator. As a detector a XPI-Max 4 CCD camera (Princeton Instruments) was 

used. The luminescence quantum yields were determined by comparison with the reference 

[Ru(bipy)3]Cl2 in CH3�&�1�����-em=0.059)[23] applying the following formula: 

�0�c�k�á�q�_�k�n�j�c
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�-�H�P��� ���O�X�P�L�Q�H�V�F�H�Q�F�H���T�X�D�Q�W�X�P���\�L�H�O�G�����)��� ���I�U�D�F�W�L�R�Q���R�I���O�L�J�K�W���D�E�V�R�U�E�H�G�����,��� ���L�Q�W�H�J�U�D�W�H�G���H�P�L�V�V�L�R�Q��

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength 

 

Lifetime measurements 

For the determination of the lifetimes, the samples were prepared in an air saturated and in a 

degassed CH3CN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in 

fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical 

parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and collected at a 

right angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i 

monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) was used. 

 

Singlet oxygen measurements  

- Direct evaluation 

The samples were prepared in an air saturated DMSO or D2O solution with an absorbance of 

0.2 at 450 nm. This solution was irradiated in fluorescence quartz cuvettes (width 1 cm) using 

a mounted M450LP1 LED (Thorlabs) whose irradiation, centred at 450 nm, was focused with 

aspheric condenser lenses. The intensity of the irradiation was varied using a T-Cube LED 

Driver (Thorlabs) and measured with an optical power and energy meter. The emission signal 

was focused and collected at a right angle to the excitation pathway and directed to a Princeton 

Instruments Acton SP-2300i monochromator. A longpass glass filter was placed in front of the 

monochromator entrance slit to cut off light at wavelengths shorter than 850 nm. The slits for 

detection were fully open. As a detector an EO-817L IR-sensitive liquid nitrogen cooled 

germanium diode detector (North Coast Scientific Corp.) was used. The singlet oxygen 
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luminescence at 1270 nm was measured by recording spectra from 1100 to 1400 nm. For the 

data analysis, the singlet oxygen luminescence peaks at different irradiation intensities were 

integrated. The resulting areas were plotted against the percentage of the irradiation intensity 

and the slope of the linear regression calculated. The absorbance of the sample was corrected 

with an absorbance correction factor. As reference for the measurement in an CH3CN solution 

�S�K�H�Q�D�O�H�Q�R�Q�H�� ���-phenaleone=0.95)[36] and for the measurement in a D2O solution [Ru(bipy)3]Cl2 

���-Ru(bipy)3Cl2=0.22)[37] was used and the singlet oxygen quantum yields were calculated using 

the following formula: 

�0�q�_�k�n�j�c
L���0�p�c�d�c�p�c�l�a�c�Û��
���q�_�k�n�j�c
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���p�c�d�c�p�c�l�a�c
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�-��� ���V�L�Q�J�O�H�W���R�[�\�J�H�Q���T�X�D�Q�W�X�P���\�L�H�O�G�����6��� ���V�O�R�S�H���R�I���W�K�H���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q���R�I���W�K�H���S�O�R�W���R�I���W�K�H���D�U�H�D�V���R�I��

the singlet oxygen luminescence peaks against the irradiation intensity, I = absorbance 

correction factor, I0 = light intensity of the irradiation source, A = absorbance of the sample at 

irradiation wavelength. 

 

- Indirect evaluation 

For the measurement in DMSO: The samples were prepared in an air-saturated DMSO solution 

containing the complex with an absorbance of 0.2 at the irradiation wavelength and 1,3-

diph�H�Q�\�O�L�V�R�E�H�Q�]�R�I�X�U�D�Q�����'�3�%�)�����������—�0�������)�R�U���W�K�H���P�H�D�V�X�U�H�P�H�Q�W���L�Q���3�%�6���E�X�I�I�H�U�����7�K�H���V�D�P�S�O�H�V���Z�H�U�H��

prepared in an air-saturated PBS solution containing the complex with an absorbance of 0.2 at 

the irradiation wavelength, N,N-dimethyl-4-�Q�L�W�U�R�V�R�D�Q�L�O�L�Q�H���D�Q�L�O�L�Q�H�����5�1�2�����������—�0) and histidine 

(10 mM). The samples were irradiated on 96 well plates with an Atlas Photonics LUMOS BIO 

irradiator for different times. The absorbance of the samples was measured during these time 
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intervals with a SpectraMax M2 Microplate Reader (Molecular Devices). The difference in 

absorbance (A0-A) at 415 nm for the DMSO solution and at 440 nm for the PBS solution was 

measured and plotted against the irradiation times. From the plot the slope of the linear 

regression was calculated as well as the absorbance correction factor determined. The singlet 

oxygen quantum yields were calculated using the same formulas as used for the direct 

evaluation.  

 

Cell culture 

Cell culture flasks, dishes and plates (CELLSTARS) were supplied by Greiner Bio-One GmbH. 

The �D�G�K�H�U�H�Q�W���K�X�P�D�Q���W�X�P�R�U���F�H�O�O���O�L�Q�H�V���$�����������$�7�&�&�Š���Q�X�P�E�H�U�����&�5�/-1555) and MDA-MB 435S 

���$�7�&�&�Š���Q�X�P�E�H�U�����+�7�%-129) were maintained as previously reported.[32, 38] All cell lines were 

confirmed to be mycoplasma-�Q�H�J�D�W�L�Y�H���X�V�L�Q�J���W�K�H���9�H�Q�R�U�Š�*�H�0���$�G�Y�D�Q�F�H���0�\�F�R�S�O�D�V�P�D���'�H�W�H�F�W�L�R�Q��

Kit (Minerva Biolabs) and were tested monthly. 

 

Cell uptake studies 

A total of 300,000 MDA-MB 435S cells and 450,000 A431 cells were seeded in T25 cell culture 

flasks in 5 mL DMEM supplemented with 10% fetal calf serum (FCS), respectively, and 

incubated in a humidified atmosphere of 95% air/5% CO2 �D�W�������ƒ�&�����$�I�W�H�U������ h of incubation, 

cells were washed twice with warm PBS. The buffer was then replaced by fresh DMEM 

supplemented with 10% FCS and different concentrations of the Ru-NB conjugate or 

Ru(bipy)2(DPPZ-OMe) (PF6)2�����)�R�O�O�R�Z�L�Q�J���L�Q�F�X�E�D�W�L�R�Q���D�W�������ƒ�&���I�R�U���F�H�U�W�D�L�Q���W�L�P�H���S�H�U�L�R�G�V�����P�H�G�L�X�P��

was removed and the cells washed three times with warm PBS and trypsinized. After 

resuspension in warm DMEM with 10% FCS, the pellets were collected by centrifugation at 

200 x g for 5 min and washed once with warm PBS. The cell pellets were resuspended in 500 ���/��
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�R�I���3�%�6�����O�\�V�H�G���E�\���������I�U�H�H�]�H�í�W�K�D�Z���F�\�F�O�H�V�����D�Q�G���V�R�Q�L�F�D�W�H�G���L�Q���Dn ice-cold ultrasonic bath for 20 min 

(SONOREX SUPER 10P digital, Bandelin). After determination of the protein content, the 

lysates were lyophilized on an Alpha 2-4 LSC plus (CHRIST). 

ICP-MS studies 

After digestion of samples in distilled ultrapure 65% HNO3 (Roth) and dillution in 1% HNO3, 

ICP-MS measurements were performed on an iCap RQ ICP-MS spectrometer (Thermo Fisher  

Scientific) equipped with a SC-2DX autosampler (ESI). Calibration was done with Ru single 

element standard (Merck 170347). Rh and Sc were used as internal standards. Limit of detection 

(LOD) was 50 ng/L Ru.    

 

Dark cytotoxicity and phototoxicity 

The dark and light cytotoxicity of the Ru(II)-containing conjugates was assesed by fluorometric 

cell viability assay using resazurin (ACROS Organics). For dark and light cytotoxicity with the 

EGFR internalisation step[39], A431 cells were seeded in triplicates in 96 well plates at a density 

�R�I�������������F�H�O�O�V���S�H�U���Z�H�O�O���L�Q�����������—�O�����������K���S�U�L�R�U���W�R���W�U�H�D�Wment. Cells were then treated with serum free 

�'�0�(�0���P�H�G�L�D���F�R�Q�W�D�L�Q�L�Q�J�������������R�I���%�6�$���I�R�U�������K���D�W���������ž�&�����7�K�H���P�H�G�L�X�P���Z�D�V���W�K�H�Q���U�H�S�O�D�F�H�G���Z�L�W�K��

increasing concentrations of Ru-NB, then cells were incubated on ice for 1 h. After that time, 

cells were transferred for 1 �K�� �D�W�� ������ �ž�&���� �7�K�H�� �P�H�G�L�X�P�� �Z�D�V�� �W�K�H�Q�� �U�H�S�O�D�F�H�G�� �E�\�� �I�U�H�V�K�� �F�R�P�S�O�H�W�H��

medium. For the dark and light cytotoxicity without the EGFR internalisation step, A431 cells 

�Z�H�U�H���V�H�H�G���L�Q���W�U�L�S�O�L�F�D�W�H�V���L�Q���������Z�H�O�O���S�O�D�U�H�V���D�W���D���G�H�Q�V�L�W�\���R�I�������������F�H�O�O�V���S�H�U���Z�H�O�O���L�Q�����������—�O�����������K���S�U�L�R�U��

to treatment. The medium was then replaced with increasing concentrations of Ru-NB for 44 h. 

Cells used for the light cytotoxicity experiments with Ru-NB were exposed to 480 nm light for 

6 x 3.5 min with 15 min gap in between irradiations or in a 96-well plate using a LUMOS-BIO 

photoreactor (Atlas Photonics). Each well was individually illuminated with a 5 lm LED at 
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constant current (6.741 J cm-2). After 44 h in the incubator, the medium was replaced by fresh 

complete medium containing resazurin (0.2 mg mL-1 final concentration). After 4 h incubation 

�D�W�� �����ƒ�&���� �W�K�H�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �V�L�J�Q�D�O�� �R�I�� �W�K�H�� �U�H�V�R�U�X�I�L�Q�� �S�U�R�G�X�F�W�� �Z�D�V�� �U�H�D�G�� �E�\�� �6�S�H�F�W�U�D�0�D�[�� �0����

mictroplate reader (ex: 540 nm em: 590 nm). IC50 values were calculated using GraphPad Prism 

software. 

 

Cellular ROS production 

10 cm cell culture plates were seeded with A431 cell line and allowed to adhere overnight. 

Next, the cells were incubated with a DCFH-�'�$���V�R�O�X�W�L�R�Q�������������—�0�����L�Q���'�0�(�0���P�H�G�L�D���I�R�U��������

�P�L�Q���D�W���������ž�&����Cells were then washed and treated with serum free DMEM media containing 

�����������R�I���%�6�$���I�R�U�������K���D�W���������ž�&�����7�K�H���P�H�G�L�X�P���Z�D�V���W�K�H�Q���U�H�S�O�D�F�H�G���L�Q���W�K�H���S�O�D�W�H�V���Z�L�W�K���H�L�W�K�H�U��Ru-NB 

dilution, 0.1 mM H2O2 or media. Cells were then incubated on ice for 1 h. After that time, the 

�F�H�O�O�V�� �Z�H�U�H�� �W�U�D�Q�V�I�H�U�U�H�G�� �I�R�U�� ���� �K�� �D�W�� ������ �ž�&���� �7�K�H�� �P�H�G�L�X�P�� �Z�D�V�� �W�K�H�Q�� �U�H�S�O�D�F�H�G�� �E�\�� �I�U�H�V�K�� �F�R�P�S�O�H�W�H��

medium. The cells used for the light experiments were exposed to 480 nm light for 3.5 min 

using a LUMOS-BIO photoreactor (Atlas Photonics; 1.124 J cm-2). All cells were then washed, 

collected and gated using Fortessa instrument in Cytometry Platform at the Curie Institute. 

Data was analysed using FlowJo 10.5.2 software.
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Scheme S1. Total synthesis of [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH3)](TFA)3���� �D���� �(�W�2�+���� �U�H�I�O�X�[�� ���K���� �'�0�6�2���� �������ƒ�&�� ���� �K���� �E����1,10-phenanthroline, LiCl, DMF, 

reflux overnight under N2 atmosphere; c) 1,10-phenanthroline, KBr, H2SO4, HNO3, �����ƒ�&�������K��

under N2 atmosphere; d) EtOH, �����ƒ�&�������K��under N2 atmosphere; e) LiAlH4, THF, 6���ƒ�& 1 h under 

N2 atmosphere; f) acetic acid, CH3CN, reflux 1 h under N2 atmosphere; g) (COCl)2, DMF, 

CH3CN, RT, overnight under N2 atmosphere; h) Phthalimide, K2CO3, DMF, RT, overnight; i) 

NH2NH2, MeOH, reflux overnight under N2 atmosphere; j) maleic anhydride, AcOH, reflux 10 

h under N2 atmosphere; k) (NH2CO-Cys-(Ser)2(Gly)5-NH3)(TFA), CH3CN:H2O 1:1, RT, 30 h 



S144 
 

 

Figure S1. HPLC chromatogram of [Ru(phen)2(dppz-7-maleimidemethyl)]2+ 

 

 

 

 

 

Figure S2. HPLC chromatogram of [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-

NH3)]3+ 
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Figure S3. SDS-PAGE analysis of the reaction efficiency for chemoenzymatic conjugation of 

the [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+ to the EGFR-specific 

NB 7C12. The amounts used were 5 nmol SrtA, 10 nmol NB and 10-100 nmol of Ru(II) 

precursor. The reaction was monitored for up to 24 h and aliquots were separated on 15% SDS 

polyacrylamide gels. After electrophoresis, gels were imaged with a D-DiGit Gel Scanner (B) 

to detect the signal of the Ru(II) complex and subsequently stained with colloidal Coomassie 

G-250 (A).  
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Figure S4. SDS-PAGE analysis of the reaction efficiency for chemoenzymatic conjugation of 

the [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)]3+ to the EGFR-specific 

NB 7C12. The amounts used were 10 nmol SrtA, 10 nmol NB and 10-100 nmol of Ru(II) 

precursor. The reaction was monitored for up to 24 h and aliquots were separated on 15% SDS 

polyacrylamide gels. After electrophoresis, gels were imaged with a D-DiGit Gel Scanner (B) 

to detect the signal of the Ru(II) complex and subsequently stained with colloidal Coomassie 

G-250 (A)  
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Figure S5. MALDI -TOF mass spectra of the purified (A) NB derivative 7C12-Strep-Sortag-

His6, (B) single-conjugated NB-conjugate 7C12-Strep-[Ru(phen)2(dppz-7-maleimidemethyl-

S-Cys-(Ser)2(Gly)5-NH3)]3+ (Ru-NB) and  (C) sortase enzyme SrtA 
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Figure S6. Normalised UV/Vis spectra of [Ru(phen)2(dppz-7-maleimidemethyl)](PF6)2 in 

CH3CN (blue), [Ru(phen)2(dppz-7-maleimidemethyl-S-Cys-(Ser)2(Gly)5-NH3)](TFA)3 in 

CH3CN (green) and Ru-NB in DMSO (red).  
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Figure S7. Emission spectra of Ru-NB in DMSO.  
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Figure S8. Lifetime spectra of Ru-NB in degassed DMSO. 
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Figure S9. Lifetime spectra of Ru-NB in aerated DMSO  
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Figure S10. Amount of cell-associated ruthenium after incubation of A431 and MDA-MB-

�������6���F�H�O�O�V���Z�L�W�K�������R�U���������—�0���R�I���5�X���E�L�S�\��2(DPPZ-OMe) (PF6)2 for up to 48 h. 
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Ru-NB Ru(bipy)2(DPPZ-OMe) (PF6)2 

 

 
A431 MDA -MB 453S A431 MDA -MB 453S 

Time 

[h]  
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Table S1. Head-to-head comparison of uptake of Ru-NB and [Ru(bipy)2(DPPZ-OMe)](PF6)2 

into A431 and MDA-MB 435S cells. The amount of cell-associated ruthenium [ng/mg protein] 

was measured by ICP-MS  
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Figure S11. Cytotoxicity of Ru-NB in A431 cell line. Cells were treated for 48h, light 

irradiation: 6x 3.5 min at 480 nm.  
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Figure S12. Cytotoxicity of Ru-NB in A431 cell line. Cells were treated using receptor 

internalisation protocol, light irradiation: 6x 3.5 min at 480 nm.  
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Figure S13. Cellular ROS production in A431 cells treated with Ru-NB and stained with 

DCFH-DA. Cells were gated for DCFH-DA signal (Green-D-610_20-A) using flow cytometry. 

Cell count for each experimental group with mean of the DCFH-DA signal is provided in the 

table.  
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Abstract 

Due to acquired resistance or limitations of the currently approved drugs against cancer, there 

is an urgent need for the development of new classes of compounds. Among others, there is an 

increasing attention towards the use of Ru(II) polypyridyl complexes. Most studies in the 

literature were made on complexes based on the coordination of N-donating bidentate ligands 

�W�R���W�K�H���U�X�W�K�H�Q�L�X�P���F�R�U�H���Z�K�H�U�H�D�V���V�W�X�G�L�H�V���R�Q���������•�����•�������•�•-terpyridine (terpy) coordinating ligands 

are relatively scare. However, several studies have shown that [Ru(terpy)2]2+ derivatives are 

able bind to DNA through various binding modes making these compounds potentially suitable 

as chemotherapeutic agents. Additionally, light irradiation of these compounds was shown to 

enable DNA cleavage, highlighting their potential use as photosensitizers (PSs) for 

photodynamic therapy (PDT). In this work, we present the systematic investigation of the 

potential of 7 complexes of the type [Ru(terpy)(terpy-X)]2+ (X = H (1), Cl (2), Br (3), OMe 

(4), COOH (5), COOMe (6), NMe2 (7)) as potential chemotherapeutic agents and PDT PSs. 

The compounds were characterized in-depth including X-ray crystallography. Importantly, six 

of the seven complexes were found to be stable in human plasma as well as photostable in 

acetonitrile upon continuous LED irradiation. The determination of the logP values for the 7 

complexes revealed their good water solubility. Complex 7 was found to be cytotoxic in the 

micromolar range in the dark as well as to have some phototoxicity upon light exposure at 480 

nm in non-cancerous retinal pigment epithelium (RPE-1) and cancerous human cervical 

carcinoma (HeLa) cells. 

 



160 
 

1. Introduction 

Based on the increasing impact of cancer on the life quality as well as mortality in the world, 

research efforts are made towards the development of new methods for the treatment of this 

disease as well as the improvement of existing anticancer drugs. Most commonly, cancer is 

fought through the combination of different techniques (i.e. chemotherapy, surgery, 

radiotherapy and immunotherapy).[1-3] To date, the gold standard in the chemotherapeutic 

treatment of cancer is the platinum drug cisplatin and its derivatives carboplatin and 

oxaliplatin.[4, 5] However, although the ability of cisplatin for the treatment of patients with 

cancer is impressive and undeniable, treatments with this drug are also associated with severe 

side effects that include nerve and kidney damage, nausea, vomiting and bone marrow 

suppression. Acquired resistances limit also the use of cisplatin and this derivatives. These 

drawbacks have led, in the last decades, to the search for alternative compounds and, among 

others, of non-platinum based compounds. Among the new classes investigated, coordinatively 

saturated, inert Ru(II) polypyridyl complexes are receiving increasing attention due to their 

promising anticancer and antimicrobial activity as chemotherapeutic agents as well as 

photodynamic therapy (PDT) photosensitizers (PSs).[6-17] Very importantly, one of Mc 

Farland and co-�Z�R�U�N�H�U�V�¶ ruthenium-based PDT PSs, namely TLD-1433, just completed phase 

I clinical trial as a PDT PS against bladder cancer.[10] 

 

In the field of ruthenium-based PDT PSs, most studies in the literature are based on a 

[Ru(bipy/phen/bphen/dppz)3]2+ ���E�L�S�\�� � �� �������¶-bipyridine, phen =1,10-phenanthroline, bphen = 

4,7-diphenyl-1,10-phenanthroline, dppz = dipyrido[3,2-a:2�¿,3�¿-c]phenazine) scaffold due to 

their interesting redox properties, long excited-state lifetimes as well as intense 

luminescence.[11, 13, 18-24] In comparison, complexes based on a [Ru(terpy)2]2+ (terpy 

� �������•�����•�������•�•-terpyridine) scaffold have not been very extensively studied. These complexes are 
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well-known to have a short-lived excited state and to be weakly luminescent at room 

temperature but long-lived and strongly luminescent at low temperature (77 K). This 

phenomenon is explained by an unfavourable bite angle of the ligands for the octahedral 

coordination of the Ru(II). As a result, a relatively low ligand field state 3LF is created which 

is able to quench the normally emitting 3MLCT state.[20, 25] Despite these unfavourable 

photophysical properties, several studies have shown that these complexes were still able to 

bind to DNA and to cleave it upon light irradiation, making them potential PSs for PDT 

purposes.[26-30] Interestingly, it was demonstrated that these complexes were able to interact 

in different manners with DNA, including electrostatic interactions, intercalation, and groove 

binding, depending on the substituents on the terpy ligand.[31-35]  

 

In this work, we present the systematic investigation of the potential of 7 Ru(II) complexes of 

the type [Ru(terpy)(terpy-X)] 2+ (X = H (1), Cl (2), Br (3), OMe (4), COOH (5), COOMe (6), 

NMe2 (7)) as potential chemotherapeutic agents and as PDT PSs. All investigated complexes 

were fully characterised by 1H and 13C-NMR, ESI-HRMS, elemental analysis as well as single 

crystal X-ray crystallography. As described below, one of the complexes (compound 7) was 

found to be cytotoxic in the micromolar range in the dark as well as to have some phototoxicity 

upon light exposure at 480 nm, highlighting some potential for this type of complexes. 

 

2. Experimental section 

2.1. Materials 

All chemicals were obtained from commercial sources and used without further purification. 

Solvents were dried over molecular sieves if necessary. The Ru(II) precursor Ru(terpy)Cl3 was 

synthesised as previously published.[36] �7�K�H���V�X�E�V�W�L�W�X�W�H�G���������¶�����¶�����´-terpyridine ligands (terpy-

�;������ ���µ-chloro-�������¶�����¶�����´-terpyridine (terpy-Cl),[37] ���µ-bromo-�������¶�����¶�����´-terpyridine (terpy-
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Br),[38] ���µ-methoxy-�������¶�����¶�����´-terpyridine (terpy-OMe),[39] ���µ-carboxy-�������¶�����¶�����´-terpyridine 

(terpy-COOH),[40] ���µ-methylcarboxy-�������¶�����¶�����´-terpyridine (terpy-COOMe),[40] 4�µ-

dimethylamino-�������¶�����¶�����´-terpyridine (terpy-NMe2)[41] were synthesised as previously 

reported.  

 

2.2. Instrumentation and methods 

1H and 13C NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer. Chemical 

�V�K�L�I�W�V�����/�����D�U�H���U�H�S�R�U�W�H�G���L�Q���S�D�U�W�V���S�H�U���P�L�O�O�L�R�Q�����S�S�P�����U�H�I�H�U�H�Q�F�H�G���W�R���W�H�W�U�D�P�H�W�K�\�O�V�L�O�D�Q�H�����/���������������S�S�P��

using the residual proton solvent peaks as internal standards. Coupling constants (J) are reported 

in Hertz (Hz) and the multiplicity is abbreviated as follows: s (singulet), d (doublet), dd (doublet 

of doublet), m (multiplet). ESI-MS experiments were carried out using a LTQ-Orbitrap XL 

from Thermo Scientific (Thermo Fisher Scientific, Courtaboeuf, France) and operated in 

positive ionization mode, with a spray voltage at 3.6 kV. No Sheath and auxiliary gas was used. 

Applied voltages were 40 and 100 V for the ion transfer capillary and the tube lens, respectively. 

�7�K�H���L�R�Q���W�U�D�Q�V�I�H�U���F�D�S�L�O�O�D�U�\�� �Z�D�V���K�H�O�G�� �D�W���������ƒ�&���� �'�H�W�H�F�W�L�R�Q���Z�D�V���D�F�K�L�H�Y�H�G���L�Q���W�K�H���2�U�E�L�W�U�D�S�� �Z�L�W�K���D��

resolution set to 100,000 (at m/z 400) and a m/z range between 150-2000 in profile mode. 

Spectrum was analyzed using the acquisition software XCalibur 2.1 (Thermo Fisher Scientific, 

Courtaboeuf, France).  The automatic gain control (AGC) allowed accumulation of up to 2*105 

ions for FTMS scans, maximum injection time was set to 30�����P�V���D�Q�G�������—�V�F�D�Q���Z�D�V���D�F�T�X�L�U�H�G����������

�—�/���Z�D�V���L�Q�M�H�F�W�H�G���X�V�L�Q�J���D���7�K�H�U�P�R���)�L�Q�Q�L�J�D�Q���6�X�U�Y�H�\�R�U���+�3�/�&���V�\�V�W�H�P�����7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F����

�&�R�X�U�W�D�E�R�H�X�I���� �)�U�D�Q�F�H���� �Z�L�W�K�� �D�� �F�R�Q�W�L�Q�X�R�X�V�� �L�Q�I�X�V�L�R�Q�� �R�I�� �P�H�W�K�D�Q�R�O�� �D�W�� �������� �—�/���P�L�Q-1. Elemental 

microanalyses were performed on a Thermo Flash 2000 elemental analyser. 
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2.3. Synthesis 

[Ru(terpy)2](PF6)2 (1)  

[Ru(terpy)2PF6)2 was synthesized as previously published.[42] Experimental data fits with the 

literature. Purity of the sample was assessed by HPLC and elemental analysis. Anal. Calc. for 

C30H22F12N6P2Ru: C 42.02, H 2.59, N 9.80. Found: C 41.91, H 2.60, N 9.71.  

 

[Ru(terpy)(terpy-Cl)](PF6)2 (2) 

The synthesis of [Ru(terpy)(terpy-Cl)](PF6)2 was previously reported.[43] In this work, another 

synthetic route was employed. Ru(terpy)Cl3 (200 mg, 0.45 mmol, 1.0 equiv.), ���µ-Chloro-

�������¶�����¶�����-́terpyridine (terpy-Cl) (134 mg, 0.50 mmol, 1.1 equiv) and some drops of N-

ethylmorpholine were dissolved in 8:2 EtOH/H2O (50 mL). The mixture was heated under 

reflux for 4 h under nitrogen atmosphere. The crude product was cooled to room temperature 

and undissolved solid was filtered off over Celite. The solid was washed with EtOH, the 

solution concentrated and a sat. aqueous solution of NH4PF6 was added. The crude product, 

which precipitated as a PF6 salt was collected by centrifugation and washed with EtOH, H2O 

and Et2O. The product was isolated by column chromatography on silica gel with an CH3CN/aq. 

KNO3 (0.4 M) solution (10:1). The fractions containing the product were united and the solvent 

was removed under reduced pressure. The residue was dissolved in CH3CN and undissolved 

KNO3 was removed by filtration. The solvent was removed again and the product was dissolved 

in H2O (50 mL). Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was 

obtained by filtration and was washed three-times with H2O and Et2O. Experimental data fits 

with the literature. Purity of the sample was assessed by HPLC and elemental analysis. Anal. 

Calc. for C30H21ClF12N6P2Ru + 1.3*H2O: C 39.36, H 2.60, N 9.18. Found: C 38.99, H 2.50, N 

9.68. 
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[Ru(terpy)(terpy-Br)](PF6)2 (3) 

The synthesis of [Ru(terpy)(terpy-Br)](PF6)2 was previously reported.[44] In this work, another 

synthetic route was employed. Ru(terpy)Cl3 (200 mg, 0.45 mmol, 1.0 equiv.), ���µ-Bromo-

�������¶�����¶�����´-terpyridine (terpy-Br) (156 mg, 0.50 mmol, 1.1 equiv) and some drops of N-

ethylmorpholine were dissolved in 8:2 EtOH/H2O (50 mL). The mixture was heated under 

reflux for 4 h under nitrogen atmosphere. The crude product was cooled to room temperature 

and undissolved solid was filtered off over Celite. The solid was washed with EtOH, the 

solution concentrated and a sat. aqueous solution of NH4PF6 was added. The crude product, 

which precipitated as a PF6 salt was collected by centrifugation and washed with EtOH, H2O 

and Et2O. The product was isolated by column chromatography on silica gel with an CH3CN/aq. 

KNO3 (0.4 M) solution (10:1). The fractions containing the product were united and the solvent 

was removed under reduced pressure. The residue was dissolved in CH3CN and undissolved 

KNO3 was removed by filtration. The solvent was removed again and the product was dissolved 

in H2O (50 mL). Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was 

obtained by filtration and was washed three-times with H2O and Et2O. Experimental data fits 

with the literature. Purity of the sample was assessed by HPLC and elemental analysis. Anal. 

Calc. for C30H21BrF12N6P2Ru +1 H2O: C 37.75, H 2.43, N 8.81. Found: C 37.55, H 2.03, N 

9.26. 

 

[Ru(terpy)(terpy-OMe)](PF6)2 (4) 

Ru(terpy)Cl3 (203 mg, 0.46 mmol, 1.0 equiv.), ���µ-Methoxy-�������¶�����¶�����´-terpyridine (terpy-Br) 

(133 mg, 0.51 mmol, 1.1 equiv) and some drops of N-ethylmorpholine were dissolved in 8:2 

EtOH/H2O (50 mL). The mixture was heated under reflux for 5 h under nitrogen atmosphere. 

The crude product was cooled to room temperature and undissolved solid was filtered off over 

Celite. The solid was washed thoroughly with EtOH and afterwards the solvent was removed 
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under reduced pressure. The residue was dissolved in H2O and a sat. aqueous solution of 

NH4PF6 was added. The crude product, which precipitated as a PF6 salt was collected by 

centrifugation and washed with EtOH, H2O and Et2O. The product was isolated by column 

chromatography on silica gel with an CH3CN/aq. KNO3 (0.4 M) solution (10:1). The fractions 

containing the product were united and the solvent was removed under reduced pressure. The 

residue was dissolved in CH3CN and undissolved KNO3 was removed by filtration. The solvent 

was removed again and the product was dissolved in H2O (50 mL). Upon addition of NH4PF6 

the product precipitated as a PF6 salt. The solid was obtained by filtration and was washed 

three-times with H2O and Et2O. 257 mg of [Ru(terpy)(terpy-OMe)](PF6)2 (4) (0.29 mmol, 

63 %) were yielded as a red solid. 1H-NMR (CD3�&�1�������������0�+�]�������/��� ���������������G����J = 8.2 Hz, 2H), 

8.50-8.46 (m, 4H), 8.36 (t, J = 8.2 Hz, 1H), 8.33 (s, 2H), 7.93-7.86 (m, 4H), 7.42 (ddd, J = 5.5, 

1.4, 0.7 Hz, 2H), 7.29 (ddd, J = 5.5, 1.4, 0.7 Hz, 2H), 7.18 (ddd, J = 7.5, 5.6 1.3 Hz, 2H), 7.12 

(ddd, J = 7.5, 5.6 1.3 Hz, 2H), 4.31 (s, 3H). 13C-NMR (CD3�&�1�������������0�+�]�������/��� ������������������������������

158.6, 156.5, 156.4, 153.3, 152.8, 138.5, 138.4, 135.7, 128.0, 127.9, 125.0, 124.8, 124.1, 111.3, 

57.8. ESI-HRMS m/z: 299.0527 [M]2+, calcd for C31H24N6O1Ru 299.0522. Anal. Calc. for 

C31H24F12N6O2P2Ru: C 41.95, H 2.73, N 9.47. Found: C 41.79, H 2.64, N 9.45.  

 

[Ru(terpy)(terpy-COOH)](PF6)2 (5) 

The synthesis of [Ru(terpy)(terpy-COOH)](PF6)2 was previously reported.[45] In this work, 

another synthetic route was employed. Ru(terpy)Cl3 (200 mg, 0.45 mmol, 1.0 equiv.), ���µ-

Carboxy-�������¶�����¶�����´-terpyridine (terpy-COOH) (139 mg, 0.50 mmol, 1.1 equiv) and some drops 

of N-ethylmorpholine were dissolved in 8:2 EtOH/H2O (50 mL). The mixture was heated under 

nitrogen atmosphere at reflux for 4 h. After cooling down to room temperature, the crude 

product was filtered over Celite and washed thoroughly with EtOH. The solvent was removed 

and the solid residue dissolved in H2O. A sat. aqueous solution of NH4PF6 was added and the 
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crude product preticipated as a PF6 salt. The solid was collected by centrifugation and washed 

with Ethanol, Water and Et2O. The product was isolated via fractionated precipitation from 

Acetonitrile by adding dropwise Et2O. The yielded solid was isolated by filtration and washed 

with pentane. Experimental data fits with the literature. Purity of the sample was assessed by 

HPLC and elemental analysis. Anal. Calc. for C31H22F12N6O2P2Ru + 0.1 * C5H12: C 41.63, H 

2.57, N 9.25. Found: C 41.84, H 2.68, N 9.56. 

 

[Ru(terpy)(terpy-COOMe)](PF6)2 (6) 

Ru(terpy)Cl3 (137 mg, 0.31 mmol, 1.0 equiv.) and AgBF4 (212 mg, 1.09 mmol, 3.5 equiv.) 

were suspended in Acetone (50 mL) under nitrogen atmosphere. The mixture was refluxed for 

2 h, cooled to room temperature and undissolved solid was filtered off over Celite. The solid 

was washed with methanol and then the solvent removed under reduced pressure. The residue 

was dissolved in dry EtOH (50 mL) and ���µ-Methylcarboxy-�������¶�����¶�����´-terpyridine (terpy-

COOMe) (100 mg, 0.34 mmol, 1.1 equiv.) was added. The mixture was heated under reflux for 

18 h under nitrogen atmosphere. The crude product was cooled to room temperature and 

undissolved solid was filtered off over Celite. The solid was washed with EtOH, the solution 

concentrated and a sat. aqueous solution of NH4PF6 was added. The crude product, which 

precipitated as a PF6 salt was collected by centrifugation and washed with EtOH, H2O and Et2O. 

The product was isolated by column chromatography on silica gel with an CH3CN/aq. KNO3 

(0.4 M) solution (10:1). The fractions containing the product were united and the solvent was 

removed under reduced pressure. The residue was dissolved in CH3CN and undissolved KNO3 

was removed by filtration. The solvent was removed again and the product was dissolved in 

H2O (50 mL). Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was 

obtained by filtration and was washed three-times with H2O and Et2O. 154 mg of 

[Ru(terpy)(terpy-COOMe)](PF6)2 (6) (0.17 mmol, 55 %) were yielded as a red solid. 1H-
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NMR (CD3�&�1�������������0�+�]�������/��� ���������������V�������+�������������������G����J = 8.2 Hz, 2H), 8.66-8.62 (m, 2H), 8.50-

8.47 (m, 2H), 8.45 (t, J = 8.2 Hz, 1H), 7.98-7.89 (m, 4H), 7.39-7.36 (m, 2H), 7.30-7.27 (m, 

2H), 7.23-7.19 (m, 2H), 7.16-7.10 (m, 2H), 4.18 (s, 3H). 13C-NMR (CD3�&�1�������������0�+�]�������/��� ��

165.4, 158.7, 158.4, 157.1, 155.8, 153.5, 153.4, 139.3, 139.1, 137.5, 137.2, 128.8, 128.4, 125.8, 

125.5, 124.8, 123.7, 54.2. ESI-HRMS m/z: 313.0502 [M]2+, calcd. for C32H24N6O2Ru 

313.0497. Anal. Calc. for C32H24F12N6O2P2Ru: C 41.98, H 2.64, N 9.18. Found: C 41.92, H 

2.63, N 9.50. 

 

[Ru(terpy)(terpy-NMe2)](PF6)2 (7) 

Ru(terpy)Cl3 (205 mg, 0.47 mmol, 1.0 equiv.), ���µ-Dimethylamino-�������¶�����¶�����´-terpyridine 

(terpy- NMe2) (141 mg, 0.52 mmol, 1.1 equiv) and some drops of N-ethylmorpholine were 

dissolved in 8:2 EtOH/H2O (50 mL). The mixture was heated under reflux for 6 h under 

nitrogen atmosphere. The crude product was cooled to room temperature and undissolved solid 

was filtered off over Celite. The solid was washed thoroughly with EtOH and afterwards the 

solvent was removed under reduced pressure. The residue was dissolved in H2O and a sat. 

aqueous solution of NH4PF6 was added. The crude product, which precipitated as a PF6 salt 

was collected by centrifugation and washed with EtOH, H2O and Et2O. The product was 

isolated by column chromatography on silica gel with an CH3CN/aq. KNO3 (0.4 M) solution 

(10:1). The fractions containing the product were united and the solvent was removed under 

reduced pressure. The residue was dissolved in CH3CN and undissolved KNO3 was removed 

by filtration. The solvent was removed again and the product was dissolved in H2O (50 mL). 

Upon addition of NH4PF6 the product precipitated as a PF6 salt. The solid was obtained by 

filtration and was washed three-times with H2O and Et2O. The product was isolated via 

fractionated precipitation from CH3CN by adding dropwise Et2O. 225 mg of [Ru(terpy)(terpy-

NMe2)](PF6)2 (7) (0.25 mmol, 53 %) were yielded as a dark red solid. 1H-NMR (CD3CN, 400 
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�0�+�]�������/��� ���������������G����J = 8.2 Hz, 2H), 8.52-8.45 (m, 4H), 8.31 (t, J = 8.2 Hz, 1H), 7.93 (s, 2H), 

7.93-7.82 (m, 4H), 7.50-7.48 (m, 2H), 7.24-7.19 (m, 4H), 7.08-7.03 (m, 2H), 3.46 (s, 6H). 13C-

NMR (CD3�&�1�������������0�+�]�������/��� ��������������������������������������������������������������������������������������������������������������������������������

135.2, 128.3, 127.7, 125.0, 124.7, 124.3, 107.4, 40.8. ESI-HRMS m/z: 305.5687 [M]2+, calcd. 

for C32H27N7Ru 305.5680. Anal. Calc. for C32H27F12N7P2Ru: C 42.68, H 3.02, N 10.89. Found: 

C 42.55, H 2.95, N 10.82. 

 

2.4. X-ray crystallography 

X-ray single-crystal data were collected at 160(1) K with Oxford liquid-nitrogen Cryostream 

coolers on Rigaku OD diffractometers: SuperNova (CCD Atlas detector) for 1_BPh4 and 

XtaLAB Synergy Dualflex (Pilatus 200K detector) for all the other X-ray analyses. Single 

wavelength X-ray sources from micro-focus sealed X-ray tubes were used with the Mo K�. 

radiation (����= ���������������� �c��[46] for 1_BPh4 and 2_BPh4 and with the Cu K�. radiation (����= 

���������������� �c��[46] for all other analyses. The selected single crystals were mounted using 

polybutene oil on a flexible loop fixed on a goniometer head and transferred to the 

diffractometer. Pre-experiments, data collections, data reductions and analytical absorption 

corrections[47] were performed with the program suite CrysAlisPro[48]. Using Olex2,[49] all 

structures were solved with the SHELXT[50] small molecule structure solution program and 

refined with the SHELXL2018/3 program package[51] by full-matrix least-squares 

minimization on F2. Molecular graphics were generated using Mercury 4.0.[52]  The crystal 

data collections and structure refinement parameters for are summarized in Tables S1 �± S9. 

CCDC 1889454 (for 2_PF6), 1889455 (for 2_BF4), 1889456 (for 3_BF4), 1889457 (for 3_PF6), 

1889458 (for 4_BF4), 1889459 (for 2_BPh4), 1889460 (for 4_PF6), 1889461 (for 6_BPh4), 

1889462 (for 6_PF6), 1889463 (for 6_BF4), 1889464 (for 5_BPh4), 1889465 (for 7_PF6), 

1889466 (for terpy-Br ), 1889467 (for 7_BF4), 1889468 (for 5_BF4), 1889469 (for terpy-Cl) 
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and 1889470 (for 1_BPh4) contain the supplementary crystallographic data for these 

compounds, and can be obtained free of charge from the Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

2.5. Spectroscopic measurements 

The absorption of the samples has been measured with a SpectraMax M2 Spectrometer 

(Molecular Devices). The emission was measured by irradiation of the sample in fluorescence 

quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical parametric oscillator 

(Ekspla) at 450 nm. Luminescence was focused and collected at right angle to the excitation 

pathway and directed to a Princeton Instruments Acton SP-2300i monochromator. As a detector 

a PI-Max 4 CCD camera (Princeton Instruments) has been used. 

 

2.6. Luminescence quantum yield measurements 

For the determination of the luminescence quantum yield, the samples were prepared in a not 

degassed CH3CN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in 

fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical 

parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and collected at right 

angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i 

monochromator. As a detector a PI-Max 4 CCD camera (Princeton Instruments) has been used. 

The luminescence quantum yields were determined by comparison with the reference 

[Ru(bipy)3]Cl2 in CH3�&�1�����-em=0.059)[53] applying the following formula : 

 

�- em, sample � ���-em, reference * (Freference / Fsample) * (I sample / Ireference) * (nsample / nreference)2 

F = 1 �± 10-A 
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�- em = luminescence quantum yield, F = fraction of light absorbed, I = integrated emission 

intensities, n = refractive index, A = absorbance of the sample at irradiation wavelength. 

 

2.7. Lifetime measurements 

For the determination of the lifetimes, the samples were prepared in an air saturated and in a 

degassed CH3CN solution with an absorbance of 0.1 at 450 nm. This solution was irradiated in 

fluorescence quartz cuvettes (width 1 cm) using a NT342B Nd-YAG pumped optical 

parametric oscillator (Ekspla) at 450 nm. The emission signal was focused and collected at right 

angle to the excitation pathway and directed to a Princeton Instruments Acton SP-2300i 

monochromator. As a detector a R928 photomultiplier tube (Hamamatsu) has been used. 

 

2.8. Distribution coefficient 

The lipophilicity of a compound was determined by measuring its distribution coefficient 

between the PBS and octanol �S�K�D�V�H���E�\���X�V�L�Q�J���W�K�H���³�V�K�D�N�H-�I�O�D�V�N�´���P�H�W�K�R�G�����)�R�U���W�K�L�V���W�H�F�K�Q�L�T�X�H�����W�K�H��

used phases were previously saturated in each other. The compound was dissolved in the phase 

(A) with its major presence with an absorbance of about 0.5 at 450 nm. This solution was then 

mixed with an equal volume of the other phase (B) at 80 rpm for 8 h with an Invitrogen sample 

mixer and equilibrated overnight. The phase A was then carefully separated from phase B. The 

amount of the compound before and after the sample mixing was determined by UV/VIS 

spectroscopy at 450 nm with an SpectraMax M2 Microplate Reader (Molecular Devices). The 

evaluation of the complexes was repeated three times and the ratio between the organic and 

aqueous phase calculated. 
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2.9. Stability in human plasma 

The stability of the complexes was evaluated with caffeine as an internal standard, which has 

already shown to be suitable for these experiments.[54] The pooled human plasma was obtained 

from Biowest and caffeine from TCI Chemicals. Stock solutions of the compounds and caffeine 

were prepared in DMSO. One aliquot of the solutions was �D�G�G�H�G���W�R�������������/���R�I���K�X�P�D�Q���S�O�D�V�P�D��

�W�R���D���W�R�W�D�O���Y�R�O�X�P�H���R�I���������������/�����)�L�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���W�K�H���F�R�P�S�R�X�Q�G�V���R�I�����������0���D�Q�G���F�D�I�I�H�L�Q�H���R�I��

���������0���Z�H�U�H���D�F�K�L�H�Y�H�G�����7�K�H���U�H�V�X�O�W�L�Q�J���V�R�O�X�W�L�R�Q���Z�D�V���L�Q�F�X�E�D�W�H�G���I�R�U���������K���D�W���������ƒ�&���Z�L�W�K���F�R�Q�W�L�Q�X�R�X�V��

gentle shaking (ca. 300 rpm). The reaction was stopped after the incubation time by addition of 

�����P�/���R�I���P�H�W�K�D�Q�R�O�����7�K�H���P�L�[�W�X�U�H���Z�D�V���F�H�Q�W�U�L�I�X�J�H�G���I�R�U���������P�L�Q���D�W�����������J���D�W�������ƒ�&�����7�K�H���P�H�W�K�D�Q�R�O�L�F��

�V�R�O�X�W�L�R�Q�� �Z�D�V�� �I�L�O�W�H�U�H�G�� �W�K�U�R�X�J�K�� �D�� �������� ���P�� �P�H�P�E�U�D�Q�H�� �I�L�O�W�H�U���� �7�K�H�� �V�R�O�Y�H�Q�W�� �Z�D�V�� �H�Y�D�S�R�U�D�W�H�G�� �X�Q�G�H�U��

reduced pressure and the residue was dissolved in 1:1 (v/v) CH3CN/ H2O 0.1% TFA solution. 

�7�K�H���V�R�O�X�W�L�R�Q���Z�D�V���I�L�O�W�H�U�H�G���W�K�U�R�X�J�K���D�������������P���P�H�P�E�U�D�Q�H���I�L�O�W�H�U���D�Q�G���D�Q�D�O�\�V�H�G���X�V�L�Q�J���D�������������,�Q�I�L�Q�L�W�\��

HPLC System (Agilent Technology). A Pursuit XRs 5 C18 (250x4.6 mm) reverse phase column 

has been used and the absorption at 250 nm measured.  The samples have been measured with 

a flow rate of 1 mL/min and a linear gradient of 0.1% TFA containing H2O and CH3CN (t=0�±

3 min 95% H2O 0.1% TFA, 5% CH3CN; t=17 min 100% CH3CN; t=23 min 100% CH3CN) has 

been used. 

 

2.10. Photostability  

The samples were prepared in an air saturated CH3CN solution. To measure the photostability, 

the samples were irradiated at 450 nm (light dose after 10 min: 13.22 J/cm2) in 96 well plates 

with an Atlas Photonics LUMOS BIO irradiator during time intervals from 0-10 min. The 

absorbance spectrum from 350-700 nm was recorded with an SpectraMax M2 Microplate 

Reader (Molecular Devices) after each time interval and compared. As a positive control 

[Ru(bipy)3]Cl2 and as a negative control Protoporphyrin IX has been used. 
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2.11. Cell culture 

HeLa cells were cultured using DMEM media supplemented with 10% fetal calf serum. RPE-

1 cells were cultured using DMEM/F-12 media supplemented with 10% fetal calf serum. Cell 

lines were complemented with 100 U/ml penicillin-streptomycin mixture, and maintained in 

�K�X�P�L�G�L�I�L�H�G���D�W�P�R�V�S�K�H�U�H���D�W�������ƒ�&���D�Q�G���������R�I���&�22. Before an experiment cells were passaged three 

times. 

 

2.12. (Photo-)Cytotoxicity  

The cytotoxicity of the compounds was accessed by measuring the cell viability using a 

fluorometric resazurin assay. Cells were seeded in triplicates in 96 well plates (4000 cels per 

�Z�H�O�O�� �L�Q�� �������� ���/�� �R�I�� �P�H�G�L�D). After 24 h media was removed and the cells were treated with 

increasing concentrations of the compounds diluted in cell media achieving a total volume of 

�����������/�����7�K�H���F�H�O�O�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K���W�K�H���F�R�P�S�R�X�Q�Gs for 4 h. After this time, the media was 

�U�H�P�R�Y�H�G���D�Q�G���U�H�S�O�D�F�H�G���Z�L�W�K�������������/���R�I���I�U�H�V�K���P�H�G�La. For the phototoxicity studies, the cells were 

exposed to light with an Atlas Photonics LUMOS BIO irradiator. Each well was constantly 

illuminated with 480 nm irradiation. During this time, the temperature was maintained at 37 

�ƒ�&�����7�K�H���F�H�O�O�V���Z�H�U�H���J�U�R�Z�Q���L�Q���W�K�H���L�Q�F�X�E�Dtor for additional 44 h. For the determination of the dark 

cytotoxicity, the cells were not irradiated and after the media exchange directly incubated for 

44 h. After this time, media was replaced with fresh media containing resazurin with a final 

concentration of 0.2 mg/mL. After 4 h incubation, the amount of the fluorescent product 

resorufin was determined upon excitation at 540 nm and measurement its emission at 590 nm 

using a SpectraMax M2 Microplate Reader (Molecular Devices). The obtained data was 

analysed with the GraphPad Prism software. 
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3. Results and Discussion 

3.1. Syntheses and Characterisation 

Ru(II) complexes 1-7 investigated in this work can be visualised in Figure 1. The synthesis and 

characterisation of compounds 1,[42] 2,[43] 3[44] and 5[45] have been previously reported in 

the literature. However, in this work, except for 1, a different synthetic procedure was employed 

to prepare them. To the best of our knowledge, complexes 4, 6 and 7 have never been reported. 

Specifically, �W�K�H�� �V�X�E�V�W�L�W�X�W�H�G���������¶�����¶�����´-terpyridine ligands (terpy-X, Scheme S1), n�D�P�H�O�\�� ���µ-

chloro-�������¶�����¶�����´-terpyridine (terpy-Cl),[37] ���µ-bromo-�������¶�����¶�����´-terpyridine (terpy-Br),[38] 

���µ-methoxy-�������¶�����¶�����´-terpyridine (terpy-OMe),[39] ���µ-carboxy-�������¶�����¶�����´-terpyridine (terpy-

COOH),[40] ���µ-methylcarboxy-�������¶�����¶�����´-terpyridine (terpy-COOMe)[40] �D�Q�G�� ���µ-

dimethylamino-�������¶�����¶�����´-terpyridine (terpy-NMe2)[41] were synthesised as previously 

reported. Analytical data of all synthesised ligands matched with those of the literature. 

Interestingly, the structures of the ligands terpy-Cl and terpy-Br were confirmed by single 

crystal X-ray crystallography in this work (see section below). Complexes were synthesised by 

refluxing the precursor Ru(terpy)Cl3[36] and the respective terpy ligand in ethanol to give 

complexes 1-7 (Scheme S2) in moderate yields.[36] Worthy of note, the reaction between 

Ru(terpy)Cl3 with terpy-COOMe yielded a mixture of different undesired products, as observed 

by HPLC (data not shown). To overcome this problem, the synthetic procedure was changed to 

a two-step reaction. In the first step, the Cl substituents on the Ru(II) core were exchanged with 

solvent molecules by reaction of Ru(terpy)Cl3 with AgBF4 and filtration of the formed AgCl. 

In the second step, the terpy-COOMe ligand was coordinated to the metal core upon 

replacement of the solvent molecules. All complexes were analysed by 1H, 13C-NMR, ESI-

HRMS as well elemental analysis (Figure S1-S9). Worthy of note, the structures of all Ru(II) 

complexes prepared in this work were determined by single crystal X-ray crystallography (see 

below). 
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Figure 1. Chemical structures of the [Ru(terpy)(terpy-X)] 2+ complexes investigated in this 

work. The complexes were isolated as PF6 salts. 

 

3.2. X-ray crystallography 

The crystal structures of terpy-Cl, terpy-Br, and all investigated [Ru(terpy)(terpy-X)] 2+ 

complexes 1 �± 7 have been determined by single crystal X-ray diffraction studies. Crystal data, 

structure refinement parameters and molecular structures are presented in Tables S1 �± S9 and 

Figures S10 �± S18.  In the literature, the [Ru(terpy)2]2+ cation is well known and can be found 

in many crystal structures co-crystallizing with various counterions (Cl-, I, BF4
-, ClO4

-, PF6
- and 

�R�W�K�H�U���3�W���D�Q�L�R�Q�L�F���F�O�X�V�W�H�U�V�«�����D�Q�G���V�R�O�Y�Hnt molecules (H2O, CH2Cl2, MeCN, NMe2�&�+�2�«����[42, 

55-63] There is also a very large number of other ruthenium terpyridine complexes in the 

Cambridge Structural Database  (version 5.40, last update November 2018).[64] For instance, 

142 structures were obtained from a search with terpyridine ligands substituted in para position. 

In the crystal structures of our new metal complexes, the Ru(II) centres are typically in a 

distorted octahedral environment coordinated by two terpyridine ligands acting as tridentate 

pincer ligands through the nitrogen atoms. The two ligand planes are always exactly or almost 

perpendicular to each other. The largest deviation to orthogonality is observed in 6_PF6 with 

�D�Q���D�Q�J�O�H���R�I�����������������ƒ���E�H�W�Z�H�H�Q���W�K�H���F�D�O�F�X�O�D�W�H�G���P�H�D�Q���S�O�D�Q�H�V�����$�V���D���V�W�U�X�F�W�X�U�D�O���I�H�D�W�X�U�H�����W�K�H���0�±Ncentral 

distances are significantly shorter than the M�±Nterminal distances which is typical for 
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coordination of conjugated terimine systems. The M�±Ncentral distances fall in the range 1.973(3) 

�± �������������������c���D�Q�G���W�K�H���0�±Nterminal distances in the range 2.063(2) �± �������������������c�����,�Q���P�R�V�W���R�I���W�K�H��

crystal structures of 2 �± 7, the Ru(II) molecules exhibit a positional disorder of the terpyridine 

ligands. The result of such a disorder is that the group or atom in para position on the central 

pyridine of the substituted terpyridine ligand (and consequently the corresponding H atom of 

the unsubstituted ligand as well) appears on both terpyridine ligands with a site-occupancy 

factor of 0.5. It is observed in nine crystal structures over fourteen, only 4_PF6, 5_BF4, 6_PF6, 

7_PF6 and 7_BF4 are free of that kind of disorder. It seems to not be influenced or controlled 

by the presence of one specific counter ion, neither by the para substituent but it is worth noting 

�W�K�D�W�� �Z�K�H�Q�� �W�K�H�� �O�D�W�W�H�U�� �L�V�� �D�� �³�P�R�Q�R-�D�W�R�P�L�F�´�� �J�U�R�X�S�� �O�L�N�H�� �L�Q�� �F�R�P�S�O�H�[�H�V��2 and 3 (X = Cl, Br) the 

disorder is always observed (five crystal structures). The crystal packing of [M(terpy)2] cations 

have been fully analysed by Scudder et al. in 1999.[65]  A standard crystal supramolecular motif has 

been identified as a two-dimensional net of terpy embraces involving molecules attracted by face-

to-face �Œ�«�Œ interactions and edge-to-face C-�+�«�Œ interactions between the external rings of the 

ligands. Despite the para �V�X�E�V�W�L�W�X�W�L�R�Q���R�I���R�Q�H���R�I���W�K�H���W�H�U�S�\�U�L�G�L�Q�H���O�L�J�D�Q�G�V�����W�K�L�V���V�W�D�Q�G�D�U�G���³�W�H�U�S�\���H�P�E�U�D�F�H�´��

motif can be observed in six of our crystal structures: 2_BF4, 2_PF6, 3_BF4, 3_PF6, 4_BF4 and 

7_BF4 (Figure S19). The presence of the bulky BPh4
- couterion in 1_BPh4, 2_BPh4, 5_BPh4 and 

6_BPh4 rules out that standard layer structure since no direct interactions are observed between 

cations anymore, the crystal packing is mainly governed by �Œ�«�Œ interactions between the pyridine 

rings of the cations and the phenyl rings of the anions (Figure S20). The so-called terpy embrace 

motif still exists in the other crystal structures but the typical face-to-face and edge-to-face 

interactions only lead to chains in 5_BF4 and 7_PF6 (Figure S21) or form small units of two 

molecules in 6_PF6 or four molecules in 6_BF4 (Figure S22). These chains or units are further 

connected to via C-�+�«�2���K�\�G�U�R�J�H�Q���E�R�Q�G�L�Q�J�V���R�U���&-�+�«�Œ interactions, and to the counterions via C-
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�+�«�) interactions to form a three-dimensional network. Finally, the crystal structure of 4_PF6 is the 

�R�Q�O�\���R�Q�H���W�R���Q�R�W���H�[�K�L�E�L�W���Œ�«�Œ���L�Q�W�H�U�D�F�W�L�R�Q�V�����R�Q�O�\���&-�+�«�Œ and C-�+�«�)���L�Q�W�H�U�D�F�W�L�R�Q�V���D�U�H���R�E�V�H�U�Y�H�G�� 

 

3.3. Photophysical Characterisation 

For a complete characterisation, the absorption and emission properties of the synthesised 

compounds were investigated. The UV/Vis absorption spectra were recorded in CH3CN (Figure 

2) and PBS buffer (Figure S23). The comparison between the different complexes shows that 

the para substituents on the central pyridine of the terpy ligand influences the amount of light 

absorbed and therefore the excitation coefficient (Table S10). However, no strong shift either 

to blue or red could be observed. The analysis of the absorption shows that the very intensive 

band in the UV region is caused by a ligand centred (LC) �Œ-�Œ�
���W�U�D�Q�V�L�W�L�R�Q����The other broad band 

in the visible spectrum (~400-550 nm) was attributed to the spin-allowed d-�Œ���P�H�W�D�O-to-ligand 

charge transfer (MLCT) transition.[20, 25, 66] Next to the absorption, the emission of the 

complexes was investigated. The synthesised complexes have a very weak emission from ~550-

800 nm (Table S1, Figure S24) upon excitation in CH3CN at 450 nm at room temperature which 

was measurable only at the detection limit of our used setup. The luminescence quantum yields 

were found to be <0.01 % in CH3CN which is fitting with previous studies of similar 

complexes.[30, 67-69] The characterisation of the excited state lifetimes was not possible with 

our apparatus due to a necessary minimal delay between excitation and detection, indicating 

that the compounds 1-7 have lifetimes < 29 ns. Therefore, as expected, the excited state 

lifetimes are in the same range than other [Ru(terpy)2]2+ derivatives previously published.[30, 

67-69]  

 



177 
 

 

Figure 2. UV/Vis spectra of the complexes 1-7 in CH3CN. 

 

3.4. Determination of the LogP values 

After having assessed the photophysical properties of our compounds, we investigated their 

solubility in an aqueous solution which is crucial for any kind of biological application. For this 

purpose, we determined the distribution coefficient (logP values) of the complexes between an 

aqueous PBS phase and a lipophilic octanol phase by the �³�V�K�D�N�H-�I�O�D�V�N�´���P�H�W�K�R�G, as previously 

performed by our group with other metal complexes.[70, 71] All compounds were mostly found 

in the aqueous phase, which we assume, is due to the positive charge of the metal complexes. 

As anticipated, the results (Figure 3) show that the logP values change based on the functional 

group present on the terpy ligand. Compound 5 bearing a carboxylic acid was found to be the 

most hydrophilic and complex 3 bearing a bromine substituent the most lipophilic one. The 
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following order could be made (from the most hydrophilic to the most lipophilic): 5 > 1 > 6 > 

2 > 4 > 7 > 3.  

 

Figure 3. Distribution coefficients (LogP values) of complexes 1-7. 

 

3.5. Stability in Human Plasma 

In order to have a preliminary insight of the metabolic stability of our compounds, their 

compatibility under biological conditions was investigated. For this purpose, the complexes 

were incubated upon the addition of the internal standard caffeine �L�Q���K�X�P�D�Q���S�O�D�V�P�D���D�W���������ƒ�&��

for 48 h and their stability investigated, as previously performed by our group with other metal 

complexes.[21, 23] After extraction from the plasma, the complexes were analysed via HPLC 

and the chromatogram before and after incubation compared. Complexes 1-5 and 7 (Figure 

S25-S29, S31) were found to be stable for a therapeutically relevant time. However, some 

degradation of compound 6 (Figure S30) was observed, as indicated by the appearance of small 
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peaks as well as a decreased of the compound/caffeine ratio. A potential explanation is the 

activity of esterases in human plasma, which could potential cleave the ester bond in 6.[72, 73]  

 

3.6. Photostability 

Since Ru(II) complexes are well known to act as PDT PSs, the compounds were investigated 

to assess if a phototobleaching effect, which is a degradation of the compound upon light 

irradition, was observed.[74, 75] To investigate this, the complexes were constantly irradiated 

at 450 nm in CH3CN and the potential change in absorbance between 350-700 nm from 0-10 

min monitored. As a positive control, [Ru(bipy)3]Cl2[76] (Figure S32) and as a negative control 

Protoporphyrin IX (PpIX)[77] (Figure S33) were chosen. Analyses (Figure S34-S40) shows a 

different photostability of the complexes based on the functional group they bear. In general, a 

rather small photobleaching effect was observed. From comparison between the different 

complexes, the following order for photostability can be made from the most photostable to the 

least photostable: 2 ~ 3 > 4 > 1 > 7 > 5 > 6. 

 

3.7. Dark Cytotoxicity and (Photo-)toxicity  

We then investigated the biological influence of the complexes 1-7, their corresponding ligands 

and precursor on non-cancerous retinal pigment epithelium (RPE-1) and human cervical 

carcinoma (HeLa) cells. For this purpose, cells were treated with the compounds in the dark as 

well as upon light irradiation at 480 nm and their cell viability measured using a fluorometric 

resazurin assay. The IC50 values of the compounds are shown in Table 1 and Table 2. 

Unfortunantly, complexes 1-6 did not show a measurable cytotoxic effect in HeLa cells in the 

dark as well as upon light irradition. The poor phototoxic effect was expected due to the poor 

photophysical properties including the short excited state lifetimes of our complexes. However, 

compound 7 was found to be cytotoxic in the micromolar range in RPE-1 and HeLa cells. 
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Unfortunately, no selectivity for cancerous cells versus non-cancerous cells was observed. The 

IC50 values for 7 are 1.4 times higher in RPE-1 and 3.3 times higher in HeLa cells than for the 

clincally used drug cisplatin. In terms of PDT treatement, an important value for the evaluation 

of a PS is the comparison between a dark and light treatment. For this purpose, the phototoxic 

index (PI) is defined as the ratio between the IC50 value in the dark and upon irradiation. 

Compound 7 was found to be phototoxic with a PI value of 1.4 in RPE-1 and HeLa cells. These 

values are rather low in comparison to porphyrin based-PSs like Protoporhyrin IX (PpIX).  

On the contrary all ligands (besides precoursor in HeLa and RPE-1 cell line, Terpy-COOH and 

Terpy-COOMe in RPE-1 cell line) used for the synthesis of the series of the compounds were 

found to be cytotoxic. Their toxicity did not change much upon light irradiation, obtained PI 

values were very low ( from 0.8 to 2.0). 

 

Table 1. IC50 values in the dark and upon irradiation at 480 nm for the complexes 1-7 incubated 

in non-cancerous retinal pigment epithelium (RPE-1) and human cervical carcinoma (HeLa) 

cells. Average of three independent measurements. 

 RPE-1 HeLa 

Compound IC 50  �������0 

dark  

IC 50  �������0�� 

480 nm  

(10 min, 

3.1 J/cm2) 

 

PI 

IC 50  �������0 

dark  

IC 50  �������0�� 

480 nm  

(10 min, 

3.1 J/cm2) 

 

PI 

1 >100 >100 n.d. >100 >100 n.d. 

2 >100 >100 n.d. >100 >100 n.d. 

3 >100 >100 n.d. >100 >100 n.d. 

4 >100 >100 n.d. >100 >100 n.d. 

5 >100 >100 n.d. >100 >100 n.d. 

6 >100 >100 n.d. >100 >100 n.d. 



181 
 

7 �����������“�������� �����������“�������� 1.4 �����������“�������� �����������“�������� 1.4 

PpIX  >100 ���������“�������� >26 >100 ���������“�������� >40 

Cisplatin �����������“�������� - - �����������“�������� - - 

n.d. = not determinable 

 

Table 2. IC50 values in the dark and upon irradiation at 480 nm for the ligands as well as 

Ru(terpy)Cl3 incubated in non-cancerous retinal pigment epithelium (RPE-1) and human 

cervical carcinoma (HeLa) cells. Average of three independent measurements. 

 

 RPE-1 HeLa 

Compound IC 50  �������0 

dark  

IC 50  �������0�� 

480 nm  

(10 min, 

3.1 J/cm2) 

 

PI 

IC 50  �������0 

dark  

IC 50 �������0�� 

480 nm  

(10 min, 

3.1 J/cm2) 

 

PI 

terpy-H �����������“����.7 �����������“�������� 0.8 �����������“��3.0 �����������“�������� 1.5 

terpy-Cl ���������“�������� ���������“�������� 1.0 �����������“�������� ���������“�������� 1.5 

terpy-Br  �����������“�������� ���������“�������� 1.1 �����������“�������� ���������“�������� 2.0 

terpy-OMe �����������“�������� �����������“�������� 1.1 �����������“�������� �����������“�������� 1.3 

terpy-COOH >100 >100 n.d. �����������“�������� �����������“�������� 1.3 

terpy-

COOMe 

>100 >100 n.d. 23.3 �“ 4.0  20.0 �“ 2.4 1.2 

terpy-NMe2 �����������“�������� �����������“�������� 1.1 �����������“�������� �����������“�������� 1.1 

Ru(Terpy)Cl3 >100 >100 n.d �����������“�������� �����������“�������� 1.1 

n.d. = not determinable 
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4. Conclusion  

In this study, we report on the systematic investigation of differently substituted 

[Ru(terpy)(terpy-X)] 2+ (X = H (1), Cl (2), Br (3), OMe (4), COOH (5), COOMe (6), NMe2 

(7)) complexes as potential chemotherapeutic agents and PDT PSs. The compounds were 

characterized in-depth including single crystal X-ray crystallography. Photophysical 

measurements showed that the complexes strongly absorb in the green region of the 

visible electromagnetic spectrum. Further analysis revealed that they are weakly 

luminescent and have a short lived excited state. The distribution coefficient (logP value) 

of the complexes between an aqueous PBS phase and a lipophilic octanol phase was 

determined. As expected, all compounds were majorly found in the aqueous phase. 

Importantly, compounds 1-5 and 7 were found to be stable in human plasma and to have 

only a small photobleaching effect upon continuous LED irradiation. Complex 6 was 

found to be not stable in human plasma, probably due to the presence of an ester bond. 

Biological evaluation on one cancerous and one non-cancerous cell line demonstrated 

that compounds 1-6 had no cytotoxic effect in the dark as well as upon light irradiation. 

In comparison, 7 was found to have a dark and (photo-)cytotoxicity in the micromolar 

range. However, irradiation at 480 nm seems to have only a negligible effect. We assume 

this is caused by the very short excited state lifetimes of this complex. Overall, this study 

demonstrates that small structural changes are able to influence significantly the effect 

the compound has on a cell. Despite unfavourable photophysical properties as a weak 

emission and short lifetimes, it could have been demonstrated in the literature that 

ruthenium terpyridine complexes were able to bind to DNA and to cleave it upon light 

irradiation. Inspired from these works from Thorp and Brewer et al., we considered them 

as potential candidates as PSs for PDT. Due to a lack of a detailed investigation of 

Ruthenium Terpyridine complexes in this field, we decided to systematic investigate their 
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potential. Unfortunately, we could demonstrate that these kind of compounds are not 

particular interesting as PDT PSs.  
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Scheme S1. Synthesis of the terpy-X ligands. a) NaH, 1,2-dimethoxyethane, 75%; b) 

NH4OAc, EtOH, 71%; c) PCl5, POCl3, 51%; d) HBr, AcOH, 99%; e) NaOMe, MeOH, 90%; 

f) KMnO4, KOH, H2O, 80%; g) SOCl2, MeOH, 72%; h) NMe2, FeCl2, MeOH, H2O2, 79%. 
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Scheme S2. Synthesis of the complexes 1-7. a) terpy, DMF, 87%; b) terpy-X, N-

ethylmorpholine, EtOH, H2O, 43-76%. 

 

 

 
 

 
Figure S1. 1H NMR spectrum of 4 in CD3CN, 400 MHz. 
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Figure S2. 13C NMR spectrum of 4 in CD3CN, 100 MHz. 

 

 

 
 

Figure S3. ESI-HRMS spectrum of 4 (positive detection mode). 
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Figure S4. 1H NMR spectrum of 6 in CD3CN, 400 MHz.  
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Figure S5. 13C NMR spectrum of 6 in CD3CN, 100 MHz. 

 

 
Figure S6. ESI-HRMS spectrum of 6 (positive detection mode). 
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Figure S7. 1H NMR spectrum of 7 in CD3CN, 400 MHz.  
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Figure S8. 13C NMR spectrum of 7 in CD3CN, 100 MHz. 

 

 
Figure S9. ESI-HRMS spectrum of 7 (positive detection mode). 
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Identification code  terpy-Cl  terpy-Br  

CCDC number 1889469 1889466 

Empirical formula  C15H10ClN3  C15H10BrN3  

Formula weight  267.71  312.17  

Temperature/K  160(1)  160(1)  

Crystal system  orthorhombic  orthorhombic  

Space group  Pna21  Pna21  

�D���c�� 29.8281(6)  29.7043(3)  

�E���c�� 3.82970(10)  3.87802(4)  

�F���c�� 10.6447(2)  10.83185(12)  

�.���ƒ�� 90  90  

�����ƒ�� 90  90  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  1215.97(5)  1247.76(2)  

Z  4  4  

�!calcg/cm3  1.462  1.662  

�����P�P-1  0.301  4.384  

F(000)  552.0  624.0  

Crystal size/mm3  �����������î�����������î������������ ���������î�������������î������������ 

Radiation  �0�R�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 5.462 to 61.008  5.95 to 148.998  

Index ranges  -�������”���K���”����������-�����”���N���”��������-�������”���O���”�������� -�������”���K���”����������-�����”���N���”��������-�������”���O���”�������� 

Reflections collected  17130  9659  

Independent reflections  3719 [Rint = 0.0220, Rsigma = 0.0188]  2449 [Rint = 0.0123, Rsigma = 0.0101]  

Data/restraints/parameters  3719/1/172  2449/1/172  

Goodness-of-fit on F2  1.065  1.109  

Final R indexes [I>=2�1 (I)]  R1 = 0.0300, wR2 = 0.0755  R1 = 0.0157, wR2 = 0.0424  

Final R indexes [all data]  R1 = 0.0319, wR2 = 0.0770  R1 = 0.0157, wR2 = 0.0424  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  0.30/-0.16  0.17/-0.20  

Flack parameter -0.002(15) -0.015(9) 

 
Table S1. Crystal data and structure refinement parameters for terpy_Cl and terpy_Br . 
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Identification code  1_BPh4  2_BF4  

CCDC number 1889470 1889455 

Empirical formula  C78H62B2N6Ru  C30H21B2ClF8N6Ru  

Formula weight  1206.02  775.67  

Temperature/K  160(1)  160(1)  

Crystal system  orthorhombic  monoclinic  

Space group  Pbca  Cc  

�D���c�� 52.5897(6)  12.61649(13)  

�E���c�� 39.8302(2)  12.24589(13)  

�F���c�� 52.6464(5)  19.3380(2)  

�.���ƒ�� 90  90  

�����ƒ�� 90  98.1529(11)  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  110276.2(17)  2957.52(6)  

Z  72  4  

�!calcg/cm3  1.308  1.742  

�����P�P-1  2.460  5.891  

F(000)  45072.0  1544.0  

Crystal size/mm3  �����������î�������������î������������ �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 5.242 to 149.002  9.24 to 136.5  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
59  

-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
23  

Reflections collected  494692  39989  

Independent reflections  
111841 [Rint = 0.0865, Rsigma = 
0.0698]  

5372 [Rint = 0.0524, Rsigma = 0.0278]  

Data/restraints/parameters  111841/270/6980  5372/187/489  

Goodness-of-fit on F2  1.012  1.034  

Final R indexes [I>=2�1 (I)]  R1 = 0.0561, wR2 = 0.1284  R1 = 0.0360, wR2 = 0.0919  

Final R indexes [all data]  R1 = 0.1000, wR2 = 0.1481  R1 = 0.0372, wR2 = 0.0925  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  1.45/-1.16  0.80/-0.79  

Flack parameter - -0.021(8) 

 

Table S2. Crystal data and structure refinement parameters for 1_BPh4 and 2_BF4. 
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Identification code  2_BPh4  2_PF6  

CCDC number 1889459 1889454 

Empirical formula  C98H101B2ClN6O5Ru  C30H21ClF12N6P2Ru  

Formula weight  1600.98  891.99  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  tetragonal  

Space group  C2/c  P-421c  

�D���c�� 21.3575(5)  8.91426(16)  

�E���c�� 22.5215(4)  8.91426(16)  

�F���c�� 18.3027(3)  20.2372(6)  

�.���ƒ�� 90  90  

�����ƒ�� 93.9633(18)  90  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  8782.6(3)  1608.13(7)  

Z  4  2  

�!calcg/cm3  1.211  1.842  

�����P�P-1  0.264  6.619  

F(000)  3368.0  884.0  

Crystal size/mm3  ���������î�������������î������������ �����������î�������������î������������ 

Radiation  �0�R�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 5.066 to 52.742  8.74 to 148.912  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
22  

-�����”���K���”��������-�������”���N���”����������-�������”���O���”�������� 

Reflections collected  53511  5988  

Independent reflections  8996 [Rint = 0.0403, Rsigma = 0.0256]  1634 [Rint = 0.0388, Rsigma = 0.0218]  

Data/restraints/parameters  8996/54/428  1634/0/122  

Goodness-of-fit on F2  1.085  1.231  

Final R indexes [I>=2�1 (I)]  R1 = 0.0583, wR2 = 0.1540  R1 = 0.0448, wR2 = 0.0990  

Final R indexes [all data]  R1 = 0.0664, wR2 = 0.1599  R1 = 0.0450, wR2 = 0.0991  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  1.78/-0.90  0.51/-0.93  

Flack parameter - 0.01(2) 

 

Table S3. Crystal data and structure refinement parameters for 2_BPh4 and 2_PF6. 
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Identification code  3_BF4  3_PF6  

CCDC number 1889456 1889457 

Empirical formula  C30H21B2BrF8N6Ru  C30H21BrF12N6P2Ru  

Formula weight  820.13  936.45  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  tetragonal  

Space group  Cc  P-421c  

�D���c�� 12.6998(1)  8.93203(8)  

�E���c�� 12.2010(1)  8.93203(8)  

�F���c�� 19.5672(1)  20.3547(3)  

�.���ƒ�� 90  90  

�����ƒ�� 98.9220(10)  90  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  2995.26(4)  1623.92(4)  

Z  4  2  

�!calcg/cm3  1.819  1.915  

�����P�P-1  6.559  7.240  

F(000)  1616.0  920.0  

Crystal size/mm3  �����������î�������������î������������ �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 9.15 to 149.008  8.688 to 148.908  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
23  

-�������”���K���”����������-�����”���N���”����������-�������”���O���”�������� 

Reflections collected  44079  13324  

Independent reflections  6018 [Rint = 0.0235, Rsigma = 0.0117]  1647 [Rint = 0.0288, Rsigma = 0.0120]  

Data/restraints/parameters  6018/97/483  1647/0/123  

Goodness-of-fit on F2  1.061  1.229  

Final R indexes [I>=2�1 (I)]  R1 = 0.0280, wR2 = 0.0718  R1 = 0.0426, wR2 = 0.0947  

Final R indexes [all data]  R1 = 0.0280, wR2 = 0.0718  R1 = 0.0426, wR2 = 0.0947  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  0.95/-0.60  0.34/-0.77  

Flack parameter -0.007(3) 0.01(3) 

 

Table S4. Crystal data and structure refinement parameters for 3_BF4 and 3_PF6. 
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Identification code  4_BF4  4_PF6 

CCDC number 1889458 1889460 

Empirical formula  C31H24B2F8N6ORu  C41H44F12N6O3P2Ru  

Formula weight  771.25  1059.83  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  orthorhombic  

Space group  P21  Pccn  

�D���c�� 8.7526(2)  18.5147(2)  

�E���c�� 8.9936(2)  21.4071(2)  

�F���c�� 19.6673(4)  22.1597(2)  

�.���ƒ�� 90  90  

�����ƒ�� 99.282(2)  90  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  1527.89(6)  8782.91(15)  

Z  2  8  

�!calcg/cm3  1.676  1.603  

�����P�P-1  4.936  4.454  

F(000)  772.0  4304.0  

Crystal size/mm3  �����������î�������������î������������ �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 9.112 to 148.984  7.468 to 148.998  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
24  

-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
27  

Reflections collected  30909  112638  

Independent reflections  6245 [Rint = 0.0278, Rsigma = 0.0214]  8979 [Rint = 0.0300, Rsigma = 0.0169]  

Data/restraints/parameters  6245/179/546  8979/308/679  

Goodness-of-fit on F2  1.027  1.051  

Final R indexes [I>=2�1 (I)]  R1 = 0.0382, wR2 = 0.0996  R1 = 0.0572, wR2 = 0.1561  

Final R indexes [all data]  R1 = 0.0384, wR2 = 0.0998  R1 = 0.0579, wR2 = 0.1566  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  0.93/-0.96  1.20/-0.88 

Flack parameter 0.002(6) - 

  

Table S5. Crystal data and structure refinement parameters for 4_BF4 and 4_PF6. 

 

  



S205 
 

 

Identification code  5_BF4  5_BPh4  

CCDC number 1889468 1889464 

Empirical formula  C38H35B2F8N7O3Ru  C103H108B2N8O6Ru  

Formula weight  912.42  1676.66  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  monoclinic  

Space group  P21/n  C2/c  

�D���c�� 10.4076(2)  21.21225(18)  

�E���c�� 24.6965(5)  22.62075(18)  

�F���c�� 14.4928(3)  18.72045(14)  

�.���ƒ�� 90  90  

�����ƒ�� 98.1874(19)  92.2918(8)  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  3687.12(13)  8975.58(13)  

Z  4  4  

�!calcg/cm3  1.644  1.241  

�����P�P-1  4.245  1.877  

F(000)  1848.0  3536.0  

Crystal size/mm3  �����������î�������������î�������������� �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 7.126 to 148.97  5.714 to 148.944  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
18  

-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
23  

Reflections collected  39087  39430  

Independent reflections  7529 [Rint = 0.0468, Rsigma = 0.0260]  9151 [Rint = 0.0229, Rsigma = 0.0178]  

Data/restraints/parameters  7529/271/589  9151/72/504  

Goodness-of-fit on F2  1.153  1.076  

Final R indexes [I>=2�1 (I)]  R1 = 0.0899, wR2 = 0.2343  R1 = 0.0460, wR2 = 0.1373  

Final R indexes [all data]  R1 = 0.0943, wR2 = 0.2363  R1 = 0.0471, wR2 = 0.1385  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  1.48/-1.89  1.78/-0.72  

 

Table S6. Crystal data and structure refinement parameters for 5_BF4 and 5_BPh4. 
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Identification code  6_BF4  6_BPh4 

CCDC number 1889463 1889461 

Empirical formula  C36H32B2F8N6O3Ru  C96H96B2N6O6Ru  

Formula weight  871.36  1552.47  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  monoclinic  

Space group  P21/n  C2/c  

�D���c�� 10.42043(19)  21.4964(2)  

�E���c�� 24.4208(5)  22.4535(2)  

�F���c�� 14.4210(2)  18.3461(2)  

�.���ƒ�� 90  90  

�����ƒ�� 98.1976(16)  92.8920(10)  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  3632.29(11)  8843.82(15)  

Z  4  4  

�!calcg/cm3  1.593  1.166  

�����P�P-1  4.270  1.861  

F(000)  1760.0  3264.0  

Crystal size/mm3  �����������î�������������î������������ �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 7.174 to 148.998  5.696 to 149.006  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
17  

-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
22  

Reflections collected  38743  47330  

Independent reflections  7421 [Rint = 0.0365, Rsigma = 0.0229]  9017 [Rint = 0.0341, Rsigma = 0.0249]  

Data/restraints/parameters  7421/802/708  9017/98/496  

Goodness-of-fit on F2  1.056  1.062  

Final R indexes [I>=2�1 (I)]  R1 = 0.0609, wR2 = 0.1713  R1 = 0.0613, wR2 = 0.1953  

Final R indexes [all data]  R1 = 0.0667, wR2 = 0.1762  R1 = 0.0665, wR2 = 0.2014  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  1.78/-1.16  0.88/-0.45  

 

Table S7. Crystal data and structure refinement parameters for 6_BF4 and 6_BPh4. 
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Identification code  6_PF6  7_BF4 

CCDC number 1889462 1889467 

Empirical formula  C41H40F12N8O3P2Ru  C32H27B2F8N7Ru  

Formula weight  1083.82  784.29  

Temperature/K  160(1)  160(1)  

Crystal system  monoclinic  monoclinic  

Space group  P21/c  P21/n  

�D���c�� 8.57780(10)  8.74499(14)  

�E���c�� 28.6387(2)  9.01167(15)  

�F���c�� 18.51310(10)  39.4349(10)  

�.���ƒ�� 90  90  

�����ƒ�� 94.0080(10)  91.7352(16)  

�����ƒ�� 90  90  

�9�R�O�X�P�H���c3  4536.75(7)  3106.32(11)  

Z  4  4  

�!calcg/cm3  1.587  1.677  

�����P�P-1  4.342  4.851  

F(000)  2192.0  1576.0  

Crystal size/mm3  �����������î�������������î������������ ���������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 5.694 to 154.756  8.974 to 136.576  

Index ranges  
-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
22  

-�������”���K���”����������-�������”���N���”����������-�������”���O���”��
47  

Reflections collected  62640  7806  

Independent reflections  9605 [Rint = 0.0343, Rsigma = 0.0244]  7806 [Rsigma = 0.0286]  

Data/restraints/parameters  9605/90/662  7806/36/454  

Goodness-of-fit on F2  1.043  1.099  

Final R indexes [I>=2�1 (I)]  R1 = 0.0428, wR2 = 0.1011  R1 = 0.0857, wR2 = 0.2364  

Final R indexes [all data]  R1 = 0.0459, wR2 = 0.1029  R1 = 0.0976, wR2 = 0.2453  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  0.73/-0.80  2.55/-1.14  

 

Table S8. Crystal data and structure refinement parameters for 6_PF6 and 7_BF4. 
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Identification code  7_PF6  

CCDC number 1889465 

Empirical formula  C34H32F12N8OP2Ru  

Formula weight  959.68  

Temperature/K  160(1)  

Crystal system  triclinic  

Space group  P-1  

�D���c�� 8.83260(10)  

�E���c�� 11.05140(10)  

�F���c�� 19.88040(10)  

�.���ƒ�� 90.8210(10)  

�����ƒ�� 93.8360(10)  

�����ƒ�� 104.1870(10)  

�9�R�O�X�P�H���c3  1876.23(3)  

Z  2  

�!calcg/cm3  1.699  

�����P�P-1  5.117  

F(000)  964.0  

Crystal size/mm3  �����������î�������������î������������ 

Radiation  �&�X�.�.��������� �������������������� 

2�,  �U�D�Q�J�H���I�R�U���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���ƒ�� 8.256 to 148.994  

Index ranges  -�������”���K���”����������-�������”���N���”����������-�������”���O���”�������� 

Reflections collected  31694  

Independent reflections  7646 [Rint = 0.0259, Rsigma = 0.0225]  

Data/restraints/parameters  7646/194/585  

Goodness-of-fit on F2  1.034  

Final R indexes [I>=2�1 (I)]  R1 = 0.0463, wR2 = 0.1332  

Final R indexes [all data]  R1 = 0.0474, wR2 = 0.1342  

�/�D�U�J�H�V�W���G�L�I�I�����S�H�D�N���K�R�O�H�������H���c-3  1.23/-1.45  

 

Table S9. Crystal data and structure refinement parameter for 7_PF6. 
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