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�U�H�Y�H�U�V�D�O���D�W���W�K�H���W�D�U�J�H�W���V�L�W�H�V���L�V���V�W�L�O�O���D���K�X�J�H���F�K�D�O�O�H�Q�J�H���������)�R�U���W�K�H���F�D�V�H���R�I��fusogenic peptides����72 

�W�K�H�L�U�� �D�E�L�O�L�W�\�� �W�R�� �H�V�F�D�S�H�� �I�U�R�P�� �O�\�V�R�V�R�P�H�V�� �Z�R�X�O�G�� �E�H�� �G�L�P�L�Q�L�V�K�H�G�� �D�I�W�H�U�� �F�R�Q�M�X�J�D�W�L�R�Q�� �W�R��73 

�Q�D�Q�R�P�D�W�H�U�L�D�O�V���� �D�Q�G�� �W�K�H�L�U�� �K�L�J�K�� �F�R�V�W�� �D�Q�G�� �T�X�L�W�H�� �F�R�P�S�O�L�F�D�W�H�G�� �S�U�H�S�D�U�D�W�L�R�Q may also limit 74 

greatly their applications32.�� �7�K�H�� �3�&�,�� �D�S�S�U�R�D�F�K�� �L�V�� �J�U�H�D�W�O�\�� �O�L�P�L�W�H�G�� �E�\�� �W�K�H�� �O�R�Z�� �W�L�V�V�X�H��75 

�S�H�Q�H�W�U�D�W�L�R�Q���G�H�S�W�K���R�I���W�K�H���H�[�F�L�W�L�Q�J���O�L�J�K�W���D�Q�G���W�K�X�V���R�Q�O�\���D�S�S�O�L�F�D�E�O�H���W�R���V�X�S�H�U�I�L�F�L�D�O���W�X�P�R�U�V����76 

�D�Q�G�� �L�Q�W�U�R�G�X�F�L�Q�J�� �S�K�R�W�R�V�H�Q�V�L�W�L�]�H�U�V�� �P�D�\�� �F�D�X�V�H�� �D�G�G�L�W�L�R�Q�D�O�� �W�R�[�L�F�L�W�\�������������� �$�F�F�R�U�G�L�Q�J�O�\����77 

�G�H�Y�H�O�R�S�L�Q�J���H�I�I�H�F�W�L�Y�H���V�W�U�D�W�H�J�\���I�R�U���W�K�H���O�\�V�R�V�R�P�H���H�V�F�D�S�H���R�I���Q�D�Q�R�P�D�W�H�U�L�D�O�V���Z�L�W�K�R�X�W���D�G�Y�H�U�V�H��78 

�H�I�I�H�F�W�V���R�Q���R�W�K�H�U���S�H�U�I�R�U�P�D�Q�F�H�V���L�V���Y�H�U�\���L�P�S�R�U�W�D�Q�W���I�R�U���W�X�P�R�U���W�K�H�U�D�S�\�� 79 

�+�H�U�H�L�Q�����Z�H���S�U�H�V�H�Q�W���D�Q���H�[�F�L�W�L�Q�J���I�L�Q�G�L�Q�J���W�K�D�W���S�K�H�Q�\�O�E�R�U�R�Q�L�F���D�F�L�G�����3�%�$�����P�R�G�L�I�L�F�D�W�L�R�Q��80 

�F�D�Q���J�U�H�D�W�O�\���I�D�F�L�O�L�W�D�W�H���W�K�H���O�\�V�R�V�R�P�H���H�V�F�D�S�H���R�I���F�\�O�L�Q�G�U�L�F�D�O���S�R�O�\�P�H�U���E�U�X�V�K�H�V�����&�3�%�V�������D�Q�G��81 

�I�X�U�W�K�H�U���S�U�R�P�R�W�H���W�K�H�L�U���H�[�R�F�\�W�R�V�L�V���D�Q�G���W�U�D�Q�V�F�H�O�O�X�O�D�U���W�U�D�Q�V�I�H�U�����,�Q���S�X�E�O�L�V�K�H�G���V�W�X�G�L�H�V�����L�W���K�D�V��82 

�E�H�H�Q�� �I�U�H�T�X�H�Q�W�O�\�� �R�E�V�H�U�Y�H�G�� �W�K�D�W�� �3�%�$�� �J�U�R�X�S�V�� �F�D�Q�� �D�X�J�P�H�Q�W�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �W�K�H�� �W�X�P�R�U��83 

�W�D�U�J�H�W�L�Q�J���D�E�L�O�L�W�\���R�I���Q�D�Q�R�P�D�W�H�U�L�D�O�V���W�K�U�R�X�J�K���W�K�H���V�S�H�F�L�I�L�F���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���W�K�H���V�L�D�O�L�F���D�F�L�G��84 

���6�$�����U�H�V�L�G�X�H�V���R�Y�H�U�H�[�S�U�H�V�V�H�G���R�Q���Y�D�U�L�R�X�V���W�X�P�R�U���F�H�O�O�V���D�Q�G���F�R�Q�F�R�P�L�W�D�Q�W�O�\���H�Q�K�D�Q�F�H���W�K�H�L�U��85 

�W�X�P�R�U���S�H�Q�H�W�U�D�W�L�R�Q���������������+�R�Z�H�Y�H�U�����W�K�H���P�H�F�K�D�Q�L�V�P���I�R�U���H�Q�K�D�Q�F�L�Q�J���W�X�P�R�U���S�H�Q�H�W�U�D�W�L�R�Q���L�V���V�W�L�O�O��86 

�X�Q�F�O�H�D�U�����7�K�L�V���Z�R�U�N���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���L�W���L�V���D�Q���D�F�W�L�Y�H���W�U�D�Q�V�F�\�W�R�V�L�V���S�U�R�F�H�V�V���U�H�O�\�L�Q�J���R�Q���W�K�H��87 

�3�%�$���P�H�G�L�D�W�H�G�� �F�H�O�O�X�O�D�U�� �X�S�W�D�N�H���� �D�Q�G�� �3�%�$���H�Q�K�D�Q�F�H�G�� �O�\�V�R�V�R�P�H�� �H�V�F�D�S�H�� �D�Q�G�� �H�[�R�F�\�W�R�V�L�V����88 
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�)�X�U�W�K�H�U�P�R�U�H���� �X�V�L�Q�J�� �W�K�H�� �3�%�$���P�R�G�L�I�L�H�G�� �&�3�%�V�� �D�V�� �Q�D�Q�R�� �F�D�U�U�L�H�U�V���� �Z�H�� �L�Q�F�R�U�S�R�U�D�W�H�G��89 

�G�R�[�R�U�X�E�L�F�L�Q�� ���'�2�;���� �W�K�U�R�X�J�K�� �S�+���V�H�Q�V�L�W�L�Y�H�� �D�F�\�O�K�\�G�U�D�]�R�Q�H�� �O�L�Q�N�D�J�H���� �D�Q�G achieved��high 90 

drug loading content larger than 20% and high tumor �W�K�H�U�D�S�H�X�W�L�F efficacy. CPBs are a 91 

class of nanoscale one-dimensional polymers with wormlike morphology. This 92 

morphology together with their well-defined chemical structure and controllable size 93 

make them very suitable for delivering drugs, because the wormlike morphology is 94 

favorable to tumor penetration and well-controlled chemical structure and size provide 95 

reproducible pharmacokinetic and pharmacological profiles39,40. The �3�%�$���P�R�G�L�I�L�H�G��96 

�&�3�%�V���G�H�V�L�J�Q�H�G���K�H�U�H���D�O�V�R���K�D�Y�H���V�H�Y�H�U�D�O���R�W�K�H�U���D�G�Y�D�Q�W�D�J�H�V�����L�Q�F�O�X�G�L�Q�J���������W�K�H���3�%�$���J�U�R�X�S�V��97 

�F�D�Q���Q�R�W���R�Q�O�\���S�U�R�P�R�W�H���W�K�H���O�\�V�R�V�R�P�H���H�V�F�D�S�H���E�X�W���D�O�V�R���D�X�J�P�H�Q�W���W�K�H���W�X�P�R�U���W�D�U�J�H�W�L�Q�J���D�E�L�O�L�W�\��98 

�D�Q�G�� �W�X�P�R�U�� �S�H�U�P�H�D�E�L�O�L�W�\�� �R�I�� �W�K�H�� �&�3�%�V�� �D�V�� �L�O�O�X�V�W�U�D�W�H�G�� �L�Q�� �)�L�J���� ���D���� ���� the z�Z�L�W�W�H�U�L�R�Q�L�F��99 

�S�R�O�\���F�D�U�E�R�[�\�E�H�W�D�L�Q�H�������3�&�%�����E�O�R�F�N���L�Q���W�K�H���V�L�G�H���F�K�D�L�Q�V���S�U�R�Y�L�G�H���K�L�J�K���Z�D�W�H�U���V�R�O�X�E�L�O�L�W�\���D�Q�G��100 

�K�L�J�K��anti-biofouling�� �D�E�L�O�L�W�\�������������� ������ �W�K�H�� �L�Q�Q�H�U��poly(�J�O�\�F�L�G�\�O�� �P�H�W�K�D�F�U�\�O�D�W�H���� ���3�*�0�$����101 

�E�O�R�F�N�� �L�Q�� �W�K�H�� �V�L�G�H�� �F�K�D�L�Q�V�� �S�U�R�Y�L�G�H�� �V�X�I�I�L�F�L�H�Q�W�� �P�R�G�L�I�L�F�D�W�L�R�Q�� �V�L�W�H�V�� �D�Q�G�� �K�L�J�K�� �G�U�X�J�� �O�R�D�G�L�Q�J����102 

�7�K�H�V�H���V�X�S�H�U�L�R�U�L�W�L�H�V���H�Q�D�E�O�H���W�K�H���S�U�R�G�U�X�J���W�R���H�U�D�G�L�F�D�W�H���W�K�H���W�X�P�R�U�V���H�V�W�D�E�O�L�V�K�H�G���L�Q���P�L�F�H���D�I�W�H�U��103 

�P�X�O�W�L�S�O�H���L�Q�W�U�D�Y�H�Q�R�X�V���D�G�P�L�Q�L�V�W�U�D�W�L�R�Q�� 104 

 105 
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 106 

�)�L�J������ Biological functions and synthesis and of the CPBs. �D���,�O�O�X�V�W�U�D�W�L�R�Q���R�I���W�K�H���W�X�P�R�U��107 

�W�D�U�J�H�W�L�Q�J���D�Q�G���O�\�V�R�V�R�P�H���H�V�F�D�S�H���R�I���%�&�3�%���%���'�2�;�����7�K�H���D�E�X�Q�G�D�Q�W���3�%�$���J�U�R�X�S�V���R�I���%�&�3�%��108 

�%���'�2�;���L�V���F�R�Q�G�X�F�W�L�Y�H���W�R���W�X�P�R�U���W�D�U�J�H�W�L�Q�J���D�Q�G���O�\�V�R�V�R�P�H���H�V�F�D�S�H�����D�Q�G���F�D�Q���J�U�H�D�W�O�\���L�P�S�U�R�Y�H��109 

�W�K�H���D�Q�W�L�W�X�P�R�U���H�I�I�L�F�D�F�\���R�I���W�K�H���S�U�R�G�U�X�J�� b Synthesis and drug loading of the CPBs�� 110 

 111 
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�5�H�V�X�O�W�V 112 

�6�\�Q�W�K�H�V�H�V�� �D�Q�G�� �F�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�V�� �R�I�� �W�K�H�� �G�U�X�J���O�R�D�G�H�G�� �S�R�O�\�P�H�U�� �E�U�X�V�K�H�V����To make 113 

clear the effect of PBA modification on the �O�\�V�R�V�R�P�H�� �H�V�F�D�S�H�� �R�I�� �&�3�%�V�� �D�Q�G�� �D�F�K�L�H�Y�H��114 

�H�I�I�L�F�L�H�Q�W�� �W�X�P�R�U�� �W�K�H�U�D�S�\���� �Z�H�� �P�H�W�L�F�X�O�R�X�V�O�\�� �G�H�V�L�J�Q�H�G�� �W�K�H�� �Z�D�W�H�U���V�R�O�X�E�O�H�� �3�%�$���P�R�G�L�I�L�H�G��115 

�&�3�%�V�� ���Q�D�P�H�G�� �%�&�3�%���%���� �D�V�� �Z�H�O�O�� �D�V�� �3�%�$���I�U�H�H�� �&�3�%�V�� ���Q�D�P�H�G�� �%�&�3�%���� �D�V�� �U�H�I�H�U�H�Q�F�H��116 

�P�D�W�H�U�L�D�O�V�����7�K�H�L�U���F�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H�V���D�Q�G���V�\�Q�W�K�H�V�L�V���U�R�X�W�H�V���F�D�Q���E�H���I�R�X�Q�G���L�Q Fig. 1b�����7�K�H��117 

�E�D�F�N�E�R�Q�H�� ���Q�D�P�H�G�� �3�*�$�� Fig. 1b���� �R�I�� �%�&�3�%���%�� �D�Q�G�� �%�&�3�%�� �Z�D�V�� �V�\�Q�W�K�H�V�L�]�H�G�� �E�\��118 

�S�R�O�\�P�H�U�L�]�L�Q�J���W�K�H���P�R�Q�R�P�H�U���J�O�\�F�L�G�\�O���P�H�W�K�D�F�U�\�O�D�W�H���Y�L�D���U�H�Y�H�U�V�L�E�O�H���D�G�G�L�W�L�R�Q���I�U�D�J�P�H�Q�W�D�W�L�R�Q��119 

�F�K�D�L�Q�� �W�U�D�Q�V�I�H�U�� ���5�$�)�7���� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q (giving PGMA), followed by converting the 120 

epoxy groups to azido groups via the reaction with sodium azide (Supplementary 121 

Scheme 1). The side chain of BCPB-B is a triblock copolymer and synthesized by a 122 

three-step atom transfer radical polymerization (ATRP) with p�U�R�S�D�U�J�\�O�� ����123 

�E�U�R�P�R�L�V�R�E�X�W�\�U�D�W�H���D�V���D�Q���L�Q�L�W�L�D�W�R�U��(Supplementary Scheme 1)�����7he inner block (the block 124 

adjacent to the backbone) of the side chain is designed to be PGMA, whose abundant 125 

epoxy side groups can be used for functionalizations. The second block is poly(2-126 

tertbutoxy-N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-2-oxoethanaminium) (PCB-127 

tBu). After the cleavage of the tert-butyl ester protecting groups, a zwitterionic 128 

poly(carboxybetaine) (PCB) block can be formed and impart high water solubility and 129 

anti-biofouling ability. The third block is poly(OEGMA-Bpin) (POBpin, 130 

Supplementary Scheme 1) and is used to provide PBA functional groups after removing 131 

the pinacol ester. The reference material BCPB has the side chains without the third 132 

block, which is the only difference comparing to BCPB-B. For both���W�K�H���W�Z�R���W�\�S�H�V���R�I��133 
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�&�3�%�V���� �W�K�H�� �V�L�G�H�� �F�K�D�L�Q�V�� �Z�H�U�H�� �J�U�D�I�W�H�G�� �R�Q�W�R�� �W�K�H�� �E�D�F�N�E�R�Q�H�V�� �W�K�U�R�X�J�K��the Cu(I)-134 

catalyzedalkyne-azide 1,3-dipolar cycloaddition (CuAAC). Antitumor agent DOX was 135 

covalently bound to the PGMA block of �%�&�3�%���%���D�Q�G���%�&�3�%��through a pH-sensitive 136 

acylhydrazone linkage to achieve the responsive drug release in the weak acid 137 

environment of tumors. We take BCPB-B as an example to illustrate the drug loading 138 

process. We first converted the epoxy groups in �%�&�3�%���%���(�3����Fig. 1b����to azido groups 139 

through the reaction with sodium azide�� and then performed the CuAAC between the 140 

azido groups and N-propynoyl-hydrazinecarboxylic acid tert-butyl ester (PHTE), 141 

affording �%�&�3�%���%���%�R�F�� ��Supplementary Scheme 1������After the cleavage of the tert-142 

butyloxycarbonyl (Boc) protecting groups by trifluoroacetic acid (TFA), acylhydrazine 143 

side groups were formed in the inner block and used to link DOX via the reaction with 144 

the carbonyl group in DOX. It is notable that in the process of the Boc cleavage, the 145 

protecting groups of the tert-butyl ester in the second block and the pinacol ester in the 146 

third block would also be completely cleaved, affording �%�&�3�%���%����Fig. 1b���� The DOX-147 

loaded �%�&�3�%���%�� �D�Q�G�� �%�&�3�%�� �D�U�H�� �Q�D�P�H�G�� �%�&�3�%���%���'�2�;�� �D�Q�G�� �%�&�3�%���'�2�;�� ��Fig. 1b������148 

�U�H�V�S�H�F�W�L�Y�H�O�\�� 149 

The characterization data of �%�&�3�%���%���'�2�;�� �D�Q�G�� �%�&�3�%���'�2�; as well as their 150 

precursors can be found in Supplementary Fig. 1-18. The 1H NMR spectrum of the 151 

backbone PGA is compared with that of PGMA in Supplementary Fig. 1. As can be 152 

seen, the proton signals of the glycidyl moieties are observed at 3.23, 2.84, and 2.64 153 

ppm in the spectrum of PGMA, and disappear completely in the spectrum of PGA, 154 

indicating the high conversion efficiency of the epoxy to azido group. The �Q�X�P�E�H�U��155 
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�D�Y�H�U�D�J�H molecular weight (Mn) and polydispersity indexes (�� ) of PGMA were 156 

measured to be ~147,000 and 1.13 by gel permeation chromatography (GPC), 157 

respectively (Supplementary Fig. 2). �7�K�H���Q�D�U�U�R�Z�O�\���G�L�V�W�U�L�E�X�W�H�G���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���R�I���W�K�H��158 

�E�D�F�N�E�R�Q�H�� �Z�R�X�O�G�� �S�U�R�Y�L�G�H�� �W�K�H�� �S�R�O�\�P�H�U�� �E�U�X�V�K�H�V�� �Z�L�W�K�� �Q�D�U�U�R�Z�O�\�� �G�L�V�W�U�L�E�X�W�H�G�� �O�H�Q�J�W�K���� �7�R��159 

�P�L�Q�L�P�L�]�H���W�K�H���F�R�Q�I�R�X�Q�G�L�Q�J���I�D�F�W�R�U�V�����Z�H���X�V�H�G���W�K�H���V�H�F�R�Q�G���V�W�H�S���$�7�5�3���S�U�R�G�X�F�W���R�I���W�K�H���V�L�G�H��160 

�F�K�D�L�Q�� �R�I�� �%�&�3�%���%�� �D�V�� �Whe side chain of �%�&�3�%���� �7�K�H�� �V�L�G�H�� �F�K�D�L�Q�� �R�I�� �%�&�3�%���%�� �D�Q�G�� �L�W�V��161 

�S�U�H�F�X�U�V�R�U�V�� �Z�H�U�H�� �V�W�U�X�F�W�X�U�D�O�O�\�� �F�K�D�U�D�F�W�H�U�L�]�H�G�� �E�\��1H NMR spectra as shown in 162 

Supplementary Fig. 4-6.�� �7�K�H�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�� �G�H�J�U�H�H�V�� �R�I�� �W�K�H�� �3�*�0�$���� �3�&�%���W�%�X�� �D�Q�G��163 

�3�2�%�S�L�Q�� �E�O�R�F�N�V�� �Z�H�U�H�� �H�V�W�L�P�D�W�H�G�� �W�R�� �E�H�� �D�E�R�X�W�� �������� ������ �D�Q�G�� ������ �E�\�� �W�K�H��1H NMR spectra, 164 

respectively. The GPC data of the three-step ATRP products �3�*�0�$�����3�*�0�$���3�&�%���W�%�X��165 

�D�Q�G�� �3�*�0�$���3�&�%���W�%�X���3�2�%�S�L�Q�� �D�U�H�� �V�K�R�Z�Q�� �L�Q��Supplementary Fig.�� ������ �7heir Mn and ����166 

values�� �D�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H�� ������������������������ ������������������������ �D�Q�G�� ������������������������ �U�H�V�S�H�F�W�L�Y�H�O�\����167 

�$�I�W�H�U�� �J�U�D�I�W�L�Q�J�� �W�K�H�� �V�L�G�H�� �F�K�D�L�Q�V�� �R�Q�W�R�� �W�K�H�� �E�D�F�N�E�R�Q�H���� �Z�H�� �R�E�W�D�L�Q�H�G�� �W�K�H�� �S�R�O�\�P�H�U�� �E�U�X�V�K�H�V��168 

�%�&�3�%���%���(�3�� �D�Q�G�� �%�&�3�%���(�3���� �7�K�H�� �K�L�J�K�� �J�U�D�I�W�L�Q�J�� �H�I�I�L�F�L�H�Q�F�L�H�V�� �D�U�H�� �H�Y�L�G�H�Q�F�H�G�� �E�\�� �W�K�H��169 

�F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H��Fourier transform infrared (FTIR) spectra of the backbone and the 170 

�S�R�O�\�P�H�U��brushes. As shown in Supplementary Fig. 18, a strong absorption band at 2100 171 

cm-1 assigned to the azido groups can be observed in the FTIR spectrum of PGA and 172 

disappears completely in the spectra of the �S�R�O�\�P�H�U��brushes, indicating that almost all 173 

the azido groups have reacted with the alkynyl end group of the side chain.���:�H���D�O�V�R��174 

�F�K�H�F�N�H�G���W�K�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q�V���R�I���%�&�3�%���%���(�3���D�Q�G���%�&�3�%���(�3���E�\�� �*�3�&���P�H�D�V�X�U�H�P�H�Q�W�V����175 

�D�O�W�K�R�X�J�K���W�K�H���P�H�D�V�X�U�H�P�H�Q�W�V���F�D�Q���Q�R�W���S�U�R�Y�L�G�H���D�F�F�X�U�D�W�H���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���L�Q�I�R�U�P�D�W�L�R�Q���R�I��176 

�W�K�H���S�R�O�\�P�H�U���E�U�X�V�K�H�V���G�X�H���W�R���W�K�H���K�X�J�H���V�W�U�X�F�W�X�U�D�O���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���E�U�X�V�K�H�V���D�Q�G���W�K�H��177 
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�O�L�Q�H�D�U���S�R�O�\�V�W�\�U�H�Q�H���V�W�D�Q�G�D�U�G�V�����)�L�J�������D�������8�Q�L�P�R�G�D�O���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���G�L�V�W�U�L�E�X�W�L�R�Q�V���Z�H�U�H��178 

�R�E�V�H�U�Y�H�G���I�R�U���E�R�W�K�� �%�&�3�%���%���(�3�� �D�Q�G���%�&�3�%���(�3���Z�L�W�K����  values of about 1.29 and 1.26.��179 

�7�K�H���Q�D�U�U�R�Z�O�\���G�L�V�W�U�L�E�X�W�H�G���V�L�]�H�V���D�U�H���J�U�H�D�W�O�\�� �I�D�Y�R�U�D�E�O�H���I�R�U���L�G�H�Q�W�L�I�\�L�Q�J���W�K�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q��180 

�E�L�R�O�R�J�L�F�D�O���S�U�R�S�H�U�W�L�H�V���F�D�X�V�H�G���E�\���W�K�H���F�K�H�P�L�F�D�O���V�W�U�X�F�W�X�U�H�����V�L�Q�F�H���W�K�H���L�Q�W�H�U�I�H�U�H�Q�F�H���U�H�V�X�O�W�L�Q�J��181 

�I�U�R�P���G�L�I�I�H�U�H�Q�W���V�L�]�H�V���F�D�Q���E�H���H�V�V�H�Q�W�L�D�O�O�\���H�[�F�O�X�G�H�G�����$�V���V�W�D�W�H�G���D�E�R�Y�H�����'�2�;���L�V���F�R�Q�M�X�J�D�W�H�G��182 

�W�R�� �W�K�H�� �S�R�O�\�P�H�U�� �E�U�X�V�K�H�V�� �W�K�U�R�X�J�K�� �W�K�H��pH-sensitive acylhydrazone linkage, affording 183 

�%�&�3�%���%���'�2�;���D�Q�G���%�&�3�%���'�2�;. The aromatic proton signals from the DOX moieties 184 

can be observed at 8.10-7.60 ppm in their 1H NMR spectra (Supplementary Fig. 16-17)�� 185 

The UV-vis absorption spectra of �%�&�3�%���%���'�2�;�����%�&�3�%���'�2�;���D�Q�G���'�2�;���D�U�H���V�K�R�Z�Q���L�Q��186 

Supplementary Fig.�������D�����,�W���F�D�Q���E�H���V�H�H�Q���W�K�D�W���E�R�W�K���%�&�3�%���%���'�2�;���D�Q�G���%�&�3�%���'�2�;���K�D�Y�H��187 

�W�K�H�� �D�E�V�R�U�S�W�L�R�Q�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�� �R�I�� �'�2�;���� �7�K�H�� �'�2�;�� �F�R�Q�W�H�Q�W�V�� �R�I�� �%�&�3�%���%���'�2�;�� �D�Q�G��188 

�%�&�3�%���'�2�;�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �P�H�D�V�X�U�L�Q�J�� �W�K�H�� �D�E�V�R�U�E�D�Q�F�H�� �D�W�� �������� �Q�P�� �Z�L�W�K�� �D�� �S�U�H��189 

�H�V�W�D�E�O�L�V�K�H�G���F�D�O�L�E�U�D�W�L�R�Q���F�X�U�Y�H����Thanks to the abundant reaction sites, �%�&�3�%���%���'�2�;���D�Q�G��190 

�%�&�3�%���'�2�; present high DOX contents of about 21% and 23%, respectively, and 191 

maintain desirable water solubility as shown by the photograph of their water solutions��192 

��Supplementary Fig. �����E��. 193 

 194 
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 195 

�)�L�J���������&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�V���D�Q�G���G�U�X�J���U�H�O�H�D�V�H���E�H�K�D�Y�L�R�U�V���R�I���W�K�H���S�R�O�\�P�H�U���E�U�X�V�K�H�V�����D���*�3�&��196 

�F�X�U�Y�H�V�� �R�I�� �%�&�3�%���%�� �D�Q�G�� �%�&�3�%�����E���F���7�\�S�L�F�D�O���$�)�0�� �K�H�L�J�K�W�� �L�P�D�J�H�V�� �R�I�� �%�&�3�%���%�� ���E���� �D�Q�G��197 

�%�&�%�3�����F�� adsorbed on �I�U�H�V�K�O�\���F�O�H�D�Y�H�G mica from dilute water solutions. Scale bars = 198 

200 nm.� � � ��G���H���,�Q���Y�L�W�U�R���'�2�;���U�H�O�H�D�V�H���S�U�R�I�L�O�H�V���R�I���%�&�3�%���%���'�2�;�����G�����D�Q�G���%�&�3�%���'�2�;�����H����199 

�L�Q���3�%�6���������������0�����Z�L�W�K���G�L�I�I�H�U�H�Q�W���S�+���Y�D�O�X�H�V���D�W���������ƒ�&���� 200 

We examined the morphological structures of the two types of polymer brushes 201 

before and after drug loading by atomic force microscopy (AFM). As shown in Fig. 2b, 202 

c, �E�R�W�K���%�&�3�%���%���D�Q�G���%�&�3�%���K�D�Y�H���D���W�\�S�L�F�D�O���R�Q�H���G�L�P�H�Q�V�L�R�Q�D�O���Z�R�U�P�O�L�N�H���P�R�U�S�K�R�O�R�J�\���Z�L�W�K��203 

�D�Q�� �D�Y�H�U�D�J�H�� �O�H�Q�J�W�K�� �R�I�� �a������ �Q�P�� �D�Q�G�� �F�U�R�V�V�� �V�H�F�W�L�R�Q�D�O�� �G�L�D�P�H�W�H�U�� �R�I�� �a������ �Q�P���� �7�K�H�� �Y�D�U�L�R�X�V��204 

�L�Q�V�W�D�Q�W�D�Q�H�R�X�V���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���R�I���W�K�H���S�R�O�\�P�H�U���E�U�X�V�K�H�V���V�K�R�Z�Q���L�Q���W�K�H���$�)�0���L�P�D�J�H�V���L�Q�G�L�F�D�W�H��205 

�W�K�H�L�U�� �J�R�R�G�� �I�O�H�[�L�E�L�O�L�W�\���� �)�U�R�P�� �W�K�H�� �$�)�0�� �L�P�D�J�H�V�� �R�I�� �%�&�3�%���%���'�2�;�� �D�Q�G�� �%�&�3�%���'�2�; ��206 

��Supplementary Fig.�� �����F���� �G������ �L�W�� �F�D�Q�� �E�H�� �V�H�H�Q�� �W�K�D�W�� �W�K�H�� �P�R�U�S�K�R�O�R�J�L�H�V�� �R�I�� �W�K�H�� �S�R�O�\�P�H�U��207 

�E�U�X�V�K�H�V���G�R���Q�R�W���F�K�D�Q�J�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�W�H�U���W�K�H���G�U�X�J���O�R�D�G�L�Q�J�� 208 
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�E�O�R�R�G�� �F�L�U�F�X�O�D�W�L�R�Q�� ���S�+���ý������������ �W�X�P�R�U�V�� ���S�+�� �������í������������ �D�Q�G�� �O�\�V�R�V�R�P�H�V�� ���S�+�� �������í������������211 
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�W�Z�R���V�D�P�S�O�H�V���L�Q�F�U�H�D�V�H���U�H�P�D�U�N�D�E�O�\�����$�W���S�+�������������W�K�H���F�X�P�X�O�D�W�L�Y�H���U�H�O�H�D�V�H���S�H�U�F�H�Q�W�D�J�H�V���Z�L�W�K�L�Q��216 

���������K���D�U�H�������������“�������������I�R�U���%�&�3�%���%���'�2�;���D�Q�G�������������“�������������I�R�U���%�&�3�%���'�2�;�����D�Q�G���D�W���S�+��217 

�����������W�K�H���Y�D�O�X�H�V���D�U�H�������������“�������������D�Q�G�������������“���������������U�H�V�S�H�F�W�L�Y�H�O�\�����,�W���L�V���Q�R�W�D�E�O�H���W�K�D�W���W�K�H���G�U�X�J��218 

�U�H�O�H�D�V�H�� �U�D�W�H���R�I�� �%�&�3�%���%���'�2�;�� �L�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �K�L�J�K�H�U�� �W�K�D�Q���W�K�D�W�� �R�I�� �%�&�3�%���'�2�;�� �L�Q�� �W�K�H��219 

�V�D�P�H�� �F�R�Q�G�L�W�L�R�Q�V���� �:�H�� �V�S�H�F�X�O�D�W�H�� �W�K�D�W�� �L�Q�� �%�&�3�%���'�2�;���� �W�K�H�� �V�W�U�R�Q�J�� �G�L�S�R�O�H���G�L�S�R�O�H��220 

�L�Q�W�H�U�D�F�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �]�Z�L�W�W�H�U�L�R�Q�L�F�� �3�&�%�� �U�H�S�H�D�W�L�Q�J�� �X�Q�L�W�V�� �P�D�N�H�� �W�K�H�� �3�&�%�� �V�H�J�P�H�Q�W�V��221 

�S�D�F�N�H�G���F�O�R�V�H�O�\�����K�L�Q�G�H�U�L�Q�J���J�U�H�D�W�O�\���W�K�H���'�2�;���U�H�O�H�D�V�H���I�U�R�P���W�K�H���L�Q�Q�H�U���E�O�R�F�N�����E�\���F�R�Q�W�U�D�V�W�����L�Q��222 

�%�&�3�%���%���'�2�;�����W�K�H���W�K�L�U�G���E�O�R�F�N���P�D�\���G�L�V�U�X�S�W���W�K�H���F�O�R�V�H�O�\���S�D�F�N�L�Q�J���R�I���W�K�H���]�Z�L�W�W�H�U�L�R�Q�L�F���3�&�%��223 
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acylhydrazone linkage between the DOX and polymer brush moieties, and���D�U�H���J�U�H�D�W�O�\��226 

�E�H�Q�H�I�L�F�L�D�O���I�R�U���U�H�G�X�F�L�Q�J���X�Q�Z�D�Q�W�H�G���V�L�G�H���H�I�I�H�F�W�V���D�Q�G���H�Q�K�D�Q�F�L�Q�J���W�K�H�U�D�S�\���H�I�I�L�F�D�F�\���V�L�Q�F�H���W�K�H��227 
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�E�D�V�L�F�D�O�O�\���D�F�K�L�H�Y�H�G�� 229 

 230 

 231 
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Encouraged by the high antitumor effect of BCPB-B-DOX, we further performed 464 

multiple-dose experiments (dosing every other day at 4 mg/kg DOX equivalent, Fig. 465 
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7d). After five doses of treatments, all the tumors of BCPB-B-DOX group disappeared 466 

on the 13th day, while the TGIs of BCPB-DOX and DOX groups were 94.6% and 46.9%, 467 

respectively. Due to the lack of tumor-selective accumulation, free DOX still showed 468 

poor antitumor effect even after the five-dose treatments. The distinct tumor 469 

suppression effects of the different formulations are evidenced intuitively by the 470 

representative photographs of the excised sarcomas (Fig. 7e). Furthermore, as shown 471 

in Fig. 7f, the body weight evolution with time indicates that BCPB-B-DOX and BCPB-472 

DOX did not cause significant toxicity to the mice since their body weights were 473 

comparable with the saline-treated mice at all the test time points, whereas, the average 474 

body weight of the DOX group began to decline sharply from the 5th day p.i., which 475 

should result from the even distribution of DOX in bodies that cause significant 476 

unwanted side effects. 477 
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 488 

Discussion 489 

Timely lysosome escape is of paramount importance for the endocytosed 490 

nanomedicines to avoid premature degradation. The existing strategies for lysosome 491 

escape mainly include lysosomal membrane destabilization induced by cationic 492 

materials, lysosome rupture caused by the �³�S�U�R�W�R�Q�� �V�S�R�Q�J�H�� �H�I�I�H�F�W�´���� �P�H�P�E�U�D�Q�H�� �I�X�V�L�R�Q��493 

with the cationic liposomes or fusogenic peptides, and membrane damage evoked by 494 

ROS. There are noticeable deficiencies with these strategies. Briefly, the positively 495 

charged materials widely used for lysosome escape are subject to opsonization and 496 

short blood circulation, fusogenic peptides generally suffer function reduction after 497 

conjugation to nanomaterials and are also limited by their high cost and complicated 498 

preparation, and ROS-induced membrane damage is overshadowed by the low tissue 499 

penetration depth of the exciting light. Therefore, developing novel effective lysosome 500 

escape strategy is urgently needed. 501 
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In this work, we demonstrated clearly that PBA modification could promote greatly 502 

the lysosome escape of CPBs, which further facilitated their exocytosis and transcytosis. 503 

Such phenomena have never been observed before and support the mechanism that the 504 

PBA group improves the tumor permeability of nanomaterials via an active transcytosis 505 

process. Through analyzing the proteins adsorbed by BCPB-B and BCPB after 506 

incubation with tumor cells, we speculate that the specific interactions of the PBA 507 

group with the lysosomal membrane proteins and hot shock proteins may play 508 

important role in the lysosome escape of BCPB-B. Different from the known strategies 509 

for lysosome escape, the strategy of PBA modification does not give rise to significant 510 

adverse effects on the properties of nanomaterials, by contraries, it enhances 511 

remarkably their tumor targeting ability and tumor permeability, which is the featured 512 

advantage of this strategy. 513 
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was stirred �D�W�������•���I�R�U���������K����Thereafter, the crude product was purified by precipitating 560 

from MeOH to the mixture of diethyl ether and acetone (1:1, v/v) 3 times, dialyzing 561 

against deionized water and lyophilization successively. Yield: 1.42 g (monomer 562 

conversion: 91.2%). The polymerization degree and absolute molecular weight were 563 

calculated to be about 12 and 30521 by 1H NMR, respectively. 1H NMR (500 MHz, 564 

methanol-d4�����/�����S�S�P��������������-1.25 (m, 3H), 1.34 (s, 12H), 1.57 (s, 9H), 2.02 (m, 2H,), 565 

3.46 (s, 24H), 3.56 (s, 6H), 4.20 (s, 2H), 4.50 (s, 2H), 7.13-7.70 (m, 4H). 566 



31 
 

Synthesis of BCPB-EP. PGMA-PCB-tBu (843 mg, 0.036 mmol), backbone PGA (3.34 567 

mg, 0.018 mmol), CuSO4·5H2O (0.45 mg, 0.0018 mmol), PMDETA (3 mg, 0.018 568 

mmol), DMF (4 mL), and MeOH (2 mL) was placed in a 10 mL Schlenk flask. After 569 

degassing, a solution of ascorbic acid (6.3 mg, 0.036 mmol) in 1 mL of DMF was added 570 

followed by 3 freeze-pump-thaw cycles. The resulting mixture was stirred at �����•���I�R�U��571 

48 h under dark. Thereafter, the crude product was purified by precipitating from 572 

MeOH to acetone 3 times, dialyzing against deionized water and lyophilization 573 

successively. Yield: 683 mg (80.7% conversion rate). 1H NMR (500 MHz, DMSO-d6) 574 

�/�����S�S�P�������������������P�������+�������������������V�������+��������������-1.99 (m, 2H), 2.64-2.81 (d, 2H), 3.53 (s, 6H), 575 

3.92 (s, 2H), 4.31 (s, 2H), 4.67 (s, 2H), 5.57 (s, 1H), 7.23 (s, 1H). 576 

Synthesis of BCPB-B-EP. PGMA-PCB-tBu-POBpin (1g, 0.036 mmol), backbone 577 

PGA (3.34 mg, 0.018 mmol), CuSO4·5H2O (0.45 mg, 0.0018 mmol), PMDETA (3 mg, 578 

0.018 mmol), DMF (4 mL), and MeOH (2 mL) were placed in a 10 mL Schlenk flask. 579 

After degassing, a solution of ascorbic acid (6.3 mg, 0.036 mmol) in 1 mL of DMF was 580 

added followed by 3 freeze-pump-thaw cycles. The �U�H�V�X�O�W�L�Q�J���P�L�[�W�X�U�H���Z�D�V���V�W�L�U�U�H�G���D�W�������•��581 

for 48 h under dark. Thereafter, the crude product was purified by precipitating from 582 

MeOH to acetone 3 times, dialyzing against deionized water and lyophilization 583 

successively. Yield: 738 mg (73.6% conversion rate). 1H NMR (400 MHz, methanol-584 

d4�����/�����S�S�P�������������������P�������+�������������������V���������+�������������������V�������+��������������-2.0 (m, 2H), 2.67-2.81 (d, 585 

2H), 3.34 (m, 30H), 3.73 (s, 2H), 4.32 (s, 2H), 4.71 (s, 2H), 5.32 (s, 1H), 7.89 (s, 1H). 586 

Synthesis of BCPB-N3 and BCPB-B-N3. BCPB-EP (400 mg, containing 4.66 mmol 587 

epoxy groups), NaN3 (909 mg, 14 mmol), and ammonium chloride (748 mg, 14 mmol) 588 
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were dispersed in DMF (25 mL) and �V�W�L�U�U�H�G���D�W�������• for 48 h. After removal of the white 589 

precipitate by filtration, the crude product was purified by precipitating from MeOH to 590 

cold diethyl ether 3 times, dialyzing against deionized water and lyophilization 591 

successively to give BCPB-N3. Yield: 509 mg (96.8% conversion rate). BCPB-B-N3 592 

was obtained by the same procedures as stated above. 1H NMR (500 MHz, methanol-593 

d4�����/�����S�S�P��������������-1.18 (m, 3H), 1.60 (s, 9H), 1.98 (m, 2H), 3.29 (s, 6H), 3.95 (m, 4H), 594 

4.40 (s, 2H). BCPB-B-N3 was obtained following the same procedures as stated above. 595 

1H NMR (500 MHz, methanol-d4�����/�����S�S�P�������������������P�������+�������������������V���������+�������������������V�������+������596 

2.01 (m, 2H), 3.41-3.45 (m, 30H), 4.00 (s, 2H), 4.13 (m, 2H), 4.43 (s, 2H), 7.71-8.55 597 

(m, 4H).     598 

Synthesis of BCPB-Boc and BCPB-B-Boc. BCPB-N3 (509 mg, containing 4.51 mmol 599 

azide groups), PHTE (957 mg, 45.1 mmol, synthesized following published 600 

procedures36), CuSO4·5H2O (11 mg, 0.045 mmol), PMDETA (50 mg, 0.29 mmol), 601 

DMF (4 mL), and MeOH (3mL) were placed in a 10 mL Schlenk flask. After degassing, 602 

a solution of ascorbic acid (158 mg, 0.09 mmol) in 2 mL of DMF was added followed 603 

by 3 freeze-pump-thaw cycles. The resulting mixture was stirred �D�W�������•���I�R�U���������K��under 604 

dark. Thereafter, the crude product was purified by precipitating from MeOH to diethyl 605 

ether 3 times, dialyzing against deionized water and lyophilization successively to give 606 

BCPB-Boc. Yield: 590 mg (97.5% conversion rate). 1H NMR (400 MHz, D2�2�����/�����S�S�P������607 

0.76 (m, 3H), 1.17 (s, 9H), 1.50 (s, 9H), 1.99 (m, 2H), 2.40 (s, 2H), 2.60 (s, 2H), 3.37 608 

(s, 6H), 3.97 (s, 4H), 4.41 (s, 2H), 6.91 (s, 1H), 7.22 (s, 1H), 7.78 (s, 1H). BCPB-B-609 

Boc was obtained following the same procedures as stated above. 1H NMR (500 MHz, 610 
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methanol-d4�����/�����S�S�P�������������������P�������+�����������������V���������+�������������������V�������+�������������������V�������+�������������������P����611 

2H), 3.40(s, 6H), 4.14 (m, 4H), 4.42 (s, 2H), 8.08 (s, 1H).  612 

Synthesis of BCPB and BCPB-B. BCPB-Boc (500 mg, containing 3.72 mmol Boc 613 

groups) was dissolved in 10 mL of TFA and stirred at room temperature for 2 h. After 614 

removal of the solvent under reduced pressure, the crude product was purified by 615 

precipitating from methanol to diethyl ether 3 times, and dried under vacuum to give 616 

BCPB. 1H NMR (400 MHz, D2�2�����/�����S�S�P��������������-1.20 (m, 3H), 2.41 (m, 2H), 3.31(s, 617 

6H), 3.97(m, 4H), 4.43 (s, 2H), 7.27 (s, 1H), 7.50 (s, 1H). BCPB-B was obtained 618 

following the same procedures as stated above. (400 MHz, D2�2�����/�����S�S�P�������������������P�������+������619 

2.02 (m, 2H), 3.46 (m, 30H), 4.29(m, 6H), 7.35-7.72 (m, 4H). 620 

Synthesis of BCPB-DOX and BCPB-B-DOX. BCPB (20 mg, 0.15 mmol) and 621 

DOX·HCl (87 mg, 0.034 mmol) were dissolved in 4 mL of trifluoroethanol containing 622 

a drop of TFA. The reaction mixture was stirred at room temperature under dark for 48 623 

h. Thereafter, the crude product was purified by a Sephadex LH-20 column with 624 

trifluoroethanol as an eluant. 1H NMR (500 MHz, methanol-d4�����/�����S�S�P�������������������P�������+���� 625 

1.29 (s, 3H), 2.02 (m, 2H), 2.85-2.98 (m, 9H), 3.43 (s, 6H), 3.87 (s, 2H), 4.29-4.41 (m, 626 

4H), 5.14-5.45 (m, 3H), 7.62-8.04 (m, 4H). BCPB-B-DOX was obtained following the 627 

same procedures as stated above. 1H NMR (500 MHz, methanol-d4�����/�����S�S�P�������������������P����628 

3H), 1.29 (s, 3H), 1.98 (m, 2H), 2.91 (m, 9H), 3.39 (s, 30H), 3.87 (s, 2H), 4.04 (m, 2H), 629 

4.41 (m, 2H), 5.33 (m, 3H), 7.64 (m, 4H). The DOX contents were determined by 630 

measuring the absorbance at 489 nm in water using UV-vis spectroscopy with a pre-631 
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established calibration curve. The drug loading contents of BCPB-B-DOX and BCPB-632 

DOX are about 21% and 23%, respectively. 633 

Statistical analysis. Statistical results were calculated from at least three independent 634 

experiments and expressed as mean ± standard deviation. P values are included to 635 

�V�K�R�Z���W�K�H���F�R�U�U�H�O�D�W�L�R�Q���X�V�L�Q�J���W�K�H���6�W�X�G�H�Q�W�¶�V���W-test. *p < 0.05 was considered statistically 636 

significant, **p < 0.01, ***p < 0.001, and ****p < 0.0001 were considered highly 637 

statistically significant. 638 
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