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Abstract: Efficient penetration and retention of therapeutic agents in tumor tissues can be realized
through rational design of drug delivery systems. Herein, we present a polymer-dendron conjugate,
POEGMA-b-p(GFLG-Dendron-Ppa) (GFLG-DP), which allows cathepsin B (CTSB)-triggered
stealthy-to-sticky structural transformation. The compositions and ratios were optimized through

dissipative particle dynamics simulations. GFLG-DP displayed tumor-specific transformation and
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consequently released dendron-Ppa was found to effectively accumulate on the tumor cell membrane.
The interaction between dendron-Ppa and the tumor cell membrane resulted in intracellular and
intercellular transport via membrane flow, thus achieving efficient deep penetration and prolonged
retention of therapeutic agents in solid tumor tissues. Meanwhile, the interaction of dendron-Ppa with
endoplasmic reticulum disrupted the cell homeostasis, making tumor cells more vulnerable and
susceptible to the photodynamic therapy. This platform represents a versatile approach to augmenting
the tumor therapeutic efficacy of a nanomedicine via manipulation of its interactions with tumor

membrane systems.

1. Introduction

Effective anticancer nanomedicines are required to surmount a series of complex physiological and
pathological obstacles, including targeted delivery to tumor sites, effective tumor penetration and
prolonged retention of therapeutic agents locally " An approach for stealthy-to-sticky transition of
nanomedicines has been demonstrated to augment the therapeutic efficacy: the nanomedicines are
non-sticky (or "stealthy") during circulation in the bloodstream, but become sticky at tumor sites for
effective interaction with cell membranes during capillary extravasation and cellular internalization .
For example, the pH-triggered charge reversal of tumor microenvironment-responsive nanomedicines
has been reported to facilitate extravasation and penetration of anticancer agents into tumor tissues ..
However, pH-triggered charge reversal can not be realized in luminal or perivascular compartments
due to their neutral pH environments. The mildly acidic regions in tumor tissues are often 100-200 um
away from the tumor vascular network, which prevents effective extravasation and penetration of
anticancer agents via this approach ° . Additionally, the published work has been focused on the

tumor penetration while the retention of delivered therapeutic agents at the tumor site is overlooked,

which is another major bottleneck in tumor therapy.

Enzymes that are abundantly expressed at the tumor invasion margin or in the angiogenesis area
may serve as better alternative triggers for the stealthy-to-sticky transformation. Such transition of
nanomedicines has been successfully triggered by membrane y-glutamyl transpeptidase (GGT) and
matrix metalloproteinases (MMPs), and their behaviors on tumor penetration have been investigated
4. 51 Cathepsin B (CTSB) is overexpressed in malignant tumor tissues, and it contributes to the
process of vascular neogenesis. Both endothelial and tumor cells in tumor tissues can secrete CTSB or
pro-CTSB to the cell membrane surface or the extracellular microenvironment . CTSB-triggerable
nanomedicines have been demonstrated with exciting promise after initial studies on the release of
conjugated chemotherapeutic drugs and the degradation of polymeric delivery systems .. However,

there has been little work on how to meliorate the distribution of CTSB-triggerable nanomedicines in

tumor tissues through effective penetration and prolonged retention.
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Efficacious nanomedicines have been reported by improving retention of therapeutic agents at
tumor sites or in tumor cells ™. Among them, linear block polymeric conjugate-based nanomedicines
have been reported to prolong tumor retention of therapeutic agents, while dendritic polymers
including PEGylated dendrimers and dendrons have been optimized to obtain prolonged blood
circulation, high tumor accumulation and improved tumor retention ). However, there is no report on
polymeric conjugate-based nanomedicines to achieve both efficient tumor penetration and prolonged
tumor retention. We hypothesize that rational design of a polymer structure can enable a
nanomedicine to display CTSB-triggered stealthy-to-sticky transformation and facilitate interactions
with cell membranes for deep penetration and prolonged retention at tumor sites via membrane flow,
which is a transfer process of biomolecules between membranous organelles and plasma membranes
91 At the same time, this transport process that interacts with membrane systems may affect the state

of tumor cells, thus facilitating the development of effective treatment subsequently.

Herein, we designed and synthesized a unique block and amphiphilic polymer-dendron conjugate
based on poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) containing GFLG
tetrapeptides, POEGMA-b-p(GFLG-Dendron-Ppa) (GFLG-DP). The structure was optimized via
dissipative particle dynamics (DPD) simulations using a coarse-grained (CG) model (Figure 1a and
Scheme S1). This unique polymer structure was inspired from the PEGylated peptide dendrimer with
multivalent PEG chains that have a thermodynamically favorable self-assembly behavior to achieve
outstanding anti-tumor treatment outcomes. GFLG-DP displayed a CTSB-responsive stealthy-to-
sticky conversion upon cleavage of the GFLG tetrapeptide by CTSB. POEGMA, a PEG-like brush
polymer, is a better stealthy alternative than PEG since it has a very dense PEG coating layer without
the PEG immunogenicity issue '), The dendritic structures mediate the multivalent effect to amplify
the interactions with cell membranes upon the CTSB-triggered stealthy-to-sticky transformation. As a
control, a non-CTSB-responsive polymer-dendron conjugate, POEGMA-b-p(Dendron-Ppa) (DP), was
also prepared, as shown in Scheme S2. In this paper, we focused on the stealthy-to-sticky
transformation of GFLG-DP and the transport process of transformed dendron-Ppa in tumor cells and
tumor tissues. It was demonstrated that dendron-Ppa interacted with tumor cell membranes to achieve
effective penetration and retention in tumor tissues via membrane flow. Meanwhile, this transport
mode affected the inherent function of the membrane system and disrupted tumor cell homeostasis.
These made the subsequent treatment via photodynamic therapy (PDT) very effective against

vulnerable tumor cells (Scheme 1).
2. Results

2.1 Design, synthesis and characterization
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PEGylation is widely used to improve the blood circulation time and the treatment efficacy of

(2. 2] However,

modified therapeutic cargos, and a few PEGylated products have been used in clinics
studies have shown that administration of the PEGylated drugs can lead to the formation of anti-PEG
antibodies that could specifically recognize and bind to PEG, and these antibodies could induce

1la-c

inevitable side effects '], To address the PEG immunogenicity issue, stealthy alternative polymers
have been developed to replace PEG, including a PEG-like brush polymer, POEGMA. Thus, this
polymer was chosen to deliver CTSB-sensitive dendritic photosensitizers (PSs) so that the resulting
nanomedicine was endowed with the stealthy ability. This well-designed dendritic PS in the polymer
after CTSB-triggered transformation could be adsorbed or embedded in cell membranes that consist

of a large number of phospholipid bilayers !,

A two-step polymerization process was used to prepare block POEGMA-based polymers. From the
computer simulation results (Figure 1b, 1c and Figure S1-10), when the number of dendritic PS was
one, the polymer could be assembled to form nano-aggregates with the minimal number of
hydrophobic units (pink). Optimal PEGylation could be achieved with the least number of dendritic
PS. The total potential energy decreased during the self-assembly process (Figure S10), indicating the
nano-aggregate had great thermodynamic stability. Radial distribution function (RDF) values for the
interaction between PEG and dendron of GFLG-DP suggested that more PEG units could surround
each dendron structure unit and thus had the best PEGylation efficiency when dendritic PS was one (y
= 1, Figure S6) in comparison with those PEG units at the other two ratios. Similar results were
observed for the control DP group (Figure S2, S5, S8 and S10). From these simulations results, one
conjugated dendron was determined for both GFLG-DP and DP. Detailed steps, results and discussion
about preparation of GFLG-DP and DP are showen and described in the Supporting Information
(Figure S11-41).

Transmission electron microscope (TEM) results confirmed two nano-assemblies displayed
uniform nano-scale size distribution (Figure le and Figure S42a). Dynamic light scattering (DLS)
results indicated that DP and GFLG-DP were monodispersed nano-assemblies (Figure 1h and Figure
S42b). Both nano-aggregates presented a nearly neutral surface charge (Table S3). The critical
aggregates concentration (CAC) values of DP and GFLG-DP were 15.36 pg/mL and 11.84 pg/mL,
respectively (Figure S43), suggesting that the introduction of the GFLG tetrapeptide with a benzene
ring structure in GFLG-DP was conducive to self-assembly. The fluorescence intensity became
stronger after the hydrophilic and hydrophobic forces of nano-aggregates were disturbed by sodium
dodecyl sulfate (SDS), and both polymeric systems had similar fluorescence quenching efficiencies

(Figure S44). In addition, after incubating DP and GFLG-DP with 10% serum, the particle size did not
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change significantly in 6 days, indicating that the nano-aggregates formed had excellent stability in

the physiological environment (Figure S45).
2.2 In vitro CTSB-triggered stealthy-to-sticky transformation

The computer simulation results in Figure 1b and Figure S5 showed that the main chain of the
POEGMA-based polymers was relatively hydrophobic and the polymers could aggregate into a loose
nanostructure without the Ppa unit. Thus, when the hydrophobic dendron-Ppa segment was released
from GFLG-DP after enzymatic hydrolysis without other external forces, it could retain a
nanostructure. The dendron-Ppa unit may still be encapsulated after enzymatic fracture of the GFLG

tetrapeptide, while the shape and size of the nano-aggregates changed (Figure 1d and Figure 1f).

Intuitively, after incubation with CTSB, the average DLS hydrodynamic size of GFLG-DP nano-
aggregates shrank from ~150 nm to ~80 nm (Figure 1h), while particles of about 20 nm were
observed under a TEM (Figure 1g). The size decrease indicated that the enzyme successfully cleaved
the GFLG tetrapeptide, and the nano-aggregates were degraded into fragments. Statistical analysis
showed that, the Young’s modulus of GFLG-DP changed significantly before and after enzyme
incubation, while that of DP remained almost constant (Figure 1i and Figure S46a). Centrifugal
precipitation was used to remove the enzyme and buffer to eliminate their effects on the GPC results,
and the HPLC chromatogram suggested that the purified samples did not contain the enzyme (Figure
S47). Compared with DP, there was an extra peak at a smaller MW in the GPC spectrum of GFLG-
DP, which probably corresponded to dendron-Ppa after enzymatic hydrolysis (Figure 1j and Figure
S46b).

In addition, a boost in the fluorescence signal was observed with an increase in the duration during
the incubation of GFLG-DP with CTSB (Figure 1k), indicative of a change in the nano-aggregate
structures. There was no significant difference in the fluorescence intensity in the DP sample before
and after incubation with the enzyme, suggesting that the structure of DP remained intact due to the

absence of enzyme-responsive bonds (Figure S46¢).
2.3 Internalization pathways for GFLG-DP

Immunofluorescence and immunoblotting results revealed that in a hypoxic condition the
expression of CTSB increased, indicating that the hypoxic environment of tumor tissues could favor
the shedding of the dendron Ppa in GFLG-DP (Figure S48). In addition, CTSB was widely distributed
in tumor tissues, including vascular endothelial cells and tumor cells in the distal hypoxic zone of

vasculatures (Figure S49), indicating that the CTSB-triggered stealthy-to-sticky transformation of
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GFLG-DP could be realized when it entered into the tumor tissue through tumor vascular blood

vessels.

Interaction of polymers with cells depends on the fluidity of the cell membrane system and usually
endocytosis is the first step. Since the PS unit in DP was surrounded by a large number of OEG units,
DP was not conducive to its interaction with the cell membrane, thus reducing the efficiency in its
entry process and intracellular distribution. Compared with DP, GFLG-DP had a relatively faster
internalization process and it was distributed close to the nucleus of 4T1 cells (Figure S50). Moreover,
the uptake amount of GFLG-DP was significantly higher than that of DP, suggesting that a better
internalization rate of GFLG-DP than DP by 4T1 cells (Figure S51). This could be due to
dismantlement of the GFLG-DP structure via cleavage of CTSB-responsive bonds by CTSB in the
extracellular environment or on the cell membrane, and subsequent release of the dendron Ppa unit

that may be embedded in the cell membrane and rapidly internalized by cells > ']

Co-localization between fluorescence signals for Ppa (DP and GFLG-DP) and cellular organelles
was examined. The confocal laser scanning microscope (CLSM) results showed that Ppa fluorescence
signal in the DP group was mainly localized in the lysosome after 4 h (Figure S52), whereas the
fluorescence signal in the GFLG-DP group was mainly distributed on the endoplasmic reticulum
(Figure S53), indicating that the dendron Ppa unit from GFLG-DP could rapidly accumulate on the
endoplasmic reticulum after internalization into cells. Next, a fluorescence co-localization approach
was used to determine the uptake pathways. Fluorescently labeled neutral dextran (70 kDa) is a
common biomarker to confirm the macropinocytosis pathway !'*.. Macropinocytosis is driven by actin
and it often has no ligand-receptor selectivity, thus after rapid uptake of extracellular materials by
cells through this approach, intracellular vesicles are formed at a size of 0.2 ~ 5.0 pm "%, In addition,
the transferrin receptor, a clathrin-mediated endocytosis (CME) marker, can mediate intracellular
clathrin endocytosis !'". The Ppa fluorescence in GFLG-DP co-localized with the rhodamine-dextran
signal (Rho-Dextran, 70 kDa), but there was no overlapping of the fluorescence signal from GFLG-
DP and FTIC-transferrin (Figure 2a and Figure S54), suggesting GFLG-DP was mainly uptaken
through the macropinocytosis pathway and then localized in macropinosomes. DP was partially
distributed in macropinosimes (Figure S55 and S56). After staining the cell membrane with cholera
toxin B, GFLG-DP was observed to abundantly accumulate at the lipid raft site of the cell membrane
after its membrane interaction (white arrows), while no accumulation of DP at the lipid raft was found
in the DP-treated group (Figure 2a and Figure 55). This suggested that lipid rafts, where pro-CTSB
was located, might play a role in the stealthy-to-sticky transformation of GFLG-DP and subsequent
release of the dendron Ppa unit "®. The interaction between GFLG-DP and the 4T1 cell membrane

was examined via a stimulated emission depletion (STED) confocal microscopy (Figure 2b). The
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formation of vesicle structures in the cells was observed, suggesting remarkable endocytic activity of
the cells during the uptake of GFLG-DP. The Ppa fluorescence signal appeared on the cell membrane
for a short time after co-incubation of GFLG-DP, and the intracellular Ppa fluorescence signal raised
with an increase in the incubation time (Figure S57). These results indicated that Ppa segments could
be gradually released from GFLG-DP in the presence of CTSB secreted on the cell membrane and
inside the cytoplasm, thus promoting rapid entry of the dendron Ppa part into the 4T1 cells.

Furthermore, the cellular uptake process of GFLG-DP at the ultrastructural level was observed via
TEM (Figure S58). A number of intercellular vesicles or spacious pseudopod loops appeared after
treatment of 4T1 cells with GFLG-DP. In contrast, the cell membrane of the control or DP-treated
cells was smoother. The observations indicated that GFLG-DP could induce abundant extracellular

and intracellular vesicle activity.
2.4 Intercellular transport and penetration with membrane flow

The intercellular transport of GFLG-DP was evaluated via the transwell assay (Figure 2¢). The
fluorescence signal of Ppa in the cells on the lower layer was detected (Figure 2d), and the results
indicated that internalized GFLG-DP by 4T1 cells on the upper layer could transport out of the cell
membrane, diffuse to the culture medium in the lower chamber, and could subsequently be re-
internalized by the cells on the lower layer. In contrast, the fluorescence signal in the DP-treated

group was dim, suggesting poor intercellular transport of DP by 4T1 cells.

Giant plasma membrane vesicles (GPMVs) were isolated from the 4T1 cells incubated with DP or
GFLG-DP for 2 h. The red fluorescence intensity of Ppa on the vesicle structures in the GFLG-DP-
treated group was remarkably stronger than that in the DP-treated group, indicative of CTSB-
triggered transformation of GFLG-DP (Figure 2f and Figure S59). After enzymatic digestion,
dendron-Ppa with a planar hydrophobic structure, upon release from GFLG-DP, may be adsorbed or
embedded in the membrane. The similar result was also observed for GFLG-DP aggregation on
synthetic liposomes with a phospholipid bilayer structure, after incubation with CTSB (Figure S60).
In contrast, the fluorescent signal of Ppa from GFLG-DP was weak on the 3T3 cell membrane (Figure
S61), indicating that transformation of GFLG-DP and release of dendron-Ppa was specific in tumor
cells due to a high level of CTSB expression. In addition, the fluorescence intensity of Ppa from
GFLG-DP on the GPMVs was significantly decreased upon co-incubation with a CTSB inhibitor, E-
64 (Figure S62), which confirmed that the selective enzymatic hydrolysis of GFLG-DP could be a

crucial step for membrane interaction.

The 4T1-GFP multicellular spheroids (MCSs) were utilized to examine the distribution of Ppa via a

CLSM. The GFLG-DP-incubated MCSs had a better distribution with stronger fluorescence intensity
This article is protected by copyright. All rights reserved.
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in comparison with the DP-treated MCSs. The strongest fluorescence intensity was found in the
MCSs treated with free Ppa, which was due to its free diffusion ability (Figure 2e). These results
demonstrated that GFLG-DP exhibited strong penetration in the MCSs model, which could be
ascribed to transformation of GFLG-DP to release the dendron-Ppa unit with a high affinity to the cell

membrane as well as its efficient intercellular transport.
2.5 Effective penetration and selective retention in tumor tissues

In vivo real-time imaging of DP and GFLG-DP was performed. Penetration of DP and GFLG-DP
into the tumor tissue from the tumor vasculature was monitored. After intravenous injection of GFLG-
DP, the red signal (Ppa) rapidly migrated from the vasculature into the distal tumor tissue, and it
gradually increased in the extravascular distal tumor tissue (Figure 2g and 2i). In contrast, DP
remained confined in the vasculature and the fluorescent signal was barely detectable in the
extravascular tissues (Figure 2g and 2h). Moreover, the similar results were observed in tiny
capillaries (Figure S63). These results consolidated that GFLG-DP possessed strong tumor penetration

ability and could rapidly entered into extravascular tumor tissues.

Next, to characterize the spatial distribution of GFLG-DP in tumors, we sectioned tumors. As
observed from those sections, the fluorescence of Ppa in GFLG-DP was well distributed across the
entire tumor tissue, including the vasculature within the tumor tissue and the tumor cells distal to the
vasculature. A higher level of the CTSB expression in the tumor tissue was correlated with a higher
degree of GFLG-DP accumulation (Figure 3a and Figure S64). In contrast, the fluorescence signal in
the DP group appeared only in the vascular region at the periphery of the tumor, while it was dim
inside the tumor tissue as well as in the region of neovascularization (Figure 3b and Figure S64).
These suggested that the dendron-Ppa unit released from GFLG-DP after CTSB digestion could
penetrate deeply into tumor tissues. In addition, due to the highly heterogeneous nature of 4T1
tumors, GFLG-DP was transferred from the perivascular area to different locations in the tumor tissue

and it was locally accumulated (Figure S65).

Subsequently, the retention time of GFLG-DP and DP in major organs and tumors was analyzed by
continuous monitoring of fluorescence changes (Figure S66). Clearance of free Ppa from the tumor
tissue of mice was the fastest. The fluorescence signal for DP and GFLG-DP was still detectable in
tumor tissues over two weeks (Figure 3c). In addition, the fluorescence intensity in the tumor tissues
of mice treated with GFLG-DP was much stronger than that in DP-treated mice (Figure 3d). The
major organs and tumors were collected at different time points (1, 7 and 14 days) and the

fluorescence intensity was detected (Figure S67), which indicated that the signal of Ppa was still very
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strong in the dissected tumors from both DP and GFLG-DP groups at day 14, with a stronger signal
intensity in the GFLG-DP group (Figure 3e).

The blood clearance kinetics for DP and GFLG-DP were similar, and both had a much longer
clearance duration than free Ppa, indicating that the blood circulation time of DP and GFLG-DP was
sufficiently long for their accumulation in the targeted tumor (Figure 3f and Table S5). After treating
Bal b/c mice with four consecutive therapeutic doses (5 mg/kg, Ppa equivalent), the functions of the
heart, kidney and liver of the mice were tested and all tested parameters fell within the normal range
(Figure 3g and Table S4). Taken together, these results strongly supported that GFLG-DP, which
processed a long circulation time and non-toxicity in main organs, could achieve effective penetration

and prolonged retention in the tumor tissues.
2.6 Perturbing homeostasis by selective interaction of GFLG-DP with cellular membranes

Cell membranes play a key role in homeostasis, signal transduction, transport and metabolism, and
ultimately the cell fate '*). The preliminary experiments have demonstrated that internalization and
intercellular transport of GFLG-DP may be related to the flow of membranes. We hypothesized that
dendron-Ppa produced from GFLG-DP could affect the function of cellular membranes. The CCK-8
assay results indicated that without laser irradiation, DP and free Ppa exhibited no obvious toxicity
toward 4T1 cells (Figure 4a and Figure S68). However, within the same concentration range, GFLG-
DP at a high concentration was cytotoxic to 4T1 cells (Figure 4a), indicating that dendron-Ppa may

have cytotoxicity in addition to its photodynamic effect.

To investigate how GFLG-DP induced cytotoxicity, transcriptome analysis of GFLG-DP-treated
4T1 cells was performed to examine changes in the mRNA expression level. Differentially expressed
genes (DEGs) were shown in Figure 4b and Figure S69. The Kyoto encyclopedia of genes and
genomes (KEGG) pathway result demonstrated that GFLG-DP induced significant gene expression
changes in many protein production-related pathways, including “ribosome”, “protein processing in
the endoplasmic reticulum (ER)” and “ubiquitin mediated proteolysis” (Figure 4c). Gene ontology
(GO) functional annotation revealed that most of these DEGs were associated with ribosome and
ubiquitin protein activities (Figure S70 and S71). In addition, the most enriched GO-biological
process (BP) annotations for the GFLG-DP treated group were “intrinsic apoptotic signaling
pathway”, “purine-containing compound metabolic process” and a series of other metabolic processes
(Figure 4d). Generally, newly synthesized mRNAs are transported to the ER and translated into
proteins via ribosomes, while unfolded or misfolded proteins are cleared through the ubiquitin-
proteosome pathway, which is essential for cell survival . Therefore, a low cell viability and a high

cell death rate in the GFLG-DP-treated group could be resulted from disrupting the ER homeostasis
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and activating intrinsic apoptosis. Subsequently, significantly different genes in the intrinsic apoptotic
signaling pathway in response to the ER stress in GFLG-DP-treated 4T1 cells versus normal cells
were compared (Figure 4e). Genes mediating the ER stress to induce intrinsic apoptosis in this
pathway were significantly up-regulated, such as Xbpl, Atf4, Ddit3, Bax, Bakl and Bbc3. However,
no differential genes associated with ER homeostasis were identified in DP-treated cells in
comparison with the control cells, suggesting that perturbations could be due to dendron-Ppa released
from GFLG-DP (Figure S72). In addition, CLSM results shows that GFLG-DP (red) could be co-
located with ER (green) in 4T1 cells (Figure 4f and Figure S53). Therefore, accumulation of dendron-
Ppa released from GFLG-DP on the ER membranes could disrupt the ER homeostasis, obstruct the

purine nucleotide metabolism (Figure S73) and trigger programmed cell death.

To confirm that GFLG-DP or its degradation product, dendron-Ppa, was embedded in the ER
membrane after cellular internalization to induce severe ER stresses and in turn cause stress-mediated
apoptosis, assays were performed for the expression of the ER molecular chaperone binding
immunoglobulin protein (BiP) and the transcription factor C/EBP homologous protein (CHOP) in
GFLG-DP-treated cells '\ BiP is an ER chaperone, which plays a critical role in protein folding and
quality control in the ER lumen, while CHOP is produced in response to various cellular stresses and
it induces cell cycle arrest and apoptosis under ER stresses. As the concentration of GFLG-DP
increased, the expression of BiP and CHOP also increased (Figure 4g-i and Figure S74). The results
indicated that dendron-Ppa could induce severe ER stresses in 4T1 cells through the internalization of

GFLG-DP (Figure 4j).
2.7 Progressive cytotoxicity due to massive generation of ROS

After cellular uptake of GFLG-DP, subcellular organelles may be in a perturbed state, especially the
ER. To accelerate the cell death, these cells could be exposed to laser irradiation to generate ROS after
Ppa was successfully delivered inside cells. The amount of 'O, produced by DP and GFLG-DP
increased in a time-dependent manner after laser irradiation, and reached a plateau after 700 s (Figure
S75). Next, the level of ROS inside the cell was examined via a fluorescent probe DCFH-DA 21,
There was no significant ROS production in cells after incubation with PSs only or in the control
group with laser irradiation only, while distinct green fluorescence could be seen in the cells after
treatment with both PSs and laser irradiation (Figure S76). The intracellular fluorescence intensity in
the cells treated with GFLG-DP was significantly higher than that of DP-treated cells, which may be
ascribed to a high uptake efficiency (Figure 5a). Furthermore, the fluorescence intensity in each
group was quantitatively analyzed by flow cytometry (Figure 5b). The half-maximal inhibitory
concentration (IC50) value of DP on 4T1 cells after laser irradiation was 2.60 ng/mL (Ppa equivalent),
while the GFLG-DP group exhibited considerably stronger cytotoxicity than the DP group, with an
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IC50 value of 0.16 pg/mL (Figure 5d). The effect of GFLG-DP on apoptosis of 4T1 cells was also
studied (Figure 5c and Figure S77). The percentage of apoptosis in GFLG-DP-treated 4T1 cells
increased after irradiation resulting in much higher apoptosis compared with the control groups.

Accordingly, GFLG-DP processed excellent photodynamic toxicity to 4T1 cells.

After laser irradiation of the GFLG-DP-treated 4T1 cells, differential gene expression analysis
between normal and experimental cells was performed and DEGs were visualized in Figure Se and
Figure S78. GO analysis showed that enriched functional annotations are associated with nucleosome
and DNA package (Figure 5f and Figure S79). KEGG pathway analysis revealed a remarkable
increase in the ROS-activated signaling pathways, such as “transcriptional misregulation in cancer”,
“tumor necrosis factor (TNF) pathway”, “necroptosis”, “phosphoinositide 3-kinase (PI3K) and AKT
pathway” and calcium ion-related pathways (Figure 5g and Figure S80). Next, Gene Set Enrichment
Analysis (GSEA) revealed that the mitogen-activated protein kinases (MAPK) signaling pathway
dependent genes were highly expressed in the GFLG-DP-treated 4T1 cells with laser irradiation
(Figure 5h). Collectively, our data revealed that strong oxidative stress regulated transcriptional
factors and promoted apoptotic processes through activating MAPK cascades. Herein, the expression
of the selected genes that are associated with cell apoptosis was analyzed after laser treatment (Figure
51). After exposure of GFLG-DP-treated 4T1 cells to a laser, up-regulated genes were noted to be Jun,
Btg2, Ddit3, Gadd45a, Rhob, Cdknla, Satl, Sqstml, Rela and Tnf. All these genes are correlated with
TNF signaling pathway and encode pro-apoptotic proteins. The treatment remarkably promoted Jun
expression, which indicated that high ROS activated the c-Jun N-terminal kinase (JNK) pathway and
induced cell apoptosis via the JNK/c-Jun pathway !, Next, the expression of key proteins was
assessed in the JNK pathway, as well as the phosphorylation level of these proteins was evaluated in
treated 4T1 cells. Those results showed that the phosphorylation levels of the key proteins in this
signaling axis, including p-MEKK4, p-JNK and p-c-Jun, were evidently increased in GFLG-DP-
treated 4T1 cells after laser irradiation. Moreover, the amount of cleaved caspase-3 (cleaved-CASP3)
was detected, which is an important mediator of apoptosis. The level of cleaved-CASP3 was
significantly increased in cells treated with GFLG-DP and laser irradiation compared to other groups
(Figure 5j and 5k, Figure S81 and S82). Therefore, laser irradiation of the GFLG-DP-treated 4T1 cells
promoted a high level of apoptosis, in which the JNK/c-Jun pathway could be a critical pathway for
the induction of apoptosis in 4T1 cells (Figure 51).

2.8 Enhanced in vivo tumor therapeutic efficacies

The in vivo anti-tumor activity was studied in the mice with 4T1 tumors according to the procedure
described in Figure 6a. The tumor volume of mice in the DP and GFLG-DP groups gradually
decreased after laser irradiation, while no significant size changes in the tumors were found in six
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groups treated with saline, saline with laser, free Ppa, free Ppa with laser, DP and GFLG-DP (Figure
6b).

In addition, after 19 days of treatment, GFLG-DP showed a higher therapeutic efficacy than DP,
evidenced by a significant decrease in the tumor volume (87.98% reduction vs. control) and the tumor
weight (81.19% reduction vs. control) (Figure 6¢c and 6d). Furthermore, H&E staining of the lungs of
mice at the end of therapy displayed different degrees of carcinogenesis in the control groups
compared to the GFLG-DP/laser-treated group, which confirmed tumor metastasis inhibition after
administration of GFLG-DP with laser irradiation (Figure 6e). Maintenance of normal body weights
was found in all groups during the entire treatment period (Figure S83). H&E staining of major organs
of mice exhibited no significant organ lesions after therapy (Figure S84). In addition, the mice were
continuously observed for 35 days after treatment. The survival curves were well correlated with the

results of tumor growth (Figure 6f).

3. Conclusion

In summary, we designed and constructed an amphiphilic block polymer-dendron conjugate,
GFLG-DP, which formed stable nano-aggregates via self-assembly and showed excellent stealthy
blood circulation. The nano-aggregates displayed the stealthy-to-sticky structural transformation that
was ascribed to enzymatic hydrolysis of the GFLG substrate in GFLG-DP by highly expressed CTSB
in the tumor tissue. The dendron-Ppa released from GFLG-DP effectively accumulated on the tumor
cell membrane. The interaction between dendron-Ppa and the tumor cell membrane facilitated
effective intracellular transport and infiltration via membrane flow, thus achieving efficient deep
penetration and long-term retention of dendron-Ppa in solid tumor tissues. After internalization,
dendron-Ppa was distributed on the ER, inducing the ER stress to disrupt ER homeostasis, evidenced
by an increase in the expression of CHOP and BiP. Upon laser irradiation, strong oxidative stresses
due to a high level of ROS produced from dendron-Ppa disturbed the structure and function of cellular
membranes including the ER, resulting in cellular homeostatic imbalance as well as cell death, which
were supported with elevated phosphorylation of proteins in the JNK-c-Jun pathway and expression
of cleaved caspase 3. Injection of GFLG-DP into the 4T1 tumor-bearing mice four times with laser
irradiation resulted in an enhanced therapeutic effect compared to the saline control. The CTSB-
triggered transformation of the polymer-dendron conjugate could meliorate its distribution and perturb
cancer cellular homeostasis via membrane flow, and this unique design strategy may be extended to

developing other intelligent drug delivery systems to enhance the tumor therapeutic efficacy.

4. Experimental Section
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Materials, methods, preparation and characterization of GFLG-DP and DP, cells, animal and
imaging studies, in vitro and in vivo anticancer studies and their relative anticancer mechanism, and
statistical analysis were provided in Supporting Information. All animal experiments were carried out
at West China Hospital in strict compliance with the Guidelines for Care and Use of Research
Animals established by the Ethics Committee of West China Hospital, Sichuan University, China
(2018148A and 2018150A). Data statistical analysis was performed via two-tailed unpaired t-test

between two-groups, and one-way analysis of variance (ANOVA) analysis for multiple groups.
Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Scheme 1. Schematic illustration of cathepsin B (CTSB)-triggered POEGMA-b-p(GFLG-
Dendron-Ppa) (GFLG-DP) for procedural cancer therapy. (a) An amphiphilic block polymer-
dendron conjugate, GFLG-DP, could form stable nano-aggregates with excellent stealthy blood
circulation. GFLG-DP displayed the stealthy-to-sticky structural transformation that was ascribed to
enzymatic hydrolysis of the GFLG substrate by highly expressed CTSB in the tumor tissue. (b)
Dendron-Ppa released from GFLG-DP effectively accumulated on the tumor cell membrane. The
interaction between dendron-Ppa and the tumor cell membrane facilitated effective intracellular
transport and penetration via membrane flow, thus achieving efficient deep penetration and long-term
retention of dendron-Ppa in solid tumor tissues. (c) After internalization, dendron-Ppa was distributed
on the ER, inducing the ER stress to disrupt ER homeostasis. Upon laser irradiation, strong oxidative

stresses due to a high level of ROS induced apoptosis.
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Figure 1. Self-assembly and enzyme-assisted disassembly of GFLG-DP. (a) Molecular structure
and the coarse-grained (CG) model of the polymeric conjugate GFLG-DP. (b) Simulated assembly
structures of nano-aggregates formed from GFLG-DP at different component ratios (x = OEG, y =
dendron Ppa) via dissipative particle dynamics (DPD) simulations. Pink for the hydrophobic dendron
unit, and bright red for the Gly-Phe-Leu-Gly (GFLG) tetrapeptide, a substrate for CTSB. (c) Temporal
evolution of the self-assembled supramolecular structure for GFLG-DP, when x =56,y = 1. (d) A

representative stable structure of the nano-aggregate from GFLG-DP (x = 56, y = 1) without bond
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breakage. () TEM image of GFLG-DP at pH 7 without CTSB (scale bar, 500 nm). (f) A
representative structure of the nano-aggregate from GFLG-DP (x = 56, y = 1) with bond breakage
without external forces. Bright red units for GFLG changed evidently, while the nanostructure
remained. (g) The TEM diagram confirmed the formation of smaller nano-aggregates at ~30 nm after
incubation of GFLG-DP with CTSB (scale bar, 500 nm). (h) Changes in the DLS size of GFLG-DP
before and after incubation with CTSB. (i) Changes in the Young’s modulus of GFLG-DP and the
degraded product r-GFLG-DP. (j) GPC results of GFLG-DP and GFLG-DP after incubation with

CTSB. (K) The fluorescence spectra of GFLG-DP during the enzymatic degradation process.
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Figure 2. Rapid internalization of GFLG-DP by 4T1 tumor cells and its transport in
intercellular and intratumor tissues. (a) Colocalization of the macropinocytosis marker, dextran-70
kDa (red), the lipid raft marker, cholera toxin B subunit (magenta) and GFLG-DP (green) in 4T1
cells. Representative yellow areas indicated colocalization of Ppa and dextran-70 kDa. Scale bar, 10

pm. (b) Stimulated emission depletion (STED) confocal microscopy images of the 4T1 cells
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incubated with GFLG-DP. Scale bars, 20 um (left) and 2 um (right). (c) Schematic of the intercellular
transport of GFLG-DP via transwell. (d) CLSM images of 4T1 cells in the lower layer after they were
co-cultured with 4T1 cells in the upper layer that was incubated with GFLG-DP. Blue for cell nuclei
and red for Ppa (scale bar, 100 um). (e) CLSM images for multi-cellular spheroids (MCSs) after
incubation with free Ppa, DP and GFLG-DP, respectively. Green for 4T1-GFP cells and red for Ppa
(scale bar, 50 um). (f) CLSM images of the giant plasma membrane vesicles (GPMVs) isolated from
4T1 cells at 2 h post-incubation with DP and GFLG-DP, respectively. The strong fluorescence signal
on GPMVs suggested that enzymatic hydrolysis products of GFLG-DP could interact with the cellular
membrane (scale bar, 10 um). (g) Time-lapse images for extravasation and distribution of Ppa into the
tumor tissue in 4T1 tumor-bearing mice after intravenous injection of free Ppa, DP or GFLG-DP.
Green for FITC-dextran-labelled blood vessels and red for Ppa (scale bar, 100 um). (h, i) The average
fluorescence intensity of the selected region in the DP- and GFLG-DP-treated groups, and the

abscissa represented the distance from the blood vessels.
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Figure 3. Effective penetration and long-term retention of GFLG-DP in the tumor tissue. (a, b)
Representative analysis of distribution of Ppa in various regions of a subcutaneous 4T1 tumor after
GFLG-DP or DP administration. Scale bars, 100 mm (left) and 200 um (right). The fluorescence of
GFLG-DP (red), tumor vessels (yellow) and CTSB (green) indicated that the intratumoral distribution
of GFLG-DP was correlated with the concentration of CTSB, while the fluorescence of DP (red) was
mainly distributed in the vasculature-rich area outside the tumor tissue. (c) Fluorescence images of
4T1 tumor-bearing mice for 14 days. Strong Ppa fluorescence in the GFLG-DP group suggested a
high level of intratumoral accumulation and retention. (d) The average integrated fluorescence
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intensity in the GFLG-DP and DP groups over the tumor tissue area. (e) Representative analysis of
distribution of Ppa in the entire regions of a subcutaneous 4T1 tumor on day 14 after administration,
supporting long-term and effective retention of GFLG-DP in tumor tissues (Scale bar, 800 um). (f)
Pharmacokinetic profiles of the blood Ppa concentration in mice (n = 3). (g) Blood test parameters in
terms of the liver function (ALT: alanine transaminase, AST: aspartate transaminase), the heart
function (CK: creatine kinase) and the kidney function (CREA: creatinine, UREA: urea) of treated

mice (n = 4).
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Figure 4. Perturbation of biological activity of 4T1 tumor cells by GFLG-DP. (a) 4T1 cell
viability after incubation with DP and GFLG-DP, without laser irradiation (n = 5). (b) Volcano plot of
DEGs in control cells and GFLG-DP-treated 4T1 cells. The dashed line indicated the cut off for the p-
adjusted value (p-adjusted < 0.05, log |FC| > 0.3). Known genes for the ER stress induced apoptotic
activity were highlighted in boxes. (c) Functional enrichment analysis to identify top 10 enriched gene
ontologies by comparing the control cells and GFLG-DP-treated 4T1 cells. (d) Gene Ontology (GO)
term enrichment analysis of DEGs between the control 4T1 cells and GFLG-DP-treated cells. The
identified enriched regulation of apoptotic terms were highlighted in the table. (e) Heatmap analysis
of selective DEGs for the intrinsic apoptotic signaling pathway in response to the ER stress. (f)
Representative CLSM images for co-localization of ER (green) and GFLG-DP (red) in 4T1 cells. The
cell nuclei were stained with DAPI in blue. Scale bar = 10 um. (g) Representative immunoblots for
expression of BiP and CHOP in 4T1 cells after treatment with GFLG-DP at different concentrations
(n = 3). BiP and CHOP were used as markers for ER stresses. (h, i) Quantification of CHOP and BiP
proteins normalized by beta-actin. Data are presented as mean * s.d., n = 3. (j) Schematic
representation of ER stresses induced by GFLG-DP.
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Figure 5. Rapid cell death induced by intense cellular stresses from GFLG-DP after laser
irradiation. (a) Intracellular ROS production in 4T1 cells after internalization of DP or GFLG-DP
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with laser. ROS were stained with DCFH-DA, scale bar = 20 um. (b) Mean fluorescence intensity
(MFI) of DCF-DA in different groups for their ROS production efficiency. Symbols in the legend, L:
laser; G: GFLG; blank: 4T1 cells without DCF-DA,; control: 4T1 cells with DCF-DA. (c) Apoptosis
assays of the 4T1 cells treated with control, DP and GFLG-DP, respectively, with laser irradiation. (d)
4T1 cell viability after incubation with DP or GFLG-DP with laser irradiation (n = 5). (¢) Volcano
plot of DEGs in control cells and laser-irradiated 4T1 cells after uptake of GFLG-DP. The dashed line
indicated the cutoff for the p-adjusted value (p-adjusted < 0.05, log |FC| > 1). Known apoptotic genes
associated with cellular stresses were highlighted in boxes. (f) Gene Ontology (GO) term enrichment
analysis of DEGs between the control 4T1 cells and the laser-irradiated 4T1 cells after uptake of
GFLG-DP. The identified enriched GO-biological process terms (violet), GO-molecular function
terms (blue) and GO-cellular component terms (green) were listed, p-adjusted < 0.05, log |FC| > 1. ()
Functional enrichment analysis to identify top 10 enriched gene ontologies from the control cells and
the laser-irradiated 4T1 cells after uptake of GFLG-DP. (h) Strong MAPK activation in GFLG-DP-
treated 4T1 cells with laser irradiation from GSEA analysis. (i) Heatmap for selective DEGs related to
apoptosis. (j) Immunoblots for key proteins in the JNK/c-Jun pathway in 4T1 cells only, the 4T1 cells
after treatment with DP or GFLG-DP, laser irradiation only, DP with laser irradiation and GFLG-DP
with laser irradiation, respectively. (k) Semi-quantitative analysis of cleaved caspase 3 protein
normalized by beta-actin, ***p < 0.001. (I) Schematic diagram of apoptosis induced from both laser

irradiation and internalization of GFLG-DP.
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Figure 6. In vivo anticancer activity of GFLG-DP. (a) Procedures for animal therapy experiments

(n =5). (b) Tumor sizes of each individual mouse in different treatment groups. (c) Tumor growth

curves during therapy. The tumor size in the GFLG-DP-injected group with laser irradiation was

significantly smaller than that in other groups (n =5, ***p < 0.001). (d) Tumor weights of each
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treatment group after therapy (n = 5, ***p < 0.001; NS for no significance). (e) H&E images of the
lung after different treatments. (f) Survival curves of different treatment groups up to 35 days from the

initial treatment.
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