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Nanoparticles (NPs)-based cancer therapeutics is generally impeded by poor drug penetration into solid
tumors due to their dense tumor extracellular matrix (ECM). Herein, we develop pH/redox-responsive
dendritic polymer-based NPs to amplify the neighboring effect for improving drug penetration and
driving cell apoptosis via combination therapy. Pyropheophorbide a (Ppa) is conjugated with
PEGylated dendritic peptides via disulfide bonds and doxorubicin (DOX) encapsulated in the conjugate
to construct dual-responsive NPs, PDPP@D. Delayed released DOX and Ppa from PDPP@D exert
their combination therapeutic effect to induce cell apoptosis, and then they are liberated out of dying
cells to amplify the neighboring effect, resulting in their diffusion through the dense ECM and
penetration into solid tumors. Transcriptome studies reveal that PDPP@D leads to irreversible stress on
the endoplasmic reticulum and inhibits cell protection through blocking the IRE1-dependent survival
pathway and unleashing the DR5-mediated caspase activity to promote cell death. The strategy of
amplifying the neighboring effect of NPs through combination therapy may offer great potential in

enhancing drug penetration and eradicating solid tumors.

1. Introduction

Nanoparticles (NPs) that have a shrinkable size and/or a switchable charge can be tuned for
structural deformation in the tumor microenvironment can remarkably improve pharmacokinetics of
encapsulated drugs and enhance their penetration in solid tumors, therefore, these NPs have the

™ Although size, charge and

great potential for next generation drug delivery and tumor therapy.
shape changes of these NPs could improve transportation of NPs in tumor tissues, physical and
chemical properties of the tumor microenvironment may significantly impede the penetration of NPs

2 A dense extracellular matrix (ECM), a high cell packing density, an

at a therapeutic concentration.
elevated interstitial flow pressure and a slow interstitial flow velocity constitute a variety of tumor
microenvironment barriers.?! NPs that reach the tumor sites are dominantly hijacked by stroma cells,
and their penetration in the tumor mass is greatly retarded by a dense network of the ECM." Nano-
carriers, such as liposomes, viruses, and polymers, have a size of tens to hundreds of nanometers,
and they often need to overcome the barrier of the interlaced network of the ECM so that they can

achieve deep penetration in the tumor tissue.”!

The neighboring effect was found to improve the penetration of drug-loaded NPs and boost
cytotoxicity of the drug in tumor masses. Because of the neighboring effect, tumor cells may

become in-situ drug depots after their uptake of drug-loaded NPs, and the drug could be released
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from dying cells produced by drug induced apoptosis to kill surrounding cells. Through the
intracellular-to-intercellular delivery cycle, the drug could gradually move to the interior of tumors.
Notably, the NPs with the neighboring effect have a greater ability to retain high retention in tumor
tissues due toa mechanism known as enhanced permeability and retention (EPR) effect.”! In
addition, free drugs readily penetrate through the ECM by faster convective transport in comparison
with much slower diffusion of NPs.®! Compared with burst release of a drug from NPs, delayed
release of the drug could prolong its period of action, allowing more drug to be released to Kkill
neighboring tumor cells, thus achieving the greatest enhancement in intercellular penetration in the
tumor tissue.'® Therefore, NPs with strong tumor retention and delayed drug release could amplify
the neighboring effect to achieve uniform drug distribution throughout the entire tumor tissues and

elevated antitumor effects.

Supramolecular peptide is a novel self-delivery nano-platform for drug conjugates that offers a
range of advantages, such as facile fabrication, high drug-loading capacity, prolonged blood
circulation, and decreased carrier-related toxicity.” Recently, we have reported that a PEGylated
dendritic peptide-pyropheophorbide a (Ppa) conjugate, PDPP, can assemble into self-stabilized
nanoparticles with enhanced tumor retention and stable delivery of Ppa for highly-efficient
photodynamic therapeutic effects."® This study demonstrates the self-stabilized nanoparticles based
on PEGylated dendritic peptides are promising for tumor therapy. However, challenges remain to
improve the antitumor efficacy because Ppa cannot be released from PDPP to achieve the
neighboring effect for deep tumor penetration. In addition, stimuli-responsive NPs have been widely
studied due to a differential pH/redox/ATP level in the tumor microenvironment."” As a result, self-
assembled NPs with pH/redox-responsive drug liberation offer great potential for application in

tumor penetration.

Accordingly, we developed pH- and redox-responsive NPs, PDPP@D, to augment penetration and
efficacies of Ppa and DOX at the tumor site via the neighboring effect (Figure 1). After intravenous
administration, PDPP@D that had a negative charge in the PEG shell during blood circulation could
efficiently accumulate at the tumor site, and it could be subsequently internalized by the cells at the
outer layer of the tumor tissue. A low endosomal/lysosomal pH could promptly protonate the amino

group of DOX and a high level of cytosolic glutathione (GSH) could efficiently trigger the cleavage of
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the disulfide bond to release DOX and Ppa from PDPP@D, respectively. The released DOX and Ppa
could induce apoptosis of tumor cells by combination therapy. Both drugs that were liberated from
dead cells could be transferred into neighboring cancer cells, ultimately reaching the center of the
solid tumor. Administration of PDPP@D was found to up-regulate PKR-like ER kinase (PERK) to
activate the endoplasmic reticulum (ER) stress. PDPP@D treatment with laser irradiation could
strengthen this stress to raise the mRNA level of death receptor 5 (DR5) to mediate increased activity
of caspase and drive the apoptosis. Notably, inositol requiring 1 (IRE1)-associated cell protection was
significantly impaired. Therefore, the synthesized PDPP@D could facilitate effective delivery of two
antitumor drugs to the deep tumor tissue via the neighboring effect, leading to irreversible ER
stresses and impaired cell protection for destroying the entire solid tumor. This study offers a
potential nano-platform to enhance drug penetration into deep tumor tissues for efficacious

antitumor therapy.
2. Results
2.1. Synthesis and characterization of PDPP@D

In this study, NPs were designed by harnessing the neighboring effect to enhance drug
penetration in tumors. To achieve this objective, NPs should possess strong tumor retention, and
drugs should preferably be released in the delayed manner. Meanwhile, apoptosis of tumor cells
could be significantly induced via combination therapy, ultimately resulting in a strong neighboring
effect. In our previous report, we developed an amphiphilic conjugate, PDPP, which was capable to
be utilized as a nano-carrier to deliver payloads (drugs, genes or dyes) with ultrahigh stability and
high tumor retention for photodynamic therapy of tumors™?. Herein, we exploited the ultrahigh
stable nature of PDPP to design dual-responsive NPs (PDPP@D), which could not only achieve
delayed release of DOX/Ppa for combination therapy,™ but also amplify the neighboring effect to

eliminate the entire tumor tissue.

As one of the computational simulation methods, dissipative particle dynamics (DPD) simulation is
appropriate for complex drug delivery systems, and employed to investigate the self-assembly
process of PDPP@D (Scheme S1 and Table S1, Supporting Information).”™ First, we investigated the

loading capacity of PDPP for DOX, as well as the self-assembly structure of PDPP@D. DPD
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simulations on the DOX-loaded PDPP@D at different ratios of DOX to PDPP ranging from 1/5 to 30/1
were conducted and the results were shown in Figure 2A and Figure S1 (Supporting Information).
PDPP and DOX were initially randomly dispersed in the simulation box to form a homogeneous
solution. With increasing time, PDPP gradually aggregated to form small core-shell clusters and DOX
was captured inside the core of PDPP after 12000 simulation steps. Subsequently, small clusters
interacted with each other to form larger aggregates after 60000 steps, and finally a large single
spherical micelle was formed after 1,000,000 steps. At 3,000,000 simulation steps, free DOX was
observed to diffuse into the spherical micelle. When the simulation step increased, no observable
change in the shape and size of the spherical micelle was found, indicating that microphase
separation of this system reached dynamic equilibrium and a stable DOX-loaded micelle was
eventually formed. In this equilibrium state, DOX was physically encapsulated in the assembly core,
while PDPP was located in the shell region. It was worth noting that increasing DOX content did
gradually influence the micelle structure. As the ratio of DOX to PDPP increased from 1/5 to 5/1, the
majority of DOX could be encapsulated inside the micelle, however, when the ratio of DOX to PDPP
increased from 15/1 to 30/1, the micelle could not encapsulate all of DOX, leading to a reduced
entrapment efficiency of DOX and an increased exposure level of DOX outside the surface of the
micelle (Figure S2A, Supporting Information). The density distributions of DOX at the ratio of DOX to
PDPP from 1/5 to 5/1 were clearly shown in Figure S2B (Supporting Information) as radial
distribution function curves. These simulation results suggested that with an increase in the DOX
content, DOX was initially confined inside the micelle core, then gradually migrated to the interface
between the hydrophobic core and the hydrophilic PEG shell, and finally exposed to the surface of
the micelle. By carefully manipulating the ratio of DOX to PDPP, PDPP could form stable micelles in
an aqueous solution and DOX could be well encapsulated inside the micelles. Therefore, the feed

ratio of DOX to PDPP was suggested to be 1/5~5/1 to prepare PDPP@D.

Then, PDPP was prepared in accordance with previously reported studies (Scheme S2 and Figure
S3-7, Supporting Information)[lo]. Subsequently, both PDPP and DOX were dissolved thoroughly in
dimethyl sulfoxide (DMSO) at the feed ratio recommended from DPD simulations, and the mixture
was dropwise added into an aqueous medium under ultrasonic conditions. Supramolecular

interactions drove the formation of self-assembly nanoparticles and synchronous encapsulation of
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DOX. As shown in differential scanning calorimetry (DSC) curves in Figure 2B, an endothermic peak of
DOX appeared at about 231.63 [ for DOX-HCI and 237.60 [ for the physical mixture of DOX-HCl and
PDPP. However, this endothermic peak of DOX-HCI disappeared in the curve of PDPP@D, implying
that DOX was wrapped in the nanoparticles in amorphism. The loading content of Ppa and DOX was
about 14.3% and 6.9%, respectively, determined via a UV-Vis spectrophotometer (Figure S8,
Supporting Information). In the aqueous solution, PDPP was able to self-assemble into
nanostructures, and the critical assembly concentration (CAC) of PDPP was determined to be 2.44 ug
mL™ (Figure S9, Supporting Information). The photophysical properties of PDPP and PDPP@D
revealed that fluorescence of Ppa and DOX was quenched in the assembled nanoparticles, but their
fluorescence was successfully recovered when the assembled structure was disrupted with a
surfactant, sodium dodecyl sulfate (SDS) (Figure S10, Supporting Information). Similar observations
were observed in the UV-vis absorption spectra of PDPP and PDPP@D (Figure S11, Supporting
Information), indicating that the hydrophobic force and m—mt stacking of Ppa and DOX could intensify
the aggregation-induced quenching effect in PDPP and PDPP@D. In addition, both PDPP and
PDPP@D possessed better resistance against photo-bleaching in comparison with Ppa because of
their stable and intact self-assembled nanostructures as their absorbance remained after laser
irradiation in an intact (in H,0) or a disrupted (in DMSO) structure (Figure S12, Supporting
Information). To determine the feasibility of using PDPP@D for photodynamic therapy (PDT), the
molar extinction coefficient, fluorescence quantum yield and singlet oxygen quantum yield of PDPP
and PDPP@D were examined and compared with Ppa. As shown in Figure S13 and Table S2
(Supporting Information), the above three parameters of PDPP and PDPP@D were slightly lower than
those of Ppa, indicating both PDPP and PDPP@D may be used as a photosensitizer for PDT.
Moreover, there were no significant differences in the above three parameters between PDPP and
PDPP@D. These data demonstrated that neither the self-assembly nor the DOX encapsulation in
PDPP affected the photo-properties of Ppa in PDPP@D.

In our previous study, we have identified that a hydrophile-lipophile balance (HLB) value has a
significant impact on the physicochemical features of amphiphiles, and the HLB value may directly
affect the size of amphiphiles with self-assembled nanostructures.”" In this study, Ppa was a

hydrophobic chlorophyll-derived porphyrin analogue that had similar chemical properties and
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structures (e.g., hydrophobic, aliphatic and aromatic) as hydrophobic DOX. Therefore, wrapping DOX
into one nanoparticle would reduce its HLB value, ultimately affecting the morphology and size of
the nanoparticle. Furthermore, non-covalent interactions between Ppa and DOX would impact the
self-assembly behavior of the nanoparticle. As shown from dynamic light scattering (DLS)
measurements (Figure 2C and Table S3, Supporting Information), both PDPP and PDPP@D exhibited
a weak negative charge, but PDPP@D (56 nm) was smaller than PDPP (about 150 nm), which was
consistent with transmission electron microscopy (TEM) observations (Figure 2D). Moreover, non-
covalent interactions on self-assembly of PDPP and PDPP@D, such as hydrophobic effect, hydrogen
bonding or ionic interaction, were investigated. As observed in Figure 2E and Figure S14 (Supporting
Information), both PDPP and PDPP@D had no significant change in the hydrodynamic diameter after
dispersion in the NaCl or urea solutions at all tested concentrations, but disassembly of both of them
occurred in the Triton X-100 solution at high concentrations due to hydrophobic competition, which
supported that the hydrophobic force may be the most important driving force for self-assembly of
PDPP and PDPP@D. The hydrodynamic diameter and PDI of PDPP and PDPP@D in PBS with 10% FBS
remained unchanged for 72 h (Figure 2F-G and Figure S15, Supporting Information), indicating both
nanoparticles could maintain a stable self-assembled structure in a physiological condition. These
results suggested that both PDPP and PDPP@D could have long-term colloidal stability and possess
resistance to protein adsorption, leading to a prolonged blood circulation with enhanced tumor

retention for NPs.

To examine the sensitivity of dual-responsive PDPP@D to biological stimuli such as an acidic pH
and an elevated intracellular redox milieu proposed in Figure 1, a microplate spectrophotometer, DLS
and TEM were used to reveal the release kinetics of PDPP@D under different conditions (Figure 2H).
PDPP@D could maintain its structural stability with ~20% of DOX released after 12 h incubation at a
physiological pH. It was interesting to note that DOX release from PDPP@D increased to 32% at pH
7.4 in the presence of 10 mM GSH, due to cleavage of the disulfide bond in PDPP@D. Only 60% of
DOX was released in 60 h under the same release condition, as release of DOX from PDPP@D was
strongly inhibited by hydrophobic interaction between DOX and PDPP. However, the release of DOX
was substantially increased and 71% of DOX was released from PDPP@D in 60 h at pH 5.2 owing to
pH-induced protonation. Additionally, 78% of DOX released from PDPP@D release in 60 h was
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observed at pH 5.2 in the presence of 10 mM GSH. The delayed release of Ppa was also confirmed in
the presence of GSH (Figure S16, Supporting Information). Additionally, the delayed release of DOX
was in accordance with size changes of PDPP@D under these release conditions (Figure 2| and Figure
S17, Supporting Information). PDPP@D maintained an average size of about 60 nm with a PEG outer
shell at pH 7.4, which was beneficial for transportation of the micelle in the blood and retention in
the tumor tissue due to the EPR effect. However, PDPP@D expanded to 560 nm due to cleavage of
the disulfide bond in PDPP@D in the presence of 10 mM GSH at 12 h, while it could retain a stable
nanostructure due to the PEG outer shell. From 12 h to 24 h, cleavage of the disulfide linkage
between hydrophilic PDP and hydrophobic Ppa led to disassociation of PDPP@D into bigger loose
aggregates. Similar observations were applied to the size evolution of PDPP@D in pH 5.2 with 10 mM
GSH. TEM images of PDPP@D in Figure 2J also supported that the size distribution of particles shifted
from a nano-meter scale to a micron meter scale at 24 h (pH 5.2 with 10 mM GSH). With a decrease
in pH and in the presence of GSH, Ppa and DOX was released from PDPP@D to result in a disturbance
in the HLB value of PDPP@D. Thus, the nanostructure experienced structural changes from a fully
packed structure in the form of nanoparticles to a loosely packed structure in the form of
microparticles and then irregularly micro-sized aggregates. Ultimately, the disulfide bonds of these
aggregates were cleaved by GSH and small degraded fragments were formed (Figure 2K). Delayed
release of DOX played important roles in structural transformation of PDPP@D, which may prolong
the action period of the drug and allow it to repeatedly infect more tumor cells to obtain the

optimum penetration by boosting neighboring effect.
2.2. The neighboring effect of PDPP@D

To confirm PDPP@D had the neighboring effect to release drugs from apoptotic cells and then
induce cell death of the surrounding cells, fresh cells were treated with the spent medium from
PDPP@D-treated cells. As shown in Figure 3A, 4T1 cells were first incubated with PDPP@D for 2, 8,
or 24 h and subsequently irradiated by a laser. The liberated NPs and free drugs in the medium from
dying cells were separated and collected. The spent medium from non-irradiated cells were also
collected as a control. The collected medium at different time points was transferred and incubated

with fresh cells with or without laser irradiation.
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The released products in the spent medium from 4T1 cells treated with PDPP@D for 2, 8, and 24 h
with or without laser irradiation were analyzed by LC/MS. Compared with the retention time in the
LC/MS spectra for standard samples (free DOX and Ppa), the released products from dying cells had
a consistent retention time of 2.5 min for DOX and 5.7 min for Ppa under the same analytical
condition (Figure 3B and Figure S18-31, Supporting Information). To further characterize these
chemical compositions, the mass spectrometry (MS, MS1) of their parent ions and tandem mass
spectrometry (MS/MS, MS2) of their daughter ions were compared with those for standard samples
(free DOX and Ppa) under the same analytical condition. The molecular ion peaks at m/z 544.18 in
the MS spectrum of the released products from dying cells were assigned to [M+H]" of DOX and m/z
535.27 to [M+H]" of Ppa, which were in agreement with those of standard samples (Figure 3C and
Figure S18-31, Supporting Information). The diagnostic ions in the MS2 spectrum (daughter ions)
also displayed consistent peaks at m/z 397.09 for DOX and m/z 535.27 for Ppa in comparison with
free DOX and Ppa (Figure 3C and Figure S18-31, Supporting Information). These results indicated
that the intracellular drugs from dying cells treated by PDPP@D could be released to the cell culture
medium. Quantitative analyses of released DOX and Ppa from treated cells in the medium were also
performed according to the MS1 and MS2 spectra. The concentrations of DOX and Ppa in the spent
medium were calculated using standard curves fitted by the weighted least-square method. As
shown in Figure 3D-E, the spent medium from irradiated cells had a significantly higher
concentration of DOX and Ppa than that from un-irradiated cells, which demonstrated that PDPP@D
with laser irradiation could improve the release of drugs from treated cells. In addition, the spent
medium with a longer incubation time induced higher cytotoxicity for the fresh cells as shown in
Figure 3F. Furthermore, the spent medium from irradiated cells was more toxic than that from non-
irradiated cells (Figure 3F). This result indicated the combination therapy of PDPP@D could enhance
the neighboring effect, which led to enhanced uptake of drugs by surrounding cells and better

cytotoxicity to neighboring cells.
2.3. PDPP@D Enhanced drug penetration via the neighboring effect

Once successful fabrication of dual-responsive PDPP@D was confirmed, we first evaluated its
tumor penetration mediated by the neighboring effect in vitro. After 3 h of incubation, cells cultured

with PDPP and PDPP@D displayed strong fluorescent intensity in the cytoplasm, and DOX was
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completely packaged in PDPP@D evidenced with overlapping of red and green fluorescence (Figure
S32, Supporting Information). A time-dependent increase in the fluorescence intensity was revealed
by the flow cytometry due to a gradual increase in cellular uptake of Ppa, DOX, PDPP and PDPP@D
from 2 h to 24 h, and the cellular uptake efficiency of both Ppa and DOX was higher than that of
PDPP and PDPP@D, which may be ascribed to a smaller molecule structure of both Ppa and DOX
with a rapid entry rate into cells (Figure S33, Supporting Information). Remarkably, PDPP@D was
internalized by 4T1 cells more efficiently compared to PDPP, due to a smaller size of PDPP@D than
PDPP. To further confirm size-dependent internalization, we examined cellular internalization
pathways and subsequent intracellular trafficking of PDPP@D in 4T1 cells (Figure S34, Supporting
Information). Flow cytometry results indicated that the cellular uptake of both PDPP@D and PDPP
were completely blocked at 4 °C, which suggested the internalization of both of them could be an
energy-dependent process.™ It was also founded that a significantly lower amount of PDPP@D was
internalized at 4 °C compared to PDPP. These results implied that internalization of PDPP@D would

demand a higher level of energy consumption in tumor cells due to its significantly smaller size.

Multicellular spheroids (MTS) were then employed as an in vitro three-dimensional (3D) model
mimicking the 4T1 tumor tissue to evaluate penetration of Ppa, DOX, PDPP and PDPP@D (Figure
$35-36, Supporting Information).*®! After incubation of MTS with four components for 3 h, DOX
(green) was clearly seen inside the MTS although the intensity was low, whereas Ppa (red) was only
shown on the outer layer of the MTS, which may be due to poor distribution of Ppa. Excitingly,
stronger Ppa fluorescence signal was observed in the periphery of the MTS after incubation with
PDPP and PDPP@D, and DOX (green) of PDPP@D was evenly distributed within the spheroids,
indicating Ppa penetration was enhanced in the periphery of the MTS and DOX penetration
throughout the MTS, which were in alignment with the cellular uptake results and the hypothesis in
Figure 1. This 3D model was also employed to investigate whether PDPP@D amplified the
neighboring effect to enhance its tumor penetration. Because cell apoptosis is essential for the
neighboring effect to liberate the remaining NPs for the surrounding cells, laser irradiation was
imposed to achieve higher cytotoxicity. Compared to PDPP@D without laser, PDPP@D treatment
with laser irradiation resulted in remarkably stronger fluorescence signal of both Ppa and DOX

distributed throughout the MTS, particularly for the signal in the interior of the MTS (Figure 4A-C).
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Owing to the combination therapeutic effect of PDPP@D, the amplified neighboring effect resulted

in more effective penetration into MTS of both drugs.

Blood clearance kinetics studies indicated that both PDPP and PDPP@D possessed a longer
circulation time in comparison with Ppa, and in vivo stability of Ppa was enhanced after its coupling
with PEGylated dendritic peptides. Both PDPP and PDPP@D as stable nanoparticles had significant
impact on blood clearance kinetics that largely increased the half-life of Ppa, and PDPP@D resulted
in highest prolonged half-life of ~22.9 h (Figure 4D and Table S4, Supporting Information). In
addition, PDPP@D did not leak DOX in the mouse plasma and significantly prolonged the half-life of
DOX about 6 folds, which supported excellent stability of PDPP@D during blood circulation (Figure
4E and Table S5, Supporting Information). Real-time extravasation and tumor penetration of
PDPP@D in 4T1 tumors were monitored (Figure 4F). After intravenous injection of PDPP@D, the
signal was initially confined in the tumor blood vessels within the initial 30 min, and the
nanoparticles then gradually extravasated from the vessels and diffused into the distal tumor site at
60 min. The biodistribution of PDPP and PDPP@D in mice bearing 4T1 tumors was investigated
through the fluorescence detection (Figure 4G-H, Figure S37, Supporting Information). At 6 h after
intravenous injection of PDPP and PDPP@D, Ppa fluorescence signal became distinctly visible at
tumor sites in both PDPP and PDPP@D groups. As the time prolonged, stronger fluorescence signal
in both PDPP and PDPP@D groups was observed in the solid tumor. The fluorescence signal in the
PDPP@D-treated group was stronger than that in the PDPP group for all monitoring time points,
because dual-responsive PDPP@D would exert the enhanced neighboring effect to initiate tumor
penetration and retention. It was noted that Ppa retention was distinctly boosted in the PDPP@D-
treated group at 18 d, and such an outstanding performance in tumor retention of Ppa was ascribed
to deep penetration and homogeneous distribution of PDPP@D in the solid tumor tissue. Because of
quick blood clearance and non-specific biodistribution of free Ppa, the Ppa-treated groups showed a
very faint fluorescence signal throughout the monitoring process. The distribution of PDPP@D in 4T1
tumors at 24 h was imaged via observation of optical tumor sections under a CLSM (Figure 4l). These
images confirmed the neighboring effect facilitated enhancement in PDPP@D extravasation from
tumor vasculature into the distal matrix, thereby it may hold great potential for deep penetration in

solid tumors.
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2.4. Antitumor effects of PDPP@D

The efficacy for treating malignant tumors with PDPP@D through a combined treatment strategy
by PDT and chemotherapy was evaluated. The intracellular production of reactive oxygen species
(ROS) of PDPP@D was shown in Figure 5A. 4T1 tumor cells treated with Ppa, PDPP and PDPP@D
displayed similar enhanced green fluorescence as the positive control group (H,0,) after laser
irradiation, and cells treated with PBS showed no detectable fluorescence signal. This result was
consistent with photophysical properties of PDPP and PDPP@D in Table S2 (Supporting Information),
which supported great performance of PDPP and PDPP@D for PDT.

PDPP and PDPP@D were less toxic against LO2 normal cells in a dark condition compared with free
Ppa (Figure 5B), indicating that PDPP and PDPP@D could decrease the cytotoxicity of Ppa by
wrapping Ppa inside the nanoparticles. These results substantiated previous observations that
nanocarriers from PEGylated dendritic peptides could effectively decrease the cytotoxicity of
chemotherapeutic agents and photosensitizers against cancer because of their high
biocompatibility." ! The effect of DOX encapsulation on the antitumor activity of PDPP@D was
then investigated. Notably, the lowest viability was achieved at a molar ratio of 2:1 for Ppa to DOX in
PDPP@D. The synergy of PDPP@D was quantified by calculating the combination index (Cl) at
different fraction affected (fa) values for each drug at the ratio of 2:1 (Figure 5C-D and Table S6,
Supporting Information). PDPP@D at the Ppa/DOX ratio of 2:1 displayed the lowest Cl values at a fa
of 0.4 to 0.9 (IC40 to 1C90), indicating an excellent synergism at the affected concentration.
However, the physical mixture of Ppa and DOX only showed a synergism at a fa of 0.1 to 0.4 (IC10 to
IC40) and the physical mixture of PDPP and DOX only exhibited a moderate synergism at a fa of 0.8
to 0.9 (IC80 to 1C90). These results indicated that PDPP@D may have a stronger synergistic effect

than the physical mixture from Ppa and DOX or PDPP and DOX on inhibiting tumor cells.

To investigate the in vivo antitumor effect of PDPP@D, the subcutaneous 4T1 tumor-bearing mice
were employed as the animal model after intravenous administration of the product. As displayed in
Figure 5E-H, the antitumor efficacy increased in the below order: saline < Ppa < DOX < Ppa+DOX <
PDPP < PDPP@D. Although the group treated with the mixture of Ppa+DOX displayed reduced tumor

burden compared to the groups treated with saline and single drugs, the overall efficacy of the
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mixture was significantly lower compared to that of PDPP and PDPP@D. In the meantime, PDPP@D
showed a significantly higher tumor inhibition activity than PDPP. More importantly, after three
successive injections of PDPP@D, the tumors gradually shrank and finally the tumors in three mice
completely disappeared. Measurements of the tumor weight 17 days after the final treatment
revealed that PDPP@D had a 98% tumor inhibition, significantly higher than PDPP (90%), supporting
that dual-responsive PDPP@D with the neighboring effect was very efficacious in the combination
therapy of tumors. Meanwhile, immunohistochemical studies confirmed that many terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)-positive apoptotic cells were
evidently observed in the tumor slides of mice treated with PDPP@D, whereas fewer positive cells in
other groups Figure 5I. CD31 staining images suggested PDPP@D treatment had the best prognosis
due to significantly decreased sign of tumoral angiogenesis (Figure S38, Supporting Information). The
body weights of the mice treated with DOX and Ppa+DOX decreased noticeably, while no detectable
abnormality of body weight was observed among the mice treated by PDPP@D (Figure S39,
Supporting Information). H&E images also indicated a promising prognosis of PDPP@D treatment

with no obvious sign of toxicity and metastasis (Figure S40, Supporting Information).
2.5. Irreversible ER stress induced by PDPP@D in tumor cells via transcriptome analysis

For deeper understanding of the mechanism of PDPP@D treatment to induce apoptosis of tumor
cells, a transcriptome analytic approach was employed to detect alterations in gene expression or
pathways in tumor cells after treatment with or without PDPP@D. Principal component analysis
(PCA) revealed the majority of samples were clustered in the principal component 1 (PC1, x-axis),
and all treatments including PD, PD+L (PD with laser irradiation), PDPP@D and PDPP@D+L (PDPP@D
with laser irradiation) led to significant differences in gene expression compared to the control
(Figure 6A). Spearman rank correlation analysis indicated that gene expression in cells after these
treatments had a strong negative correlation with those in the control.”® Cells treated with
PDPP@D+L were classified into a different cluster compared with those from other treatments
(Figure 6B). The clusters of samples in PCA and correlation analysis collectively implied that
treatment with PDPP@D+L could lead to significant changes in gene expression of 4T1 cells. In
addition, treatment with both PD+L and PDPP@D+L resulted in more differentially expressed genes

(DEGS) than their corresponding non-illuminated groups according to the DEGs presented in the
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volcano plots (Figure 6C and Figure S41, Supporting Information), which suggested the PDT effect of
PDPP@D could be strongly related to major alterations in the cellular transcriptome and
combination of PDT and chemotherapy was essential for regulating tumor cells. The
pathways/processes with these DEGs after treatments were identified. Ingenuity pathway analysis
(IPA) results suggested a high enrichment level of DEGs in cell cycle and apoptosis pathways, protein

synthesis processes and collative signaling after treatment with PDPP@D+L (Figure 6D).

The ER stress triggers a signaling network known as the unfolded protein response (UPR) to
restore the ER homeostasis, which promotes cell survival and adaptability.“g] However, under
irreversible ER stress conditions, the UPR accelerates apoptosis."*?” PDPP@D+L had a greater
impact on the UPR and induced the death receptor and apoptosis signaling pathways. The heatmap
of comparison from IPA also supplied the evidence that PDPP@D+L distinctly reduced the growth of
tumors and promoted the apoptosis and cell death of tumor cells (Figure S42, Supporting
Information). Based on these findings, we hypothesized that PDPP@D+L would cause irreversible ER
stresses, thus impairing the UPR and inducing apoptosis and cell death. The DEGs were selected via
other analytic approaches and databases. The functional enrichment analyses based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database revealed that these DEGs induced by

PDPP@D+L treatment were significantly enriched in cancer pathways,?"

cell cycle and genetic
information processes, particularly protein synthesis process on the ER (Figure 6E and Figure S43-50,
Supporting Information). The interaction network of these enriched KEGG pathways indicated
disturbance of the protein synthesis process on the ER, particularly proteoglycan synthesis in tumor
cells, could be the most significant contribution factor for apoptosis (Figure 6F and Figure S51-53,
Supporting Information). Because DEGs were obtained from a cutoff value, we also employed gene
set enrichment analysis (GSEA) to determine all significant genetic variations in cells were
included as a set of genes in the pathways.”? The result of GSEA demonstrated that PDPP@D+L

treatment resulted in positively regulated pathways in inducing apoptosis and significantly inhibited

protein synthesis processes on the ER (Figure 6G and and Figure S54, Supporting Information).

Experiments were conducted to measure the protein expression in the UPR after treatment of
PDPP@D with laser irradiation at the same time as above transcriptome analysis, as well as at

extended time points after treatment. As shown in Figure 6H and Figure S55 (Supporting

This article is protected by copyright. All rights reserved.

14



Accepted Article

WILEY-VCH

Information), PDPP@D could up-regulate the expression of PKR-like ER kinase (PERK), one of the ER
transmembrane proteins that initiate the UPR.”® PDPP@D+L treatment could strengthen the elF2a
phosphorylation and induced the transcription factor C/EBP homologous protein (CHOP, Figure 5I
and Figure S56, Supporting Information) to raise the mRNA level of death receptor 5 (DR5) expressed
by TNFSF10 gene (Figure 6J and Figure S57, Supporting Information). The DR5-associated caspase
activation was also boosted after PDPP@D+L treatment evidenced with a significantly higher level of
cleaved caspase-8 (cl-cas8) and cleaved caspase-3 (cl-cas3) that drive apoptosis.* Cleaved
poly(ADP-ribose) polymerase (PARP) as a marker of apoptosis was remarkably increased (Figure 6H).
Additionally, the level of these apoptosis-related markers was closely correlated with time after laser
irradiation, indicating the process of cell death induced by PDPP@D+L treatment was positively
regulated and not reversible (Figure 6H). Notably, the expression level of another ER protein, inositol

requiring 1 (IRE1) that would inhibit apoptosis,®?

was significantly decreased after PDPP@D+L
treatment, while the expression of binding immunoglobulin protein (BIP), which is an important
protein for cytoprotection, slightly increased.”” The above findings could support that PDPP@D+L
treatment could lead to irreversible ER stresses and inhibition of cell protection through blocking the
IRE1-dependent survival pathway and unleashing DR5-mediated caspase activity to drive cell death

(Figure 6K).

3. Conclusions

In conclusion, we presented a versatile strategy based on dual-responsive dendritic polymer-
based NPs PDPP@D to promote drug penetration in tumors through facilitating intracellular-to-
intercellular delivery cycle via the neighboring effect. PDPP could effectively encapsulate DOX to
prepare stable PDPP@D NPs at the feed ratio of DOX/PDPP obtained from DPD simulations, and
PDPP@D exhibited delayed drug release to amplify the neighboring effect. In addition, LC/MS
analysis confirmed that the released DOX and Ppa could escape from dying cells to kill neighboring
cells. PDPP@D showed an enhanced efficacy by the combination of chemotherapy and PDT, which
provided an encouraging approach to treat malignant tumors. Transcriptome studies demonstrated
PDPP@D could activate the stress on the ER and block IRE1l-associated cell protection, which
resulted in irreversible stress with the evidence of a significantly raised DR5 level to increase the

caspase activity and drive apoptosis. Distinctly, this study demonstrates an effective strategy to
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ameliorate drug penetration in solid tumors by amplifying the neighboring effect to overcome the

tumor ECM barrier.

4. Experimental Section

Detailed experiments and methods, and other relevant data are available in the Supporting
Information. All mouse experiments were in accordance with protocol approved by the Animal

Ethics Committee of West China Hospital, Sichuan University (Approval No. 2019292A).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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cells, DOX and Ppa could be gradually released from PDPP, respectively. B) Deep penetration and

anti-tumor destruction of DOX and Ppa mediated by PDPP@D through the neighboring effect in
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accompany with irreversible ER stresses. (1) After intravenous administration of PDPP@D, (2) Its
circulation time in blood could be prolonged due to its ultrahigh stability, (3) prolonged blood
circulation could facilitate efficient retention of PDPP@D in the tumor tissue via the EPR effect, and
(4) enhanced retention and delayed drug release of PDPP@D could achieve its deep tumor
penetration via the neighboring effect: (1) uptake of PDPP@D by tumor cells and release of DOX and
Ppa in either an acidic pH or bio-reductive (GSH) environment; (IlI) Induction of cell apoptosis from
released DOX and Ppa by a combination therapy of chemotherapy and photodynamic therapy; (ll1)
Internalization of DOX and Ppa liberated from dying cells by neighboring cells; (IV) Induction of
apoptosis of neighboring cells by released DOX and Ppa to create a intracellular-to-intercellular
delivery cycle. This could ultimately enhance drug penetration and whole tumor destruction. C)
Potential mechanism of PDPP@D. Intracellular accumulation of PDPP@D could induce irreversible ER
stresses and inhibit cellular protection through blocking the IRE1-dependent survival pathways and

enhancing the DR5-mediated caspase activity to drive cell death.
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PDPP@D in H,0 at different ratios of DOX/PDPP from 1/5 to 30/1 at an equilibrium state. Coarse-
grained Cambridge blue beads for PDP, dark blue beads for Ppa, red beads for DOX, and yellow beads
for a disulfide bond. Water beads not shown for better clarity. B) Differential scanning calorimetry
(DSC) curves of PDPP@D, PDPP, DOX-HClI, a physical mixture of PDPP and DOX-HCI. C) Hydrodynamic
size distribution of PDPP and PDPP@D. D) Representative TEM images of PDPP and PDPP@D. E)
Disassembly of PDPP@D after dissolving in NaCl, urea or Triton solutions (n = 5). F-G) Stability of
PDPP@D in PBS with 10% FBS at 37 °C from 0 h to 72 h (F: variation in size; G: variation in PDI; n = 6).
H) The cumulative DOX-release profile of PDPP@D under different release conditions. Three
independent samples per group at each time point (n = 3). 1) Size variations of PDPP@D under
different release conditions at different incubation times (n = 5). J) TEM image of PDPP@D under the
release condition (iv) for 24 h. K) TEM images for temporal structure evolution from self-assembly to
disassembly of PDPP@D under the release condition (iv) for 24 h. After the initiation of size
transition in acidic and reductive solutions, nanoparticles with multifarious sizes and morphologies,
microparticles, irregularly micro-sized aggregates and degraded fragments were sequentially

generated.
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Figure 3. The neighboring effect of PDPP@D. A) Schematic illustration of the experimental approach
to confirm the neighboring effect of PDPP@D in vitro. The B) The LC/MS retention time of the
released products in the spent medium collected from 4T1 cells incubated with PDPP@D for 2, 8,
and 24 h with or without laser irradiation (well A and B in Figure 3A), in comparison with that of
standard samples (free DOX and Ppa) under the same analytical condition. C). Analysis of the
released products in the spent medium via mass spectrometry (MS, MS1) and tandem mass
spectrometry (MS/MS, MS2) in comparison with standard samples (free DOX and Ppa) under the
same analytical condition. D) Quantitative analyses of released DOX from 4T1 cells incubated with
PDPP@D for 2, 8, and 24 h with or without laser irradiation (well A and B in Figure 3A) according to
MS and MS2. E). Quantitative analyses of released Ppa from 4T1 cells incubated with PDPP@D for 2,
8, and 24 h with or without laser irradiation (well A and B in Figure 3A) according to MS and MS2.
NA: not available. F) Cell viability of 4T1 cells (well C and D in Figure 3A) treated with the spent
medium from 4T1 cells incubated with PDPP@D for 2, 8, and 24 h with or without laser irradiation
(well A and B in Figure 3A). PDPP@D-L: PDPP@D treatment with laser irradiation; PDPP@D-NL:

PDPP@D treatment without laser irradiation.
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the selected region of MTS after laser irradiation along the white line in (A). C) Line-scanning profiles

of fluorescence intensity in the selected region of MTS without laser irradiation along the white line
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in (A). D) Blood clearance kinetics of PDPP, PDPP@D and Ppa (n = 5). E) Blood clearance kinetics of
DOX and PDPP@D (n = 5). F) Confocal microscopy images of time-dependent penetration of PDPP@D
from peritumoral vessels to the tumor tissues in mice at intervals after its injection. Blue for 4T1
cells; red for Ppa; and green for DOX. G) Fluorescence images of 4T1 xenografting tumor-bearing
mice after intravenous injection of Ppa, PDPP and PDPP@D (n = 3). H) Quantitative fluorescence
intensity of Ppa in tumors of mice in Figure 4G at different time points (n = 3). I) Fluorescence images
of tumor cryosections for penetration of Ppa, DOX, PDPP and PDPP@D. Photo-irradiation was
performed for Ppa, Ppa+DOX, PDPP and PDPP@D to induce the PDT effect. Blue for cell nuclei; red
for Ppa; and green for DOX.
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Figure 5. In vitro and in vivo anti-tumor efficacies of PDPP@D. A) ROS production by Ppa, PDPP and

TUMEL

PDPP@D in 4T1 cells with PDT. Green for ROS-positive cells. Scale bar: 200 um. B) In vitro cytotoxicity
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of Ppa, PDPP and PDPP@D against LO2 cells in a dark condition determined by the CCK-8 assay
(means + SD, n = 3). C) Cytotoxicity of Ppa, DOX, Ppa +DOX, PDPP, PDPP+DOX and PDPP@D against
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4T1 cells. D) Combination Index (Cl)-Fraction Affected (fa) curves of Ppa +DOX, PDPP, PDPP+DOX and
PDPP@D against 4T1 cells. E) Schematic illustration of in vivo treatment (n = 5). G1: mice treated
with saline as a control; G2: mice treated with free Ppa; G3: mice treated with free DOX; G4: mice
treated with a mixture of free Ppa and DOX; G5: mice treated with PDPP; G6: mice treated with
PDPP@D. F) Average tumor weight and (G) tumor growth inhibition (TGI) in each group in the 4T1
tumor model after in vivo treatment. H) Individual 4T1 tumor growth curves and average tumor
growth curves in each group after in vivo treatment. 1) TUNEL staining images of tumors at the
experimental endpoint. Scale bars: 50 um. To induce the PDT effect, photo-irradiation was

performed for Ppa, Ppa+DOX, PDPP and PDPP@D unless otherwise specified.
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Figure 6. Induction of irreversible ER stresses after treatment of PDPP@D to drive cell death. A)
Principal components analysis (PCA) of normalized transcripts per million (TPM) in the
transcriptome. C: untreated control; PD: Ppa+DOX treatment without laser irradiation; PD+L:
Ppa+DOX treatment with laser irradiation; PDPP@D: PDPP@D treatment without laser irradiation;
PDPP@D+L: PDPP@D treatment with laser irradiation. B) Heatmap of the Pearson correlation
coefficient of the TPM of genes in each group. Samples in each group with the highest correlation
coefficient (with a black line) suggested these parallel samples had great repeatability. C) Volcano
plots for the DEGs in 4T1 cells after different treatments versus the control. Significance was
indicated with a fold change in the absolute value > 1.5 and an P value of < 0.05 after ANOVA (n = 3).
D) Heatmap of differentially regulated canonical pathways (P < 0.05) after different treatments by
Ingenuity Pathway Analysis (IPA). Z-scores were calculated for the pathway enrichment and they
were assigned with different colors. E) A circos image for highlighting top terms of the enriched
pathways in the KEGG database from cells treated with PDPP@D+L. F) Interaction networks of the
enriched KEGG pathways in cells treated by PDPP@D+L. G). GSEA of the pathways in cells treated by
PDPP@D+L based on the KEGG database. H) Immunoblots of proteins in the UPR and apoptosis after
treatment with PD and PDPP@D. I) Intracellular CHOP levels measured by ELISA after treatment with
PDPP@D and PDPP@D+L compared with untreated cells as a control at the same time after laser
irradiation. J). Relative expression level of TNFSF10 genes after treatment with PD, PD+L, PDPP@D
and PDPP@D+L through RT-PCR analyses. The expression data were log2 transformed for
normalization. K) Schematic diagram of the effect of PDPP@D with laser irradiation on the UPR and

cell death.
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