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Abstract: Linear-dendritic block copolymer (LDBCs) are highly attractive candidates for
smart drug delivery vehicles. Herein, we report an amphiphilic poly[(ethylene glycol) methyl
ether methacrylate] (POEGMA) linear-peptide dendritic prodrug of doxorubicin (DOX)
prepared by reversible addition-fragmentation chain transfer (RAFT) polymerization. A
hydrophobic dye-based photosensitizer chlorin e6 (Ce6) was employed for encapsulation in
the prodrug nanoparticles (NPs) to obtain a LDBCs-based drug delivery system (LD-
DOX/Ce6) which offered a combination cancer therapy. Due to the presence of Gly-Phe-Leu-



WILEY-VCH

Gly peptides and hydrazone bonds in the prodrug structure, LD-DOX/Ce6 were degraded into
small fragments, thus specifically triggering the intracellular release of DOX and Ce6 in the
tumor microenvironment. Bioinformatics analysis suggested that LD-DOX/Ce6 with laser
irradiation treatment significantly induced apoptosis, DNA damage and cell cycle arrest. The
combination treatment could not only suppress tumor growth, but also significantly reduced
tumor metastasis compared with treatments with DOX or Ce6 through regulating EMT
pathway, TGFf pathway, angiogenesis and the hypoxia pathway. LD-DOX/Ce6 displayed a
synergistic chemo-photodynamic anti-tumor efficacy, resulting in a high inhibition in tumor
growth and metastasis, while maintaining an excellent biosafety. Therefore, this study has
demonstrated potential of the biodegradable and tumor microenvironment-responsive LDBCs
as an intelligent multifunctional drug delivery vehicle for high-efficiency cancer combination

therapy.

1. Introduction

Although stimuli-responsive polymer-based nano drug delivery systems (NDDSs) have a
substantial clinical potential, their tunable properties can be further improved via optimization
of the chemical composition, molecular structure and molecular weight (MW).[!]
Encapsulation or conjugate of multiple drugs into a rationally designed multifunctional
polymeric carrier can increase drug solubility and stability and enable tumor targeting through
the enhanced permeability and retention (EPR) effect, thereby minimizing toxic side effects,
and resulting in enhanced therapeutic indexes owing to the combination therapy.[?! Traditional
polymer structures investigated for drug delivery and combination cancer therapy are mostly
linear amphiphilic block polymers, which are relatively simple in structure and difficult to
modify in function.’'In the last decade, dendritic polymers, including dendrimers, dendrons,
dendronized polymers and branched polymers, have been studied as alterative polymeric
carriers owing to their surface functionality, globular conformation and nanoscale sizes.!!
However, several shortcomings have limited their use for cancer therapy.] In general, the
therapeutic agents are mainly physically encapsulated into the internal cavity of the
dendrimers or chemically coupled to the dendritic surface.l! For the physical encapsulation
method, high-generation dendrimers are difficult to prepare and have poor biocompatibility,
while low-generation dendrimers are not dense enough to retain drugs under sink conditions,
leading to inevitable burst release. Using chemical conjugation methods, surface modification
often requires cumbersome synthesis steps, and will change the physicochemical properties,
such as the solubility of the dendrimers. In addition, low-generation dendrimers usually have

a small particle size (< 20 nm), which makes them easily removed by glomerular filtration.[”]
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With the advancement of synthetic chemistry technologies, polymer architectures have
evolved from linear and dendritic to more complex, branched topologies, thereby providing
further opportunities for improved cancer treatment. Based on the characterization of linear
and dendritic polymers, linear-dendritic block copolymers (LDBCs), a new type of polymer
structure combining topological characteristics of branched chains and self-assembly
properties of block copolymers, hold unique advantages in the development of drug delivery
systems with micelle-like structures.!®! The linear and dendritic/branched structural units of
LDBCs can offer multi-valency for loading therapeutic agents, conferred by dendrons, and
conformational flexibility, conferred by linear units. Thereby, LDBCs have versatile dendritic
structures and controllable self-assembly properties, enabling encapsulation or conjugation of
a variety of therapeutic agents for combination treatment of tumors.

There have been some reports on the development of LDBCs as novel drug delivery

s.18% 91 Benefitting from the functionalization and special structural characteristics of

system
dendritic blocks, LDBCs have significantly improved drug delivery efficiency and therapeutic
effects compared to their linear analogs.'”! So far, LDBCs are mainly prepared by the
coupling strategy, the “chain-first” strategy or the “dendron-first” strategy, and the synthesis
method highly depends on the efficient click reaction or the gradual polymerization of
macromolecules.® For example, poly(ethylene glycol) (PEG) is one of the most commonly
used linear polymer chains in the preparation of LDBCs, because of its good hydrophilicity
and structural flexibility.['!l However, linear mPEG or PEG usually has only one or two
reaction sites at ends for conjugation, and the entanglement of high MW PEG chains causes
steric hindrance, resulting in a low reaction efficiency in the preparation of LDBCs by the
coupling strategy, because it needs direct coupling of the synthesized dendron with the linear
chain. The MW of PEG used in the LDBCs reported by other researchers is usually 5 kDa or
10 kDa.['% 12 Therefore, due to the considerations of drug loading capacity, solubility and
self-assembly performance, this relatively low MW range of hydrophilic segments may limit
the choice of hydrophobic segments in LDBCs. In addition, for LDBCs synthesized through
the “chain-first” route, the preparation of a high-generation dendron requires a large number
of end group conversions, which requires extremely high-yield reactions, otherwise it will
cause structural defects. Meanwhile, due to the inevitable shielding effect of the polymer
chain, the synthesis process is more complicated, making it difficult to characterize the
product.[4]

Recently, reversible addition-fragmentation chain-transfer (RAFT) polymerization has been

widely used to synthesize linear polymers with controlled MWs, narrow MW dispersity and
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precise functions due to its ease of use and compatibility with a wide range of monomers.!!?!
Poly (ethylene glycol) methyl ether methacrylate (POEGMA) prepared via RAFT
polymerization have much higher MWs, high hydrophilicity, and structure flexibility of PEG.
In addition, the obtained hydrophilic segment has high polymerization activity and can be
used in subsequent polymerization reactions.!'¥! Thus, the POEGMA may overcome the
drawbacks of linear PEG chains and the immunogenicity of PEG,!!'S! which provided
possibility for preparing advanced LDBC-based drug delivery systems. In addition, dendritic
components in LDBCs also have a crucial influence on their multifunctionalities, as well as
self-assembly and stimuli-responsive behavior. Peptide dendrimers prepared by step-by-step
organic synthesis have been reported and have excellent biological safety and modifiable
properties.['®) Therefore, controlling the structure and topology of multifunctional LDBCs can
unlock their unique advantages for efficient drug delivery. Previously, we prepared low MWs
functionalized polymers via RAFT polymerization and chemical modification. The
dendronized polymers demonstrated significantly improved pharmacokinetic properties and
therapeutics indexes owing to their enhanced MWs and structure multivalent effect.!!”]

Herein, we address the challenges in synthesis of PEG-based LDBCs, provide a new
strategy for preparing LDBC-based drug delivery systems and use them for combination
cancer therapy. The novel linear-dendritic block polymer is obtained by direct RAFT
polymerization of dendron-based monomer using POEGMA as a macromolecular chain
transfer agent (macroCTA). As shown in Schemes S1-S4, a class of cathepsin B and pH-dual
sensitive LDBC-based prodrugs were designed and prepared using POEGMA and
multifunctional peptide dendrons as the linear and dendritic parts, respectively. Through this
innovative synthetic method, the hydrophilic and hydrophobic properties, generation,
functional groups and MW of peptide dendrons can be precisely controlled at the molecular
level, and the chemical composition and degree of polymerization of the linear chain can also
be easily adjusted. The dendritic structure was covalently attached to the linear polymer
backbone via the Gly-Phe-Leu-Gly (GFLG) peptide as a hydrophobic moiety, while DOX
was covalently linked to the dendron through a hydrazone bond, thereby obtaining a class of
cathepsin B and pH dual sensitive LDBC-based DOX prodrug. The amphiphilic and block
linear-dendritic polymer-DOX prodrug self-assembled into tumor microenvironment-
responsive and biodegradable polymeric nanoparticles (NPs). Subsequently, based on the
hydrophobic cavity of dendron and the self-assembly performance of the LDBCs prodrug, the
hydrophobic dye-based photosensitizer, chlorin e6 (Ce6) was used for encapsulation, thereby

preparing a polymer drug delivery system that can be used to simultaneously deliver DOX
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and photosensitizer. The self-assembly and drug-loading mechanism was investigated through
dissipative particle dynamics (DPD) simulations and experiments. In the tumor cell
microenvironment, the released Ce6 generated cytotoxic reactive oxygen species (ROS) upon
irradiation with a 660 nm laser, thereby producing a synergistic anti-tumor effect with the
chemotherapeutic drug DOX. The self-assembly behavior, drug loading capacity, drug release
profile, and the combination anticancer mechanisms were investigated. The demonstrated co-
delivery of multiple therapeutic agents to tumor cells using this novel LDBC-based NDDS

represents a promising platform for combination therapies to enhance therapeutic efficacies.

2. Results and Discussion

In order to obtain the LDBCs with optimized structure, we first synthesized a series of
multifunctional polymer prodrugs with different structures and evaluated their potential as
drug carriers. As shown in Figure 1a, among these polymer prodrugs, the chemotherapeutic
drug DOX was attached to the periphery of the dendron through a hydrazone bond, while the
dendron was covalently attached to the polymer backbone through a tetrapeptide (GFLG or
GFGL). The GFLG linker can be cleaved in the presence of cathepsin B, which is highly
expressed in a variety of tumor cells.['®) We prepared a cathepsin B low-sensitive tetrapeptide
sequence GFGL-modified monomer as control to compare the differences in physicochemical
properties such as drug release profiles of the polymer prodrugs (Schemes S2 and S4). In
addition, different generations of dendrons were prepared to examine the influence of
dendrons on the assembly properties of LDBCs (Schemes S3-S4). These DOX prodrug
conjugates were synthesized through a series of steps: first, OEGMA-based macromolecular
chain transfer agents (POEGMA-CTA, Scheme S3) were prepared through controlled RAFT
polymerization, while the GFLG or GFGL functionalized dendrons were prepared by liquid
phase synthesis. Subsequently, the macromolecular chain transfer agent POEGMA-CTA was
copolymerized with MA-GFLG-NHNHBoc, MA-GFLG-(NHNHBoc),, MA-GFLG-
(NHNHBoc)s, MA-GFGL-NHNHBoc, = MA-GFGL-(NHNHBoc); and MA-GFGL-
(NHNHBoc)4, respectively, through RAFT polymerization, thereby preparing the polymer
intermediates with different structures. After deprotection, the antitumor drug DOX was
covalently linked to the periphery of the dendrons via a pH-sensitive hydrazone bond.
Thereby a series of amphiphilic linear-dendritic polymer prodrugs were obtained (POEGMA-
GFLG/GFGL-(DOX)x) (where x =1,2 or 4 ).

The cathepsin B-responsive monomers, MA-GFLG-NHNHBoc, MA-GFLG-(NHNHBoc)>
and MA-GFLG-(NHNHBoc)4, and the cathepsin B low-sensitive monomers, MA-GFGL-

NHNHBoc, MA-GFGL-(NHNHBoc), and MA-GFGL-(NHNHBoc)4, were synthesized and
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their chemical structures were confirmed by proton nuclear magnetic resonance (‘H NMR)
and matrix assisted laser desorption ionization time-of-light mass spectrometry (MALDI-TOF
MS) (Figures S1-S30). The polymer intermediates with different structures were also
confirmed by 'H NMR and gel permeation chromatography (GPC) (Figures S31-S33 and
Table S1). As shown in Table S1, the resulting polymer intermediates had high number-
average (M,) molecular weights (M, > 23 kg mol!) and low dispersity (D < 1.3). After
deprotection, the content of DOX covalently attached to the side chains of the polymers
through the hydrazone bond was determined by UV—Vis spectroscopy. As shown in Table S2,
POEGMA-GFLG-(DOX)s and POEGMA-GFGL-(DOX)s showed the highest DOX loadings
at 10.8% and 11.3%, respectively, compared to their analogs.

The 'H NMR spectra of polymer intermediates and products (Figure S32 and S33) were
similar due to their similar compositions. Specifically, taking POEGMA-GFLG-(DOX)4 as an
example, compared with POEGMA-CTA, peaks for the dendron monomers were observed at
7.0-10.0 and 1.3 ppm, while the characteristic peak for an ethylenic bond in the functionalized
monomer disappeared (Figures S34a and S34b), indicative of successful synthesis of the
LDBCs by RAFT polymerization. After reaction with the carbonyl group of DOX, the peak
for the -Boc group at 1.3 ppm in the POEGMA-GFLG-(NHNHBoc)4 disappeared, while
characteristic peaks for DOX were observed at 7.5-8.5 and 5.3 ppm (Figure S34c). In
addition, a significant UV-vis absorption peak of DOX in LD-DOX was observed at 480 nm
(Figure S34d), and the purity result via HPLC revealed that the polymer prodrugs did not
contain free DOX (Figure S35a), confirming that DOX was successfully linked to the
polymer through the hydrazone bond. The above results showed that we have successfully
prepared linear-dendritic prodrugs based on POEGMA and peptide dendron.

The GFLG linker between dendron and polymer backbone could be cleaved by cathepsin B,
and the hydrazone bonds between DOX and dendron can be degraded in a weakly acidic
environment.['”] Therefore, in the microenvironment of tumor cells, dual-responsive polymer
prodrugs were expected to rapidly degrade and release the contained DOX. To investigate the
cathepsin B/pH co-triggered DOX release behaviors of polymeric prodrugs, different samples
were incubated in a simulated tumor intracellular microenvironment. As shown in Figure 1b,
in the presence of cathepsin B at pH 5.4, the dual-responsive polymer prodrugs POEGMA-
GFLG-DOX, POEGMA-GFLG-(DOX), and POEGMA-GFLG-(DOX)4 showed a rapid drug
release rate. The cumulative release of DOX within 8 h was close to 80%, which was
significantly higher than that of GFGL-modified polymer prodrug (less than 50%) and the
GFLG-modified polymer prodrugs incubated in the presence of cathepsin B at pH 7.4 (less
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than 30%) (Figure S35b). This rapid release property can enable the drug to quickly reach a
therapeutic concentration in tumor cells, thereby reducing the possibility of drug resistance.[?°]
Furthermore, we measured the CMC of the dual-responsive polymer prodrugs to evaluate
their ability to self-assemble into NPs. As shown in Figure lc, compared to POEGMA-
GFLG-DOX and POEGMA-GFLG-(DOX),, POEGMA-GFLG-(DOX)4 exhibited the lowest
CMC value (2.22 pg mL1), suggesting that amphiphilic LDBCs modified with a higher
generation dendron could improve the stability and self-assembly capacity. We then
investigated the pharmacokinetic properties of different dual-response polymer prodrugs in
mice. Figure 1d showed the temporal change of DOX concentration in the plasma after
intravenous (i.v.) injection of three prodrugs and free DOX into mice. The derived
pharmacokinetic parameters (Table S3) revealed that the POEGMA-based prodrugs
significantly increased the half-life of DOX. Among them, POEGMA-GFLG-(DOX)4 showed
the longest blood half-life, which was 1.78 and 1.41 times that of POEGMA-GFLG-DOX and
POEGMA-GFLG-(DOX),, respectively. Based on the above analysis, POEGMA-GFLG-
(DOX)4 (designated as LD-DOX) was chosen as an optimal carrier in the further study.

It is worth noting that LD-DOX has several significant advantages compared to the
previously reported linear-dendritic polymers. First, the macromolecular chain transfer agent
POEGMA-CTA has high polymerization activity, allowing it to efficiently polymerize with
methacrylated dendrons. In this study, we first designed and prepared this novel LDBCs that
can be obtained by one-step RAFT polymerization. The dendritic part of the LDBCs prepared
by this method can covalently polymerize multiple dendritic molecules, thereby effectively
avoiding the problem of fewer reaction sites in the traditional linear polymer chain. Second,
peptide dendrons constituting the dendritic part of LDBCs have high biocompatibility, and
their suitable generation and lower MW can reduce the steric hindrance during the reaction
process and improve the polymerization efficiency. Meanwhile, the peptide dendrons are
prepared through gradual organic synthesis, so their structure can be accurately controlled
while also easily multifunctional, such as the cathepsin B and pH responsiveness. In addition,
low-generation dendrons also effectively avoid complicated synthesis steps and possible
structural defects of high-generation dendrons. Finally, the linear polymer chain structure and
properties are easily adjusted by RAFT polymerization, and the resulting POEGMA has a
controllable MW and low dispersity. The MW of the linear polymer chain of LD-DOX is
much higher than the MW of the linear-dendritic molecule PEG reported so far, and it has
high reactivity, which provides more possibilities for the choice of dendritic part for

polymerization. In addition, a high proportion of hydrophilic segments is also more conducive
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to the assembly of LD-DOX into stable spherical micelle-like structures, thereby improving
their stability and drug loading capacity. Therefore, incorporating the merits of dendritic
architectures and the advantages of block copolymers, the LD-DOX is deemed to be a
promising candidate for the construction of drug delivery systems.

DPD calculations were then used to simulate the self-assembly of LD-DOX and its ability
to encapsulate hydrophobic therapeutic agents. The polymer structure and molecular model of
LD-DOX was shown in Figure le. Figure S36 depicts the process of dynamic formation of
NPs from the prodrug LD-DOX in aqueous solution. Due to the presence of hydrophilic linear
POEGMA and hydrophobic dendritic parts, LD-DOX first forms smaller incomplete
aggregates through hydrophilic and hydrophobic interactions, followed by gradual formation
of larger complete micelle-like NPs. This result indicates that the amphiphilic LDBCs-based
prodrug has good self-assembly capabilities. Further DPD simulation work was carried out
using a photosensitizer Ce6 to demonstrate the ability of the polymer prodrug NPs to
encapsulate hydrophobic therapeutic agents (Figure 1f). Initially, the hydrophobic domain of
the polymers interacts with hydrophobic Ce6 molecules to minimize the volume fraction of
Ce6. Then, smaller, incomplete micelle-like aggregates form. Finally, the bigger complete
micelles appear, with Ce6 encapsulated in their hydrophobic core. Furthermore, by adjusting
the concentration of Ce6, we compared the formation of NPs by polymer prodrugs under
different Ce6:DOX weight ratios. Figure 1g displays the snapshot of equilibrium structures
self-assembled from these polymers at different Ce6:DOX feeding ratios. It can be noted that
when the ratio of Ce6 to DOX does not exceed 1, polymer prodrugs and Ce6 form complete
NPs. Further increasing the Ce6 concentration (DOX:Ce6 = 1:1.5, wt/wt) will result in
saturation of the number of Ce6 molecules in the hydrophobic core of the micelle. Under this
condition, the excess Ce6 molecules exist in the solvent in the form of colloids or precipitates.

Dynamic light scattering (DLS) and transmission electron microscope (TEM) were used to
detect the size and morphology of NPs based on polymer prodrugs. As shown in Figure S37a,
the DLS measurement confirmed that the LD-DOX prodrug in aqueous solution self-
assembled into NPs with a hydrodynamic size of 46.82 nm. It is worth noting that, compared
to the polymer prodrug LD-DOX, the Ce6-encapsulated NPs LD-DOX/Ce6 (Ce6: DOX = 1.5,
wt/wt) showed a larger hydrated particle size of 67.78 nm (Figure S37b), and a regular
spherical morphology was detected by TEM (Figure 1h). Further, 100,000 time steps were
used to simulate the drug release process in the presence of cathepsin B at pH 5.4. As shown
in Figures 11 and S38, the presence of cathepsin B and the acidic pH can cause the cleavage of

GFLG peptides and hydrazone bond, respectively, leading to disintegration of the nano
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structure and the consequent drug release. By examining the morphology of the LD-DOX/Ce6
after incubation at pH 5.4 for 24 h under the TEM, the structure of the NPs disintegrated in
acidic conditions, displaying a loose aggregated morphology (Figure 1j). This result further
demonstrated that the NPs can specifically release the loaded therapeutic agents in response to
the acidic, tumor-like microenvironment. The simulated release curve showed that compared
with a single response, the drug release rate was faster with a dual response to pH and the
enzyme (Figures S38c and S38d). These simulations provided insights into how LDBC-based
prodrugs form NPs, how Ce6 was loaded into these particles and the mechanisms by which
DOX and Ce6 were released. Hydrophobic interactions were the primary driver for NPs
formation and drug loading, and the disintegration of the NPs assembly structure caused by
the cleavage of specific chemical bonds (GFLG peptides and hydrazone bond) was the main
driving force for drug release.

The potential of LDBC-based LD-DOX prodrugs for co-delivery of hydrophobic
therapeutic agents to achieve combination anti-cancer therapy was evaluated. The results for
encapsulation of PTX or Ce6 into LD-DOX through the thin-film hydration method [?!! were
summarized in Table S4 and Table S5. Figure S39 supported that LD-DOX could effectively
encapsulate and control release of PTX. Therefore, LD-DOX could be a versatile, efficient
nano-platform for drug delivery. Ce6 as a dye-based photosensitizer was selected for
encapsulation into LD-DOX as a model nanodrug for chemo-photodynamic combination anti-
tumor therapy. Successful encapsulation of Ce6 was evidenced by the Ce6 characteristic
absorbance peak (660 nm) of the resulting product in PBS (Figure 2a) or DMSO (Figure S40).
With increasing the feeding amount of Ce6, the Ce6 loading in the LD-DOX NPs gradually
increased, with the Ce6 encapsulation efficiency reaching the maximum of 74.3% at a
DOX:Ce6 ratio of 1:1.5 (wt/wt) (Figure 2b and Table S4). Therefore, the NPs obtained at this
ratio, with the Ce6 loading content of 10.0 wt%, were chosen for the further study and named
as LD-DOX/Ce6. It is worth noting that compared with LD-DOX, the size of LD-DOX/Ce6
increased (Figure 2¢), which might be due to the fact that Ce6 entered the hydrophobic core of
the NPs, causing the expansion of the NPs core. The UV-vis absorbance spectra of the LD-
DOX/Ce6, free DOX and free Ce6 were compared. As shown in Figure 2d, a characteristic
peak corresponding to Ce6 was observed in LD-DOX/Ce6 but absent in LD-DOX, which
further indicated a successful entrapment of Ce6. In addition, Figure 2e shows that the LD-
DOX/Ce6 had similar photostability as free Ce6, and could well resist photobleaching under
extended laser irradiation, indicating that it can be used as a good photosensitizer candidate

for photodynamic therapy (PDT). Colloidal stability of the NPs solution has an important
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influence on their in vivo distribution and accumulation at tumor sites.[*?! As shown in Figure
2f, LD-DOX/Ce6 displayed negligible changes in both particle size and polydispersity index
(PDI) after incubation in PBS for up to 48 h. Similar results were detected when it was
incubated in PBS containing 10% fetal bovine serum (FBS) or the cell culture medium
without FBS (Figure S41a and S41b). In addition, LD-DOX exhibited great stability under
4 °C storage conditions, and it was well re-dispersed in an aqueous solution after
lyophilization (Figure S41c and S41d).

The drug release profiles of LD-DOX/Ce6 NPs were analyzed by the dialysis method. As
shown in Figures 2g and 2h, after incubation in the absence of cathepsin B for 48 h, only 12%
of DOX and 25% of Ce6 were released at pH 7.4, while in contrast, at pH 5.4, 82% of DOX
and 66% of Ce6 were released. The release rates for both DOX and Ce6 were significantly
increased in the presence of cathepsin B at pH 5.4, with about 78% of DOX and 63% of Ce6
released within 12 h. In addition, the degradation products were further characterized by
HPLC and MALDI-TOF MS, which proved that the released DOX and Ce6 did not change in
structure (Figure S42). DOX was rapidly released at pH 5.4 because the hydrazine linker
between DOX and the linear-dendritic polymer is cleavable under acidic conditions. Upon
release of DOX, the balance between hydrophilicity and lipophilicity in the NPs was damaged
and the m-m interactions were weakened, resulting in the NPs disassembly to release the
entrapped Ce6. In the meanwhile, the cathepsin B-sensitive GFLG tetrapeptide linker between
the dendritic chains and the linear polymer backbone was specifically cleaved in the presence
of cathepsin B to further facilitate disintegration of the nanostructures. As a result, the release
rates of both DOX and Ce6 were accelerated to enhance therapeutic efficacy.

PDT kills cancer cells by cytotoxic reactive oxygen species (ROS) produced by
photoactivated photosensitizers upon irradiation. In this work, the production yield of the
singlet oxygen (SO), one type of ROS, from LD-DOX/Ce6 and free Ce6 upon irradiation with
a 660-nm laser was investigated using the Singlet Oxygen Sensor Green (SOSG) as a probe.
As shown in Figure S43a-e, the fluorescence intensity of SOSG remained at the base-line
level in the control groups (free Ce6, LD-DOX/Ce6 NPs without laser irradiation, DOX with
laser irradiation or LD-DOX with laser irradiation), while an irradiation time-dependent
enhancement in the SOSG fluorescence intensity was observed in the LD-DOX/Ce6 solution
upon irradiation (Figure 2i), which was similar to free Ce6 under the same irradiation
condition (Figure S40c), suggesting that after irradiation, the LD-DOX/Ce6 NPs efficiently
produced ROS at an equivalent level to free Ce6.
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We investigated the cellular uptake of LD-DOX/Ce6 by detecting the fluorescence signals
of Ce6 and DOX. The fluorescence intensities of free Ce6, free DOX and LD-DOX/Ce6 NPs
were observed by confocal laser scanning microscopy (CLSM). As shown in Figure 3a for
LD-DOX/Ce6 NPs, co-existence of strong fluorescence of DOX and Ce6 in the cells was
observed. In addition, the fluorescence of free DOX was distributed in the nucleus, while
under the same conditions the fluorescence from DOX in the LD-DOX/Ce6 NPs was mainly
found in the cytoplasm, further indicating that intracellular distribution of the therapeutic
agent DOX may be influenced by the LD-DOX/Ce6 delivery system (Figure S44). In addition,
we further evaluated the uptake of LD-DOX/Ce6 by multicellular spheroids (MCSs). As
shown in Figure S45, the fluorescence intensity of DOX and Ce6 in the MCSs increased with
increasing the incubation time. After 6 h of incubation, a significant fluorescence distribution
was observed in the MCSs at a depth of 60 um (Figure 3b), indicating that the LD-DOX/Ce6
NPs have a good uptake and penetration capabilities the in vitro three-dimensional (3D)
model mimicking 4T1 tumor tissues.

To determine the level of ROS produced in 4T1 cells under laser irradiation after
internalization of the LD-DOX/Ce6, 4T1 cells were incubated with different Ce6-containing
formulations and the intracellular ROS were detected with a fluorescent probe DCFH-DA.
After DCFH-DA was internalized, intracellular ROS oxidized non-fluorescent DCFH to
produce fluorescent DCF. The level of ROS in the cells was well correlated with the green
fluorescence intensity of DCF. As shown in Figure 3c, the fluorescence intensity in the free
Ce6 and NPs-treated groups was very weak without laser irradiation, as was similar to that of
the control group. In contrast, after laser irradiation (660 nm, 10 mW cm for 30 s), there was
an undetectable change in the fluorescence intensity in the control group, while significantly
enhanced fluorescence was observed in the cells treated with LD-DOX/Ce6 or free Ce6. Flow
cytometry analysis was used to quantify the level of intracellular ROS produced by different
Ce6 formulations. Figure 3d revealed that after laser irradiation the Ce6- or LD-DOX/Ce6-
treated cells produced a comparable level of ROS but much higher than the PBS-treated cells,
which was consistent with the results shown in Figure 3c. These results indicated that
photosensitizers significantly promoted ROS production in tumor cells only after the cells
were irradiated by a 660 nm laser, thereby exerting their therapeutic effect. YH2A.X is an
established marker of double-stranded DNA breaks and is widely used for detection of early
DNA damage.?’] Previous studies have shown that both DOX and PDT can cause vital and

irreversible damage to DNA. As shown in Figures 3e and 3f, compared with the control group,
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each experimental group caused significant cellular DNA damage after treatment, indicating
that both chemotherapy and PDT can damage cancer cells through DNA damage.

The in vitro anti-tumor effect of various formulations was examined with a CCK-8 assay
kit. Cytotoxicity of free Ce6 in the darkness was shown in Figure S46a. Free Ce6 exhibited no
obvious toxicity toward 4T1 cells even at a high concentration of Ce6 up to 30 ug mL!. In
contrast, after laser irradiation (660 nm, 10 mW cm™) for 30 s, the concentration-dependent
cytotoxicity to 4T1 cells was observed, showing a very low viability of 4T1 cells (less than
10%) at a Ce6 concentration of above 10 ug mL™!. As the exposure time extended from 0.5 to
1 and 2 min, the ICso values of free Ce6 toward 4T1 cells gradually decreased from 6.94 to
4.06 and 1.56 ug mL!, respectively (Figure S46b). Furthermore, at a Ce6 concentration of 3
ug mL!, when the laser energy increased from 0 to 4.511 J cm™, the viability of 4T1 cells
remarkably decreased from 100% to 5% (Figure S46¢), indicating the cytotoxicity induced by
laser irradiation was energy dependent. These results confirmed that Ce6, a photodynamic
therapy agent, had potent cytotoxicity toward 4T1 cells after laser irradiation.

Subsequently, the in vitro anti-tumor efficacy of LD-DOX/Ce6 on 4T1 cells was
investigated. POEGMA and low-generation glutamate dendrons showed no cytotoxicity to
4T1 cells, even at high concentrations (Figure s47a and b). And Figure 3g displayed a
concentration-dependent inhibitory effect toward 4T1 cells treated with DOX, Ce6 with laser
irradiation (Ce6+L), LD-DOX, LD-DOX/Ce6 and LD-DOX/Ce6 with laser irradiation (LD-
DOX/Ce6 + L) at various DOX or Ce6 concentrations. The combination of chemotherapy (as
a result of DOX release from LD-DOX/Ce6 NPs) and PDT (as a result of ROS generation
from LD-DOX/Ce6 upon laser irradiation) was demonstrated to be more effective in tumor
cell growth suppression than single chemotherapeutic treatment or PDT. The ICso values of
LD-DOX/Ce6 + L, LD-DOX/Ce6, LD-DOX and Ce6 + L against 4T1 cells were calculated to
be 0.14, 1.33, 2.01 and 6.94 pug mL!, respectively (Figure S47c). Free DOX usually has
higher cytotoxicity than its prodrug counterparts due to its ability to rapidly enter cells by free
diffusion, which results in a lower ICso value. However, it is noteworthy that the cytotoxicity
of LD-DOX/Ce6 + L was comparable with free DOX (ICso = 0.14 pg mL! for free DOX) due
to the bi-modal therapeutic functions. In addition, we have analyzed the combination index
(CI) of LD-DOX NPs and Ce6. The results showed that the CI value was less than 1, which
further indicated that LD-DOX NPs and Ce6 synergistically inhibit the proliferation of 4T1
cells (Figure S48).

The effectiveness of the chemo-PDT combination treatment of 4T1 cells was further

evaluated by quantifying the level of apoptosis by flow cytometry. Figures 3h and 3i
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displayed the 4T1 cell populations in Q1, Q2, Q3 and Q4 zones, which represent dead cells,
cells with late apoptosis, cells with early apoptosis and viable cells, respectively, after
treatment with different formulations. Similar to the PBS-treated control group, continuous
irradiation of 4TI cells with 660 nm laser (10 mW cm?) for 30 s in the absence of
formulations caused negligible apoptosis, indicating that laser irradiation did not cause
obvious cell damage. As comparison, a high percentage of apoptotic cells (81.9% of cells with
early and late apoptosis) was observed after the combination treatment (LD-DOX/Ce6 + L).
This was in good agreement with the cytotoxicity result shown in Figure 3g, confirming the
combined chemo-PDT of the LD-DOX/Ce6 NPs significantly improved the anti-tumor effect
in vitro.

In order to further understand the molecular mechanisms of the combined effect of DOX
and Ce6 in tumor suppression, RNA-seq was performed to compare the transcriptomics
change of tumor cell samples after different treatments. The heat map showed the
differentially expressed genes (DEGs) treated by control (treated with PBS), free DOX, Ce6 +
L and LD-DOX/Ce6 + L (Figure 4a). These DEGs were mainly related to DNA damage
repair (Brcal, Erccl Uvssa and Rpa2), apoptosis (CD44), Epithelial-Mesenchymal transition
(MMP3, MEST, TGFBI1, FOXC2, BMPI1, Hmox1, and Hspbl), cell cycle (Ccne2, Erbb3,
Ccenb2, and Cendl), and proliferation pathways (Isgl5 and Btg2). The volcano plot also
showed the genes related to DNA repair (Eid3, Prdm9 and Fancg) and cell cycle arrest (Ccne2)
were upregulated, while the genes related to tumor growth (Dachl and App), TGF pathway
(Tgfbl) and Epithelial-Mesenchymal transition (Mmp9 and Stcl) were downregulated in LD-
DOX/Ce6 + L group compared with control (Figure 4b). Gene ontology (GO) term
enrichment analysis and KEGG enrichment analysis showed that compared with the control
group, the genes up-regulated after LD-DOX/Ce6 + L treatment mainly involved DNA repair,
DNA replication pathways (Figure 4c and 4d).

In addition, Gene Set Enrichment Analysis (GSEA) revealed a positive enrichment in the
gene signatures for apoptosis (NES = 1.76, FDR = 0.04), DNA repair (NES = 1.75, FDR =
0.04), and cell cycle arrest (NES = 1.79, FDR = 0.03) in the LD-DOX/Ce6 + L group. DNA
repair is a correcting response of the cell to DNA damage and alterations. Therefore,
treatment with LD-DOX/Ce6 + L could directly induce cell death by causing DNA damage,
blocking cell cycle as well as inducing cell apoptosis. A negative enrichment was found in the
gene signatures for epithelial-mesenchymal transition (EMT, NES = -2.02, FDR = 0.0),
angiogenesis (NES = -1.85, FDR = 5.79E-4), and TGFp signaling (NES = -2.07, FDR = 0.0)
in cells treated with LD-DOX/Ce6 + L comparing to those treated with the control (Figure 4e).
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It has been documented that EMT and the TGF[ pathway are strongly associated with tumor
cell migration and invasion,?* thus these data suggested that the metastatic ability of cancer
cells was significantly inhibited by combination treatment by LD-DOX/Ce6 + L.

Importantly, compared with cells treated with Ce6 + L or DOX alone, the combination
treatment further suppressed the EMT pathway, the TGFP pathway, angiogenesis and the
hypoxia pathway (Figure S49a and S49b). It has been reported that hypoxia-inducible factor 1
(HIF1) is an important factor for promoting cancers development. The HIF1A pathway has
been documented to be strongly associated with tumor metastasis, angiogenesis, poor patient
prognosis as well as tumor resistance for chemotherapy.[?’! The above data suggested the
combination treatment significantly inhibited tumor metastasis compared with DOX or Ce6 +
L alone. Meanwhile, the combination treatment upregulated the DNA repair pathway (NES =
1.53, FDR = 0.01 and NES = 1.82, FDR = 0.04 in comparison with free DXO and Ce6+L,
respectively), which indicated the combination treatment induced more severe DNA damage
(Figure S49a). In addition, the combination treatment directly induced apoptosis at a higher
level compared with those received the Ce6 + L treatment (NES = 2.03, FDR = 0.001) (Figure
S49a). Therefore, the combination treatment could not only suppress tumor growth, but also
significantly reduced tumor metastasis compared with treatments with DOX or Ce6 + L.

The DOX treatment induced apoptosis (NES = 1.49, FDR = 0.03), and inhibited the Myc
targets pathway (NES = -2.62, FDR = 0.0) and the HIF1A pathway (NES = -1.68, FDR = 0.12)
compared with the control group (Figure S49c), which indicate the DOX treatment promoted
cancer cells death and suppressed tumor growth and tumor metastasis. Besides suppression of
the cell proliferation pathway (NES = -1.95, FDR = 0.008), the Ce6 + L treatment also
inhibited the HIF1A pathway (NES = -1.82, FDR = 0.02) and the NF-«B pathway (NES = -
2.36, FDR = 0.0) compared with the control group (Figure S49d). The NFkB pathway is
extensively involved in cancer development and progression, and it mediates tumor cell
proliferation, survival, and angiogenesis through regulating the expression of TNFA, IL6,
BCL2, and VEGF.[?] Therefore, treatment with either DOX or Ce6 + L could suppress tumor
growth and metastasis.

Consistent with bioinformatics analysis, the western blots supported that after treatment
with free DOX, Ce6 + L or LD-DOX/Ce6 + L, the apoptosis-related proteins, including Bax,
cleaved caspase-3 and cleaved PARP, were significantly up-regulated (Figure 4f and Figure
S50). In addition, expression of YH2A.X, a DNA damage-associated marker, was also
significantly enhanced in cells after treatment with free DOX, Ce6 + L, or LD-DOX/Ce6 + L
(Figure 4f and Figure S50).
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Encouraged by the excellent anti-tumor effect of LD-DOX/Ce6 in vitro, its
biocompatibility was evaluated through acute toxicity tests. As shown in Figure S51, free
DOX displayed obvious dose-dependent toxicity, and injection of DOX at high doses into
mice (10 mg kg and 15 mg kg!) resulted in severe weight loss and even death. In contrast,
mice in the LD-DOX- and LD-DOX/Ce6-treated groups survived at a dose equivalent to 30
mg DOX kg'!. Furthermore, H&E staining results of the mice treated with DOX at 10 mg kg™!
revealed that the liver and heart exhibited distinct pathological changes (Figure S52), which
was consistent with their severe weight loss. In addition, blood routine and biochemical test
results showed that ALT, AST, RBC, and PLT of the DOX-treated group were significantly
different from those in the control group (Figure S53 and S54), further indicating that DOX
had serious side effects. However, these blood test indexes in the LD-DOX- and LD-
DOX/Ce6-treated groups were not significantly different from those in the control group at
the equivalent dose of DOX (Figure S53 and S54), which demonstrated that the systemic
toxicity of DOX was significantly reduced, and both LD-DOX and LD-DOX/Ce6 had great
biocompatibility. The in vivo skin photosensitivity of Ce6 and LD-DOX/Ce6 NPs were also
assessed. As shown in Figure S55, the mice treated with Ce6 suffered severe skin damage
after exposure to a 660 nm laser. The H&E sections displayed severe necrosis in the skin. In
contrast, mice treated with LD-DOX/Ce6 only exhibited slight edema after laser irradiation,
and after 5 days, no significant difference in the H&E sections was found between the LD-
DOX/Ce6-treated group and the control group. Overall, these results strongly supported in
vivo biocompatibility and biosafety of LD-DOX/Ce6, laying a solid foundation for its
application as chemical-photodynamic combination therapy in vivo.

The PEGylated nanoscale drug delivery system has the potential to significantly improve
the pharmacokinetics of small molecule drugs, thereby enhancing their therapeutic effects.?]
After female BALB/c mice were (i.v.) administered with free Ce6 and LD-DOX/Ce6 at an
equivalent Ce6 dose of 5.0 mg kg!, respectively, the blood samples were collected at different
time points after injection, and the Ce6 concentration in the blood was determined by
measuring the Ce6 fluorescence. As shown in Figure 5a, no Ce6 fluorescence signal was
detected at 8 h post injection, suggesting that free Ce6 was eliminated from the blood
circulation system. As comparison, the blood retention time of Ce6 was significantly
prolonged in LD-DOX/Ce6, and the fluorescent signal of Ce6 was still detectable in the blood
(1.17 pg mLY) at 12 h post injection.

The pharmacokinetic parameters from the non-compartmental analysis were summarized in

Table S6. The elimination half-life time (t12) of LD-DOX/Ce6 was 13.6 h, which was 8.5
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times that of free Ce6 (1.6 h). In addition, other pharmacokinetic parameters of Ce6 in LD-
DOX/Ce6 NPs were also significantly different from free Ce6: a longer mean residence time
(MRT(0-0)) (18.4 vs 1.5 h), a higher area under the curve (AUC(0-0)) (4184.2 vs 493.0 pg
mL! min) and a significantly lower total clearance (CL) (0.024 vs 0.203 (ug mL"' min)).
These results indicated that the chemo-PDT combination system significantly increased the in
vivo circulation time of Ce6, which may be due to the excellent stability of the NPs, as well as
the protective layer of polyOEG on the periphery of the NPs.

The prolonged blood circulation time of LD-DOX/Ce6 prompted us to further investigate
the targeting ability of NPs in an orthotopic 4T1 breast tumor model in BALB/c mice. As
shown in Figure 5b, the LD-DOX/Ce6 NPs showed excellent targeting in orthotopic 4T1
breast tumor model, and a large amount of LD-DOX/Ce6 accumulated in the primary tumor
after i.v. administration. In addition, the results of the window model also confirmed the
gradual increase in fluorescence intensity at orthotopic 4T1 breast tumor within 6 h of
administration, indicating that the NPs can effectively enrich and diffuse in the tumor site
(Figure 5c).

Furthermore, the more detailed biodistribution of LD-DOX/Ce6 in tumor-bearing mice was
revealed by ex vivo fluorescence imaging. Tumor-bearing mice were i.v. injected with free
Ce6 or LD-DOX/Ce6 and then sacrificed at predetermined time points post-injection, and
major organs and tumors were collected for ex vivo fluorescence imaging. Figure 5d showed
representative fluorescence images of major organs extracted from the mice 24 h after i.v.
injection with LD-DOX/Ce6. Compared with free Ce6, the fluorescence intensity of the tumor
site in mice after LD-DOX/Ce6 administration increased significantly, indicating that it can
effectively target the tumor site. Specifically, as shown in Figure S56, the Ce6 fluorescence in
both free Ce6 and LD-DOX/Ce6-treated groups was rapidly distributed to the liver, lung,
kidney and tumor, but mainly concentrated in the liver after 1 h of administration. The Ce6
fluorescence in the liver, lung and kidney of the free Ce6-treated group gradually decreased
with time, and after 12 h of administration very weak Ce6 fluorescence was observed in the
liver. At the same time, the Ce6 fluorescence of the tumor site was at a low level at each time
point. As comparison, within 24 h of administration, strong Ce6 fluorescence signals in LD-
DOX/Ce6-treated group was observed the liver, lung, kidney and tumor, and significant
increase Ce6 fluorescence was observed at the tumor site. It was worth noting that the
accumulation of LD-DOX/Ce6 at the liver was significantly reduced at 1 h post injection in
comparison with free Ce6, probably due to the presence of the POEGMA-based polymer shell

to reduce uptake by the macrophage and reticuloendothelial system. These observations were
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confirmed from semi-quantitative analysis of the fluorescence intensity at tumor and major
organs, as shown in Figures S57a and S57b. The semi-quantitative analysis demonstrated that
the retention time of LD-DOX/Ce6 in mice was significantly prolonged, and the strong
fluorescence signals at the tumor site indicated that NPs may be effectively enriched at the
tumor site through the EPR effect. In addition, compared to free Ce6, the accumulation of
LD-DOX/Ce6 at the tumor site gradually increased with time, with the average fluorescence
peaked at 24 h and then maintained a relatively high level up to 72 h (Figure S57c). These
results were consistent with the pharmacokinetic data shown in Figure 5a, indicating that LD-
DOX/Ce6 effectively prolonged the circulation time of the therapeutic agent Ce6 in the body,
improved its biodistribution, and increased its accumulation at the tumor site. Bright red
fluorescence of Ce6 was observed in the frozen sections of the tumor tissue from the LD-
DOX/Ce6-administered group at different time points (Figure S5e). In contrast, Ce6
fluorescence was very weak in the tumor tissue of the free Ce6-treated mice (Figure S58).
These results were consistent with the ex vivo fluorescence images shown in Figure 5d,
further indicating that LD-DOX/Ce6 were capable of efficiently delivering Ce6 to the tumor
site as due to the EPR effect.

The in vivo anti-tumor efficacy of LD-DOX/Ce6 was first evaluated using the subcutaneous
4T1 tumor model (Figure 5f). The tumor volume was monitored and the change in the tumor
volume of different treatment groups was shown in Figure 5g. For the group with laser
irradiation alone, the tumor volume rapidly increased, the growth trend and relative tumor
volume were very similar to that of the saline group, indicating that laser irradiation had no
inhibitory effect on tumor growth under the irradiation condition employed in this study.
Compared to the single therapy (Group 3 (G3: Ce6 + L) for PDT or Group 4 (free DOX) for
chemotherapy), LD-DOX/Ce6 without laser irradiation (Groups 5 and 6) showed slightly
better tumor-inhibitory effects, while LD-DOX/Ce6 with laser irradiation (Groups 7 and 8)
displayed the strongest inhibitory efficacy with a marginal change in the tumor volume up to
21 days, suggesting that the combination of chemotherapy and PDT significantly improved
the anti-tumor efficacy.

It was worth noting that as the dose of the therapeutic agent increased, the anti-tumor effect
was enhanced accordingly. However, at a sufficiently high concentration of 8 mg kg! (Group
9), although free DOX showed a remarkable tumor suppressing effect, the weight of these
mice was reduced below 80% of their initial weight after 13 days of treatment, and the mice
died before the end of the experiment, indicating the severe systemic toxicity of free DOX

(Figure 5g and 5h). In contrast, treatment of the mice with LD-DOX/Ce6 containing an
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equivalent DOX concentration of 8 mg kg'! with laser irradiation (Group 8) did not induce a
significant change in the body weight during the period of 21 days tested (Figure 5h). These
results indicated that LD-DOX/Ce6 with laser irradiation effectively enhanced the anti-tumor
effect and reduced the unwanted side effects associated with free DOX, which was attributed
to the significantly improved in vivo distribution and accumulation of DOX at the tumor site
by the NPs. At the end of the experiment, tumors of each treatment group were stripped and
photographed (Figure S59a). The tumors were weighed and the growth inhibition rates in
relation to the different treatments were calculated (Figure 5i). A wide range of anti-tumor
efficacies were found in different groups compared to the saline group (Group 1). The tumor
growth inhibition (TGI) value for Groups 2-8 was 3.3%, 19.5%, 29.3%, 35.2%, 39.7%,
63.2%, and 76.2%, respectively (Figure S59b). Among those treatment groups, LD-DOX/Ce6
with laser irradiation (8 mg DOX kg!, 8.9 mg Ce6 kg!) resulted in the lowest average tumor
weight (253 + 47 mg) and the highest TGI (76.2%), which was consistent with the trend of the
tumor volume change (Figure 5f). The anti-tumor effect of the NPs was further revealed using
Hematoxylin—eosin (H&E) staining. As shown in Figure S60, different degrees of structural
damage were observed in the tumor sections of each treatment group compared to the control
group. Among them, the tumor sections from mice treated with LD-DOX/Ce6 + L (8 mg
DOX kg, 8.9 mg Ce6 kg!) displayed the highest degree of morphological damage and tumor
cell necrosis. In order to reveal the anti-tumor mechanism of LD-DOX/Ce6, IHC analysis of
tumors in each group of mice was carried out. As shown in Figure S60, tumor microvascular
staining displayed that the vascular density of the tumor site for Group 8 treated with the LD-
DOX/Ce6 with laser irradiation (8 mg DOX kg!, 8.9 mg Ce6 kg!) was significantly reduced
compared with the other treatment groups, indicating that the combination chemo-
photodynamic therapy effectively inhibited tumor angiogenesis. The expression of Ki-67 in
the tumor sections through Ki-67 tumor staining was significantly decreased for Group 8,
suggesting that tumor cell proliferation was significantly inhibited after the chemo-PDT
treatment. The TUNEL immunohistochemistry was further used to confirm apoptosis of
tumor cells. Each treatment group exhibited different degrees of apoptosis compared with the
saline group (Figure S60). Among them, treatment with Group 8 resulted in the highest
number of apoptotic tumor cells, demonstrating its strongest ability to induce tumor cell
apoptosis, which was consistent with the results of H&E staining. The in vivo data indicated
that this chemo-PDT combination treatment demonstrated a better therapeutic efficacy than
treatment by DOX or laser irradiation alone, and exerted its anti-tumor effect by reducing

angiogenesis, inhibiting tumor cell proliferation, and inducing apoptosis. In addition, the
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toxicology of various formulations was also determined by the H&E assay. Compared to the
control organs (including heart, liver, spleen, kidneys, and lungs), no obvious abnormalities
were found in the organ sections after various treatments (Groups 2 to 8) (Figure S61),
demonstrating excellent biosafety of these formulations, including LD-DOX/Ce6.
Furthermore, we evaluated the therapeutic effect of the LD-DOX/Ce6 on breast cancer
orthotopic models. As expected, compared to the single therapy, the combination treatment
group (LD-DOX/Ce6 + L) showed the best anti-tumor treatment effect (Figure 5j), and the
survival time of the mice was significantly prolonged (Figure 5k). It is worth noting that
breast cancer, especially breast cancer in situ, is easy to metastasize to the lungs. Therefore,
we detected lung tumor metastasis of mice in each treatment group by CT imaging and H&E
histology analysis (Figures 51 and 5m). The 3D model of the lungs shown in Figure 5m
demonstrated that after 21 days of treatment, a large number of tumor metastases were
detected in the lungs of the mice treated with saline and Ce6+L. In contrast, although single
chemotherapy groups (DOX, LD-DOX and LD-DOX/Ce6) could attenuate metastasis
formation in lung, they still could not completely limit tumor metastasis. Markedly, no visible
tumor metastases were found in mice treated with LD-DOX/Ce6 + L. The tumor metastasis
was further confirmed by the H&E staining and number count of metastatic tumor nodules in
lung lobe sections from mice at the endpoint of various treatments (Figures 51 and 5m).
Obvious metastatic tumor nodules could be observed in the saline and Ce6 + L groups
(indicated by the yellow arrows), while the LD-DOX/Ce6 + L-treated group showed normal
appearance similar to normal lung tissue, which was consistent with the long-term survival
after treatment. The above results indicated that the combination of chemotherapy and PDT
not only inhibited the growth rate of tumors, but also significantly prolonged the survival time

of mice by inhibiting the lung metastasis of tumors.

3. Conclusion

In summary, we have successfully prepared a DOX-loaded polymer prodrug based on a
linear-dendritic polymer by two-step RAFT polymerization, and then encapsulated Ce6 to
obtain the enzyme and pH-sensitive antitumor prodrug-based NPs (LD-DOX/Ce6). The NPs
have been demonstrated to prolong their circulation time and to enhance their accumulation at
tumor sites through the EPR effect. In the tumor microenvironment with overexpressed
cathepsin B and a weakly acidic condition, the nanostructure of the NPs was disintegrated to
simultaneously release DOX and Ce6, and Ce6 was further exposed to laser irradiation to
generate ROS, resulting in a significantly improved synergistic therapeutic efficacy and

reduced systemic toxicity, improved synergistic therapeutic efficacy through regulating cell
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apoptosis, DNA repair and cell cycle arrest, and inhibited tumor metastasis by suppressed
EMT pathway, the TGFp pathway, angiogenesis and the hypoxia pathway. Our results
demonstrate that the linear-dendritic based polymeric prodrug may be explored as a new class
of multifunctional drug carriers for incorporating multiple therapeutic agents for multi-modal

therapy against cancer.

4. Experimental Section

Materials, methods, synthetic procedures, cell and animal experiments, other data, and
associated references are available in the Supporting Information. All animal operation
procedures were carried out with the approval of the ethics committee of West China Hospital,

Sichuan University (No. 2018148A and 2018150A).
S. Statistical analysis

All numeric data are expressed as mean =+ standard deviation (SD), unless otherwise
indicated. Differences between groups were assessed using Student's t test. Statistical analysis
was performed using GraphPad Prism 7.0. P values of less than 0.05 were considered

significant; *P < 0.05, **P < 0.01, ***P <0.001 and ****P <(0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Physicochemical characterization and dissipative particle dynamics (DPD) simulation of
prodrugs POEGMA-GFLG-(DOX)x and POEGMA-GFGL-(DOX)x (x = 1, 2 or 4). (a) Schematic design of
the polymer prodrug structure used for comparison in this study. (b) DOX-release profiles of POEGMA-
GFLG-(DOX)x and POEGMA-GFGL-(DOX) in the presence of cathepsin B at pH 5.4. (c) Measurements
of critical micelle concentration (CMC) of POEGMA-GFLG-DOX, POEGMA-GFLG-(DOX), and
POEGMA-GFLG-(DOX)s (from left to right) using pyrene as a fluorescence probe. (d) Plasma
concentration profiles of free DOX, POEGMA-GFLG-DOX, POEGMA-GFLG-(DOX); and POEGMA-
GFLG-(DOX)4 after an i.v. injection in mice. (¢) Chemical structure and coarse-grained model of
POEGMA-GFLG-(DOX)s. (f) The modelling process of nanoparticle formation by POEGMA-GFLG-
(DOX)4 and Ce6 (green beads) loading in water. The DPD simulations were performed for 200,000 time
steps with an integration time step of 0.02. (g) Formation of LD-DOX/Ce6 NPs at different feeding weight
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ratios of Ce6 to DOX. (h) TEM images of LD-DOX/Ce6, scale bar = 50 nm. (i) Dynamic process of drug
release from LD-DOX/Ce6 upon the simultaneous breakage of the hydrazone bond and GFLG, and

100,000 time steps were used to analyze the drug release process in protonation conditions. (j) TEM image

of LD-DOX/Ce6 after incubation in deionized water at pH 5.4 for 24 h, scale bar =200 nm.
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Figure 2. Physicochemical characterization of LD-DOX/Ce6. (a) UV-Vis absorption spectra of Ce6-loaded
LD-DOX NPs with different feeding weight ratios of DOX to Ce6 in PBS. (b) Drug loading content (DLC)
and drug loading efficiency (DLE) of Ce6-loaded LD-DOX NPs with different feeding weight ratios of
DOX to Ce6. (c) Size distribution of LD-DOX and LD-DOX/Ce6 as measured by DLS. (d) Absorption
spectra of LD-DOX/Ce6 and the controls in PBS (pH 7.4). (¢) Photostability of LD-DOX/Ce6 and free Ce6
in DMSO or PBS after laser irradiation (660 nm, 2 mW cm). (f) Colloidal stability of LD-DOX/Ce6 in

PBS at pH 7.4. (g) DOX-release profiles and (h) Ce6-release profiles in the presence or absence of

cathapsin B at different pH values. (i) Singlet oxygen generation by LD-DOX/Ce6 NPs under 660 nm laser

irradiation (Ce6: 1 ug mL™!, 660 nm, 5 mW c¢m). Data are expressed as mean £ SD (n = 3).
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Figure 3. (a) Cellular uptake of LD-DOX/Ce6 in 4T1 cells (scale bar = 50 um). (b) CLSM images of 4T1
three-dimensional multicellular tumor spheroids (MTSs) after treatment with LD-DOX/Ce6 for 6 h (scale
bar = 50 um). (c) Images of 4T1 cells treated with LD-DOX/Ce6 or free Ce6 and then stained using DCFH-
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DA to detect ROS generation (scale bar = 100 um). (d) Quantitative analysis of the mean fluorescence
intensity of the ROS probe DCF in 4T1 cells. (¢) YH2A.X expression detected by immunofluorescence
analysis. Cell nuclei were stained by DAPI (blue) (scale bar = 20 pm). (f) Quantitative analysis of average
YH2A.X foci in each cell nuclei. (g) Cytotoxicity of Ce6 + L, DOX, LD-DOX, and LD-DOX/Ce6 against
4T1 cells with or without laser irradiation. (h, i) Flow cytometry analysis of apoptosis in 4T1 cells after
treatment with various treatments with or without laser irradiation. Data are expressed as mean = SD (n=3).

*EEXP <0.0001, ***P <0.001 and **P < 0.01, ns denotes to no significant difference.
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Figure 4. (a) Heat map of differentially expressed genes (DEGs) in 4T1 cells after different treatments. (b)
Volcano plots of DEGs in 4T1 cells after treatment with control and LD-DOX/Ce6 + L. (¢) GO enrichment
analysis and (d) KEGG enrichment analysis of the DEGs between LD-DOX/Ce6 + L treatment and control

group. (e) Gene Set Enrichment Analysis (GSEA) showing the positive enrichment of the apoptosis, DNA

repair, and cell cycle arrest gene signatures, and negative enrichment of the Epithelial-Mesenchymal

Transition, angiogenesis, and TGFp signalling gene signatures in LD-DOX/Ce6 + L comparing to those

treated with control. (f) Western blotting plots showing the DNA damage and apoptosis associated markers

in 4T1 cells after different treatments.
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Figure 5. (a) Mean plasma concentration of Ce6 in BALB/c mice after i.v. injection with free Ce6 and LD-
DOX/Ce6, respective, as determined by measuring the fluorescence intensity of Ce6 in blood at different

time points post injection. (b) Representative in vivo fluorescence images of the orthotopic 4T1 tumor-
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bearing mice after i.v. injection with LD-DOX/Ce6. (c) CLSM images of time-dependent extravasation and
penetration of LD-DOX/Ce6 in the orthotopic 4T1 tumor at different time intervals after the injection
(tumor tissues indicated by the yellow arrows, scale bar = 200 um). (d) Representative fluorescence images
of the major organs retrieved from the mice 24 h after i.v. injection with LD-DOX/Ce6 (H: heart; Li: liver;
Sp: spleen; Lu: lung; Ki: kidney; Tu: tumor). (e) Frozen sections of the tumor visualized by CLSM at
various time points after administration of LD-DOX/Ce6 (x 400, scale bar = 50 um). Green fluorescence
was from the anti-CD31 labeled blood vessels, red fluorescence from Ce6 and blue fluorescence from the
DAPI-stained nuclei. (f) Treatment schedule for subcutaneous 4T1 tumor-bearing BALB/c mice. The mice
were 1.v. injected with different formulations, and the tumors were irradiated with laser (660 nm, 250 mW
cm™, 20 min) 24 h later. (g) Subcutaneous 4T1 tumor volume growth curves of various formulations with
or without laser irradiation. (h) Body weight changes of subcutaneous 4T1 tumor-bearing mice treated by
various formulations with or without laser irradiation. (i) Mean tumor weight of mice in each treatment
group. (j) Orthotopic 4T1 tumor volume growth curves of various formulations with or without laser
irradiation. (k) The survival curves of the orthotopic 4T1 tumor-bearing mice after various treatments. (1)
The nodule number of tumor metastasis in lungs at endpoints of the treatments. (m) The lung metastasis of
the orthotopic 4T1 tumor-bearing mice after various treatments. From top to bottom: 3D image
reconstructed by Micro CT (red, white, green, and blue represent trachea, bone, lung and tumor metastases,
respectively), pictures of lungs and H&E staining of lung sections (scale bar = 2 mm). Group 1 (G1): saline;
Group 2 (G2): laser alone; Group 3 (G3): free Ce6 + L (8.9 mg Ce6 kg'); Group 4 (G4): free DOX (4 mg
DOX kg!); Group 5 (G5): LD-DOX/Ce6 without radiation (4 mg DOX kg'!, 4.4 mg Ce6 kg'); Group 6
(G6): LD-DOX/Ce6 without laser irradiation (8 mg DOX kg, 8.9 mg Ce6 kg!); Group 7 (G7): LD-
DOX/Ce6 + L (4 mg DOX kg'!, 4.4 mg Ce6 kg'); Group 8 (G8): LD-DOX/Ce6 + L (8 mg DOX kg!, 8.9
mg Ce6 kg!); Group 9 (G9): free DOX (8 mg DOX kg). ****P < 0.0001, ***P < 0.001, **P < 0.01 and

*P < (.05, ns denotes to no significant difference.
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The table of contents
A novel linear-dendritic block copolymer DOX prodrug with cathepsin B and pH dual-
responsiveness was synthesized through a new synthesis strategy. The prodrug and
photosensitizer Ce6 self-assemble to form nanoparticles for efficient drug delivery and
controlled release drug in tumor cells. DOX and Ce6 exert a synergistic antitumor effect by
intensifying cell DNA damage and activating the corresponding apoptotic pathways, resulting

in an excellent antitumor effect.

Keywords: tumor microenvironment-responsive, linear-dendritic block copolymer,

amphiphilic polymer, nanomedicine, combination therapy
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