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ARTICLE INFO ABSTRACT

Keywords: Cancer cells could be eradicated by promoting generation of excessive intracellular reactive oxygen species
Pl'Olifel'a‘tion inhibition (ROS) via emerging nanomedicines. However, tumor heterogeneity and poor penetration of nanomedicines often
APOPtf’S‘S_ ) lead to diverse levels of ROS production in the tumor site, and ROS at a low level promote tumor cell growth,
ﬁl‘;:ttlphlhc and block polymer-dendron con- thus diminishing the therapeutic effect of these nanomedicines. Herein, we construct an amphiphilic and block

polymer-dendron conjugate-derived nanomedicine (Lap@pOEGMA-b-p(GFLG-Dendron-Ppa), GFLG-DP/Lap
NPs) that incorporates a photosensitizer, Pyropheophorbide a (Ppa), for ROS therapy and Lapatinib (Lap) for
molecular targeted therapy. Lap, an epidermal growth factor receptor (EGFR) inhibitor that plays a role in
inhibiting cell growth and proliferation, is hypothesized to synergize with ROS therapy for effectively killing
cancer cells. Our results suggest that the enzyme-sensitive polymeric conjugate, pPOEGMA-b-p(GFLG-Dendron-
Ppa) (GFLG-DP), releases in response to cathepsin B (CTSB) after entering the tumor tissue. Dendritic-Ppa has
a strong adsorption capacity to tumor cell membranes, which promotes efficient penetration and long-term
retention. Lap can also be efficiently delivered to internal tumor cells to play its role due to the increased
vesicle activity. Laser irradiation of Ppa-containing tumor cells results in production of intracellular ROS that is
sufficient for inducing cell apoptosis. Meanwhile, Lap efficiently inhibits proliferation of remaining viable cells
even in deep tumor regions, thus generating a significant synergistic anti-tumor therapeutic effect. This novel
strategy can be extended to the development of efficient membrane lipid-based therapies to effectively combat
tumors.

Enhanced penetration
Membrane flow
Combination therapy

1. Introduction strategy for cancer therapy [4]. One of such interventions is to develop

nanomedicines for photodynamic therapy (PDT) and great progress has

ROS serves a pivotal role in the life cycle of tumor cells [1]. When the
ROS levels exceed the threshold for normal physiological activities,
DNA, proteins or lipids within tumor cells could be damaged or their
compositions modified, eventually leading to apoptosis [2-4]. Exoge-
nous interventions to increase the intracellular ROS level is a promising
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been made in the recent decade [5-9]. However, the complicated tumor
microenvironment (TME) is often a challenging obstacle for nano-
medicines. Insufficient accumulation and poor penetration of the ther-
apeutic components incorporated in these nanomedicines are often seen
at the solid tumor site, hampering their clinical application [10-13].
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For example, heterogeneity of tumor tissues and nonuniformity in
the distribution of therapeutic drugs result in different ROS production
levels throughout the entire solid tumors. A variety of ROS-related
signaling pathways could be activated, among which the downstream
molecules in some of these signaling pathways may stimulate cells to
build self-defense mechanisms to maintain cell survival or promote cell
proliferation, thus diminishing the therapeutic effect of the nano-
medicines [14-17]. Therefore, it is critical to improve insufficient
localized bioavailability of drugs to overcome poor penetration of
therapeutic agents for ROS-based antitumor therapy. In addition, the
combination of molecular targeted therapy for tumor cell growth and
proliferation with the ROS therapeutic modality may completely sup-
press tumor cell growth [18-20]. Lap, an inhibitor for EGFR, can inhibit
EGFR autophosphorylation and block its signal transduction, and it is
often employed as a therapeutic agent for inhibiting growth and pro-
liferation of tumor cells [21-23]. Meanwhile, EGFR is overexpressed in
many solid tumors, and its expression level is closely associated with the
hypoxic level of the TME [24-26]. Since the hypoxic area is often
located in the central region of tumor tissues, Lap-incorporated nano-
medicines with weak tumor penetration ability cannot effectively
deliver Lap to the hypoxic area to exert its therapeutic effect [27-31].
Therefore, an effective delivery system for Lap is pursued to achieve
efficient penetration and high accumulation in the tumor tissues.
Meanwhile, the delivery system could also deliver therapeutic agents to
induce ROS-mediated apoptosis, resulting in a synergistic therapeutic
effect against tumor cells.

Previously, we reported a nanomedicine for PDT derived from an
amphiphilic and block polymer-dendron conjugate [32]. This
CTSB-responsive nanomedicine could dissociate into dendritic-Ppa in
tumor tissues. The dendritic-Ppa segment stably binds to the cell
membranes, resulting in efficient deep penetration and long-term
retention in tumors via the membrane flow. In this process,
dendritic-Ppa embedded in the tumor membrane can damage the
membrane structure and impair its inherent function, thus destroying
this barrier that prevents internalization and penetration of anti-tumor
drugs [32-35]. In addition, the linear-dendritic and block copolymers
have been shown to improve stability and self-assembly of polymeric
drug delivery systems. They have been successfully employed to
co-deliver drugs to accomplish combination therapy [36,37]. In this
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study, the CTSB-responsive nanomedicine for PDT was employed to load
Lap, which could improve accumulation and penetration of Ppa and Lap
in the tumor tissue and enhance their therapeutic effects including
ROS-mediated tumor apoptosis and Lap-mediated proliferate inhibition,
thus prolonging the survival duration of tumor-bearing mice, promoting
efficient tumor clearance and preventing tumor metastasis. Our exper-
imental results show that co-penetration of Lap and Ppa in the
CTSB-responsive nanomedicine can significantly increase their combi-
nation therapeutic effect, and this co-delivery strategy into deep tumor
tissues can be extended to the development of intelligent polymeric
nanomedicines to combat cancer (Fig. 1).

2. Results and discussion
2.1. Formulation and characterizations of GFLG-DP/Lap NPs

The synthesis routes for the amphiphilic and block polymer-dendron-
Ppa conjugate with enzyme-responsive GFLG linkers, GFLG-DP, and its
control group, pOEGMA-b-p(Dendron-Ppa) (DP) without enzyme-
responsive linkers, are shown in the Supporting Information (Figs. S1
and S2), and more information can be found in our previous article 82,
The molecular weight (MW) of GFLG-DP is 34.2 KDa with PDI of 1.18
and the Ppa loading rate is 4.92 wt%, and DP has a similar MW as well as
an equivalent drug loading rate (34.2 KDa, PDI = 1.16, 5.03 wt% Ppa).
The critical micelle concentration (CMC) value of GFLG-DP and DP is
measured to be 10.30 pg/mL and 16.44 pg/mL, respectively, using
pyrene as a fluorescence probe (Fig. S3), indicating both GFLG-DP and
DP could self-assemble to form micelles and they have potential to
encapsulate hydrophobic drugs.

Next, we utilized GFLG-DP and DP to encapsulate Lap via a thin film
hydration method to construct dual-drug co-delivery nanoparticles
(NPs), GFLG-DP/Lap NPs and Lap@pOEGMA-b-p(Lys-Dendron-Ppa)
(DP/Lap NPs), respectively. The size distribution changes of GFLG-DP/
Lap NPs and DP/Lap NPs at different feeding ratios of Lap are shown
in Table S1, and the changes in the particle size before and after drug
loading confirm successful loading of Lap to NPs. High performance
liquid chromatography (HPLC) analysis was utilized to characterize the
Lap content in both NPs (Fig. S4). There is a distinct peak for Lap in
GFLG-DP/Lap NPs and DP/Lap NPs at a retention time of 6.00 min.

Fig. 1. Schematic illustration of the enzyme-sensitive
block polymer-dendron conjugate-derived nano-
medicine (GFLG-DP/Lap NPs) for a synergistic anti-
tumor therapeutic effect by inducing apoptosis and
inhibiting cell proliferation. (A): GFLG-DP could load
Lapatinib, an EGFR inhibitor, to form a stable nano-
medicine (GFLG-DP/Lap NPs). (B): GFLG-DP/Lap NPs
display co-delivery of Ppa and Lap deep in the tumor
tissue, which is realized by strong membrane activity.
(C): Generated dendritic-Ppa from GFLG-DP could
bind to cellular membranes and stimulate strong
vesicle activity, facilitating intracellular and extra-
cellular co-transportation of Ppa and Lap. (D): GFLG-
DP/Lap NPs show a combined therapeutic effect by
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Meanwhile, the high resolution mass spectrometer (HRMS) result also
confirms the presence of Lap in both NPs. The equivalent Lap loading is
achieved for both DP NPs and GFLG-DP/Lap NPs by tuning the feed
ratios, and the content ratio of Ppa and Lap in two NPs is kept at 5: 2
unless it is specifically stated.

Four NPs, including DP NPs, DP/Lap NPs, GFLG-DP NPs and GFLG-
DP/Lap NPs, are monodispersed, and their hydrodynamic size is 217
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nm, 186 nm, 145 nm, and 192 nm, respectively, via dynamic light
scattering (DLS) (Fig. 2B, Fig. S5, Table S1). Transmission electron mi-
croscopy (TEM) images confirm that both GFLG-DP NPs and GFLG-DP/
Lap NPs have a size of around 150 nm, which is similar to their DLS
results (Fig. 2C). In addition, superposition peaks of Lap and the GFLG-
DP or DP conjugate can be seen in the UV spectrum of GFLG-DP/Lap NPs
or DP/Lap NPs, indicating successful loading of Lap into GFLG-DP and
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Fig. 2. (A): A schematic diagram of preparation and assembly of GFLG-DP/Lap NPs. (B): Hydrodynamic size of GFLG-DP NPs and GFLG-DP/lap NPs. (C): Typical
TEM images of GFLG-DP NPs and GFLG-DP/lap NPs. Scale bar: 200 nm. (D): UV spectra of Ppa, Lap, DP, GFLP, DP/Lap and GFLP-DP/Lap NPs in DMSO. (E):
Hydrodynamic size changes of GFLG-DP/Lap NPs in a simulated microenvironment at different pH values. (F): Typical TEM images of degraded GFLG-DP/Lap NPs at
pH 6.8 or pH 5.4. (G): Fluorescence signal changes of SOSG in PBS containing DP/Lap NPs or GFLG-DP/Lap NPs upon exposure to a 660 nm laser for 100 min (n = 3).
(H): Western blots of p-EGFR in 4T1 cells under hypoxic/normoxia conditions after the treatment with Lap (1 pg/mL) or EGF (50 ng/mL or 100 ng/mL) via
immunoblot assays. (I): Flow cytometry of 4T1 cells treated with GFLG-DP/Lap NPs and their median fluorescence intensity (MFI) at 2, 4, 6 and 12 h (n = 3). (J):
Representative CLSM images for cellular uptake of free Ppa, DP NPs, DP/Lap NPs, GFLG-DP NPs and GFLG-DP/Lap NPs (equivalent Ppa: 5.0 pg/mL) in 4T1 cells after

4 h of incubation. Scale bar: 20 pm.
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DP NPs (Fig. 2D).

GFLG-DP/Lap NPs, DP/Lap NPs, GFLG-DP NPs and DP NPs are very
stable in the cell culture medium containing 10% fetal bovine serum for
6 days (Fig. S6), indicating their outstanding in vitro stability in a
simulated physiological environment. However, after GFLG-DP/Lap NPs
were incubated with CTSB in a MclIvaine’s buffer for 24 h, they degrade
into smaller segments with a hydrodynamic size of around 80 nm at pH
= 5.4 or 100 nm at pH = 6.8 via DLS (Fig. 2E). Smaller spherical ag-
gregates are also observed under TEM with a size of around 30 nm at pH
= 5.4 or 50 nm at pH = 6.8 (Fig. 2F). After enzymatic cleavage of the
GFLG linkers, the Ppa segments are released from the NPs. The encap-
sulated Lap escapes from the NPs, resulting in a smaller size. However,
the dendritic-Ppa unit and Lap could be encapsulated by the loose
nanostructure of the POEGMA segment without Ppa after enzymatic
fracture to form spherical aggregates 32,

In addition, singlet oxygen green fluorescence probe (SOSG), which
is highly sensitive to single-oxygen (*0,), was utilized to assess the ROS
generation of GFLG-DP/Lap NPs after laser irradiation and determine
their efficacy as an agent for PDT. Compared with the 10, production
from DP/Lap NPs in a neutral PBS solution, GFLG-DP/Lap NPs have
generated more 'O, with much stronger fluorescence intensity after 100
min of laser irradiation (660 nm, 10 mW/cm?) (Fig. 2G). Furthermore,
we measured the fluorescence intensity of SOSG in the buffer containing
CTSB in the presence of two NPs. After enzymatic degradation of the
GFLG segment, a higher amount of 10, is produced from GFLG-DP/Lap
NPs compared to DP/Lap NPs in a buffer (Fig. S7). These results indicate
GFLG-DP/Lap NPs have a better 10, production performance than DP/
Lap NPs, and they can achieve a greater PDT effect after enzymatic
hydrolysis.

EGFR-positive murine mammary carcinoma (4T1) cells were
employed to assess the curative effect of GFLG-DP/Lap NPs. The phos-
phorylation of EGFR (p-EGFR) in 4T1 cells was first assessed. In a hyp-
oxia environment, there is a 2.3-fold increase in p-EGFR expression in
4T1 cells, while the addition of Lap decreases the p-EGFR level under
both normoxia and hypoxia conditions (Fig. 2H and S8). Next, to
examine the uptake of GFLG-DP/Lap NPs by 4T1 tumor cells, we co-
incubated 4T1 cells with GFLG-DP/Lap NPs at the same concentration
but for different durations. The fluorescence signal inside cells indicates
that these NPs are efficiently internalized by 4T1 cells after 4 h (Fig. 2I).
Additionally, 4T1 cells incubated with GFLG-DP NPs or GFLG-DP/Lap
NPs for 4 h had considerably stronger Ppa fluorescence signals than
cells treated with DP NPs or DP/Lap NPs (Fig. 2J and S9). These results
suggest that GFLG-DP/Lap NPs have a high internalization rate into 4T1
cells, and the uptake pathways for GFLG-DP/Lap NPs and DP/Lap NPs
by 4T1 cells are distinctly different. Since CTSB is extracellularly
secreted in malignant tumor cells, dendritic Ppa may be released from
GFLG-DP/Lap NPs after their exposure to CTSB in the extracellular
microenvironment, thereby improving their cellular internalization.

2.2. ROS generation and cell death induction via GFLG-DP/Lap NPs

The generation of intracellular ROS induced by internalized GFLG-
DP/Lap NPs was assessed via 2/, 7’-dichlorofluorescein diacetate
(DCFH-HA) in 4T1 cells [38]. As shown in Fig. 3A, after laser treatment,
the presence of free Ppa strongly increases the ROS level in 4T1 cells.
Compared with the control groups and non-irradiation groups, the ROS
production in 4T1 cells after incubation with DP/Lap NPs or
GFLG-DP/Lap NPs under laser irradiation is significantly raised, which
is also evidenced from flow cytometry analysis (Fig. 3B).

Next, the cellular viability of 4T1 cells treated with GFLG-DP/Lap
NPs or DP/Lap NPs, with or without irradiation treatment, was exam-
ined via the CCK-8 assay (Fig. 3C). The viability of cells treated with free
Lap gradually decreases, and the ICsq value of free Lap is 4.41 pg/mL
and 2.02 pg/mL at 24 h and 48 h, respectively. Treatment with DP NPs
or DP/Lap NPs within the test concentration range does not impact the
viability of tumor cells. In contrast, the cell viability is less than 40%
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after treatment with GFLG-DP NPs at the highest concentration (5.0 pg
equivalent Ppa/mL), and below 20% after treatment with GFLG-DP/Lap
NPs at the same concentration. After laser irradiation (660 nm, 1.0 J/
cm?), cells incubated with free Ppa, DP NPs, GFLG-DP NPs, DP/Lap NPs
or GFLG-DP/Lap NPs exhibit Ppa concentration-dependent cytotoxicity.
It is worth noting that GFLG-DP NPs (ICso: 0.27 pg/mL) have a more
cytotoxic effect than DP NPs (ICsp: 2.47 pg/mL) on 4T1 cells at an
equivalent Ppa concentration under the same laser irradiation condi-
tion, which may be attributed to a high level of internalization and ROS
generation of GFLG-DP NPs. Compared to PDT via DP NPs and GFLG-DP
NPs, the incorporation of Lap into both NPs enhances the toxicity to
tumor cells after laser irradiation. The ICsq values of DP/Lap NPs and
GFLG-DP/Lap NPs with laser treatment against 4T1 cells are 0.76 pg/mL
and 0.12 pg/mL, respectively. These results support that the combina-
tion of PDT and Lap treatment could exert an excellent synergistic
antitumor effect in vitro.

2.3. GFLG-DP/Lap NPs induce apoptosis and block cell proliferation

To probe the molecular mechanism of GFLG-DP/Lap NPs under laser
irradiation, we used transcriptome sequencing to analyze the differences
in mRNA expression in tumor cells after treatment with GFLG-DP/Lap
NPs, compared with other control groups. Compared to control cells
without exposure to GFLG-DP/Lap NPs, the heatmap and volcano map
reveal differential expressed genes (DEGs) in tumor cells treated with
GFLG-DP/Lap NPs with laser irradiation (Fig. S10 A and S10 B). DEGs
enrichment results suggest that genes associated with the cell death and
proliferation pathways are significantly changed in cells after treatment
of GFLG-DP/Lap NPs with laser irradiation, including the TNF signaling
pathway, the MAPK signaling pathway, the p53 signaling pathway,
apoptosis, necroptosis, the NF-kappa B pathway, the MTOR signaling
pathway, the PI3K-Akt signaling pathway, cell cycle and cellular
senescence (Fig. 3D). Compared with the treatment groups by GFLG-DP
NPs with laser and GFLG-DP/Lap NPs without laser, 400 DEGs are
specifically identified in cells after treatment of GFLG-DP/Lap NPs with
irradiation (Fig. 3E). Among them, 202 genes are upregulated and 198
genes downregulated (Fig. 3F). Gene Ontology (GO) term enrichment
analysis demonstrates that regulated genes after treatment of GFLG-DP/
Lap NPs with laser irradiation are predominantly involved in negative
regulation of cell proliferation and positive regulation of apoptosis
(Fig. 3G). Consistent with the enrichment results in Fig. 3D, functional
enrichment analysis supports that these screened regulated genes are
associated with the signaling pathways related to cell survival and
proliferation processes (Fig. 3H). It is worth noting that the combination
treatment has a significant impact on key genes (rnaseh2c, pold4, ssbp1,
dna2, rpa3, pole2 and prim1) for DNA replication and genome stability
(Fig. 3F and I). To gain further insights at the gene-set level, we per-
formed gene set enrichment analysis (GSEA) of the differential genes in
the cells between the group treated with GFLG-DP/Lap NPs with laser
irradiation and the control group without exposure to GFLG-DP/Lap
NPs. Consistently, the gene sets associated with apoptosis (NES =
1.74, FDR = 0.00), the P53 pathway (NES = 2.09, FDR = 0.00), and the
TNFA signaling pathway (NES = 2.96, FDR = 0.00) have a significantly
positive enrichment score in the cells after treatment with GFLG-DP/Lap
NPs and laser irradiation. Meanwhile, a negative enrichment score is
identified in these signatures including the E2F targets pathway (NES =
—1.90, FDR = 0.00) and the G2M checkpoint (NES = —1.48, FDR =
0.00) (Fig. 3J and Fig. S11). Therefore, these data suggest that GFLG-
DP/Lap NPs under laser irradiation have an efficacious combinational
therapeutic effect on cell killing and growth inhibition.

We further investigated the role of apoptosis and the DNA replication
pathway in the combination therapy of PDT plus Lap treatment. We first
examined the acute damage to tumor cells due to ROS production. As
shown in Fig. 4A and Fig. S12, the treated tumor cells in the GFLG-DP
NPs and GFLG-DP/Lap NPs groups are rapidly killed within a short
period of time after laser irradiation. This is accompanied with a rapid
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Fig. 3. (A): Intracellular ROS generation in 4T1 cells after incubation with free Ppa, DP/Lap NPs and GFLG-DP/Lap NPs at 1.0 pg equivalent Ppa/mL with or without
660 nm laser irradiation (1.0 J/cm?) via the DCFH probe. Scale bar: 50 pm. (B): MFI of DCFH in the 4T1 cells after different treatments in (A) (n = 3). (C):
Cytotoxicity of Lap against 4T1 cells at 24 h and 48 h (first); Cytotoxicity of different formulations against 4T1 tumor cells (n = 3), including Ppa, Ppa with laser
irradiation, Ppa + Lap, Ppa + Lap with laser irradiation (second); DP NPs, DP NPs with laser irradiation, DP/Lap NPs, DP/Lap NPs with laser irradiation (third);
GFLG-DP NPs, GFLG-DP NPs with laser irradiation, GFLG-DP/Lap NPs, and GFLG-DP/Lap NPs with laser irradiation (forth). (D): Top 14 enriched KEGG pathways in
cells treated with GFLG-DP/Lap NPs and laser irradiation compared to the blank control via functional enrichment analysis. (E): Venn diagram of the DEGs in cells
treated with GFLG-DP/Lap NPs, GFLG-DP NPs with irradiation and GFLG-DP/Lap NPs with irradiation. (F): Volcano plot of unique DEGs in the GFLG-DP/Lap laser
irradiation cells (total number of DEGs = 400, the number of downregulated genes = 198, the number of upregulated genes = 202). (G): Enriched GO terms from 400
DEGs via functional enrichment analysis. Red for biological process (BP), blue for cellular component (CC) and green for molecular function (MF). (H): Functional
enrichment analysis of these 400 DEGs in (F). KEGG analysis shows that the cell proliferation and survival processes are significantly affected. (I): Chord diagram for
specific biological processes related to selective DEGs in (F). (J): Positive enrichment scores for the apoptosis pathway and negative enrichment scores for the E2F
targets pathway from GSEAof cells treated with GFLG-DP/Lap NPs and irradiation.

increase in the level of y-H2AX foci in the nucleus of the irradiated cells, 2.4. GFLG-DP/Lap NPs serve as an effective nanomedicine for tumor
indicating that a great amount of ROS induced by PDT can instantly inhibition
cause DNA damage (Fig. 4B and D). These results are also supported

from immunoblot assays (Fig. 4J). Meanwhile, the addition of Lap into The therapeutic effect of GFLG-DP/Lap NPs for 4T1 tumors was
GFLG-DP NPs contributes to an increase in the cell mortality, which is evaluated in a subcutaneous mice model. Mice bearing subcutaneous
consisted with the apoptosis analyses by flow cytometry and immuno- 4T1 tumors received four doses of i.v. injections of saline, free Lap, free

blot assays. Compared with non-irradiation groups, treatment with DP Ppa, DP NPs, DP/Lap NPs, GFLG-DP NPs or GFLG-DP/Lap NPs (the Ppa
NPs or GFLG-DP NPs and laser irradiation leads to an increase in the 4T1 dose of 5.0 mg/kg, the Lap dose of 2.0 mg/kg, n = 10 per group, except
cellular apoptosis ratio determined by flow cytometry, and the apoptotic n =5 for saline and free Lap) and the scheduled injections are shown in
cells subject to DP NPs with irradiation account for 34.60 + 3.44% of Fig. 5A. Among them, one half of the mice with free Ppa, DP NPs, DP/
total cells, while 52.06% + 1.92% in the group subject to GFLG-DP NPs Lap NPs, GFLG-DP NPs and GFLG-DP/Lap NPs were randomly selected

with irradiation (Figs. S13 and S14). Most impressively, the percentage for laser irradiation treatment at 24 h after injection of them. During
of apoptotic cells increases to 72.52% =+ 2.21% in the group treated with treatment, the body weight and the tumor size of mice were measured
GFLG-DP/Lap NPs and irradiation compared with 52.06% + 1.92% in every two days (Figs. S17 and S19). On day 17 after the first treatment,
the group treated with GFLG-DP NPs and laser radiation, confirming the the tumors grow rapidly and the tumor diameter reaches 15 mm in the
combinational pro-apoptotic effect of PDT and Lap therapy (Fig. 4F and saline-treated mice, the experiment is terminated according to the in-
G). Immunoblot analysis supports that the key apoptosis-related pro- ternational animal ethics guidelines. As shown in Fig. 5B, C, S17 and
teins in tumor cells including cleaved caspase-3 (CL-CASP3) and cleaved S18A, the mice in the saline-treated group have a 15.4-fold increase in
PARP (CL-PARP) are upregulated after treatment with irradiation and the tumor volume at the end of treatment. Tumor growth is effectively
GFLG-DP NPs or GFLG-DP/Lap NPs. GFLG-DP/Lap NPs-treated cells suppressed in the nanomedicines/irradiation-treated mice groups, while
show a higher expression level of these apoptosis-related proteins treatment with free Ppa and irradiation results in a slightly efficacious
compared with those treated with GFLG-DP NPs under the same laser effect on tumor-bearing mice with a 14.4-fold increase in the tumor
irradiation condition (Fig. 4J and S16). volume, which may be due to a longer circulation time of nano-

Given the enhanced activation of EGFR in 4T1 cells under a hypoxic medicines, leading to the enrichment of photosensitizers in the tumor
condition (Fig. 2H), we speculated that tumor cells could maintain rapid via the enhanced permeability and retention (EPR) effect of solid tu-
growth without sufficient irradiation. As shown in Fig. S15, colony mors. Treatment of mice with DP NPs, DP/Lap NPs and GFLG-DP NPs
formation assays confirm that colony formation from 4T1 cells after with laser irradiation exhibits a similar inhibition efficacy, resulting in a
treatment with a low dose of Ppa (0.0625 pg/mL) under laser irradiation 3.9-fold, 3.6-fold and 3.5-fold increase in the tumor size, respectively.
(0.5 J/cm?) is similar to that of control cells. However, treatment with On the contrary, tumor progression is significantly inhibited in the mice
GFLG-DP/Lap NPs at the equivalent Ppa dose under the same laser treated with GFLG-DP/Lap NPs and laser irradiation with a 1.4-fold
irradiation condition significantly inhibits clonal formation of 4T1 reduction in the original tumor volume, and their mean tumor volume
tumor cells (Fig. 4C and S15). In addition, the results of cell cycle is down to 60 mm? (Fig. S20). In addition, the average tumor weights
analysis show that the addition of Lap into GFLG-DP NPs significantly from the mice after treatment support the pronounced therapeutic effect
reduces the number of S-phase cells, while the number of G1-phase and of GFLG-DP/Lap NPs with irradiation, and the tumor inhibition rate in
G2/M-phase cells increases (Fig. 4H and I). The G1 checkpoint arrest these mice reaches 90% (Fig. 5D). Meanwhile, the therapeutic effect of
results are consistent with western blot analyses (Fig. 4K). The expres- GFLG-DP/Lap NPs with irradiation was evaluated with a long-term
sion level of CDK4 and cyclin D1 proteins is reduced in the groups survival study in the 4T1 tumor model. The median survival of the sa-
treated with free Lap and GFLG-DP/Lap NPs (with laser irradiation), and line group is 17 days, while the mice treated with GFLG-DP NPs (with
both proteins are associated with cell cycle in tumor cells. The reduction laser irradiation) and DP/Lap NPs (with laser irradiation) show a
in the expression of both proteins results in a downstream effect: moderate therapeutic efficacy with a median survival of 28 days and 31
reducing activation of the RB-1 protein and blocking release of the E2F1 days, respectively. The intervention with GFLG-DP/Lap NPs with laser
protein. Cell cycle assay results suggest that the combination of PDT and irradiation effectively inhibits tumor growth, and the median survival of

Lap treatment leads to cell cycle arrest in the G1 phase and blockage of the group is extended to 39 days (Fig. 5E and S18B), 2.3 times longer
cell division (Fig. 2L). Collectively, the results suggest that the in vitro than the saline group.

PDT and Lap lethality on 4T1 cells is primarily due to a strong ROS- The antitumor effect of the combinational therapy was further sup-
mediated cell killing effect and inhibition of EGFR-mediated activa- ported by immunofluorescence analysis of tumor tissues. Terminal
tion of cell proliferation. The combined treatment can rapidly induce deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick
cell apoptosis and effectively inhibit the growth of the remaining viable end labeling (TUNEL) assays of the harvested tumors confirm that GFLG-
tumor cells. DP NPs and GFLG-DP/Lap NPs with irradiation efficiently induce more

late apoptotic cells compared with DP NPs or DP/Lap NPs (Fig. 5F and
G). However, the introduction of Lap into GFLG-DP NPs does not
significantly increase the percentage of late apoptotic tumor cells in vivo.
Furthermore, Ki67 expression in the mice receiving GFLG-DP/Lap NPs is
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Fig. 4. (A): Typical cell morphologies of 4T1 cells treated with Lap (0.4 pg/mL), GFLG-DP NPs (1.0 pg equivalent Ppa/mL) and GFLG-DP/Lap NPs (1.0 pg equivalent
Ppa/mL) under laser irradiation (1.0 J/em?). Scale bar: 50 pm. (B): The y-H2AX foci content in the nucleus of 4T1 cells after treatments in (A). Scale bar: 50 pm. (C):
Representative colony formation assay results of 4T1 cells after treatment with Lap (0.2 pg/mL), GFLG-DP NPs (0.5 pg equivalent Ppa/mL) and GFLG-DP/Lap NPs
(0.5 pg equivalent Ppa/mL) under laser irradiation (0.5 J/cm?) for 48 h. Scale bar: 50 pm. (D): Percentage of y-H2AX-positive cells after different treatments in (B) (n
= 3). **P < 0.01 and ****P < 0.0001. (E): Clonal formation rate after different treatments in (C) (n = 3). (F): Apoptosis analysis of 4T1 cells treated with different
methods by flow cytometry (n = 3) including the blank control, Lap (0.2 pg/mL), GFLG-DP NPs (0.5 ug equivalent Ppa/mL) and GFLG-DP/Lap NPs (0.5 pg equivalent
Ppa/mL) with laser irradiation (1.0 J/cm?). (G): The apoptotic percentage of 4T1 cells with various treatments (n = 3). *P < 0.05 and ****P < 0.0001. (H): Cell cycle
analysis of 4T1 cells after different treatments in (C). Cell cycle alteration may be in response to the DNA damage induced by the combination treatment. (I): The
percentage of cells in each phase of cell cycle (n = 3). (J): Immunoblots of y-H2AX, cleaved PARP and cleaved caspase 3 in 4T1 cells after treatments in (A). (K):
Immunoblots of proteins for cell cycle progression, including p-AKT, CDK4/6, cyclin D1, E2F and RB1, in 4T1 cells after treatments in (C). (L): Schematic diagram for
r;he mechanisms of the combination effect of Lap therapy and PDT against 4T1 cells.

significantly reduced after irradiation compared with that in other
groups, indicating the proliferation of remaining tumor cells is signifi-
cantly inhibited after the combination therapeutic treatment by GFLG-
DP/Lap NPs with irradiation (Fig. 5H and I). There is no statistical dif-
ference of the Ki67 expressions between the groups treated with DP NPs
with irradiation and DP/Lap NPs with irradiation, suggesting an un-
satisfactory anti-tumor effect of DP/Lap NPs with irradiation. H&E
staining images of lungs confirm a great anti-tumor metastasis effect
after treatment with GFLG-DP/Lap NPs and laser irradiation, which is
ascribed to the induction of tumor cell apoptosis and proliferation in-
hibition (Fig. 5J and S21). These results indicate that co-delivery of
drugs via nanomedicines into the tumor site does not guarantee an
effective combination effect of PDT and Lap, such as DP/Lap NPs. Based
on our previous report °2, dendritic-Ppa released from GFLG-DP NPs in
the tumor site could bind to the cell membrane systems, achieving deep
tumor penetration of Ppa through the membrane flow. This process may
also promote the penetration of the co-delivered Lap in GFLG-DP/Lap
NPs. Deep penetration of both drugs in solid tumors could contribute
to such a promising efficacy in tumor growth inhibition and metastasis
suppression.

2.5. GFLG-DP/Lap NPs achieve co-delivery into deep tumors via
membrane activity

The above experimental data support that GFLG-DP/Lap NPs not
only have a better PDT effect, but also a significantly inhibitory effect on
tumor proliferation compared with other formulations. It is well
accepted that the distribution of EGFR is impacted by the degree of
hypoxia in the tumor environment, which is closely correlated with the
depth of solid tumors. We hypothesized that the outstanding therapeutic
result of GFLG-DP/Lap NPs may be ascribed to spacious distribution of
the loaded Lap throughout the tumor tissues, especially in the central
tumor regions, and the interaction between the nanomedicine and the
tumor cell membrane could be a contributing factor to this process ac-
cording to our previous study 3. The CTSB-sensitive polymeric carrier
has been demonstrated to release the dendritic-Ppa unit at the tumor
site, and the released dendritic-Ppa unit can disrupt the tumor cell
membrane and thus deeply penetrate into the tumor tissue via cellular
interaction. The interaction between GFLG-DP/Lap NPs and the tumor
cell membrane may facilitate effective penetration of the encapsulated
Lap. Herein, we first unitized isolated giant plasma membrane vesicles
(GPMVs) from the 4T1 cells incubated with DP/Lap NPs or GFLG-DP/
Lap NPs. Confocal laser scanning microscopy (CLSM) images show
that the fluorescent signal of Ppa is evident on the GPMVs from the
GFLG-DP/Lap NPs-treated group. Conversely, the fluorescent signal is
barely detectable on the vesicles from the DP/Lap NPs-treated group,
indicating that the degraded product from GFLG-DP/Lap NPs could be
effectively bound to the cell membrane (Fig. 6A and B). Furthermore,
the amount of dendritic-Ppa released from GFLG-DP/Lap NPs on the
GPMVs from tumor cells pre-treated with a CTSB inhibitor is signifi-
cantly reduced (Fig. S22). Meanwhile, in GFLG-DP/Lap NPs-treated
murine brain microvascular endothelial cells (bEnd.3), dendritic-Ppa is
barely bound or embedded in the cell membrane of bEnd.3 cells
(Fig. S23). These results suggest that the dissociation of GFLG-DP/Lap
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NPs depends on their response to CTSB in the tumor microenviron-
ment and the dissociation is essential for the interaction between
dendritic-Ppa and tumor cell membranes. It is noticed that the fluores-
cence intensity is retained on the GPMVs from 4T1 cells after removing
the medium containing GFLG-DP/Lap NPs for 2 h, indicating that
dendritic-Ppa could bind stably to the cell membrane (Fig. S24).
Meanwhile, compared with the DP/Lap NPs group without degradation,
GFLG-DP/Lap NPs have a higher degree of co-localization with the
endoplasmic reticulum (ER) and Golgi apparatus (GA), indicating that
their degraded products containing Ppa could be delivered intra- and
extracellularly via the vesicular activity (Fig. 6C and D). Next, we
unitized rhodamine-labeled dextran (70 kDa) or CF488A-labeled
transferrin to identify the endocytosis pathways of NPs (Figs. S25 and
526). As shown in Fig. 6E and S25, the red fluorescence (Ppa) was
overlapped with the green signal from rhodamine-dextran in the GFLG-
DP/Lap-treated cells, indicating that dendritic-Ppa could induce strong
cell membrane activities to form the ruffing on the membrane surface
and enhance cellular internalization of NPs by the macropinocytosis
pathway. Therefore, GFLG-DP/Lap NPs can utilize the membrane ac-
tivity to deliver Ppa to neighboring cells, achieving deep tumor pene-
tration. Fig. 6F describes the transportation process of GFLG-DP/Lap
NPs, escape of their released photosensitizers and inhibitors out of
treated cells and diffusion into solid tumors via their interaction with
tumor cell membranes.

We also explored the cellular membrane interaction with GFLG-DP/
Lap NPs to facilitate tumor penetration of the incorporated Lap. First, we
examined the penetration ability of the NPs in the solid tumor tissue via
in vitro three-dimensional (3D) multicellular tumor spheroids (MTSs)
[39,40]. After 12 h incubation, the Ppa fluorescence signal of two NPs
are seen inside the MTSs, and GFLG-DP/Lap NPs are more spatially
distributed in 4T1 MTSs compared with DP/Lap NPs (Fig. 7A). Quan-
titative analysis of the fluorescence signal confirms that the overall
fluorescence intensity of GFLG-DP/Lap NPs in the entire MTSs layer (60
pm) is much stronger than that in the DP/Lap NPs-treated group (Fig. 7B
and C). These results support that GFLG-DP/Lap NPs could achieve
effective penetration and accumulation in the MTSs. Next, we analyzed
the distribution of Lap in 3D MTSs via desorption electrospray ionization
mass spectrometry imaging (DESI-MSI) (Fig. 7D-G and S27) [41-43].
Fig. 7D and E are the results of DESI-MSI analysis of Lap in the MTSs
after treatment with GFLG-DP/Lap NPs and DP/Lap NPs at the same Lap
concentration, respectively. After 12 h of incubation with the MTSs, Lap
in both DP/Lap NPs and GFLG-DP/Lap NPs-treated groups are detected,
and the amount of Lap in the DP/Lap-treated MTSs is extremely low
(Fig. 7 D-iii). However, Lap in the GFLG-DP/Lap NPs-treated group
could diffuse and accumulate in the entire tumor spheroid (Fig. 7 E-iii),
and the intensity of Lap in the GFLG-DP/Lap NPs-treated MTSs is
significantly higher than that in the DP/Lap NPs-treated group. The MSI
results demonstrate that the GFLG-DP carrier could promote the pene-
tration of Lap in GFLG-DP/Lap NPs. Meanwhile, we analyzed the H&E
staining images (Fig. 7E-i) and fluorescence images from the same
samples. Consistent with previous results (Fig. 7A), strong Ppa fluores-
cence signal is observed in the tumor spheroids incubated with
GFLG-DP/Lap NPs (Fig. 7E-ii), indicating that GFLG-DP/Lap NPs or
their degraded products could be internalized by tumor cells and the
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Fig. 5. (A): Schematic illustration of combinational therapy via GFLG-DP/Lap NPs to inhibit 4T1 tumors. On day 14 after tumor inoculation, mice were randomly
divided into 12 groups (n = 5) and treated with intravenous administrations of saline, Lap, DP NPs, DP/Lap NPs, GFLG-DP NPs, GFLG-DP/Lap NPs (5.0 mg equivalent
Ppa/kg mice; 2.0 mg equivalent Lap/kg mice) on the days indicated by blue. In the mice groups under laser irradiation, mice were irradiated on the days indicated by
red (660 nm laser, 300 mW/cm? for 8 min). (B): Tumor growth curves of each individual mouse in different treatment groups in (A) (n = 5). (C): Tumor growth
curves of tumor-bearing mice after various treatments in (A) (n = 5). *P < 0.05 and ****P < 0.0001. (D): Tumor weights at the end of various treatments in (A) (n =
5). *P < 0.05 and ****P < 0.0001. (E): Kaplan-Meier survival curves of mice in different treatment groups in (A). (F): TUNEL staining analysis of collected tumors.
Green for apoptotic cells. Scale bar: 50 pm. (G): Percentage of TUNEL-positive cells in the tumors after different treatments in (A) (n = 3). **P < 0.01, ****P < 0.0001
and ns = not significant. (H): Ki67 staining of tumors after different treatments in (A). Red for proliferating cells. Scale bar: 50 pm. (I): Percentage of Ki67-positive
cells in the tumors after different treatments in (A) (n = 3). ****P < 0.0001. (J): Representative H&E staining of the lung from mice after different treatments in (A).
érrows point to metastases. Scale bar: 2000 pm.
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Fig. 6. (A): Ppa signal on GPMVs isolated from 4T1 cells incubated with DP/Lap NPs or GFLG-DP/Lap NPs under fluorescence microscopy. Red for Ppa signal and
green for cholera toxin b (CT-B) subunit signal. Scale bar: 10 pm. (B): The Ppa fluorescence signal intensity of the membrane vesicles from cells treated with DP/Lap
NPs and GFLG-DP/Lap NPs. (C, D): Confocal images for co-location of DP/Lap NPs or GFLG-DP/Lap NPs with the ER or GA in 4T1 cells. Red for Ppa signal, green for
ER or GA signal. Scale bar: 10 pm. (E): Confocal images for co-location of DP/Lap NPs or GFLG-DP/Lap NPs with rhodamine-dextran (rho-dextran 70 kDa) in 4T1
cells. Green for Ppa signal, red for rho-dextran signal. The pearson’s R value of two enlarged areas are 0.33 (DP/Lap) and 0.54 (GFLG-DP/Lap), respectively. (F):
Schematic diagram for the transportation of GFLG-DP/Lap NPs in tumor cells via the membrane activity.

released Ppa is spaciously distributed throughout the MTSs. Therefore, solid tumors.
the fluorescence signal of Ppa and the DESI-MSI signal of Lap are
distributed throughout the MTSs, confirming GFLG-DP/Lap NPs have
the ability to achieve deep drugs penetration and great accumulation in
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Ppa signal. Scale bar: 50 pm. (B): Fluorescence intensity of Ppa distributed in the MTS section at a depth of 60 pm. (C): Ppa fluorescence intensity along the write lines
in (A). (D): H&E staining image and DESI-MSI of a MTS section for Lap deposition in the DP/Lap NPs-treated MTS. Scale bar: 2 mm,; pixel size, 100 pm x 100 pm. (E):
(i) H&E staining image of the region of interest (ROI), (ii) fluorescence image of ROI for distribution of Ppa within the 4T1 MTS, (iii) DESI-MSI of ROI for distribution
of Lap within the 4T1 MTS and DESI-MSI spectrum with the Lap peak (m/z = 581.1442 for [M+H]™"). Scale bar: 50 pm. (F): H&E staining image and DESI-MSI of a
MTS section for Lap deposition in the GFLG-DP/Lap NPs-treated MTS. Scale bar: 2 mm; pixel size, 100 pm x 100 pm. (G): (i) H&E staining image of the ROI, (ii)
fluorescence image of ROI for the distribution of Ppa within the 4T1 MTS, (iii) DESI-MSI of ROI for the distribution of Lap within the 4T1 MTS and DESI-MSI

spectrum with the Lap peak (m/z = 581.1442 for [M-+H]™"). Scale bar: 50 pm.

2.6. Excellent pharmacokinetics, deep penetration and long-term
retention of GFLG-DP/Lap NPs in vivo

Insufficient accumulation, low cellular uptake, poor penetration and
retention of nanomedicines at tumor sites are the challenging obstacles
[44,45]. To explore the extravasation ability of the GFLG-DP/Lap NPs
through tumor blood vessels, we built a tumor model and labeled the
tumor blood vessels with fluorescein isothiocyanate (FITC)-dextran to
observe the distribution of the nanomedicine within the tumor tissue by
CLSM [46]. After 2 h of injection of DP/Lap NPs or GFLG-DP/Lap NPs
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into tumor-bearing mice, we observe that the fluorescent signal of
DP/Lap NPs does not spread to the entire tumor tissue. However, the red
fluorescent signal of GFLG-DP/Lap NPs is extensively detected in the
distal region of tumor vessels and these NPs are enriched in tumor cells
(Fig. 8A). These results confirm that GFLG-DP-mediated drug delivery
can effectively extravasate from the tumor vasculature into the distal
tissues, while the drug in the GFLG-DP system can be rapidly internal-
ized by tumor cells, thereby promoting its therapeutic action against
tumor cells.

In addition, we examined Ppa accumulation from free Ppa, DP/Lap
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Fig. 8. (A): CLSM images for extravasation of DP/Lap NPs or GFLG-DP/Lap NPs from tumor vessels. Tumor vessels were labeled by FITC-dextran. Red for Ppa signal
and green for FITC-dextran signal. Scale bar: 100 pm. (B): Accumulation of free Ppa, DP/Lap NPs and GFLG-DP/Lap NPs at tumor sites via an in vivo imaging system
(red circles). (C): Temporal changes in the fluorescence intensity at the tumor sites from fluorescence images in (B) (n = 3). (D): MFI of harvested tumors from mice
after injection of free Ppa, DP/Lap NPs or GFLG-DP/Lap NPs on day 1, 7 and 14 via ex vivo imaging (n = 3). *P < 0.05 and ****P < 0.0001. (E): Accumulation of free
Ppa, DP/Lap or GFLG-DP/Lap NPs in the tumor mass on day 14 after administration of these formulations. Scale bar: 800 pm. The bottom row shows the enlarged
images in the selected region in the top row. Scale bar: 100 pm. (F): Plasma concentration-time curves of Ppa in the mice after intravenous injection of free Ppa, DP/
Lap NPs or GFLG-DP/Lap NPs (5.0 mg equivalent Ppa/kg mice, n = 3).
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NPs and GFLG-DP/Lap NPs at the tumor site in the tumor-bearing mice.
After intravenous administration with different formulations into the
mice, the fluorescence intensity at the tumor site was monitored at
different durations post-injection via an IVIS imaging system. The results
show that GFLG-DP/Lap NPs retain at the tumor site with distinguished
fluorescent intensity during two-week periods, which has great potential
in extending the therapeutic effects of the drug incorporated inside
GFLG-DP NPs on cancer cells (Fig. 8B and C). Meanwhile, Ex vivo im-
aging results confirm that the fluorescence intensity of Ppa in the tumors
on day 14 post administration is very high in the GFLG-DP/Lap NPs-
treated group, which is 1.5-fold higher than that in the DP/Lap NPs-
treated group (Fig. 8D and S28). These results are supported from the
CLSM images in the corresponding tumor sections, and the Ppa signal of
GFLG-DP/Lap NPs is much stronger than that of DP/Lap NPs at the
tumor tissue (Fig. 8E). Meanwhile, H&E staining of organs (heart, liver,
spleen and kidney) reveals no significant changes in the structure of
these organs after different treatments (Fig. S29). Thereby, GFLG-DP
NPs can significantly improve drug accumulation, penetration and
retention in tumors, which outperforms their corresponding control
without enzyme responsiveness.

Furthermore, we investigated the pharmacokinetic profile of GFLG-
DP/Lap NPs during blood circulation after their intravenous adminis-
tration. The temporal plasma concentration profiles of Ppa are presented
in Fig. 8F. The retention time of Ppa in DP/Lap NPs and GFLG-DP/Lap
NPs during blood circulation is significantly prolonged compared to
free Ppa, and the fluorescence signal of Ppa in the NPs is still detectable
in the blood at 24 h pos-tinjection. However, free Ppa is rapidly cleared
from the blood, and cannot be detected at 12 h post injection. The
pharmacokinetic characteristics of NPs are in alignment with the tumor
accumulation results. These results indicate that DP/Lap NPs and GFLG-
DP/Lap NPs can exhibit longer blood circulation than free drugs.

3. Conclusion

In conclusion, enzyme-triggered co-delivery of dual drugs from a
nanomedicine into deep tumor tissues is realized by increasing the cell
membrane activity to improve the tumor inhibition rate and prolong the
survival of tumor-bearing mice via a combination therapeutic effect of
inducing tumor apoptosis and inhibiting proliferation of tumor cells.
First, GFLG-DP/Lap NPs with a long circulation time and excellent
pharmacokinetic properties accumulate in the tumor via the EPR effect.
Second, in response to CTSB overexpressed in tumor tissues and cells,
GFLG-DP/Lap NPs release dendritic-Ppa, which binds to the membrane
system and stimulates the membrane activity. Third, dendritic-Ppa and
Lap are spaciously distributed throughout the entire tumor tissue ad
internalized by tumor cells via the vesicle activity. Lastly, dendritic-Ppa
and Lap exert their therapeutic actions by inducing tumor apoptosis and
inhibiting proliferation after laser irradiation, thus achieving a syner-
gistically efficacious anti-tumor effect. The strategy for delivery of co-
loaded drugs in a nanomedicine into deep tumor sites via membrane
flow effectively addresses the limitations of the ROS therapeutic treat-
ment model, and it could help develop emerging anti-tumor nano-
therapeutics via perturbing the plasma membranes to achieve their deep
penetration and high accumulation in the solid tumors.

4. Experimental section

Materials, methods, preparation and characterizations of the nano-
particles, cells, animal and imaging studies, in vitro and in vivo anti-
cancer and their anticancer mechanism studies, and statistical analysis
were provided in Supporting Information.
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