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A B S T R A C T

O2-dependent photodynamic therapy (PDT) generally suffers from compromised therapeutic efficiency due to a
hypoxic tumor microenvironment. The therapeutic efficiency enhancement of PDT in a hypoxic tumor microen-
vironment usually requires sophisticated chemical design and multistep preparation and purification proce-
dures. The development of a facile yet robust strategy to improve the therapeutic efficiency of PDT is thus highly
desirable for clinical translations, but remains a significant challenge. For this purpose, we reported herein the
use of Azobenzene (Azo) not only as conjugation sites for facile construction of multicomponent supramolecular
nanomedicine based on a guest homopolymer poly(Azobenzene) (PAzo) and three β-CD-decorated host moieties,
i.e., β-CD-modified photosensitizer chlorin e6 (β-CD-Ce6), chemotherapeutic drug cisplatin (β-CD-Pt(IV)), and
hydrophilic poly(oligo ethylene glycol) methacrylate (β-CD-POEGMA) via host–guest interactions, but also for
glutathione (GSH) depletion-enhanced synergistic chemo- and photodynamic therapy via hypoxia-triggered
cleavage of Azo. Notably, the resulting self-assembled supramolecular nanoparticles (NPs) with a Ce6, platinum
(IV), and POEGMA molar ratio of 8:8:2 (NPCe6/Pt) mediated greater cytotoxicity with a half maximal inhibitory
concentration (IC50) value 6-fold lower than that of free Ce6 under a hypoxia condition with 660 nm laser irradi-
ation because Azo cleavage-induced GSH depletion boosts synergistic chemo- and photodynamic therapy, which
further led to immunogenicity enhancement with a tumor inhibition rate of 93.1 % in a murine 4T1 transplanta-
tion tumor model. The modularized supramolecular nanoplatform developed herein provides a facile yet robust
strategy for advanced combinatory cancer therapy with great potential for clinical translations.

1. Introduction

Photodynamic therapy (PDT) is a highly promising treatment strat-
egy for cancer due to the notable advantages of precise laser controlla-
bility, negligible drug resistance, and an excellent tumor-killing effect
[1,2]. Basically, photosensitizers (PSs), irradiation laser, and oxygen
are the three indispensable ingredients for PDT [3]. Activation of PSs by
laser irradiation in the presence of oxygen (O2) leads to the production
of free reactive oxygen species (ROS) including peroxides and singlet
oxygen (1O2) that further cause tumor cell death [3]. Besides directly
eliminating cancer cells, PDT selectively targets the tumor sites and
triggers an immunity cell death (ICD) effect by inducing calreticulin
(CRT) exposure and releasing high mobility group box 1 (HMGB1) as
well as tumor cell fragments [4,5]. However, PDT is insufficient to in-
duce a robust immune response due to the inherent drawbacks of PDT

and an immunosuppressive tumor microenvironment [6]. Hypoxia and
high GSH are the typical characteristics of the complex tumor microen-
vironment (TME) because of the imbalance between the hypoxia sup-
plement of abnormal vascularization and hyperoxia consumption of tu-
mor cells, which greatly compromise the therapeutic efficacy of O2-
dependent PDT [2,7]. Together with PDT-associated further molecular
oxygen depletion in the tumor sites, hypoxia exacerbation is thus iden-
tified as the substantial reason accounting for PDT treatment failure.
Consequently, great efforts have been made in the past decade to im-
prove the PDT treatment efficacy for hypoxic tumors. Although the re-
ported strategies, such as direct delivery of O2, reduction of tumor O2
consumption, and compromised abnormal vascular proliferation have
shown positive improvements [8–10], most of the methods still suffered
from inefficient O2 generation and too early exposure to O2, leading to
unsatisfactory therapeutic efficiency for clinical translations [11].

⁎ Corresponding authors.
E-mail addresses: yucuiyunusc@hotmail.com (C.-Y. Yu), weih@usc.edu.cn (H. Wei).

https://doi.org/10.1016/j.cej.2023.143731
Received 28 March 2023; Received in revised form 6 May 2023; Accepted 22 May 2023
1385-8947/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.

https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731
https://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
mailto:yucuiyunusc@hotmail.com
mailto:weih@usc.edu.cn
https://doi.org/10.1016/j.cej.2023.143731
https://doi.org/10.1016/j.cej.2023.143731


CO
RR

EC
TE

D
PR

OO
F

D. Wang et al. Chemical Engineering Journal xxx (xxxx) 143731

PDT alone is difficult to achieve complete tumor ablation and pre-
vent tumor recurrence. Instead, combinatory therapy holds great
promise for overcoming the limited efficiency of monotherapy for can-
cer treatment. To this end, combinatory PDT and chemotherapy has re-
ceived considerable attention because of the reported excellent syner-
gistic effects for cancer therapy. On one hand, PDT could restored the
immunogenicity of nonimmunogenic chemical drugs by inducing po-
tent immunogenic cell death, which promotes dendritic cell maturation
and activates CD8+ T cell responses. Additionally, PDT has been shown
to improve chemosensitivity of cancer cells, allowing for significantly
reduced doses of chemotherapeutic drugs and minimizing the risk of se-
rious side effects on normal tissues [12,13]. Meanwhile, Chemotherapy
can not only induce direct cell death through its potent cytotoxicity, but
also overcome the disadvantages of PDT, such as oxygen-dependence
and limited laser penetration ability, for complementary tumor treat-
ment [14–16]. Therefore, it will be a useful strategy to integrate PDT
and chemotherapy for synergistic treatment of hypoxia tumors toward
greater efficiency. However, the reported synergistic systems generally
required sophisticated chemical design and multistep preparation and
purification procedures. The development of a facile yet robust strategy
to improve the therapeutic efficiency of PDT is thus highly desirable for
clinical translations, but remains a significant challenge.

Host-guest interactions include various non-covalent supramolecu-
lar forces, such as charge transfer, electrostatic interactions, hydropho-
bic interactions, hydrogen bonding, etc, which occur between two com-
ponents, i.e., the host and guest moieties [17,18]. Cyclodextrins (CDs)
are probably one of the most extensively investigated host molecules
due to the low toxicity, moderate size, and excellent modifiability. The
CD-guest inclusion complex has a modulated binding capacity which
provides the possibility to construct diverse stimulatory self-assembly
systems that are dynamic and reversible. Trans Azobenzene (Azo) is an
ideal guest for the inclusion complexation with cyclodextrin (CD)
which is driven by van der Waals and hydrophobic interactions [19].
Unlike other guests of CD with only one triggered sensitivity, the
uniqueness of Azo is the multi-sensitivity to a variety of triggers, includ-
ing laser, hypoxia, and enzymes, which enables broad utilization of Azo
for photoisomerization and bioreduction in various biomedical disci-
plines [20]. The Azo function undergoes intracellular cleavage trig-
gered by GSH or enzyme-mediated bioreductive hypoxia in a hypoxic
tumor environment [21,22].

Compared to the recently published notable work [23–25], the main
objective of this study is to develop a facile yet robust strategy to im-
prove the therapeutic efficiency of PDT in a hypoxia tumor environ-
ment for clinical translations. Inspired by the aforementioned proper-
ties of Azo, we reported in this study the use of Azo not only as conjuga-
tion sites for facile construction of multicomponent supramolecular
nanomedicine based on a guest homopolymer poly(Azobenzene)
(PAzo) and three β-CD-decorated host moieties, i.e., β-CD-modified pho-
tosensitizer chlorin e6 (β-CD-Ce6), chemotherapeutic drug cisplatin (β-
CD-Pt(IV)), and hydrophilic poly(oligo ethylene glycol) methacrylate
(β-CD-POEGMA) via host–guest interactions, but also for GSH deple-
tion-enhanced synergistic chemo- and photodynamic therapy via hy-
poxia-triggered cleavage of Azo. Supramolecular nanoparticles (NPs)
were subsequently prepared by the molecular self-assembly of the
supramolecular copolymers for synergistic chemo- and photodynamic
therapy. The supramolecular NPs undergo tumor accumulation via an
enhanced permeation and retention (EPR) effect after intravenous in-
jection. Intracellular Azoreductase and GSH- catalyzed degradation of
Azo promotes GSH depletion and disassembly of supramolecular NPs
for Ce6 and platinum (IV) release after endocytosis of NPs. Further in-
tracellular reduction of platinum (IV) to cytotoxic platinum (II) species
can not only cause a chemotherapeutic effect by directly combining
with DNA, but also can enhance the photodynamic effect of Ce6 by acti-
vating intracellular nicotinamide adenine dinucleotide phosphate oxi-
dase (NOXs) through multiple pathways to produce superoxide. Mean-

while, the photosensitizer generates cytotoxic ROS under 660 nm illu-
mination, which induces the cells to produce immunogenic death for
further triggering a robust immune response to kill tumor cells in con-
junction with chemotherapy (Scheme 1). Comprehensive in vitro and In
vivo studies were performed, and an optimized self-assembled
supramolecular NP formulation was finally evaluated in a murine 4T1
transplantation tumor model for the immunogenicity enhancement.

2. Methods

2.1. Synthesis of poly (methacrylamido-Azobenzene) (PAzo)

PAzo was prepared by reversible addition and fragmentation chain
transfer (RAFT) polymerization using 4-cyanopentanoic acid dithioben-
zoate (CPADB) and 2,2′ -azobis (2-methylpropionitrile) (AIBN) as a
chain transfer agent and an initiator, respectively. CPADB (8.9 mg),
methacrylamide-Azobenzene (M−Azo) (0.51 g), and AIBN (1.7 mg)
were dissolved in 0.8 mL of dimethylacetamide (DMAc) and the solu-
tion was transferred into a Schlenk flask. After the flask was degassed
by three freeze–pumpthaw cycles, the reaction mixture was placed at
80 °C for one hour. Then the solution was precipitated in ice anhydrous
ether and the precipitate was harvested by centrifugation for three
times. Finally, the product was obtained by dried under vacuum.

2.2. Synthesis of CD-Ce6, CD-Pt, and Cd-poegma

CD-Ce6, CD-Pt, and CD-POEGMA were prepared according to the
previously reported procedures.[22,26,27].

2.3. Preparation of NPs

In brief, CD-Ce6, CD-Pt, and CD-POEGMA were dissolved in di-
methyl formamide (DMF), and then the organic solutions were added to
DMF including PAzo solutions using a syringe pump. After two h of stir-
ring, the NPs were prepared via a classical dialysis method and col-
lected by freeze-drying.

2.4. ROS generation ability

In vitro, the production of ROS by free Ce6 and NPCe6/Pt was exam-
ined by 1,3-diphenylisobenzofuran (DPBF), a classic near-infrared
probe. In brief, free Ce6 and NPCe6/Pt were respectively mixed with
DPBF. After that, the mixtures were irradiated in the dark with a
660 nm laser. The rate of ROS production was assessed by the change in
fluorescence absorption intensity of the DPBF solution at 415 nm.

2.5. NPs-induced redox imbalance

The GSH level in cells was determined by a Total Glutathione Assay
Kit purchase in Beyotime Biotechnology. The cells were cultured in a
4T1 cell-specific medium containing 10 % fetal bovine serum at 37 ℃
in 5 % CO2. 4T1 cells (2.0 × 105) were seeded in 12 well plates and
cultures for 12 h under either normoxia or hypoxia (5 % O2, 5 % CO2
and balanced N2) environment. Afterward, the cells were incubated
with phosphate-buffered saline (PBS) or NP for 2 or 4 h. The cells were
collected and mixed with the reagent to rule out the interferences of the
protein. The supernatant was collected and further measured according
to the assay kit.

2.6. In vitro cellular uptake

4T1 cells (1 × 105) were incubated in 24 well plates under nor-
moxia conditions for 24 h. Next, the cells were treated with Ce6 or
NPCe6 at an equivalent Ce6 concentration of 5 μg/mL for 2 or 4 h. After
that, the cells were washed three times with PBS to remove the unab-
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Scheme 1. Schematic illustration of the synthesis of supramolecular prodrug nanoassemblies and the enhanced immunotherapy via the combination of photody-
namic therapy and chemotherapy.

sorbed drugs, followed by fixing them with paraformaldehyde for 5
mins and DAPI for labeling the nucleus. The cells were imaged by a flu-
orescence inverted microscopy (FIM). For the quantification of fluores-
cence intensity, the cells were collected after trypsin digestion at the
end of the administration and tested by flow cytometry (FCM).

2.7. Live/dead cell staining

4T1 cells were incubated in 24 well plates overnight. The cells were
treated with cisplatin (CDDP), Ce6, NPCe6, NPPt, and NPPt/Ce6 for 4 h,
and the cells in laser groups were irradiated by 660 nm laser for 5 min.
Two h later, the cells were washed with PBS and stained by Calcein-AM
and PI. FIM was employed to observe the cell survival [28].

2.8. The release of in vitro ATP

The cells were seeded in 24 plates under normoxia or hypoxia condi-
tions for 12 h, followed by being treated with different NPs for 6 h. Sub-
sequently, the 4T1 cells were irradiated with a 660 nm laser
(0.5 W/cm2, 5 min). Then 6 h later, the cells were washed with PBS and
lysed by ATP assay lysis solution. The supernatant was collected and ex-
amined by an ATP assay kit (Beyotime Biotechnology).

2.9. In vitro BMDCs activation and maturation

Primary bone marrow-derived dendritic cells (BMDCs) were iso-
lated from the bone marrow of BALB/c mice. The BMDCs were seeded
in 6-well plates and cultured in a medium with GM-CSF and IL-4 for
7 days to acquire immature DCs. Meanwhile, 4T1 cells were treated

with drugs for 4 h and then irradiated for 5 min or not. 12 h later, the
immature dendritic cells (DCs) and 4T1 cells were co-cultured for 24 h.
Then, BMDCs were collected and stained with CD11c, CD86, and CD80
for 30 min. The results were measured by FCM.

2.10. In vivo immune activation

To verify the immune effect of NPs In vivo, we established 4T1 trans-
planted tumor mouse model. After being treated 3 times according to
the steps of tumor suppression experiments, mice were executed to col-
lect spleen and tumor tissues for digestion and cell collection. To detect
DC cell maturation rates, cells collected from the spleen and tumor tis-
sues were incubated with anti-CD86, anti-CD80, and anti-CD11c. To de-
termine the ratio of CD8+CD4+T cells, spleen cells were incubated with
anti-CD4, anti-CD8, and anti-CD3. Tumors were collected and subjected
to immunofluorescence staining.

2.11. In vivo biosafety study

The blood of each mouse was collected on day 15. The samples were
kept for 2 h and the serum of each sample was collected through cen-
trifugation. The serum samples were analyzed by Wuhan Xavier
Biotechnology Co for alanine aminotransferase (ALT), aspartate amino-
transferase (AST), blood urea nitrogen (BUN), creatinine (Cr), creatine
kinase (CK), and lactate dehydrogenase (LDH). Tumors and major or-
gans were excised and subjected to H&E staining and immunofluores-
cence staining.
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3. Results and discussion

3.1. Synthesis and characterization of supramolecular copolymers and
formation of nano-assemblies

The synthesis procedures of supramolecular copolymers were
schematically illustrated in Fig. S1. Briefly, a methacrylamide monomer
bearing azobenzene moiety (denoted as M−Azo) was synthesized by
amidation coupling (Fig. S1A), whose structure was confirmed by 1H
NMR spectrum (Fig. S2). Then the guest polymers containing azoben-
zene (denoted as PAzo) were prepared by reversible addition and frag-
mentation chain transfer (RAFT) polymerization of M−Azo using 4-
cyanopentanoic acid dithiobenzoate (CPADB) as a chain transfer agent
(CTA). The representative chemical structure of PAzo was verified by
1H NMR (Fig. S3A) and size-exclusion chromatography (SEC) (Fig.
S3B). The degree of polymerization (DP) of PAzo was calculated by
monomer conversion and modulated by the control of the polymeriza-
tion time confirmed by clearly increased molecular weight (MW) with
extended polymerization time (Table S1). The unimodal and narrow-
distributed SEC elution traces with low polydispersity index (Ð< 1.2)
of three PAzo suggest the well control toward MWs and MW distribu-
tion.

Three different host β-CD units containing poly (oligo ethylene gly-
col) methacrylate (POEGMA), chlorine e6 (Ce6), and cisplatin (Pt(IV))
were prepared according to the previously reported procedures, which
were denoted as β-CD-POEGMA, β-CD-Ce6, and β-CD-Pt, respectively
(Fig. S1).[26,27,29] Among, β-CD-POEGMA was used as a hydrophilic
host moiety of the nano-assemblies for improved colloid stability,
which was prepared by click coupling between azide-decorated β-CD
(β-CD-N3) and alkyne-terminated POEGMA (POEGMA-alkyne) (Figs
S1B and S4-S6). The successful synthesis of β-CD-POEGMA is con-
firmed by the appearance of all the typical signals attributed to β-CD
and POEGMA as well as the presence of a resonance signal peak at
8.05 ppm assigned to the triazole function formed after click coupling
in the 1H NMR spectrum of β-CD-POEGMA (Fig. S6). Two anticancer
host prodrugs β-CD-Ce6 and β-CD-Pt were prepared by conjugating Ce6
and Pt(IV) to β-CD via amidation coupling, respectively (Fig. S1C and
D). The equivalent coupling between β-CD and Ce6/Pt was supported
by the 1H NMR data (Figs. S7 and S8).

Facile mixing of hydrophobic guest PAzo and hydrophilic host β-CD-
POEGMA with different molar ratios resulted in self-assembled micelles

with for optimizing nanoparticle sizes (Table S2). The nanoparticle
with 1:2 M ratio of PAzo to β-CD-POEGMA (denoted as NP) was se-
lected as the optimized one with smaller particle size relative to that of
the other two nanoparticles with 1:1 and 3:1 M ratio. Subsequent mix-
ing of NP, β-CD-Ce6, and β-CD-Pt at an optimized molar feed ratio of
1:2:8:8 led to the formation of stabilized nanoparticles (denoted as
NPCe6/Pt) with a smaller average diameter of approximately 150 nm due
to the hydrophilic/hydrophobic balance of the whole supramolecular
systems (Table S3 and Fig. 1A). Meanwhile, the hydrodynamic diame-
ters of the NP containing only Ce6 (denoted as NPCe6) or Pt(IV) (de-
noted as NPPt) were determined by dynamic laser scattering (DLS) to be
136 nm and 125 nm, respectively (Fig. S9). The excellent salt stability
of NPCe6/Pt was evidenced by the uniform sizes and size distributions in
phosphate-buffered saline (PBS) without any significant changes in
7 days (Fig. 1B). Both NPCe6 and NPCe6/Pt share an identical ultravio-
let−visible (UV–Vis) characteristic adsorption band ascribed to the free
Ce6, supporting the successful incorporation of Ce6 in the self-
assembled NPs (Fig. 1C). The loading contents of Ce6 and Pt in NPCe6/Pt
were calculated to be 7.56 % and 6.02 % based on the quantitative
analysis of UV–Vis spectra and inductively coupled plasma (ICP) re-
sults, respectively. Taken together, NPCe6/Pt fabricated via readily mix-
ing of four different supramolecular moieties showed excellent col-
loidal stability and desired loading amounts of therapeutic agents for
controlled release applications.

The Azo moiety in NPCe6/Pt can be cleaved intracellularly by the
overexpressed azoreductase and GSH in a hypoxia tumor environment
[22]. To investigate the hypoxia-sensitivity of NPCe6/Pt in vitro, NPCe6/Pt
was treated with sodium dithionite (Na2S2O4), an important hypoxia
biomarker, which led to significantly compromised intensity of the typ-
ical UV absorption band of Azo centered at 350 nm due to hypoxia-
induced dissociation of Azo (Fig. 1D). The azoreductase-triggered
cleavage of Azo was strongly supported by the size distribution and
morphography changes of NPCe6/Pt under a reduction-mimicking condi-
tion with 10 mM Na2S2O4 which reveals bimodal size populations with
a quite broad distribution (Fig. S10A) and formation of large aggregates
with irregular morphologies (Fig. S10B). [11,30,31] On the other hand,
the inert Pt(IV) prodrug in NPCe6/Pt undergoes intracellular GSH or
ascorbic acid (ASA)-triggered reduction to Pt(II) for the exertion of cy-
totoxicity on cancer cells [29]. Therefore, incubation of NPCe6/Pt with
10 mM ASA that mimics the intracellular reductive environment pro-
moted a dramatic increase of Pt(II) release to 65 % in 48 h in contrast to

Fig. 1. Physicochemical characterization of supramolecular prodrug nanoparticles. (A) TEM images and size distributions of NPCe6/Pt. PDI = 0.12. Scale bar:
200 μm. (B) Particle size change of NPCe6/Pt in PBS, (n = 3). (C) UV–vis spectra of Ce6, NPCe6, and NPCe6/Pt. (D) Absorption spectra of the Azo/β-CD complex solu-
tion under a) normoxia and b) hypoxia conditions. (E) In vitro Pt release profiles from NPCe6/Pt under different conditions. (F) Time-dependent UV absorption spec-
tra of DPBF in NPCe6/Pt after irradiation with a 660 nm laser (0.5 W/cm2).
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negligible Pt release in the absence of ASA (Fig. 1E). The incomplete cu-
mulative drug release less than <80 % in the presence of ASA was
likely attributed to the steric hindrance of hydrophilic POEGMA chains,
which prevents the loaded cargoes from complete out diffusion in 48 h
[32,33]. However, the cumulative drug release significantly increased
to 83 % in hypoxic and reducing conditions (added in Fig. 1E as sug-
gested), which is reasonably ascribed to the hypoxia-triggered cleavage
of Azo for nanoparticulate destruction and promoted Pt (IV) reduction
and release [34–37]. The results confirm that the excellent extracellular
colloidal stability of NPCe6/Pt with minimal Pt(II) leakage and acceler-
ated intracellular Pt(II) release triggered by the tumor microenviron-
ment.

Next, the ROS generation ability of NPCe6/Pt was determined by us-
ing a 1O2 indicator fluorescence probe DPBF. Due to DPBF can react
with ROS to quench its UV absorption peak at 415 nm, and the degree
of quenching is positively correlated with the ROS concentration in the
environment [38]. A mixture of NPCe6/Pt and DPBF was subjected to
660 nm laser irradiation for 2 min followed by the recording of UV
changes at different time points. It is worth pointing out that Ce6 and
NPCe6/Pt show quite similar ROS generation properties, implying any in-
significant effects of modification and synthesis on the photodynamic
properties of Ce6 (Fig. 1F and Fig. S11).

3.2. In vitro cellular uptake and cytotoxicity

The maintenance of a dynamic balance between GSH and ROS plays
an important role in regulating oxidative stress of tumor cells [39]. The
intracellular dissociation of Azo leads to GSH depletion that further

boosts synergistic chemotherapy and PDT. The intracellular GSH levels
of 4T1 cells after different treatments were quantified by a total glu-
tathione assay kit. Interestingly, incubation with NPCe6/Pt led to signifi-
cantly decreased intracellular GSH level under hypoxia conditions in
contrast to a negligible effect on GSH level under normoxia conditions
likely due to the reduction and breakage of Azo by intracellular nicoti-
namide adenine dinucleotide phosphate hydrogen and azoreductase
(Fig. 2A) [19,22,40]. The cellular uptake efficiency of free Ce6 and
NPCe6/Pt was evaluated by a fluorescence inverted microscopy (FIM)
and flow cytometry (FCM) in 4T1 cells. The Ce6 fluorescence was used
for quantification via FCM. NPCe6-treated 4T1 cells show a mean fluo-
rescence intensity (MFI) 3.5-fold greater than that of free Ce6-
incubated cells after 4 h of incubation likely due to the improved solu-
bility of Ce6 in a particulate-based formulation (Fig. 2B). Similar results
were observed by fluorescence inverted microscopy, which reveals
much greater red fluorescence intensity in NPCe6-treated 4T1 cells than
that of free Ce6-incubated cells (Fig. 2C). To evaluate the ROS genera-
tion ability of PDT for killing cancerous cells, the intracellular ROS level
produced by NPCe6/Pt under laser irradiation was detected by a ROS in-
dicator, 2,7-dichlorofluorescein diacetate (DCFH-DA) that can produce
green fluorescence after being oxidized by ROS (Fig. 2D). Interestingly,
NPCe6/Pt could led to a weak fluorescence without laser due to the Pt(II)
release-activated intracellular NOXs for ROS production [37]. The cells
treated with free Ce6, NPCe6, or NPCe6/Pt showed bright green fluores-
cence under laser irradiation and normoxia condition. Note that hy-
poxia significantly attenuates the ROS generation efficiency of free Ce6
compared to a normoxia condition as O2 is one of the most important
agents for triggering PDT. Most importantly, the cells treated with

Fig. 2. In vitro evaluation of the anticancer. (A) Relative intracellular GSH level under normoxia and hypoxia conditions. (B) Fluorescence intensity of 4T1 cells
cultured with free Ce6 or NPCe6/Pt. (C) Images of 4T1 cells incubated with free Ce6 or NPCe6/Pt for 2 h and 4 h. Scale bars: 100 μm. (D) FIM images of 4T1 cells were
treated with different samples and subsequently stained by DCFH-DA. Scale bar: 100 μm. (E) Calcein AM and PI staining of 4T1 cells after administration of the
treatment. Scale bar: 200 μm. Cell viabilities of 4T1 cells treated with various NPs under normoxia (F) and hypoxia conditions (G) for 24 h.
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NPCe6/Pt+ show quite similar fluorescence intensities with negligible
differences between normoxia and hypoxic conditions, indicating the
capability of NPCe6/Pt to overcome the disadvantage of O2-dependent
PDT. The cytotoxicity of Ce6 can only be activated when laser irradia-
tion is applied. To evaluate the cytotoxicity of various formulations,
4T1 cells were incubated with different formulations at various concen-
tration gradients for MTT assay. Free Ce6 and NPCe6 did not induce sig-
nificant toxicity to cells in the absence of laser treatment even at Ce6
doses up to 20 μg/mL, supporting the excellent biocompatibility of Ce6
and NPCe6 (Fig. S12). A 660 nm laser irradiation at 0.5 W/cm2 for
5 min led to a clear inhibitory effect on the cell proliferation with the
half maximal inhibitory concentration (IC50) values of 2.71, 1.40, and
0.16 μg/mL for free Ce6, NPCe6, and NPCe6/Pt, respectively (Fig. 2F). The
higher cytotoxicity of NPCe6 than that of free Ce6 is relative to the
greater cellular uptake efficiency and ROS production capacity of
NPCe6. Promisingly, NPCe6/Pt shows an IC50 value 7-fold lower than that
of free Ce6 under a hypoxia condition owing to the Azo units of
NPCe6/Pt-induced GSH depletion for enhanced chemotherapy and PDT
with greater synergistic therapeutic efficiency (Fig. 2G). NPCe6/Pt show
comparable IC50 values for 4T1 and MCF-7 cells and similar dose-
dependent inhibitory effects, suggesting the broad-spectrum anti-
cancer properties of the reported nanoparticles (Fig. S13 and Table S4).
The same phenomenon is observed by the fluorescence microscope-
based vivid live/dead cell staining assay with live cells stained in green
fluorescence and dead ones in red fluorescence (Fig. 2E).

3.3. In vitro immune response study

PDT has been revealed to be a highly potent immunity cell death
(ICD) inducer for triggering immune response for enhanced immuno-
genicity of tumors after killing cells.[41,42] calreticulin (CRT) expres-
sion, high mobility group box 1 (HMGB1) release, and adenosine

triphosphate (ATP) secretion were measured to assess the efficacy of
immune response by NPCe6/Pt. 4T1 cells after various treatments were
subjected to immunofluorescence staining to observe CRT exposure and
HMGB1 release. CRT was expressed on the surface of apoptotic tumor
cells during ICD, which provides an “eat-me” signal for antigen-
presenting cells. The expression of CRT on the cell surface was observed
by FIM (Fig. 3A). Faint green fluorescence is observed in the cells
treated with CDDP and NPPt due to cisplatin-induced immunologically
silent cell death without any CRT translocation to the cell surface. Ex-
posure to laser irradiation led to significantly increased green fluores-
cence of 4T1 cells treated with Ce6, NPCe6, or NPCe6/Pt, which indicates
high CRT expression. Further quantification of single-cell fluorescence
intensity shows a CRT green fluorescence expression 1.8-fold higher af-
ter NPCe6+ treatment than that of Ce6 (Fig. 3B and Fig. S14). Notably,
NPCe6/Pt+ efficiently promoted the CRT-positive rate of 4T1 cells to
77.22 %, 3.5-fold greater than that of Ce6+, strongly supporting the
superior ICD induction ability of synergistic chemotherapy-PDT strat-
egy in vitro. The HMGB1 release was next measured by immunostain-
ing analysis as well (Fig. 3C). The negligible green fluorescence of
HMGB1 in the NPCe6/Pt+ group confirms the HMGB1 escape from the
tumor cells. A decrease of the co-localization coefficient from 0.99 to
0.60 further confirms the anti-tumor ability of NPCe6/Pt+ (Fig. 3D and
Fig. S15). To finally validate the ICD effect, the ATP secretion was as-
sessed by an ATP assay kit. The amount of ATP secreted in the
NPCe6/Pt+ treated cells is nearly 4-fold higher than that of the PBS con-
trol. The NPCe6/Pt+ treated group secrets ATP 28 % more than Ce6+
treated group under a hypoxia condition (Fig. 3E and F). Collectively,
the results on CRT exposure, HMGB1 release, and ATP secretion all con-
firm a greater ICD effect as a result of synergistic cisplatin-mediated
chemotherapy and photosensitizer Ce6-mediated PDT.

After confirming the ICD-inducing properties of NPCe6/Pt, we further
evaluated the maturation of dendritic cells (DCs) in vitro (Fig. 3G and

Fig. 3. In vivo anti-tumor immune response. (A) The images of 4T1 cells treated with different treatments for CRT measure. Scale bar: 20 μm. (B) Quantification of
CRT exposure under normoxia by single cell fluorescence intensity. (C) The images of 4T1 cells with treated with different treatments for HMGB1 measure. Scale
bar: 20 μm. (D) Co-localization coefficients between HMGB1 and nuclei in 4T1 cells under normoxia. (E) Quantification of ATP secretion in the supernatant of 4T1
cells under normoxia (E) and hypoxia (F) conditions. Maturation of DCs quantified by flow cytometry under normoxia (G) and hypoxia (H) conditions.
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Fig. 4. In vivo therapeutic efficacy. (A) Schematic illustration of the PDT treatment strategy. (B) In vivo fluorescence images of 4T1 bearing mice after intravenous in-
jection with NPCe6 at different time points. (C) Time-dependent mean fluorescence intensity of tumor sites. (D) The ex vivo fluorescence images of the tumor and ma-
jor organs from the NPCe6-treated mice at 12 h post-injection. He, heart; Li, liver; Sp, spleen; Lu, lung; Ki, kidney; and Tu, tumor. (E)The tumor growth curves and
body weight change (F) in different groups. Ⅰ: Saline; Ⅱ: NP; III: Ce6; IV: NPCe6; V: CDDP; Ⅵ: NPPt; Ⅶ: NPCe6/Pt; VIII: Ce6+; IX: NPCe6+; X: NPCe6/Pt+. (G) Pho-
tographs of tumors extracted from mice with different treatments. (H) The tumor weights after the entire antitumor study. (I) The H&E staining images of tumor tis-
sues after administration for 15 days. Scar bar: 200 μm.

H). The number of mature DCs significantly increases in the NPCe6/Pt+
group relative to the control group, which is consistent with the results
of damage-associated molecular patterns (DAMPs) release. Notably, the
maturation rate of the DCs co-cultured with NPCe6/Pt+ under an anoxic
condition reached 35 %, two-fold greater than those of the groups
treated with Saline, CDDP, NPPt, and Ce6+. Therefore, NPCe6/Pt-
mediated combined treatment under laser irradiation can cause CRT
translocation to the cell surface and promote the extracellular HMGB1
and ATP release for enhanced anti-tumor immunity with ICD inducing
and DC maturation.

3.4. In vivo biodistribution and antitumor efficacy study

In this study, 4T1 cells subcutaneous tumor-bearing mouse model
were used to evaluate the anti-tumor effect of self-assembled nanoparti-
cles based on synergistic chemo- and photodynamic therapy (Fig. 4A).
The biodistribution of NPCe6 in 4T1 tumor-bearing mice was investi-
gated by fluorescence inverted microscopy prior to In vivo antitumor ac-
tivity study. The results confirmed sustained accumulation of NPCe6 at
the tumor site likely due to the accumulation ability of NPs via an EPR
effect. (Fig. 4B and C). The mice were sacrificed with the collection of

major organs 12 h post-injection, which confirmed that NPCe6 had been
metabolised from the liver (Fig. 4D) [43]. The strong luminescence sig-
nal recorded in the liver is typically attributed to the metabolic path-
way of the NPCe6 In vivo. We next evaluated the antitumor performance
of NPCe6/Pt using a subcutaneous 4T1 tumor model. Tumor inhibition ef-
fect was quantified by time-dependent tumor volume and tumor weight
(Fig. 4E). The control group demonstrated a curve with a rapid growing
trend of the tumor volume. Ce6 exhibited a negligible inhibition effect
on tumor growth without laser irradiation due to the inexertion of PDT.
Encouragingly, NPCe6/Pt with laser irradiation treated group showed
greatly reduced tumor volume. All the tumors were harvested and
weighed after 15 days of treatment (Fig. 4G and H). The results are
consistent with the tumor growth curves and further confirm the robust
therapeutic effects of NPCe6/Pt. NPCe6/Pt+-treated group even presented
tumor regression and achieved a tumor inhibition rate (TIR) of 93.0 %,
demonstrating the excellent synergistic therapeutic effect of PDT and
chemotherapy. The enhanced tumor inhibition effect was further as-
sessed by hematoxylin and eosin (H&E) apoptosis evaluation (Fig. 4I
and Fig. S16). NPCe6/Pt+ treated group showed apparent tumor cell
apoptosis and massive tumour necrosis compared to the control group.
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Fig. 5. (A) Immunofluorescence images for the assessment of CRT exposure and HMGB1 release in 4T1 tumors. Scale bar: 100 μm. FCM analyses (B) and quantifica-
tion (C) of maturation of the DCs (CD11c+CD80+CD86+) in tumor tissues. (D) The percentages of CD80+ CD86+ among total DCs in spleen. (E) The percentage of
the CD4+ T cells in the spleen following various treatments. (F) The percentage of the CD8+ T cells in the spleen following various treatments.

3.5. In vivo biosafety study

To further verify the biosafety of nanoparticles In vivo, the body
weight of mice in each group was monitored and the blood was col-
lected from the mice post-treatment for biochemical analysis. The body
weight of mice and serum biochemical index data were both found to
remain at acceptable normal levels (Fig. 4F and Fig. S17), implying
negligible tissue functional impairment. H&E staining analysis of kid-
ney showed insignificant nephrotoxicity in mice as well (Fig. S18), sup-
porting the excellent biosafety of NPCe6/Pt.

3.6. In vivo antitumor immune response study

The DAMPs release during ICD could be involved in promoting the
maturation of DCs and cross-priming of cytotoxic T cells, which subse-
quently trigger the enhanced immune response [44,45]. To verify the
antitumor immune response of NPCe6/Pt In vivo, immunofluorescence
staining and FCM analysis were conducted on the tumor and spleen af-
ter treatment. The CRT and HMGB1 immunofluorescence analysis in tu-
mor tissues demonstrated that NPCe6/Pt+ markedly stimulated CRT and
HMGB1 exposure (Fig. 5A) [46]. To further investigate whether
NPCe6/Pt+ could improve the maturation rate of DCs In vivo, FCM analy-
sis on tumor tissues and spleens of mice was conducted. NPCe6/Pt+ sig-
nificantly accelerated DC maturation compared with the saline group
leading to significant increases of the splenic and tumor DC maturation

rates was increased from 5.2 % and 5.1 % to 28.8 % and 20.7 %, re-
spectively. (Fig. 5B, C, and D). In addition, considering the crucial role
of T cells in immune responses, the changes of the infiltration of CD8+

cytotoxic T lymphocytes and CD4+ helper T cells in the spleens were
identified using flow cytometry. The CD8+ and CD4+ T cells showed
similar trend in spleens (Fig. 5E, F). The CD8+ and CD4+T cells barely
infiltrated in the spleen when mice were treated with saline. In contrast,
the CD8+ and CD4+ T cells in NPCe6/Pt+ group was 1.35-fold and 1.26-
fold higher than that in the saline group due to intracellular GSH deple-
tion-enhanced synergistic chemo- and photodynamic therapy. The
overall results suggested that NPCe6/Pt plus laser irradiation efficiently
induced ICD and triggered antitumor immunotherapy effects.

4. Conclusions

In summary, we constructed herein a modularized supramolecular
nanoplatform by using Azo not only as conjugation sites for molecular
integration of multicomponent moieties but also for intracellular GSH
depletion-enhanced synergistic chemo- and photodynamic therapy. In
addition to inducing tumor cell apoptosis, NPCe6/Pt -mediated synergis-
tic PDT and chemotherapy promoted CRT exposure, extracellular
HMGB1 and ATP leakage for a stronger ICD response, which could fur-
ther recruit mature DCs and activate CD8+ and CD4+ T cells for antitu-
mor immune cycles. The NPCe6/Pt developed herein could act as a
promising nanoplatform for enhanced immunogenicity via synergistic
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PDT and chemotherapy, which holds great potential for clinical transla-
tions.
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