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An amphiphilic and block polymer–doxorubicin prodrug was prepared, and employed 

as the stimuli-responsive micelles to load chlorin e6. Anticancer mechanism was 

studied showing great potential as a chemo-photodynamic anti-cancer agent. 
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Abstract Precisely delivering combinational therapeutic agents has become a crucial 

challenge for anti-tumor treatment. In this study, a novel redox-responsive polymeric 

prodrug (MW: 93.5 kDa) was produced by reversible addition-fragmentation chain 

transfer (RAFT) polymerization. The amphiphilic block polymer-doxorubicin (DOX) 

prodrug was employed to deliver a hydrophobic photosensitizer (PS), chlorin e6 (Ce6), 

and the as-prepared nanoscale system [NPs(Ce6)] was investigated as a 

chemo-photodynamic anti-cancer agent. The glutathione (GSH)-cleavable disulfide 

bond was inserted into the backbone of the polymer for biodegradation inside tumor 

cells, and DOX conjugated onto the polymer with a disulfide bond was successfully 

released intracellularly. NPs(Ce6) released DOX and Ce6 with their original 

molecular structures and degraded into segments with low MWs of 41.2 kDa in the 

presence of GSH. NPs(Ce6) showed a chemo-photodynamic therapeutic effect to kill 

4T1 murine breast cancer cells, which was confirmed from a collapsed cell 

morphology, a lifted level in the intracellular reactive oxygen species, a reduced 

viability and induced apoptosis. Moreover, ex vivo fluorescence images indicated that 

NPs(Ce6) retained in the tumor, and exhibited a remarkable in vivo anticancer efficacy. 

The combinational therapy showed a significantly increased tumor growth inhibition 

(TGI, 58.53%). Therefore, the redox-responsive, amphiphilic block polymeric 

prodrug could have a great potential as a chemo-photodynamic anti-cancer agent. 

KEY WORDS Stimuli responsiveness; Polymeric prodrug; Photodynamic therapy; 

Combinational therapy; Nanomedicine 

1. Introduction 

Chemotherapy is generally considered to be one of the most efficient methods for 

antitumor therapy, while photodynamic therapy (PDT), which uses light to excite 

photosensitizers (PSs) to generate reactive oxygen species (ROS) for oxidizing 

intracellular biomacromolecules to induce the death of tumor cells, offers minimal 

invasive treatment for assisting in chemotherapy
1,2

. However, a low antitumor 

efficiency and severe systemic toxic effects of chemotherapeutics and poor water 

solubility and insufficient tumor accumulation of PDT agents have hampered their 

application
3
. To overcome these challenges, nanomedicines derived from liposomes, 

micelles, nanoparticles, dendrimers and other polymers have been applied as drug 

delivery systems (DDSs) for anti-tumor agents
4-10

. These nanomedicines have 

improved their accumulation owing to the enhanced permeability and retention (EPR) 

effect, which can decrease side effects and enhance therapeutic efficacies
11-14

. Among 
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these reported systems, functional polymers in response to the tumor 

microenvironment have been designed as smart DDSs with great potential for cancer 

diagnosis and therapy. 

Some of DDSs are designed in such a way that their structures can be disrupted to 

release the encapsulated cargo upon triggering by changes in the intensity of the 

stimuli after they enter the microenvironment at the tumor tissue (e.g., pH, 

temperature and redox potential)
15-21

. However, to achieve high drug retention from 

DDSs at tumor sites and rapid drug release intracellularly remains challenging. A new 

strategy of preparing a polymer-drug conjugate as a ʹprodrugʹ has attracted extensive 

attention. Polymers and drugs are conjugated via a microenvironmental 

stimuli-responsive linker with many advantages, such as modifiable structures, 

increased water solubility, prolonged circulation in the blood, enhanced distribution in 

tumor tissues and stimuli-responsive drug release inside tumor cells
22-25

.  

The success of polymeric drug delivery depends on polymeric carriers, including 

their compositions, structures and molecular weights
26

. Only a few polymer-based 

conjugates have entered into clinical applications and trials, including 

poly[N-(2-hydroxypropyl) methacrylamide] (polyHPMA)
27-29

. Recently, studies have 

shown that a long blood circulation time and a high targeting efficiency can be 

achieved via increasing molecular weights of polyHPMA-drug prodrugs. Conjugates 

with high molecular weights prepared from drugs with polyHPMA functionalized 

with a cathepsin B-responsive oligopeptide sequence, 

glycylphenylalanylleucylglycine (GFLG), have shown enhanced anticancer 

therapeutic indexes and great biosafety
26,30

. Our previous studies also demonstrate 

that highly stable nanoscale systems or nanoparticles can be obtained via optimization 

of structures of polyHPMA-drug prodrugs by replacing homopolymers with block and 

amphiphilic polymers
15,31,32

. The amphiphilic stimuli-responsive polyHPMA-drug 

prodrugs form nano-sized vehicles in an aqueous solution and these vehicles may be 

applied either as pro-drugs or carriers to deliver other agents for synergistic antitumor 

therapy.  

The combination of two therapies has resulted in enhanced cancer therapeutic 

indexes after optimization. Recently, the strategy of combining chemotherapy with 

PDT has been reported with great promise
33-41

. Both chemotherapeutic drugs and 

photosensitizers (PSs) are loaded into one carrier and the co-delivery system can 

enhance the anticancer efficacy. Inorganic nanoparticles, dendrimers and polymers 
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have been designed by using this strategy. In our previous report
42

, we have prepared 

a cathepsin B/pH-sensitive drug-polymer conjugate and showed a decent efficacy 

against lung metastasis of breast cancer. However, for most reported polyHPMA-drug 

prodrugs, drugs including DOX are conjugated to carriers via the tetrapeptide GFLG 

linker. The anticancer efficacy remains dissatisfactory, which may be due to high 

steric hindrance of the moiety of GFLG-DOX to the active site of the enzyme 

cathepsin B, resulting in a slow drug release rate in a tumor environment
43,44

. 

Therefore, we hypothesized after DOX is conjugated to polyHPMA with a low 

hinderance disulfide bond, the block and amphiphilic prodrug could be used as 

micelles to load other agents for better combinational therapy.  

In this study, we prepared a disulfide bond-bridged polyHPMA-DOX polymeric 

prodrug (polyHPMA-DOX) which self-assembled into stimuli-responsive 

nanoparticles, and the prodrug was used to encapsulate Ce6, a PS from the porphyrin 

family. The proposed combined chemo-photodynamic therapy using this prodrug 

against breast cancer was illustrated in Fig. 1. The nanoparticles accumulated at the 

tumor site preferably via the EPR effect. Intracellular reductive GSH reacted with the 

prodrug nanoparticles to release DOX inside tumor cells since GSH is much higher in 

many tumor cells than that in normal cells. The released DOX combined with ROS 

generated from PDT interactively inhibited the growth of 4T1 murine breast cancer 

cells. A remarkable in vivo antitumor efficacy from the combination of chemotherapy 

and PDT was confirmed in BALB/c mice bearing 4T1 murine breast tumors. These 

results demonstrated that the polymeric prodrug loaded with Ce6 could act as high 

efficacious nanomedicines for breast cancer treatment. 

2. Materials and methods 

Materials and methods used for preparation of disulfide-functionalized monomers 

with DOX (MA-SS-DOX) and disulfide-functionalized chain transfer agents 

(CTA-SS-CTA) (Scheme S1), preparation of drug-loaded NPs(Ce6), CMC 

determination, drug release and degradation, cell culture and animal models, and 

structural characterizations were supplied in the Supporting Information (SI). 

2.1. Synthesis of the polymeric prodrug via RAFT polymerization 

HPMA (2.15 g, 15 mmol) and the functionalized CTA (CTA-SS-CTA, 8.5 mg, 12.6 

µmol) were added to a vial, and the vial was closed. A solution of water/methanol (6: 

1, 10 mL) with VA-044 (2.7 mg, 8.4 µmol) was injected into the vial. Nitrogen was 

used to purge the solution for 50 min. The solution was stirred at 45 °C for 8 h. After 
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stirring at 0 °C for 10 min, the vial was opened. The polymer was purified by 

precipitation in acetone three times, dried, giving 1.85 g slight pink powder 

(polyHPMA-SS-polyHPMA). 

The polymer polyHPMA-SS-polyHPMA (1.53 g) and the functionalized monomer 

(MA-SS-DOX, 801 mg, 1.01 mmol) were added to a vial. A solution of water/DMSO 

(1: 2, total 7 mL) containing VA-044 (2.0 mg, 6.2 µmol) was added, and the solution 

was deoxygenated as above. Polymerization reaction proceeded at 44 °C for 24 h. The 

reaction solution was first purified via dialysis against water, and was further applied 

to a size exclusion chromatography column by using Superose 6 HR10/30, as shown 

in SI, giving red powder 

(polyDOX-block-(polyHPMA-SS-polyHPMA)-block-polyDOX, 1.51 g). The drug 

DOX content was measured via UV‒Vis analysis to be 8.9 % (w/w), as shown in 

Supporting Information Table S1. 

2.2. Determination of single oxygen (
1
O2) 

We evaluated the abilities of NPs(Ce6) to generate 
1
O2 by using ADPA as an acceptor 

of 
1
O2. Since the absorbance at 400 nm of ADPA was reduced after it was bleached in 

the presence of 
1
O2, the change in the absorbance of ADPA provided a means of 

monitoring 
1
O2 production from NPs(Ce6). The NPs(Ce6) sample (Ce6 5×10

-6
 mol/L, 

DOX 1.34×10
-5

 mol/L) was dissolved in the solution of PBS (pH=7.4) with 2×10
-5

 

mol/L ADPA and another 2×10
-5

 mol/L of ADPA without NPs(Ce6) was used as a 

control. The solution was added to a micro quartz cuvette with a pathlength of 1 cm 

and a width of 1 mm (containing 0.5 mL solution), and then irradiated with a solid 

state laser beam at a wavelength of 660 nm (Xian Midriver Optoelectronics 

Technology, China).  

2.3. Light-off cytotoxicity assay 

The cellular viability after treatment with free Ce6 and DOX in DMSO, NPs and 

NPs(Ce6) in PBS was investigated against 4T1 cell lines using CCK-8 assays. Cells 

(5×10
3
/mL) were plated in 96-well plates. Ce6 and DOX at different concentrations 

were added to the wells after 24 h, then the plates were incubated for another 24 h at 

37 C. At the same time, cells cultured in the complete medium without drugs were 

used as a control. After culturing cells for 48 h, the culture medium in each well was 

replaced by 100 μL 10% (v/v) CCK-8 solution. Additional 2 h incubation was applied 

and then the absorbance was read using a microplate reader (Biotek ELx800, Gene, 
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USA). The cellular viability was measured by comparing with the control. 

2.4. Light-on cytotoxicity assay  

The effect of light intensity and illumination time on the cell viability was 

investigated by light-on cytotoxicity assays. The murine breast tumor cells (4T1) were 

treated with the NPs(Ce6) sample (Ce6 5×10
-6

 mol/L, DOX 1.34×10
-5

 mol/L) for 48 h 

and then each well was irradiated under a 660 nm laser source with light intensities 

ranging from 78 to 255 J/cm
2
 for an illumination of time varied from 0 to 10 min. The 

cellular viability was assessed using the CCK-8 assay, which was operated in the 

same manner as the light-off group. 4T1 cells were also irradiated within a period of 

time from 0‒10 min with a fixed intensity of 0.68 W/cm
2
 in another assay. Each assay 

was performed in triplicate. Controls were the cells without incubation with NPs(Ce6) 

but irradiated at the same laser intensity. 

2.5. Cellular uptake, ROS generation and PDT assay 

The live cell imaging experiments were carried out via a confocal laser scanning 

microscope (CLSM) ZEISS 710. In order to study the intracellular localization of the 

nanoparticles, NPs(Ce6) (conjugated DOX 1.34×10
-5

 mol/L and Ce6 5×10
-6

 mol/L), 

NPs (conjugated DOX 1.34×10
-5

 mol/L), Ce6 (5×10
-6

 mol/L) and DOX (1.34×10
-5

 

mol/L) in DMSO were incubated with 4T1 cells for 2 h. The intracellular DOX 

(Ex=478 nm, Em=556 nm) and Ce6 (Ex=604 nm, Em=675 nm) were observed under 

the CLSM after PBS wash. 

The intracellular ROS level was quantified by fluorescence spectroscopy with 

2ʹ,7ʹ-dichlorofluorescin diacetate (DCFH-DA) as a probe. 1×10
-5

 mol/L DCFH-DA 

was added into each well and then the plates were incubated at 37 °C in the dark. The 

cells were washed using PBS as washing buffer after 30 min incubation, and the 

fluorescence was captured with a microplate reader (Ex=485 nm, Em=535 nm). 

The mechanisms for cellular uptake were investigated with endocytosis inhibitors. 

Cells were treated with 2×10
-4

 mol/L inhibitors including chlorpromazine, 

chloroquine, nocodazole, 2-deoxy-D-glucose, colchicine and NH4Cl from Sigma 

Aldrich for 30 min, respectively. NPs(Ce6) (DOX 13.35 μmol/L, Ce6 5 μmol/L) were 

then incubated with cells. After 1 h incubation, cells were washed with PBS 3 times 

and then imaged under a confocal microscopy. All the image data were analyzed by 

LSM Image Browser and Image J. 

2.6. Flow cytometry 

Cellular apoptosis induced by NPs(Ce6) was investigated by flow cytometry. 4T1 
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cells were plated in 6-well plates at 110
6
/well. The attached cells were treated with 

six formulations: complete media, complete media and laser irradiation for 5 min, 

NPs (DOX, 1.34×10
-5

 mol/L), NPs(Ce6) (DOX, 1.34×10
-5

 mol/L and Ce6, 5×10
-6

 

mol/L), NPs(Ce6) (DOX, 1.34×10
-5

 mol/L and Ce6, 5×10
-6

 mol/L) and laser 

irradiation for 2 min, NPs(Ce6) (DOX, 1.34×10
-5

 mol/L and Ce6, 5×10
-6

 mol/L) and 

laser irradiation for 5 min. A laser source at a wavelength of 660 nm was applied in 

the assay. The plates were incubated for an additional 24 h and then detached and 

harvested as cell suspension. Annexin V: FITC and PI were added to the suspension in 

accordance with the manufacturerʹs instructions, and the samples were analyzed by 

using a flow cytometer.  

2.7. Fluorescence imaging study 

To observe the potential biodistribution of nanoparticles in a 4T1 murine breast tumor 

model, 4T1 tumor cell suspension (0.1 mL, containing 5×10
5
 cells) was injected into 

the right back of the female BALB/c mice (6 to 8 weeks old). When the tumor 

approximately reached 100 mm
3
, mice were randomly divided into four groups (n=3).  

NPs(Ce6) (DOX, 4 mg/kg and Ce6, 5 mg/kg) and fluorescence-labeled NPs were 

applied to measure the targeting efficiency of the NPs, respectively. The in vivo 

fluorescent probe 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ-tetramethylindotricarbocyanine (DiR) 

(Ex=748 nm, Em=790 nm) was encapsulated into NPs by the film rehydration 

method
45

. Each sample was intravenously injected into mice (n=3 per group) and the 

mice were sacrificed at pre-set intervals. Tumors and main organs, such as heart, liver, 

spleen, and lung, were excised and the fluorescence signal in these organs and tumors 

was detected by In Vivo Image System Fx Pro (Bruker, Germany).  

2.8. Analysis of lysosomal escape and nuclear distribution of DOX  

4T1 cells were treated with NPs (Ce6) (conjugated DOX, 1.34×10
-5

 mol/L and Ce6, 

5×10
-6

 mol/L). After incubation for 8 h, a fresh medium was replaced and cells were 

washed with PBS 3 times. The cells were treated with or without light irradiation for 3 

min under a 660 nm laser (200 mW/cm
2
), and cells were further cultured for 2 h after 

light irradiation. The Hoechst 33342 (10 μg/mL) was used to stain cell nuclei, and 

LysoTracker green (0.5 μg/mL) to stain lysosomes. Lysosomal escape of DOX and 

Ce6 was observed using a CLSM. To observe nuclear distribution of DOX, cells were 

further cultured for 40 h after light irradiation, and the distribution of DOX was 

observed under a CLSM. 
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2.9. In vivo chemo-photodynamic therapy 

Tumor-bearing mice models were developed in a similar way as described above. By 

the time the tumor reached 50–100 mm
3
, all the mice were randomly divided into 

eight groups with seven animals per group. The administrated formula for each group 

were shown in Supporting Information Table S2. Tumors of the irradiated groups 

were exposed under a laser beam with a wavelength of 660 nm (0.3 W/cm
2
) for 30 

min at 36 h post-injection, and 5 min off was applied for every 5 min laser irradiation. 

Each group was injected with the corresponding formulation by tail vein every 4 days 

5 times. After administration, the tumor dimension and body weight were recorded 

every 2 days during 21 days. All these mice were sacrificed three weeks later. The 

major organs and tumors were excised and weighed. The tumor volume was 

calculated by the Eq. (1): 

Tumor volume = (Width
2
 × Length)/2                  (1) 

 The tumor growth inhibition (TGI) was calculated using the Eq. (2): 

TGI (%) = (W0 ‒ Wt) /Wt × 100                     (2) 

where W0 and Wt represented the tumor weight of the PBS group and the treated 

group, respectively. The experiment protocol was reviewed and performed in 

compliance with Chinese guidelines for care and use of laboratory animals, and 

approved by the experimental animal ethics committee of the College of 

Pharmaceutical Sciences, Southwest University (No. 001563). 

2.10. Statistical analysis 

Results were analyzed by two-sided Studentʹs t-test for two groups and one-way 

analysis of variance (ANOVA) for multiple groups. Values of *P<0.05, **P<0.01 and 

***P<0.001 were considered to be statistically significant. 

3. Results and discussion 

3.1. Design, synthesis and characterization of the block polymeric prodrug 

We employed the HPMA block copolymer to deliver therapeutic agents as it has been 

demonstrated as an efficient drug delivery carrier owing to its high water-solubility, 

great biocompatibility, and flexible chemical modification, and some of polyHPMA 

conjugates have entered into clinical trials
46

. The synthesis route for the amphiphilic 

and block polymeric prodrug, 

polyDOX-block-(polyHPMA-SS-polyHPMA)-block-polyDOX, was shown in Fig. 1 

and Supporting Information S1. It has been accepted that the therapeutic indexes of 

polymeric DDSs are significantly affected by molecular structures, molecular weights 
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(MWs) and compositions of polymeric carriers
47

. The EPR effect can be enhanced by 

optimization of the MW of the polymer, resulting in an improved tumor-targeting 

efficacy
48

. Previous studies from our group and other groups have shown that tumor 

accumulation of the HPMA polymeric prodrug can be boosted via increasing the MW 

up to 300 kDa
49,50

. However, as the backbone of the polyacrylamide-based polymer 

including the HPMA polymer is not biodegradable, or has a very slow degradation 

rate, the MW has to be controlled below 50 kDa so it can be cleared from the body via 

the kidney. We have prepared functional CTA with a disulfide linkage to mediate 

RAFT polymerization of the HPMA polymer (Supporting Information Scheme S1), 

resulting in a hydrophilic dimer polymer, polyHPMA-SS-polyHPMA. This polymer 

with a high MW (60‒100 kDa) may have a prolonged blood circulation time and an 

enhanced tumor-targeting efficiency compared to traditional polymers with a MW 

below 50 kDa. 

Additionally, a disulfide-functionalized monomer, MA-SS-DOX, was prepared. A 

dimer was used as a macroCTA to mediate RAFT polymerization of the hydrophobic 

monomer MA-SS-DOX, resulting in an amphiphilic and block polymeric prodrug. As 

the disulfide linkage was introduced to the backbone and the DOX was bonded to the 

polymeric carrier via the disulfide linker, the polymeric prodrug may be degraded and 

could release the drug in the tumor microenvironment owing to cleavage of the 

disulfide bond by GSH at a high intracellular concentration inside tumor cells. 

Meanwhile, the block and amphiphilic polymer could be used to encapsulate other 

agents, and therein it was used to load Ce6, a photosensitizer, to realize the 

combination of chemo-photodynamic therapy. 

The molecule structure of CTA-SS-CTA, MA-SS-DOX and their intermediates 

were confirmed via 
1
H NMR spectra, 

13
C NMR spectra, LC-MS spectra, MAIDI-HR 

MS spectra (Supporting Information Figs. S1‒S15). The synthesized polymers were 

analyzed by 
1
H NMR spectra, UV–Vis spectrophotometry, and SEC analysis. 

Compared to the 
1
H NMR spectra of the polymer polyHPMA-SS-polyHPMA (Fig. 

2A), the proton peaks for the DOX-derivative were identified in 
1
H NMR spectra of 

polyDOX-block-(polyHPMA-SS-polyHPMA)-block-polyDOX (Fig. 2B). UV–Vis 

spectra also confirmed DOX was successfully conjugated to the polymer, and the 

DOX content was 8.9 % (w/w). After incubation with GSH, as shown in Supporting 

Information Table S3, the prodrug with a MW of 93.5 kDa (Fig. 2C) was degraded to 

products with a MW of 41.2 kDa (Fig. 2D), which was lower than that of the renal 
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threshold limit (approximately 50 kDa). 

Blank nanoparticles (NPs) were produced from the amphiphilic prodrug via the 

thin-film hydration method in PBS at pH 7.4, and nanoparticles NPs(Ce6) loaded with 

Ce6, a photosensitizer, were also prepared in the PBS solution. The critical micelle 

concentration (CMC) of the polymeric prodrug was characterized to be 0.014 mg/mL 

(Supporting Information Figs. S16 and S17). A low CMC value suggested the 

micelles could maintain their integrity under a highly diluted condition in vivo. The 

size distribution of NPs and NPs(Ce6) was characterized by DLS, and the average 

size of NPs and NPs(Ce6) was 60.3±4.1 and 122.6±5.5 nm, respectively (Fig. 2E). 

Structural stability of NPs was essential for in vivo body distribution and tumor 

accumulation. A characteristic absorbance peak of Ce6 at 660 nm was found in the 

UV‒Vis spectrum of NPs(Ce6), and successful loading of Ce6 into nanoparticles was 

further evidenced by characteristic Ce6 emission spectra (Fig. 2F). The formation of 

NPs (Ce6) may be due to π‒π stacking interactions between Ce6 and the DOX moiety 

as both agents had aromatic rings. In addition, a blue shift in the UV spectrum of 

NPs(Ce6) could be due to an increased polarity of the solution, which shortened the 

maximum absorption wavelength. A negative zeta potential of ‒7.54±0.87 mV 

indicated that crown-shaped nanoparticles could be formed by the pHPMA block. 

Both NPs and NPs (Ce6) displayed a spherical morphology under a TEM and the 

average size for NPs and NPs(Ce6) was 25.5±6.6 and 41.7±9.4 nm, respectively (Fig. 

2G and H). It was noted that different sizes were observed via DLS and TEM. The 

diameter obtained via DLS was a hydrodynamic one in a hydrated state. However, the 

diameter of the nanoparticles under a TEM was measured in a dehydrated state. This 

was in aligned with similar results of polymeric nanoscale DDSs obtained from other 

groups and our previous studies
51

. The size and the zeta potential of NPs could be 

maintained in PBS and the DMEM medium for three days, although the particle size 

started to increase in the DMEM medium on Day 3 (Supporting Information Fig. 

S18).  

3.2. In vitro drug release  

Stimuli-responsive nanoparticles have been synthesized to allow rapid release of 

DOX after nanoparticles accumulated in the tumor cells. Since a much higher GSH 

level is found in tumor cells than normal cells, GSH could break the disulfide linker in 

NPs or NPs (Ce6) to release DOX. Both NPs and NPs Ce6) were incubated in the 

media at a weakly acidic pH 5.4 and a physiological pH 7.4 with or without GSH that 

Jo
urn

al 
Pre-

pro
of



10 
 

simulated the microenvironment in tumor tissues and normal tissues, respectively. As 

shown in Fig. 3, the release rates of both noncovalently encapsulated Ce6 and 

covalently conjugated DOX in NPs(Ce6) were remarkably higher in the medium with 

GSH. The cleavage of the disulfide linker by which the drug DOX was conjugated to 

the polymer carrier contributed to the released DOX in the GSH-containing medium. 

Another contributing factor was the degradability of the prodrug in the medium with 

GSH (Table S3) due to the reductive degradability of the disulfide linker in the 

polymer backbone. The balance between hydrophobic and hydrophilic 

moieties/segments was disturbed, which facilitated release of DOX and Ce6. 

The release rate of DOX at both pH values with GSH was more than 70% at 36 h, 

while this rate was lower than 35% when GSH was absent (Fig. 3A). Simultaneously, 

more than 60% of Ce6 was released in the early 5 h in the medium with GSH, which 

was two times higher than that in the GSH-free medium (Fig. 3B). It was noted that 

the release rate of both covalently and noncovalently bonded drugs in NPs(Ce6) was 

not influenced by the pH values. Moreover, the release rate of non-covalently bonded 

Ce6 was faster than that of covalently bonded DOX, which indicated that the 

backbone of nanoparticles may be disintegrated to release Ce6 burstly before the 

majority of DOX molecules were sustainably released from the main chain of the 

polymer. The released drugs, including Ce6 and DOX, in pH 7.4 buffer solution 

containing 3 mmol/L GSH for 36 h were analyzed by RP-HPLC and ESI-MS. 

Abundant peaks (m/z=569.25 and 542.10) were assigned as [M+H]
+
 and [M-H]

‒
, 

which were correspondent to Ce6 and DOX (Supporting Information Fig. S19). The 

results suggested that the original structure of DOX detached from the polymer 

backbone cleaved by GSH was retained for its therapeutic efficacy. 

3.3. Cellular uptake, light-on/off cytotoxicity and in vitro PDT assay 

Different formulations were dosed to 4T1 murine breast cancer cells for 2 h and cells 

were observed under a CLSM to evaluate their cellular uptake. Both noncovalently 

encapsulated Ce6 and covalently bonded DOX were delivered into cells through the 

nanoparticles. The delivery efficiency via the nanoparticles was similar to that of free 

Ce6 due to free diffusion of Ce6 which was in a solution containing 0.5% w/v DMSO. 

(Fig. 4, Left panel). The enhanced cellular uptake may be ascribed to trafficking the 

drugs-loaded nanoparticles through the cell membrane via endocytosis instead of free 

diffusion. The cell uptake mechanism of the nanoparticles was systematically 

investigated by inhibiting endocytosis pathways with different inhibitors. The 
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fluorescence intensity drastically decreased in the NPs (Ce6)-containing cells 

suggested that clathrin-mediated endocytosis be dominant in the engulfment of 

NPs(Ce6) (Fig. 4, Right panel)
52

. 

3.4. In vitro singlet oxygen (
1
O2) generation  

The encapsulated Ce6 was excited from an external light source to produce a key 

therapeutic component, strongly oxidative 
1
O2. Anthracene-9,10-dipropionic acid 

disodium salt (ADPA) was employed to quantify 
1
O2 production in PBS at pH 7.4 

since ADPA can be specifically oxidized by 
1
O2 and a decay in the peak height at 400 

nm in the UV‒Vis spectra provides a means of monitoring the 
1
O2 production. After 

the NPs(Ce6) sample (Ce6 5.0 μmmol/L, DOX 19.5 μmmol/L) was mixed with ADPA 

(20 μmmol/L), a decrease in the UV absorbance peak at 400 nm was observed after 

exposure to a 660 nm laser source (0.3 W/cm
2
), however, the change in the ADPA 

absorbance peak at 400 nm was negligible in the absence of NPs(Ce6) (Fig. 5A and 

B). The results confirmed that laser irradiation activated NPs(Ce6) to generate 
1
O2 

from surrounding oxygen molecules.  

Live cells incubated with NPs(Ce6) were scanned with a 660 nm laser 30 times 

every 10 s and monitored under a CLSM simultaneously. A ʹbubblingʹ phenomenon 

was observed both on the plasma membrane and intracellularly. This phenomenon 

was accompanied with an increase in the permeability of the cell membrane and 

outflow of the intracellular contents, which could induce apoptosis of peripheral cells 

and increase the anti-tumor immunogenicity. This was in agreement with the 

discovery that photodynamic therapy has subsequent anti-tumor immune effects after 

treatment
53

. The intracellular fluorescence intensity reduced due to leakage of the 

cytoplasm contents out of cells after exposure to laser irradiation (Fig. 5C). Collapse 

of the cell morphology was associated with the intracellular ROS generation which 

was monitored using a ROS specific fluorescence marker, DCFH-DA. The cellular 

response to the oxidative stress was characterized with an enhanced signal intensity of 

green fluorescence after the cells were treated with NPs(Ce6) (Fig. 5D), indicating an 

increased level of ROS generated after cell were irradiated by a 660 nm laser.    

3.5. Cytotoxicity of NPs (Ce6) 

In order to study the cytotoxicity (chemotherapy) without photoirradiation (light-off) 

and the cytotoxicity (chemo-photodynamic combined therapy) with photoirradiation 

(light-on) of different formulations, CCK-8 assays were conducted after cells were 

dosed with these formulations with or without light exposure. The light-off 
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cytotoxicity was investigated against both cancer (4T1) cells with a high GSH 

concentration and normal (HELF) cells with a low GSH concentration. Free Ce6 

displayed negligible inhibition of cell growth (viability>100%) on 4T1 cells for a 

dose up to 20 μmmol/L. The cytotoxicity of free DOX against 4T1 cells was much 

higher than free Ce6 with an IC50 of 1.4±0.7 g/mL, while conjugated DOX in NPs 

and NPs(Ce6) had a weaker cytotoxicity than free DOX and their IC50 values were 

49.0±5.2 and 40.5±7.1 μg/mL (Supporting Information Figure S20), respectively. 

However, the cell viability was around 30% by dosing with 10 g/mL free DOX 

against HELF cells, while NPs and NPs(Ce6) did not inhibit cell growth even at the 

conjugated DOX concentration of 50 g/mL, which indicated that the nanoparticles 

could reduce DOX toxicity to normal cells.  

Furthermore, after cells were incubated with NPs(Ce6) for 48 h, cells were exposed 

to a continuous-wavelength 660 nm laser at various exposure intensities or durations. 

The cell viability dropped from approximately 70% to lower than 10% when the laser 

exposure intensity increased from 78 to 255 J/cm
2
 at an exposure time of 5 min (Fig. 

6A). Meanwhile, the cell viability decreased with a prolonged exposure time. The cell 

survival rate was around 25.1% after cells were exposed to the laser at an exposure 

intensity of 0.68 W/cm
2
 for 10 min, while in the negative control group cells after a 

similar treatment maintained a viability of about 80.2% (Fig. 6B).  

We also evaluated the effectiveness of the combinational treatment of 

chemo-photodynamic therapy in terms of tumor cell apoptosis by performing an 

Annexin V apoptosis detection assay with flow cytometry. Two dyes, Annexin V 

FITC and propidium iodide (PI), were used for identification of early and late 

apoptosis in the assay. The population of dead cells, late apoptosis (necrosis), early 

apoptosis and viable cells were represented by P2-Q1, P2-Q2, P2-Q3 and P2-Q4 in 

the results. The sum of P2-Q2 and P2-Q3 (Annexin V positive cells) refereed to the 

total apoptotic cell population. The apoptotic cells in the NPs(Ce6)-treated group 

increased with extension of the irradiation time (Fig. 6C). A large portion of apoptotic 

cells (around 44% and 55%) were found in NPs(Ce6)-treated group after exposure to 

light for 2 and 5 min, respectively. Apoptotic cells approximately doubled after 

treating cells with the combination of chemo-photodynamic therapy rather than 

NPs(Ce6)-alone treatment (Fig. 6D). The results demonstrated the feasibility and 

effectiveness of NPs(Ce6) for in vitro chemo-photodynamic combined therapy. 
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3.6. Lysosome escape and nuclear distribution 

Intracellular ROS generated by the photosensitizer under light irradiation could 

promote drug release after rupturing lysosomal vesicles
54-56

.
 
The distribution of NPs 

(Ce6) with or without light irradiation was investigated via a CLSM. The results 

showed that Ce6 in NPs destabilized lysosome membranes by generating ROS with 

light irradiation, leading to DOX escape from lysosomes evidenced with more red 

signals in the cytoplasm (Fig. 7A). To investigate the intracellular distribution of 

DOX, the nuclear location of DOX with and without NIR irradiation was examined 

(Fig. 7B). The DOX amount observed in the nuclei with NIR irradiation was 

evidently more than that without NIR irradiation, indicating nuclear translocation of 

DOX was enhanced by photosensitizer-mediated lysosomal escape. 

3.7. Ex vivo imaging and in vivo anti-tumor efficacy 

The ex vivo fluorescence was applied to analyze the distribution of NPs(Ce6) in 

different organs and provide a guidance for the starting time for PDT. A hydrophobic 

probe, DiR iodide, was encapsulated into the nanoparticles. The fluorescence signals 

in the tumor started to increase at 12 h and reached its maximum at 36 h post-injection. 

This fluorescence intensity slightly decreased after 48 h (Fig. 8A and B). The 

tumor-to-liver ratio (TLR) was calculated from the average ex vivo fluorescence 

intensities and the TLR data demonstrated efficient tumor accumulation of the 

nanoparticles instead of clearance by the liver (Fig. 8C). However, some of 

nanoparticles were distributed in the excised livers and spleens. This was due to the 

recognition of prodrug-based nanoparticles by the reticuloendothelial system. The 

nanoparticles could retain in the tumor, as the fluorescence signal could be observed 

for PDT at 36 h post-injection. This GSH-sensitive prodrug-based nanoparticles 

displayed great performance in both accumulating in tumor cells and targeting tumors. 

To evaluate the in vivo anti-cancer efficacy of NPs(Ce6), 4T1 xenograft mice were 

administrated with NPs(Ce6) via tail vein (DOX dose: 4 mg/kg; Ce6 dose: 5 mg/kg). 

To obtain a PDT efficacy, a 660 nm laser beam (0.3 W/cm
2
) was used to irradiate the 

tumors at 36 h post-injection. Mice were treated with the same procedure five times 

every 4 days. Compared to the PBS group, a slightly better anti-tumor effect was 

observed in mice treated with the laser alone, free DOX or free Ce6 (P0.05) (Fig. 

8D). Both free DOX and free Ce6 may be rapidly cleared in vivo, thus only a very 

small amount of them reached the tumor site. Importantly, significant inhibition of the 
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tumor growth was found in the NPs- or NPs(Ce6)-treated group, which may be 

attributed to efficient tumor accumulation of DOX and Ce6 in NPs or NPs(Ce6) via 

the EPR effect. The tumor growth inhibition (TGI) of NPs and NPs(Ce6) was 46.77% 

and 58.53%, respectively (Fig. 8E). It was notable that the chemo-photodynamic 

therapy with NPs(Ce6) showed a better efficacy than chemotherapy-alone treatment. 

The results suggested that DOX-mediated chemotherapy combined with 

Ce6-mediated PDT could significantly enhance the anti-tumor effect. The 

immunohistochemical staining analysis displayed effective inhibition of angiogenesis 

in the NPs(Ce6)-treated group compared to other groups by counting CD31 positive 

cells in the tumor tissue (Fig. 8F). A much higher percentage of TUNEL positive cells 

in the NPs(Ce6) treated groups with laser radiation suggested that the combinational 

therapy induced apoptosis of tumor cells more effectively. TUNELʹs quantitative 

results were shown in Supporting Information Fig. S21. 

Furthermore, no obvious changes in the body weight were detected after treatment 

with NPs (Ce6), indicating that chemo-photodynamic therapy had low or no systemic 

toxicity to mice (Supporting Information Fig. S22). After treatment of cells with 

NPs(Ce6) for 21 days, all mice were euthanized and sacrificed. The organs were 

analyzed by histological examination. H&E staining exhibited that there was no 

obvious damage observed in the heart treated with PBS, 660 nm laser, and different 

formulations. However, in the free DOX group, cardiotoxicity induced by DOX was 

observed evidenced with necrosis and infiltrated inflammatory cells (Supporting 

Information Fig. S23). It suggested that this delivery system could significantly 

reduce cardiotoxicity of DOX at the administration dose. In order to ensure the safety 

of the prodrug, we have also carried out blood biochemical index testing. The results 

(Supporting Information Fig. S24) showed that the drug had no obvious biological 

toxicity to mice at the experimental dose. In addition, we also conducted 

pharmacokinetic experiments to compare the in vivo efficacy of two formulations 

(DOX and NPs (Ce6)). The pharmacokinetic parameters were shown in Supporting 

Information Table S4. The results showed that at 36 h, since the GSH concentration in 

the blood was very low, only 35% of DOX was released from the drug carrier, 

indicating that NPs(Ce6) had good stability and the drug carrier could help reducing 

the systemic toxicity of DOX (Supporting Information Fig. S25). The significantly 

enhanced in vivo anticancer efficacy may be due to the combinational features of this 

drug delivery strategy: the GSH-sensitive polymeric prodrug was used as a carrier to 
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deliver photosensitizers, resulting in its high accumulation in the tumor tissues, 

stimuli-responsive drug release behaviors and therefore a synergistically 

chemo-photodynamic anti-cancer efficacy. 

4. Conclusions 

The amphiphilic polymer-DOX prodrug was prepared via RAFT polymerization and 

photosensitizer Ce6 was encapsulated into the self-assembled nanoparticles. NPs(Ce6) 

could retain both drugs in a physiological condition and release both drugs by 

intracellular GSH. The nanosized NPs(Ce6) accumulated at the site-of-action after i.v. 

injection. This drug delivery system synergistically combined chemo and 

photodynamic therapy. The TGI of NPs(Ce6) reached 58.53% with an enhanced 

anti-cancer efficacy and negligible side effects. Photoirradiation at the tumor site 

promoted escape of the chemotherapeutic agent from lysosomes for a better efficacy. 

The fabricated polymeric prodrug-based carriers have great potential against cancer as 

a combinational therapeutic system. 
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Figure 1 (A) The structure of the polymeric prodrug 

[polyDOX-block-(polyHPMA-SS-polyHPMA)-block-polyDOX] could be cleaved to 

low-molecular-weight segments to release the drug. (B) Illustration of cellular uptake 

of prodrug-based nanoparticles loaded with Ce6, drug release from nanoparticles, 

degradation of the polymeric backbone and synergistic antitumor therapy by 

combining Ce6-based PDT and DOX-based chemotherapy. 

Figure 2 
1
H NMR spectrum of polyHPMA-SS-polyHPMA (recorded in d6-DMSO) (A), and 

1
H 

NMR spectra of the amphiphilic and block polymeric prodrug 

[polyDOX-block-(polyHPMA-SS-polyHPMA)-block-polyDOX] (solvent: d6-DMSO) (B). Size 

exclusion chromatogram (SEC) of the final prodrug (MW 93.5 kDa) (C), and its degraded 

low-MW segments (MW 41.2 kDa) (D). Characterization of NPs and NPs (Ce6) with size 

distribution from DLS (E), UV‒Vis absorption spectra (F); and TEM morphology of NPs (G) and 

NPs (Ce6) (H), scale bar: 50 nm.  

Figure 3 Cumulative release of DOX (a) and Ce6 (b) at pH 5.4 and 7.4 with/without 3 mmol/L 

GSH in the medium for 36 h (n=3). mM, mmol/L.  

Figure 4 Uptake of NPs and NPs (Ce6) by 4T1 cells, scale bar: 20 μm (Ce6: Ex=604 nm; DOX: 

Ex=478 nm) on the left panel; Effects of different endocytic inhibitors and temperature (4 °C) on 

the cellular uptake of NPs(Ce6) on the right panel, scale bar: 40 μm, n=10, data are expressed as 

mean±SD, ***P<0.001. 

Figure 5 Singlet oxygen generation detected by a decay in the absorbance of ADPA 

after irradiation by a 660 nm laser for different durations (A); temporal changes in the ΔAbs of 

ADPA at 400 nm, n=3, data are expressed as mean±SD (B); Transmission images of NPs 

(Ce6)-treated cells before and after irradiation (C); Detection and quantification of the intracellular 

ROS level, data are expressed as mean±SD (D). n=3, scale bar=40 μm, **P<0.01 versus the 

sample before the treatment using Student’s t-test. 

Figure 6 Cell viability with different irradiating intensities (A) and different exposure durations 

with a 660 nm laser (B). n=3, ***P<0.001 versus the blank control using Student’s t-test. Annexin 

V-PI analysis of the synergistic apoptotic effect induced by NPs(Ce6) with irradiation via flow 

cytometry (C and D). n=3, *P<0.05 versus the control in PBS using Student’s t-test. 

Figure 7 CLSM images of (A) lysosome escape and (B) nuclear distribution of NPs 

(Ce6) with or without light irradiation (scale bar: 10 μm). 
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Figure 8 (A) Ex vivo distribution of NPs (Ce6) in organs and tumor for up to 48 h (n=5); (B) 

Fluorescence signal intensity of NPs (Ce6) in tissues and tumors (n=5); (C) Calculated distribution 

ratio TLR of NPs (Ce6) in the tumor to liver based on fluorescence intensities; (D) Tumor growth 

curves in mice bearing 4T1 tumor after treating with NPs (Ce6) with or without laser irradiation, 

red arrows indicated the time for injection of different formulations and blue for the time of laser 

administration (0.3 W/cm
2
). n=7, data are expressed as mean±SD, *P<0.05 and **P<0.01 versus 

the DOX and PBS groups. (E) Tumor growth inhibition by the combinational therapeutic 

treatment method comparing to the chemotherapeutic group on Day 21 after first treatment; (F) 

CD31 and TUNEL staining of tumors (scale bar: 50 μm). 
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