
Subscriber access provided by University of Newcastle, Australia

ACS Applied Materials & Interfaces is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

A Targeted Chemo-Photodynamic Combination Platform Based
on the DOX Prodrug Nanoparticles for Enhanced Cancer Therapy

Yumin Zhang, Fan Huang, Chunhua Ren, Lijun Yang, Jianfeng Liu, Zhen Cheng, Liping Chu, and Jinjian Liu
ACS Appl. Mater. Interfaces, Just Accepted Manuscript • DOI: 10.1021/acsami.7b00927 • Publication Date (Web): 05 Apr 2017

Downloaded from http://pubs.acs.org on April 7, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



A Targeted Chemo-Photodynamic Combination Platform 

Based on the DOX Prodrug Nanoparticles for Enhanced 

Cancer Therapy 

 

Yumin Zhang
1#
, Fan Huang

1#
, Chunhua Ren

1
, Lijun Yang

1
, Jianfeng Liu

1
, Zhen Cheng

2
, Liping 

Chu
1*
, Jinjian Liu

1 * 

1
 Tianjin Key Laboratory of Radiation Medicine and Molecular Nuclear Medicine, Institute of 

Radiation Medicine, Chinese Academy of Medical Science & Peking Union Medical College, 

Tianjin 300192, P.R. China.  

2
 Molecular Imaging Program at Stanford (MIPS), Department of Radiology and Bio-X Program, 

Canary Center at Stanford for Cancer Early Detection, Stanford University, Stanford, California 

94305, United States.  

 

 

 

 

 

 

 

Page 1 of 38

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



ABSTRACT: Chemo-photodynamic combination therapy has been received widespread 

attention in cancer treatment due to its excellent characteristics, such as reducing the adverse side 

effects of chemo-drugs and improving the therapeutic effects for various cancers. In this study, 

RGD and DOX was conjugated to PEG by thiol-ene addition and schiff’s base reaction, 

respectively, to prepare the targeted and pH-sensitive anti-tumor prodrug nanoparticles 

(RGD-PEG-DOX NPs, RGD-NPs). Subsequently, the photosensitizer chlorin e6 (Ce6) was 

encapsulated into RGD-NPs, thus obtaining a simple and efficient chemo-photodynamic 

combination platform (RGD-PEG-DOX/Ce6 NPs, RGD-NPs/Ce6). This nanoparticle possessed 

high drug loading property of both the chemo-drug and photosensitizer and could simultaneously 

release them under the mild acidic microenvironment of cancer cells, which was expected to 

realize the synchronization therapy of chemotherapy and photodynamic therapy (PDT). 

Compared with free DOX and Ce6, RGD-NPs/Ce6 could significantly improve the cellular 

uptake capacities of DOX and Ce6, resulting in the increased contents of ROS in cancer cells and 

effective cytotoxicity for tumor cells (MDA-MB-231 cells and MCF-7 cells) upon a laser 

radiation. The in vivo experiment showed that RGD-NPs/Ce6 displayed superior tumor targeting, 

accumulation and retention ability than the other groups (free DOX, free Ce6 and NPs/Ce6), and 

thus significantly enhancing the anti-tumor effect in vivo with a laser radiation. In addition, the 

cardiotoxicity induced by DOX was thoroughly wiped out after being loaded and delivered by 

the nanoparticles according to the pathological analysis. Therefore, the targeted 

chemo-photodynamic combination therapeutic platform maybe a promising candidate for 

enhanced cancer therapy. 
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■ INTRODUCTION 

  With the significant increase of cancer incidence and mortality in China since 2010,
1
 cancers 

have been the leading cause of death. Although the burgeoning anti-tumor techniques such as 

immunotherapy and photothermal therapy
2-5

 have been developed to treat cancer, traditional 

chemotherapy is still the main therapeutic method for cancer therapy under the current 

situation.
6-9

 Doxorubicin (DOX) with anthracycline antibiotics, as a kind of most highly effective 

anti-tumor chemotherapeutic drug, is a widely used in clinic which can inhibit the synthesis of 

DNA and RNA. However, the rapid blood clearance rate and irreversible cardiotoxicity has 

seriously limited its further development and appilication in clinic.
10-12

 In order to overcome 

these barriers, nanocarriers for drug delivery system (NDDS) such as hydrogels,
13-14

 micelles,
15-16

 

nanofibers
17-18

 and nanoparticles
19-21

 have been developed and applied. They can improve the 

pharmacokinetics behaviors of DOX and bring tumor targeting capability.
22-25

 For example, the 

half-life of DOX loaded by PEG5K-Fmoc-VE2 micelles was increased to forth times at least, and 

then improved the anti-tumor efficiency. 
25

 Furthermore, according to the unique characteristics 

of novel NDDS, they can also act as the chemotherapeutic combination platform by 

simultaneously loading and delivering two or more drugs, this strategy can boost the 

chemotherapeutic efficiency and reduce drug resistance at the same time.
26-28 

In addition,
 
the 

novel NDDS could also provide a therapeutic combination platform for various therapy strategies, 

such as chemo-radiotherapy and chemo-photodynamiccombination therapy.
29,30
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In the recent years, photodynamic therapy (PDT) has been widely applied to treat various 

tumors as a result of its smaller surgical trauma, better selectivity from normal tissues and 

capability of repeatable treatment
30-32

. In the process of PDT, the photosensitizer play an 

important role in producing highly reactive singlet oxygen (
1
O2) upon photoexcitation. 

1
O2 can 

interact with adjacent biological macromolecules by oxidative reaction and thus lead to cell 

apoptosis in the targeted sites.
33-34

 However, there are some barriers for PDT in the revolution of 

anti-tumors field, including the low solubility and poor tumor targeted accumulation of the 

photosensitizer. Therefore, it is very necessary to improve the bioavailability of photosensitizer to 

achieve desirable anti-tumor effects for PDT. To this end, various NDDS have been reported to 

deliver the photosensitizer and enhance the PDT efficiency.
35-36

 For example, professor Zhu 

reported a combination of chemotherapy and PDT utilizing a drug delivery system based on 

inorganic nanoparticles to improve cancer treatment and reduce cisplatin resistance.
35 

Nevertheless, the accumulation into tumor tissues of these nanoparticles remained to be solved 

during the PDT treatment. One method is to formulate targeted nanoparticles by introducing a 

targeting ligand. Some targeting ligands can specifically bind to receptors on the cancer cells 

surface and mediate cancer cells’ endocytosis of nanoparticles. It was well known that the surface 

of cell membrane for different kinds of tumors exist some over-expressed receptors.
37-38 

Neuropilin-1 receptor is a kind of them, which is a transmembrane protein and play a dominant 

role in angiogenesis and vascular permeability.
39

 Cys–Arg–Gly–Asp–Lys (CRGDK) is a 

tumor-penetrating peptide that can specially bind to neuropilin-1 receptor, which can improve the 

accumulation and retention effect of NDDS after covalent modification. Liang’s group proved 
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that cytotoxicity and uptake efficiency of the CRGDK targeted nanocarrier was superior to that 

of non-targeted nanocarrier.
 40-41

 

Herein, encouraged by the recent progress and in order to solve the barriers of 

chemotherapeutic drug and photosensitizer, we developed a targeted chemo-photodynamic 

combination platform (RGD-NPs/Ce6) based on our previous works.
42

 It was obtained by the 

self-assembly of the targeted DOX prodrug nanoparticle (RGD-PEG-DOX) and photosensitizer 

chlorin e6 (Ce6). DOX was acted as the hydrophobic part of the platform and Ce6 was efficiently 

encapsulated in it. The platform has high drug loading ability due to the fact that DOX directly 

acted as the hydrophobic part. It can hide the anti-tumor activity of DOX and photo-sensitiveness 

of Ce6 before being activated, because they will not leak under the normal physiological 

conditions because of the π-π interactions. Due to the EPR effect and RGD ligand, 

RGD-NPs/Ce6 can targeted deliver and gradually accumulate into tumors, then the acid 

tumor-environment can induce the breakage of the schiff’s base bond of RGD-PEG-DOX, 

resulting in the disassembly and rapid release of DOX and Ce6. Under the condition of targeting 

laser radiation, the chemotherapy drugs and photosensitizers can develop the combined 

anti-tumor activities according to their respective anti-tumor mechanisms (Scheme 1). This study 

will provide a chemo-photodynamic combination platform for cancer therapy with high drug 

loading, low side effect and enhanced anti-tumor capability.   
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Scheme 1. Design a targeted chemo-photodynamic combination therapeutic platform 

(CRGDK-PEG-DOX/Ce6 NPs (RGD-NPs/Ce6)) for anti-tumor studies via co-delivering and 

releasing DOX and Ce6. RGD-NPs/Ce6 was internalized by NRP-1 mediated endocytosis and 

penetrated into the inner areas of the tumor to kill cancer cells through chemo-photodynamic 

combination therapy. 

■ MATERIALS AND METHODS 

Materials. Maleimide-poly(ethylene glycol)-aldehyde (Mal-PEG-CHO) with a PEG molecular 

weight of 2000 was purchased from Xi'an Ruixi Biological Technology Co., Ltd. (Xi'an, China). 

Cys-Arg-Gly-Asp-Lys (CRGDK) peptide was obtained from HanBo Biotech (Shanghai, China). 

Doxorubicin hydrochloride (DOX·HCl) was provided by Wuhan Hezhong Biochem Co., Ltd. 

(Wuhan, China). 4,6-diamidino-2-phenylindole (DAPI) and Chlorin e6 (Ce6) were purchased 

from Sigma-Aldrich (St. Louis MO, USA). Other chemical reagents were analytic grade and used 

without further purification.  
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Cells and animals. Human breast cancer cell lines MCF-7 (low-Nrp-1 receptor expressing cells) 

and MDA-MB-231 (Nrp-1 receptor over-expressing cells) were obtained from FDCC (Shanghai, 

China), which were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1% 

antibiotic solution and 10% fetal bovine serum (FBS). Cell was maintained in a humidified 

atmosphere containing 5% CO2 at 37 °C. The BALB/c nude mice (male, 6-8 weeks) bearing 

MDA-MB-231 breast tumor model were received from Vital River Laboratory Animal 

Technology Co., Ltd. (Beijing, China). Mice were acclimated at 55% of humidity and 25 °C 

under natural light/dark conditions before experiment. All the animal experiments were 

performed in accordance with the protocol approved by Chinese Academy of Medical Science 

and Peking Union Medical College, and adhered to the Guiding Principles in the Care and Use of 

Animals of the American Physiological Society. 

Synthesis and characterization of the CRGDK-PEG-DOX conjugate. The MAL-PEG-DOX 

was conjugated by schiff’s base between MAL-PEG-CHO and DOX according to our previous 

work.
29

 Briefly, MAL-PEG-CHO (500 mg) and DOX (125 mg) was co-dissolved in 4.0 mL of 

dimethyl sulfoxide (DMSO), the mixed solution was reacted for 24 h at 40 °C under 50 µL of 

triethylamine catalyzed. Whereafter, CRGDK peptide (200 mg) was directly dissolved into 2.0 

mL of DMSO solutions (MAL-PEG-DOX) for 24 h at room temperature. The two kinds of 

reacted solutions were dialyzed against DMSO to filter the excess and unreacted DOX or 

CRGDK peptide (MWCO: 1000 Da) under gentle stirring for 48 h, and then dialyzed against 

PBS to eliminate the DMSO (MWCO: 1000 Da) under gentle stirring for 48 h. The 

MAL-PEG-DOX and CRGDK-PEG-DOX were obtained after lyophilization, and their structures 

were characterized by using 
1
H NMR (Varian INOVA) and UV-vis (Purkinje General). The 

Page 7 of 38

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



molecular weights of MAL-PEG-DOX and CRGDK-PEG-DOX conjugates were determined by 

using Maldi-TOF MASS (AutoflexIII LRF200-CID, Bruker Daltonics). 

Preparation and characterization of PEG-DOX/Ce6 NPs and CRGDK-PEG-DOX/Ce6 NPs. 

The PEG-DOX/Ce6 NPs (NPs/Ce6) and CRGDK-PEG-DOX/Ce6 NPs (RGD-NPs/Ce6) were 

prepared via nanoprecipitation method,
43-44

 the hydrophobic photosensitizer (Ce6) was loaded 

into the cores of PEG-DOX NPs and CRGDK-PEG-DOX NPs by hydrophobic interactions. 

Briefly, Ce6 (2 mg) and PEG-DOX (20 mg) were co-dissolved in DMSO (5 mL) at room 

temperature, and the organic mixtures were dropwise dispersed into PBS (10 mL) for 24 h under 

gentle stirring. Then the solution was dialyzed against PBS with a dialysis bag (MWCO: 1000 Da) 

to remove the DMSO for 72 h, and then filtered through a 450 µm pore-sized membrane. The 

RGD-NPs/Ce6 was performed in the same method. The hydrodynamic size and morphology of 

resulting nanoparticles at a concentration of 2.0 mg/mL were characterized by TEM (JEM-2100F) 

and DLS (Malvern Zetasizer Nano ZS), respectively. The drug loading content of DOX and Ce6 

in NPs/Ce6 and RGD-NPs/Ce6 were determined by VARIOSKAN FLASH microplate reader 

(THERMO SCIENTIFIC) at 488 nm and 670 nm , respectively. 

Critical Micelle Concentration (CMC) measurement. The CMC of NPs/Ce6 and 

RGD-NPs/Ce6 were measured using the pyrene as the fluorescence probe. Concisely, 100 µL of 

4 µg/mL pyrene acetone solution was added into NPs/Ce6 and RGD-NPs/Ce6 with different 

concentrations for 12 h incubation under gentle stirring. The fluorescence spectra of the emission 

wavelengths of 384 nm and 373 nm of all samples were measured via a fluorescence 

spectrophotometer at 336 nm excitation wavelength. The CMC of NPs/Ce6 and RGD-NPs/Ce6 
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were the crossover point in the plots of the fluorescence intensity ratio of 384 nm and 373 nm to 

the logarithm concentration. 

In vitro DOX and Ce6 release. The release kinetic behaviors of DOX and Ce6 from NPs/Ce6 

and RGD-NPs/Ce6 were measured using the dialysis bag methods. In detail, 5 mL of NPs/Ce6 

and RGD-NPs/Ce6 (1.0 mg/mL) were placed into dialysis bags (MWCO: 3500 Da) and 

incubated in 30 mL of different pH values solutions (pH 5.0, 6.5, 7.4) at 37 °C under gentle 

stirring. Quantitative buffer solutions (5 mL) was withdrawn and added by fresh buffer solutions 

at predetermined time intervals, the accumulative concentration of released DOX and Ce6 from 

NPs/Ce6 and RGD-NPs/Ce6 were measured by HPLC-UV at 480 nm and fluorescence 

spectrophotometer at 670 nm, respectively. The released kinetic curves of DOX and Ce6 from 

NPs/Ce6 and RGD-NPs/Ce6 were drawn according to the accumulative amount of different time 

point, each sample was conducted in triplicate. Meanwhile, 2.0 mL of RGD-NPs/Ce6 (1.0 

mg/mL) was placed into acidic environment (pH 5.0) for incubated 24 h, the structure change of 

the sample was investigated by TEM. 

In vitro cellular uptake. The cellular uptake behavior of NPs/Ce6 and RGD-NPs/Ce6 in 

MDA-MB-231 and MCF-7 cells were investigated by using the fluorescence microscopy. The 

MDA-MB-231 and MCF-7 cells were seeded into 12-well plate with a density of 10
5
 cells/well, 

and incubated with DMEM and 10% FBS mixtures in a humidified atmosphere containing 5% 

CO2 at 37 °C for 24 h. Then the culture medium was replaced by DMEM with different 

concentration of NPs/Ce6 and RGD-NPs/Ce6, free DOX and Ce6 were used as the controls. 

After 4 h incubation, the mixture in each well was dumped, and washed three times with PBS. 

The cell nucleus were stained by 4,6-diamidino-2-phenylindole (DAPI) on the basis of the 
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protocol in the staining kit. The Ce6 and DOX signal were recorded by fluorescence microscopy 

at excitation of 540 nm and 633 nm, respectively. The DAPI was reported at excitation of 405 

nm.  

  For flow cytometric analyses, the MDA-MB-231 and MCF-7 cells were seeded into 24-well 

plate with a density of 10
5
 cells/well, and incubated with DMEM and 10% FBS mixtures in a 

humidified atmosphere containing 5% CO2 at 37 °C for 24 h. NPs/Ce6, RGD-NPs/Ce6, free 

DOX and free Ce6 were incubated with MDA-MB-231 and MCF-7 cells for 1, 4, 8 h, 

respectively. PBS was used as the blank control. After washing three times with cold PBS, cells 

were collected for quantitative detected by flow cytometer on a FACS Calibur (BD Accuri C6). 

Cellular ROS detection during irradiation. The ROS production in MDA-MB-231 cells by 

staining methods with DCFH-DA during laser irradiation. The MDA-MB-231 cells were seeded 

into 6-well plate with a density of 5×10
4
 cells/well and cultured in a humidified atmosphere 

containing 5% CO2 at 37 °C for 24 h. Cells were further incubated with free Ce6, NPs/Ce6 and 

RGD-NPs/Ce6 (at Ce6 equivalent dose of 20 µg/mL) for 24 h. After incubated with 20 µM 

DCFH-DA for 20 min, 6-well plates were irradiated using a laser with a power of 50 mW /cm
2
 

for 5 min. The fluorescence signals of DCF inside cells were recorded by fluorescence 

microscopy at excitation of 488 nm and at emission of 525 nm. 

  The ROS contents of various Ce6 formulations in cancer cells were also quantitatively 

determined. The MDA-MB-231 and MCF-7 cells were seeded into 96-well plate with a density 

of 5×10
3
 cells/well and cultured in a humidified atmosphere containing 5% CO2 at 37 °C for 24 h. 

Then the culture medium was replaced by DMEM with PBS, free Ce6, NPs/Ce6 and 
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RGD-NPs/Ce6 (at Ce6 equivalent dose of 20 µg/mL) for further incubation of 24 h. 20 µM 

DCFH-DA were added into wells for incubating 20 min and irradiated utilizing a 633 nm He-Ne 

laser at a power of 50 mW/cm
2 

for 5 min or not. Subsequently, the fluorescence intensity of DCF 

in each well was quantitative detected by a fluorescence microplate reader (Thermo Scientific, 

Varioskan Flash). 

In vitro Cell cytotoxicitys. The cell cytotoxicity of NPs/Ce6 and RGD-NPs/Ce6 were 

determined by MTT assay with MDA-MB-231 and MCF-7 cells in dark condition. Briefly, 

MDA-MB-231 and MCF-7 cells were cultured for 24 h, then culture medium were discarded, 

and a series of DOX concentration of free DOX, NPs/Ce6 and RGD-NPs/Ce6 were added into 

corresponding wells and incubated for 24 h. The drug solution in each well was replaced by 20 

µL of MTT solution. After 4 h incubation, the absorbency of the medium solution was measured 

on a microplate reader at 570 nm. The cell viability was expressed by (sample/control) × 100%. 

All data were presented as mean ± SD (n = 6). 

  The chemo-photodynamic combination antitumor efficiency of NPs/Ce6 and RGD-NPs/Ce6 

were also measured by MTT assay with MDA-MB-231 and MCF-7 cells. After incubation for 24 

h, culture medium were discarded, and a series of Ce6 concentration of free Ce6, NPs/Ce6 and 

RGD-NPs/Ce6 were added into corresponding wells and incubated for 12 h in dark condition, the 

96-well plate was placed into superstratum of incubator, the laser source was adjusted and fixed 

into the underneath of 96-well plate. We should adjust the distance of laser source to keep the 

whole 96-well plate being irradiated with the same irradiated power. Afterwards, the 96-well 

plates were irradiated by a 633 nm laser device at a power of 50 mW cm
-2 

for 5 min. After 

additional 12 h of incubation, the mediums were replaced by 20 µL of MTT solution. After 4 h 
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incubation, the absorbency of the medium solution was measured on a microplate reader at 570 

nm. The cell viability was expressed by (sample/control) × 100%. All data were presented as 

mean ± SD (n = 6). 

Tumor-targeting accumulations, retention in tumor bearing mice. The mice bearing 

MDA-MB-231 breast tumor were divided into free Ce6, NPs/Ce6 and RGD-NPs/Ce6 three 

groups when tumor volume reached about 200 mm
3
. Mice were injected intravenously via tail 

vein at equivalent Ce6 dose of 2.0 mg/kg body weight. At designed time points (1, 6, 12, 24 h), 

the mice were anesthesiaed by isoflurane, the fluorescence images in vivo were obtained by 

Kodak IS in vivo imaging system through the fluorescence of Ce6 with an excitation wavelength 

of 633 nm and an emission wavelength of 790 nm. At 24 h post injection, the mice were 

sacrificed, the tumor and main organs (heart, liver, spleen, lung, and kidney) were dissected for 

ex vivo imaging. In order to investigate the tumor penetrating ability of NPs/Ce6 and 

RGD-NPs/Ce6, we collected the tumor tissues and fixed it with 4% paraformaldehyde at 4 °C for 

24 h, and then embedded in paraffin, cut 3 µm thick sections and mounted onto microscopic 

slides, the sections were stained with DAPI at 20 µg/mL for 20 min. Ce6 in tumor tissues was 

observed by fluorescence microscope (Leica, DMI6000B).    

Anti-tumor efficacy of RGD-NPs/Ce6 in tumor bearing mice. The in vivo 

chemo-photodynamic combination treatment of RGD-NPs/Ce6 and NPs/Ce6 were performed by 

MDA-MB-231 tumor bearing mice. When the tumor volume reached 100 mm
3
, the tumor 

bearing mice were divided into seven groups, each group had eight animals, and treated with 

PBS, free Ce6 (2 mg/kg) upon laser irradiation, free DOX (5 mg/kg), RGD-NPs/Ce6 and 

NPs/Ce6 (equivalent DOX of 5 mg/kg, equivalent Ce6 of 2 mg/kg) with or without laser 
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irradiation via tail vein for five times in two weeks, respectively. After 12 h of each injections, for 

the irradiated groups, mice were irradiated using a laser (200 mW/cm
2
, 10 min), respectively. The 

body weight and tumor volumes were measured every two days during treatment. On days 20, 

the mice were sacrificed, tumors and main organs (heart, liver, spleen, lung, kidney) were 

dissected and further studied after H&E staining to monitor the morphological and pathological 

feathers of organs. 

Statistical analysis. SPSS 19.0 software were used for the statistical analyses. All data were 

rendered as mean ± standard deviation values. The statistical significance of differences was 

determined by Student’s t test. *P<0.05, **P<0.01 were used for statistical difference and 

significant difference, respectively.  

■ RESULTS AND DISCUSSIONS 

Synthesis and characterization. The targeted DOX prodrug conjugate CRGDK-PEG-DOX was 

synthesized through the combined methods of Schiff’s base reaction and thiol-ene amidation. The 

synthetic route was shown in Fig. S1. Compared the 
1
H NMR spectrum in Fig. 1A and Fig. 1B, 

DOX was used as control (Fig. S2), it could find that after reacted with amino group (NH2) of 

DOX, the peak of aldehyde group (-CHO) in the MAL-PEG-CHO was disappeared while the 

typical peak of DOX was generated in the product, which confirmed the successfully synthesized 

of MAL-PEG-DOX by schiff base reaction. Then, from the Fig. 1C we could find the 

disappearance of typical peak of MAL after the reaction between MAL-PEG-DOX and CRGDK 

peptide, indicating the successful conjugation of CRGDK-PEG-DOX. The UV-Vis data (Fig. 1D) 

further proved the successful synthesis of CRGDK-PEG-DOX as evidenced by the visible 

absorption peak at 210 nm for CRGDK peptide and 488 nm for DOX.The molecular weight of 
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MAL-PEG-DOX and CRGDK-PEG-DOX conjugate was 2543.09 and 3120.13, respectively (Fig. 

S3). 

  The targeted chemo-photodynamic combination platform RGD-NPs/Ce6 was prepared by 

nanoprecipitation method, and NPs/Ce6 was taken as control. The size and morphology of these 

two nanoparticles were measured by the DLS and TEM. As shown in Fig. 2, both of NPs/Ce6 

and RGD-NPs/Ce6 self-assembled into spherical structures, and the diameters of them were 

131±3.5 nm and 145±5.3 nm with narrow polydispersity index of 0.17±0.03 and 0.199±0.06, 

respectively. As a control, the PEG-DOX NPs and RGD-PEG-DOX NPs without loading Ce6 

also showed spherical structures, and their diameters were 121.7 nm and 134.5 nm, respectively 

(Fig. S4). This optimized size of prodrug nanoparticles could preferably accumulate and 

permeate into tumors via EPR effect.
45

 Meanwhile, they have a good stability without any 

aggregation or sedimentation in water for at least 48 h (Fig. 2C). The drug loading capacity (DLC) 

of DOX and Ce6 for the NPs/Ce6 and RGD-NPs/Ce6 were calculated by a standard curve of 

DOX and Ce6, which were measured by using varian fluorescence spectrophotometer. As 

summarized in Table 1, the DLC of DOX and Ce6 for RGD-NPs/Ce6 were determined to be as 

high as 17.95±1.03% and 9.36±0.42%, respectively, which is similar with the NPs/Ce6 

(18.53±1.25% for DOX and 9.65±0.53% for Ce6). In addition, the CMC of NPs/Ce6 and 

RGD-NPs/Ce6 were measured by using pyrene as the fluorescent probe. As shown in Fig. 2D, 

they were calculated from the first inflection point in the curve of the absorption intensity ratio of 

I384/I373 versus the logarithm of concentration. The CMC of NPs/Ce6 and RGD-NPs/Ce6 were 

4.15 and 4.22 µg/mL approximately. The similar DLC and CMC of these two kinds of 

nanoparticles were because of their same DOX hydrophobic segments. 
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Table 1. Characterization of NPs/Ce6 and RGD-NPs/Ce6 

Sample Diameter
a
 (nm) PDI ζ (mV) DLC of DOX (%) DLC of Ce6 (%) 

NPs/Ce6 131±3.5 0.17±0.03 -3.4±0.35 18.53±1.25 9.65±0.53 

RGD-NPs/Ce 145±5.3 0.19±0.06 -2.2±0.15 17.95±1.03 9.36±0.42 

   
a 

Determined by using a DLS at 25 °C in PBS (10 mM, pH 7.4). PDI = size and size 

distribution; ζ= zeta potential; DLC = drug-loaded content. Data represented mean±SD (n = 3). 

  

Fig. 1. 
1
H NMR spectra of MAL-PEG-CHO (A), MAL-PEG-DOX (B) and 

CRGDK-PEG-DOX (C). DMSO-d6 was used as the solvent. (D) Uv-Vis spectrum of DOX, 

CRGDK, PEG-DOX, and CRGDK-PEG-DOX. PBS was utilized as control. 
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Fig. 2. Characterization of NPs/Ce6 and RGD-NPs/Ce6. The DLS and TEM results of 

NPs/Ce6 (A) and RGD-NPs/Ce6 (B); the stability of NPs/Ce6 and RGD-NPs/Ce6 in waters 

(C); the CMC of NPs/Ce6 and RGD-NPs/Ce6 (D). 

In vitro DOX and Ce6 release. The drug release behaviors of NPs/Ce6 and RGD-NPs/Ce6 

were studied by mimicking the slightly acid pH of the endosomal (~6.5) and lysosomal (~5.0) 

compartments at 37°C with dialysis method in vitro.
44

 As shown in Fig. 3A and 3B, less than 

10% of drug was released from NPs/Ce6 and RGD-NPs/Ce6 at pH 7.4, which further proved 

the favorable structural stability and drug loading stability. However, about 30% of DOX and 

Ce6 were released from NPs/Ce6 and RGD-NPs/Ce6 at pH 6.5 within 4 h, and almost 70% of 

DOX and 80% of Ce6 released from these two nanoparticles at pH 5.0 within 24 h, 

confirming the great pH-sensitivity of the nanoparticles which was due to the breakage of 

schiff’s base bond in them under the acid environment. The similar release kinetics between 

DOX and Ce6 of the two nanoparticles might be ascribed to the fact that DOX was directly 

Page 16 of 38

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



acted as the hydrophobic parts of the prodrug nanoparticles and Ce6 was loaded in it 

depended the hydrophobic and π-π interactions between them, this resulted the 

simultaneously liberated once the nanoparticles were disintegrated. 

  Meanwhile, the NPs/Ce6 and RGD-NPs/Ce6 showed the similar drug release behaviors, 

which was attributed to the same hydrophobic segments (DOX as the hydrophobic parts of 

prodrug nanoparticles) and the same release mechanism. In addition, the fluorescence 

spectral change of Ce6, NPs/Ce6 and RGD-NPs/Ce6 in the acidic PBS (pH 5.0) could also 

confirmed responsiveness and high acid sensitivity of the prodrug nanoparticles (Fig. 3C). 

Furthermore, the morphology of the nanoparticles was collapsed and irregularly aggregated 

together after incubation in acidic PBS (pH 5.0) for 24 h (Fig. 3D) . These results revealed 

that our designed prodrug nanoparticles could offer a platform to synchronously release DOX 

and Ce6 at the acid environment of tumor tissues. 
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Fig. 3. Drug release characterization of NPs/Ce6 and RGD-NPs/Ce6. The drug release 

behaviors of NPs/Ce6 (A) and RGD-NPs/Ce6 (B); the fluorescence spectral change of Ce6, 

NPs/Ce6 and RGD-NPs/Ce6 in the acidic PBS (C); The morphology change of 

RGD-NPs/Ce6 after incubation for 24 h at pH 5.0 (D). 

Cellular uptake. The cellular uptake of NPs/Ce6 and RGD-NPs/Ce6 were investigated in 

MDA-MB-231 and MCF-7 cells by using fluorescence microscopy based on the green 

fluorescence of DOX and red fluorescence of Ce6 (for distinguishing the intracellular 

distribution of two drugs, clearly). As shown in Fig. 4, the green fluorescence of free DOX 

distributed the whole nucleus of MDA-MB-231 cells after incubation for 4 h (Fig. 4A), but 

the fluorescence intensity of DOX in the cells significantly decreased as the incubation time 

elapsed (Fig. 4B), this was because of its easily diffused through the cellular membrane, 

leading to the quickly clearance and shortly retention time in cells of free DOX.
46-47

 

Nevertheless, for free Ce6 group, the lower and darker red fluorescence signals was seen in 

MDA-MB-231 cells, showing that less Ce6 was internalized by cancer cells, which might be 

ascribed to the passive diffusion through the cell membrane of free Ce6, and further resulted 

in the poor photodynamic therapeutic efficacy.
48-49

 In contrast, the Ce6 fluorescence intensity 

in MDA-MB-231 cells was obviously increased for NPs/Ce6 and RGD-NPs/Ce6 group, 

indicating that the cellular uptake capacity of Ce6 was promoted after loaded and delivered 

by NPs/Ce6 and RGD-NPs/Ce6. 

  Meanwhile, the NPs/Ce6 and RGD-NPs/Ce6 could keep the fluorescence intensity of DOX 

and Ce6 sustained growth in MDA-MB-231 cells after incubation for 8 h, which showed 

significant differences compared with free DOX and free Ce6 (Fig. 4B and 4C). In addition, 
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comparing the two NPs groups, we found that the fluorescence intensity (both red and green) 

of RGD-NPs/Ce6 was much stronger than that of NPs/Ce6 in MDA-MB-231 cells, while it 

couldn’t find these significant differences in MCF-7 cells (low-Nrp-1 receptor expressed) 

(Fig. S5), suggesting that the RGD-NPs/Ce6 could be specifically internalized by NRP-1 

mediated uptake in the Nrp-1 receptor over-expressing cells.
50

 

 

Fig. 4. Cellular uptake of NPs/Ce6 and RGD-NPs/Ce6 in MDA-MB-231 cells. The Cellular 

uptake of NPs/Ce6 and RGD-NPs/Ce6 in MDA-MB-231 cells observed by fluorescence 

microscopy after incubation for 4 h (A). Scale bar = 25 µm; quantitative analysis of mean 

fluorescence intensity of DOX (B) and Ce6 (C) after incubated with free drugs, NPs/Ce6 and 

RGD-NPs/Ce6 for 1, 4, and 8 h via flow cytometry. (*P<0.05, **P<0.01, a = in comparison 

with free DOX or Ce6, b = in comparison with NPs/Ce6). 

ROS measurement during PDT. The ROS contents of Ce6 produced actually decreased 

after being loaded by NPs and RGD-NPs (Fig. S6A). This could be explained by the 

phenomenon in Fig. 3C that the quenched fluorescence signals of Ce6 in RGD-NPs/Ce6 
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resulted in the reduction of photosensitivity and ROS production. Afterwards, as the cellular 

uptake capacity of Ce6 was improved after being loaded by NPs/Ce6 and RGD-NPs/Ce6, we 

investigated whether the ROS contents in cancer cells would be increased under laser 

radiation. The intracellular ROS production in MDA-MB-231 cells incubated with different 

Ce6 formulations was recorded and imaged by a green fluorescence (DCFH-DA). As shown 

in Fig. 5A, the ROS fluorescence intensity produced by free Ce6 with or without laser 

radiation was very low, which was due to the poor ability of cellular uptake. The ROS 

produced by Ce6 did not show obvious significance compared with PBS (0 µg/mL) until the 

concentration of Ce6 was above 50 µg/mL (Fig. S6B).  

  As shown in Fig. 5A, the weakly ROS fluorescence intensity was recorded from the 

NPs/Ce6 and RGD-NPs/Ce6 in no laser group, which was produced by DOX in the process 

of chemotherapy. While the ROS fluorescence intensity of NPs/Ce6 and RGD-NPs/Ce6 with 

irradiation showed a great improvement, which was significantly higher than Ce6 with or 

without irradiation group. Furthermore, as shown in Fig. 5A, the ROS generated by 

RGD-NPs/Ce6 was much more than that of NPs/Ce6 after laser radiation in NRP-1 receptor 

over-expressed MDA-MB-231 cells, which was because that the RGD peptide could 

specifically recognize NRP-1 receptor, and then resulted in internalization by MDA-MB-231 

cells. This result was consistent with the cellular uptake.  

  As shown in Fig. 5 B and C, both in MDA-MB-231 cells and MCF-7 cells, the poor ROS 

contents were produced by free Ce6 with or without laser irradiation. However, the ROS 

concentration of NPs/Ce6 and RGD-NPs/Ce6 under irradiation were much higher than that 

without irradiation group. Moreover, there was no difference of ROS concentration between 
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RGD-NPs/Ce6 and NPs/Ce6 treatment with irradiation in MCF-7 cells (Fig. 5C). This may 

result from the lower NRP-1 receptor expression in MCF-7 cells surface, and then no targeted 

delivery of Ce6 was achieved. 

 

Fig. 5. The intracellular ROS production stained by DCFH-DA after incubated with various 

Ce6 formulations in MDA-MB-231 cells under a irradiation or not (A). Scale bar = 25 µm; 

The ROS contents produced by various Ce6 formulations in MDA-MB-231 cells (B) and 

MCF-7 cells (C). PBS was used as control. (*P<0.05, **P<0.01, a = in comparison with no 

laser radiation, b = in comparison with NPs/Ce6). 

Cytotoxicity assay. We first investigated the in vitro anti-tumor effects of chemotherapy 

using MCF-7 and MDA-MB-231 cells by MTT assay. As shown in Fig. 6A and 6B, the 
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cytotoxicity of three DOX formulations all showed concentration-dependent profiles. For 

MCF-7 cells (Fig. 6A), the in vitro anti-tumor efficiency of free DOX was higher than 

NPs/Ce6 and RGD-NPs/Ce6, and when the concentration of DOX was increased to 200 

µg/mL, the cytotoxicity of free DOX also showed highest (Fig. S7). This was because of its 

easily diffused through the cellular membrane, leading to open the anti-tumor function of free 

DOX.
23-24, 46

 Meanwhile, the cell suppression capacity of NPs/Ce6 and RGD-NPs/Ce6 had no 

obvious difference with the DOX concentration range from 0.1 to 50 µg/mL in the low-Nrp-1 

receptor expressing cells. However, the RGD-NPs/Ce6 showed the strongest anti-tumor 

efficacy in MDA-MB-231 cells (Fig. 6B), even higher than the free DOX group, this could be 

attributed to the active targeting mediated by RGD, resulting in more and more DOX 

delivered into MDA-MB-231 cells, and thus achieving higher cytotoxicity.  

  For the PDT studies in vitro, as shown in Fig. 6C and 6D, free Ce6 showed undesirable 

anti-tumor efficiency in both MCF-7 and MDA-MB-231 cells under laser radiation, resulting 

from fact that the low concentration of ROS generated by PDT couldn’t play an important 

role in killing cancer cells. This result was consistent with cellular uptake studies and ROS 

detection. However, the cell viability of NPs/Ce6 and RGD-NPs/Ce6 groups (Fig. 6C and 6D) 

was much lower than chemotherapy groups (Fig. 5A and 5B) upon laser irradiation for 5min, 

suggesting that the combination therapy under the irradiation could achieve more striking 

cancer treatment effect than chemo or photodynamic treatment alone.
31-32

 As far as we know, 

the NPs/Ce6 and RGD-NPs/Ce6 did delivered more Ce6 into the cancer cells, this could 

ensure the PDT performed, resulting in abundant ROS generation by PDT in cancer cells  

and accomplishment of the chemo-photodynamic combination therapy with the DOX prodrug 
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nanoparticles. Furthermore, compared Fig. 6C and Fig. 6D, it could be found that the 

cytotoxicity of RGD-NPs/Ce6 was much higher in MDA-MB-231 cells than NPs/Ce6. This 

result and its principle were consistent with chemotherapeutic studies of NPs/Ce6 and 

RGD-NPs/Ce6. 

 

Fig. 6. The cytotoxicitys of different DOX or Ce6 formations against MCF-7 and 

MDA-MB-231 cells with or without laser radiation. The cytotoxicitys of chemotherapy 

against MCF-7 cells (A) and MDA-MB-231 cells (B); the cytotoxicitys of 

chemo-photodynamic combination therapy against MCF-7 cells (C) and MDA-MB-231 cells 

(D) under laser radiation for 5 min. 

Tumor targeting accumulation and retention in tumor bearing mice. The NIR 

fluorescence of Ce6 could be used as a probe for detecting the tumor accumulation and 

retention of NPs/Ce6 and RGD-NPs/Ce6 in MDA-MB-231 tumor-bearing nude mice.
32, 34-35, 
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50
 The in vivo distributions of different Ce6 formulations at different time were shown in Fig. 

7A, free Ce6 was mainly distributed in liver and bladder after injected 1 h, and most of Ce6 

was metabolized within 6 h. The pharmacokinetics studies of free Ce6 (Fig. S8) also proved 

its rapidly blood clearance kinetics, this resulted in the unsatisfactory tumor accumulation. 

However, the Ce6 signals of NPs/Ce6 and RGD-NPs/Ce6 showed longer blood circulation 

and higher accumulation in tumors until administrated 24 h. In detail, the fluorescence signals 

accumulation of NPs/Ce6 and RGD-NPs/Ce6 were slowly reduced in the liver, and the time 

dependent clearance curves exhibited prolonged circulation time (Fig. S8). On the other hand, 

as shown in Fig. 7A, The Ce6 signal of NPs/Ce6 and RGD-NPs/Ce6 in the tumor was 

gradually increased, and decreased quickly in other organs as time lasted. Thereinto, the 

fluorescence intensity signal of NPs/Ce6 in the tumors reached a maximum at 12 h 

post-injection and with a slight decrease after 24 h injection, proposing that the NPs/Ce6 

were not subject to rapid metabolism from mice and were excellently accumulated into 

tumors by the EPR effect.
50, 51

 Furthermore, in the initial 1 h, the RGD-NPs/Ce6 treatment 

showed preferential and higher drug accumulation in tumors compared to the treatment of 

NPs/Ce6, and could permanently accumulated into tumors until injected 24 h, this was due to 

the active targeting to Nrp-1 receptors on tumor vascular endothelial cells or tumor cells. 

After 24 h post-injection, tumors and main tissues of different groups were imaged and 

quantitative detected by using a Kodak IS in vivo imaging system. The results were shown in 

Fig. 7B and 7C, all of the examined organs showed basal fluorescence signals except of 

tumors. Obviously, the tumor fluorescence intensity of free Ce6 group was weakest, which 

was significant difference compared with NPs/Ce6 (P<0.05) and RGD-NPs/Ce6 (P<0.01), 
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further proving the poor tumor accumulation of free Ce6.
40, 45

 More importantly, it was easily 

found that the tumor accumulation of RGD-NPs/Ce6 was superior to NPs/Ce6, highlighting 

the significantly difference between active targeting mediated by Neuropilin-1 receptor and 

passive targeting mediated by EPR effect.
 40, 50, 52

 

  In addition, the drug retention reconciled by NPs/Ce6 and RGD-NPs/Ce6 were coarsely 

evaluated by staining the tumor sections with DAPI after 24 h injection. For free Ce6 group, 

as shown in Fig. 7D, we couldn’t find the red fluorescence signals in the tumor sections, 

because the rapid clearance velocity of Ce6 in vivo resulted that it had no sufficient chances 

to accumulative into tumors, and then the free Ce6 was hard to penetrate into tumor tissues.
51

 

In contrast, the Ce6 fluorescence in the NPs/Ce6 and RGD-NPs/Ce6 groups were much 

higher than free Ce6 group, indicating that encapsulating Ce6 by nanoparticles could enhance 

the drug accumulation and tumorous retention because of the EPR effect. More importantly, 

the RGD-NPs/Ce6 showed highest Ce6 fluorescence compared with free Ce6 and NPs/Ce6, 

which was attributed to the Neuropilin-1 recepter mediated targeting of CRGDK peptides. 

Page 25 of 38

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Fig. 7. Drug accumulation and retention studies in MAD-MB-231 tumor bearing nude mice. 

(A) the real time in vivo imaging of various Ce6 formulations in MAD-MB-231 tumor 

bearing nude mice after intravenous injection (a, b, c represented free Ce6, NPs/Ce6 and 

RGD-NPs/Ce6, respectively); fluorescent signals of different Ce6 formulations were imaged 

(B) and quantitative detected (C) in the organs and tumors 24 h post-administration; In vivo 

tumor accumulation and retention of various Ce6 formulations 24 h post-administration (D). 

(a, b, c represented free Ce6, NPs/Ce6 and RGD-NPs/Ce6, respectively. *P<0.05, **P<0.01, 

a = in comparison with free Ce6, b = in comparison with NPs/Ce6). Blue: DAPI stained cell 

nuclei. Red: Ce6 formulations. Original magnification:×40. 

Anti-tumor effect studies in MDA-MB-231 tumor-bearing mice. The anti-tumor efficacy 

of various treatment groups was shown in Fig. 8A, which revealed different degree growth of 

tumors. In the therapeutic treatment groups, NPs/Ce6 and RGD-NPs/Ce6 groups showed 

preferable anti-tumor efficiency compared with free DOX group, owing to their prolonged 
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circulation time and better accumulation in tumors. This was proved in our previous studies.
29, 

52
 As for free Ce6, because of its fast blood clearance and less tumor accumulation, the tumor 

growth of free Ce6 treated mice was not suppressed. Upon using laser irradiation, the 

inhibition effect for tumor growth of Ce6 loaded nanoparticles was better than the others, and 

RGD-NPs/Ce6 displayed the best inhibition effect. Moreover, the anti-tumor effect was 

further investigated by using H&E staining (Fig. 8C), in which RGD-NPs/Ce6 with laser 

irradiation revealed the superior treatment effect with widespread and serious apoptosis and 

necrosis of the cancer cells under an optical microscope. 

  The weight changes of various treatment groups during the period of treatments were 

shown in Fig. 8B, similar variation trends in body weight were observed during the treatment 

excepted for the DOX group, this group showed a significantly declines owing to a series of 

toxic and side effect of free DOX. H&E assay was also employed to assess the toxicology of 

these nanoparticles. As shown in Fig. 9, there was obviously myocardial inflammation in the 

heart tissues for the DOX group, which was manifested by cytoplasmic relaxation with flake 

myocardial degeneration, myocardial swelling, myofibril loose and nucleus degeneration.
11-12

 

However, as shown in Fig. 9 and Fig. S9 (both combination therapy and chemotherapy), mice 

treated with PBS, Ce6, NPs/Ce6 and RGD-NPs/Ce6, no matter with or without irradiation, 

showed no obvious signal of damage or toxicity from pathologic analysis of heart, liver, 

spleen, lung and kidney. Overall, these in vivo results demonstrated that the RGD-NPs/Ce6 

could act as a targeted chemo-photodynamic combination platform to exhibit enhanced 

anti-tumor therapeutic efficacy with little side effects. 
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Fig. 8. In vivo chemo-photodynamic therapy of RGD-NPs/Ce6 NPs. Tumor volume growth 

curves (A) and body weight curves (B) of the mice after treatment with free DOX, free Ce6 

with laser irradiation or NPs/Ce6 and RGD-NPs/Ce6 with or without laser irradiation. HE 

stained tumors in the mice treated with various formulations with or without laser radiation 

(C). Original magnification:×20. 
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Fig. 9. H&E stained tissue sections from the heart, liver, spleen, lung, and kidney of the nude 

mice after 20 days post-treatment of chemo-photodynamic combination therapy, DOX and 

Ce6 with laser radiation as the controls. Original magnification:×20. 

■ CONCLUSIONS  

In this study, we successfully developed a targeted chemo-photodynamic combination 

platform based on the DOX prodrug nanoparticles for enhanced anti-tumor effect. In this 

platform, the photosensitizer Ce6 was entrapped by pH-sensitive DOX prodrug nanoparticles 

which was decorated CRGDK peptides on their PEG shell. RGD-NPs/Ce6 could 

simultaneously release DOX and Ce6 under the mild acidic microenvironment of tumors, so 

that accomplished the chemotherapy and PDT synchronously. Compared with free DOX and 

Ce6, RGD-NPs/Ce6 could significantly improve the cellular uptake capacities of DOX and 

Ce6 which resulted in the increased contents of ROS in cancer cells and an effective 
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cytotoxicity of RGD-NPs/Ce6 upon a laser radiation. Based on the active targeting mediated 

by NRP-1 receptor, it could effectively promote the tumor accumulations in vivo, and thus 

exhibit superior anti-tumor effect with a laser radiation in MDA-MB-231 tumor nude mice. 

Furthermore, the cardiotoxicity induced by free DOX was also thoroughly eradicated by this 

platform. In summary, the targeted chemo-photodynamic combination therapeutic platform 

we constructed exhibited a great potential in tumor imaging and simultaneous combined 

therapy against tumors. 
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