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Aim: To significantly promote cancer cell uptake and to achieve combination therapy and 

on-demand drug release, a pH-triggered charge-switchable and redox-responsive drug-release 

nanovehicle was developed in this study. 

Materials and methods: The nanocarrier was constructed by conjugating 3,3′-dithiodipropionic 

acid-modified doxorubicin (DTPA-DOX) and 2,3-dimethylmaleic anhydride (DMA) to the side 

amino groups of poly(ethylene glycol)-b-poly(L-lysine) (PEG-b-PLL) and by encapsulating 

triptolide (TRI) into the hydrophobic core. The surface charge of the obtained nanocarriers 

(DA-ss-DT) can change from negative to positive in response to tumor extracellular acidity 

pH, and the nanocarriers capably release two drugs in response to intracellular high glutathione 

(GSH) environment. 

Results: Compared to the control group, the in vitro cellular uptake of DA-ss-DT by human 

prostate cancer PC-3 cells was significantly promoted in slightly acidic conditions, and the drug 

could be rapidly released in the high concentration of GSH conditions. The in vitro and in vivo 

antitumor experiments exhibited that the DA-ss-DT nanoparticles have a great antitumor effect 

in comparison to the control group. 

Conclusion: These findings demonstrated that the DA-ss-DT nanoparticles supply a useful 

strategy for promoting cellular uptake and synergetic anticancer therapy.

Keywords: combination therapy, charge reversal, redox-responsive, pH-responsive

Introduction
Prostate cancer (PCa) is one of the most common types of cancer in the USA, accounting 

for nearly 21% of newly diagnosed cancers and 8% of cancer-related deaths among 

men in 2016,1 and it is also one of the leading causes of cancer-related deaths in males 

worldwide.2 The standard first-line therapy for treating PCa is androgen deprivation 

therapy. However, the resistance develops in most cases, and these patients progress 

to more aggressive metastatic castration-resistant PCa (mCRPC).3 The treatment of 

mCRPC by the chemotherapeutic drugs (such as doxorubicin [DOX], docetaxel, and 

enzalutamide)4 has been shown to improve the patient’s quality of life and lengthen 

the period of survival to a certain extent,1 but the undesired serious side effects and the 

development of drug resistance have hampered its further application.3 Therefore, there is 

a critical need for alternative strategies for more effective treatment of advanced PCa.

Combination drug therapy is an effective strategy used clinically to enhance 

the therapeutic efficacy of chemotherapy.5,6 In comparison to single chemotherapy, 
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combination regimens can sensitize cancer responsive to 

drugs, modulate different signaling pathways in cancer cells, 

and lower each drug dose to reduce side effects.7 Moreover, 

combination therapy has been confirmed to overcome mul-

tidrug resistance.8,9 DOX, a type of anthracycline antibiotic 

drug, has been widely used in the clinical chemotherapeutic 

treatment of a diverse range of malignant cancers such as 

prostate, lung, and breast cancers.1 However, the serious side 

effects (such as hematopoietic depression, alopecia, cardio-

toxicity, and gastrointestinal disorders), short half-life, and 

circulation time have limited the further application of DOX 

in the clinic.1,10,11 Triptolide (TRI), a diterpenoid triepoxide, 

isolated from the plant Tripterygium wilfordii, is a natural 

product that has already been found to be highly effective 

against many tumors such as hepatocellular carcinoma, gas-

tric cancer, and PCa.12 Although TRI was initially considered 

by a promising chemotherapeutic agent, its potential clinical 

application has been limited due to its extremely high toxicity 

and poor solubility.13 It is reported that the combination of 

TRI with other anticancer drugs resulted in synergistic effects 

and promoted apoptosis but did not increase the side effects.14 

Moreover, Wu et al15 developed a reduction-sensitive drug 

delivery system used for codelivery of DOX and TRI, and 

they found that the DOX and TRI had achieved the highest 

synergistic therapeutic effect at the ratio of 1:0.2 (DOX/TRI). 

They also found that the TRI could enhance the uptake of 

DOX by human oral cancer KB cells.15

Recently, since the nanoparticles can increase the 

solubility of soluble drugs, prolong circulation time in the 

blood, enrich the drug at tumor tissue through the enhanced 

permeability and retention (EPR) effect, and release drug 

on-demand, they have been widely used in drug delivery.16–18 

Moreover, the tumor microenvironment stimuli-responsive 

drug delivery systems have attracted great attention in cancer 

therapy. It is well known that the pH value varies in normal 

tissues and tumor tissues; the pH value in the blood and nor-

mal tissues is about pH 7.4, but the pH value in tumor tissues 

is slightly acidic (pH=6.5–7.2 in tumor tissues; pH=4.5–6.5 in 

endosomes and lysosomes).19–21 In addition, the concentration 

of glutathione (GSH) is different between the extracellular 

(~2.0–20 µM) and intracellular (~10 mM) environments.22–24 

Moreover, the concentration of GSH in many tumors has been 

reported to be fourfold higher than that of normal tissues.18,25 

Therefore, the pH- and redox-responsive drug delivery sys-

tem has been widely used in cancer therapy.21,26 For example, 

Wei et al27 developed a pH- and redox-responsive nanocarrier 

for the codelivery of DOX and 10-hydroxycamptothecin, and 

such a nanodrug delivery system could effectively overcome 

the multi-drug resistance.

To prolong the blood circulation time of nanoparticles, 

nanoparticles are usually modified with polyethylene gly-

col (PEG). However, the PEGylation appears to hinder the 

cellular internalization of the nanoparticles and therefore 

becomes an obstacle in the full realization of therapeutic 

effects.28 It is reported that the positive charge could enhance 

the cellular uptake of nanoparticles.21,29 Therefore, many 

surface charge-switchable nanoparticles have been developed 

for drug delivery.30–32 These nanoparticles could maintain 

negative surface charge under blood circulation, while 

quickly changing to positive charge at the slightly acidic 

tumor tissues. For example, Yuan et al33 reported a charge-

reversal nanoparticle based on zwitterionic polymers, and this 

nanoparticle could effectively enhance cellular uptake.

Keeping these troubles in mind, here, we developed a 

pH-responsive charge-reversal and redox-sensitive drug-

released delivery system for the codelivery of DOX and TRI 

(Scheme 1). In this nanosystem, the redox-sensitive DOX 

prodrug (3,3′-dithiodipropionic acid-modified doxorubicin 

[DTPA-DOX]) and 2,3-dimethylmaleic anhydride (DMA) 

were conjugated to the amino groups of poly(ethylene 

glycol)-b-poly(L-lysine) (PEG-b-PLL) to produce the pH-

sensitive and redox-sensitive part: PEG-b-P((LL-g-ss-DOX)-

(LL-g-DMA)), and then, the TRI was encapsulated into the 

polymer micelles formed by PEG-b-P((LL-g-ss-DOX)-

(LL-g-DMA)) (named as DA-ss-DT). After intravenous 

administration to mice, DA-ss-DT nanoparticles could ideally 

maintain negative surface charge in blood circulation, while 

quickly changing to positive when it reaches the tumor tissue, 

and then, DA-ss-DT could be quickly ingested by cancer 

cells. Finally, under high concentration of GSH intracel-

lular, the disulfide bonds between DOX and PEG-b-PLL 

were broken, and then the nanoparticles were disassembled, 

and DOX and TRI were rapidly released, thereby achieving 

combined therapy.

Materials and methods
Materials
DOX·HCl was purchased from Beijing Huafeng United 

Technology Co., Ltd. (Beijing, China). TRI was obtained from 

Bide Pharmatech Ltd. (Shanghai, China). Amino-terminated 

methoxyl poly(ethylene glycol) (mPEG-NH
2
; molecular 

weight [Mw], 5,000 Da) was purchased from JenKem 

Technology Co., Ltd (Beijing, China). 3,3-dithiodipropionic 

acid (DTPA), octanedioic acid (ODA), DMA, succinic anhy-

dride (SA), and GSH were purchased from Aladdin Reagent 

company (Shanghai, China). Nε-benzyloxycarbonyl-l-

lysine-N-carboxyanhydride (Lys-NCA) was synthesized 

by the Fuchs-Farthing method according to the literature.34 
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MTT and Hoechst 33342 were purchased from Beyotime 

Institute of Biotechnology (Shanghai, China). Dry N,N-

dimethylformamide (DMF) was purchased from Energy 

Chemical (Shanghai, China) and used as received.

animal and cell line
The human PCa cell line PC-3 was obtained from Institute 

of Biochemistry and Cell Biology, Shanghai Institutes 

for Biological Sciences, Chinese Academy of Sciences 

(Shanghai, China) and cultured in RPMI 1640 culture 

medium, containing 10% (v/v) FBS, 100 IU/mL penicillin, 

and 100 µg/mL streptomycin at 37°C in a humidified 5% 

CO
2
 atmosphere.

BALB/c nude mice (male; age, 4–6 weeks; weight, 

20±2 g) were purchased from the Vital River Laboratory 

Animal Technology Co., Ltd. (Beijing, China). All animals 

received care in compliance with the guidelines outlined in 

the Guide for the Care and Use of Laboratory Animals, and 

all procedures were approved by the First Affiliated Hospital 

of Nanjing Medical University Care and Use Committee.

synthesis of Peg-b-Pll block copolymer
PEG-b-PLL was synthesized by ring opening polymerization 

of Lys-NCA using mPEG-NH
2
 as a macroinitiator according 

to the previous studies.17,21,31 Briefly, Lys-NCA (3.93 g, 

1.2 mM) was dissolved in 60 mL of dry DMF. Then, mPEG-

NH
2
 (2.0 g, 0.4 mM) was dissolved in 50 mL of dry DMF 

as the macroinitiator and added to Lys-NCA solution via a 

syringe under dry argon. The reaction mixture was stirred for 

3 days at 40°C under a dry argon atmosphere, and then, the 

extra solution was evaporated to about 10 mL under reduced 

pressure. The resulting product was precipitated into excess 

ice-cold diethyl ether to obtain PEG-b-PLLZ.

The benzyl group of PEG-b-PLLZ was removed using 

CF
3
COOH and HBr in acetic acid. In brief, PEG-b-PLLZ 

(3.0 g) was dissolved in 30 mL CF
3
COOH, and then 15 mL 

HBr/acetic acid (33%) was added at 0°C under quick stir-

ring and reacted for 1 hour. After that, the reaction mixture 

was precipitated in excessive cold diethyl ether. The product 

was further purified by dialyzed (molecular weight cutoff 

[MWCO], 3,500 Da) against distilled water. A white solid 

was obtained by lyophilization.

synthesis of DTPa-DOX
DTPA-DOX was synthesized according to the previous 

studies.35,36 Briefly, DTPA (100.8 mg, 0.48 mM), EDC 

(115.2 mg, 0.6 mM), and NHS (92 mg, 0.8 mM) were dis-

solved in 20 mL of dimethyl sulfoxide (DMSO), and the 

Scheme 1 Molecular structures of Peg-b-P((ll-g-ss-DOX)-(ll-g-DMa)) and schematic illustration of the multifunctional nanoparticles platform (Da-ss-DT) for in vivo 
DOX and TrI codelivery and therapy. The polymers and TrI can coassemble to form stable nanoparticles under nature conditions.
Notes: after intravenous administration to mice, the Da-ss-DT can extravasate from leaky tumor vasculature, and the surface charge of Da-ss-DT can change from negative 
to positive, resulting in quick cellular uptake of cancer cells. after internalization, the redox-sensitive Da-ss-DT nanoparticles disassembled quickly and released the two 
drugs, thus resulting in efficient tumor inhibited.
Abbreviations: DMa, 2,3-dimethylmaleic anhydride; DOX, doxorubicin; gsh, glutathione; TrI, triptolide.
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reaction mixture was maintained under stirring for 1 hour 

at room temperature. Then, DOX⋅HCl (231.0 mg, 0.4 mM) 

and triethylamine (TEA; 0.6 mM) were dissolved in 10 mL 

DMSO and then added into the above-mentioned solution 

drop by drop under vigorous stirring, and the reaction was 

maintained at room temperature for 48 hours. Finally, the 

solution was precipitated with excessive 0.1 M diluted 

hydrochloric acid and washed with precold distilled water, 

and this step was repeated three times. The DTPA-DOX was 

obtained by vacuum drying.

As a control, non-redox-sensitive pro-drug ODA-DOX 

was synthesized through a similar procedure as mentioned 

earlier, just DTPA was replaced with ODA.

synthesis of Peg-b-P((ll-g-ss-DOX)-
(ll-g-DMa))
To obtain charge-reversal and redox-sensitive DOX-conjugated 

polymer, PEG-b-P((LL-g-ss-DOX)-(LL-g-DMA)), DTPA-

DOX was conjugated to the amino groups of PEG-b-PLL 

to obtain a disulfide-contained polymer-DOX conjugate 

PEG-b-P(LL-g-ss-DOX) at first. In brief, DTPA-DOX 

(147.0 mg, 0.2 mM), EDC (57.6 mg, 0.3 mM), and NSH 

(46.0 mg, 0.4 mM) were dissolved in 20 mL DMSO, and the 

solution was maintained under stirring for 6 hours at room 

temperature. Then, PEG-b-PLL (280 mg, 0.04 mM) and a 

certain amount of TEA were dissolved in 30 mL DMSO and 

added to the above-mentioned solution drop by drop. The 

reaction was maintained by stirring at room temperature 

for 48 hours. Finally, the solution was dialyzed (MWCO, 

3,500 Da) against DMSO to remove unreacted small mol-

ecules and then dialyzed against distilled water to remove 

DMSO, and the product PEG-b-P(LL-g-ss-DOX) was 

obtained by lyophilization. As a control, nonredox sensitive 

DOX-conjugated polymer (PEG-b-P(LL-g-cc-DOX)) was 

synthesized through a similar method mentioned earlier, just 

DTPA-DOX was replaced with ODA-DOX.

The charge-switchable and redox-sensitive conjugate 

polymer PEG-b-P((LL-g-ss-DOX)-(LL-g-DMA)) was 

synthesized by grafting the DMA to the extra side amino 

of PEG-b-P(LL-g-ss-DOX). PEG-b-P(LL-g-ss-DOX) 

(105.6 mg, 0.01 mM) and DMA (18.9 mg, 0.15 mM) were 

dissolved in 20 mL DMSO, and then, TEA (50 µL) was added 

under nitrogen atmosphere. The mixture solution was stirred 

at room temperature for 16 hours. The resulting solution was 

dialyzed (MWCO, 3,500 Da) against distilled at pH 8–9 for 

24 hours, and the product was obtained by lyophilization.

As a control, the no-redox-sensitive but charge-switchable 

polymer was obtained through the reaction between DMA 

and PEG-b-P(LL-g-cc-DOX) by using the same method. 

The SA reacted with PEG-b-P(LL-g-ss-DOX) by using the 

same method mentioned above to obtain the redox-sensitive 

but no-charge-conversion polymer – PEG-b-P((LL-g-ss-

DOX)-(LL-g-SA)).

DOX content in the PEG-b-P((LL-g-ss-DOX)-(LL-

g-DA)), PEG-b-P((LL-g-cc-DOX)-(LL-g-DA)), and 

PEG-b-P((LL-g-ss-DOX)-(LL-g-SA)) was determined 

by 1H nuclear magnetic resonance (NMR) and ultraviolet 

(UV) spectrophotometer at the wavelength of 254 nm. The 

DOX content was calculated according to the following  

formula:

 
DOX%

Weight to DOX

Weight to polymer
100%.= ×

 

Preparation TrI and DOX coloaded 
micelle
The TRI and DOX coloaded micelles with redox-sensitive 

and charge reversal (named DA-ss-DT) was prepared by 

using the coprecipitation method. Typically, PEG-b-P((LL-

g-ss-DOX)-(LL-g-DMA)) (15 mg) and TRI (1 mg) were 

dissolved in 3 mL DMSO and stirred for 1 hour at room 

temperature. Then, the mixture solution was added dropwise 

into 10 mL of ultra-purified water under vigorous stirring, 

then dialyzed (Mw, 3,500 Da) against water for 12 hours and 

filtered by a Millipore filter (pore size, 0.45 µm) to remove 

unencapsulated TRI. The drug loading capacity (DLC) and 

drug encapsulation entrapment of TRI were determined by 

HPLC.13

Moreover, the DOX and TRI coloaded micelle, which 

formed from PEG-b-P(LL-g-ss-DOX) (positively charged and 

redox-sensitive nanoparticles, abbreviated as P-ss-DT), PEG-

b-P((LL-g-ss-DOX)-(LL-g-DMA)) (redox-insensitive but 

charge-switchable nanoparticles, abbreviated as DA-cc-DT), 

and PEG-b-P((LL-g-ss-DOX)-(LL-g-SA)) (no charged 

reversal but redox-sensitive nanoparticles [SA-ss-DT]) were 

prepared as the same method as DA-ss-DT, just change the 

PEG-b-P((LL-g-ss-DOX)-(LL-g-DMA)) to the correspond-

ing polymer.

characterization
NMR spectra were recorded on a Bruker AVANCE III spec-

trometer at 300 MHz with deuterated DMSO (DMSO-d6) or 

D
2
O as the solvent. The size, size distribution, and the zeta 

potential of particles in aqueous solution were determined by 

dynamic light scattering (DLS; Zs90; Malvern Instruments, 

Malvern, UK). The morphology of particles was investigated 

using transmission electronic microscopy (TEM; Hitachi 

Ltd, Tokyo, Japan). 
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To study the surface charge characteristics of the par-

ticles, DA-ss-DT (0.1 mg/mL), P-ss-DT, and SA-ss-DT 

(0.1 mg/mL) were dispersed in PBS (pH 6.5 or 7.4, 0.1 mM) 

and incubated at 37°C. Samples were taken at designated time 

intervals, and the zeta potential was determined by DLS.

gsh-triggered micelles disassembly and 
drug release
The size distribution of DA-ss-DT and DA-cc-DT in response 

to GSH was determined by DLS measurement. In brief, 

2 mL of DA-ss-DT micellar solution containing GSH (0 and 

10 µM and 10 mM) was added to a glass cell placed in an 

incubation shaker at 37°C and stirred at 100 rpm for 8 or 

24 hours. As a comparison, redox-no-sensitive DA-cc-DT 

micelles incubated with and without 10 mM GSH were 

included as controls.

The release profiles of DOX and TRI from DA-ss-DT 

and DA-cc-DT micelles were measured at various concen-

trations of GSH using a dialysis method. Typically, 3 mL 

of DA-ss-DT micelles containing 1.0 mg DOX was sealed 

in a dialysis bag (Mw, 5,000 Da) and immersed in 50 mL 

of PBS (pH 7.4) containing 10 µM or 10 mM GSH. Every 

sample was gently shaken at an appropriate speed at 37°C. 

At predetermined time points, 1 mL of solute outside the 

dialysis bag was removed and replaced with equal volume 

of fresh medium. The amount of the released DOX and TRI 

was measured using the HPLC method according to the 

previous study.37

Protein adsorption of the micelles
BSA was used as a model of plasma protein to study the pro-

tein adsorption of the micelles. The DA-ss-DT, DA-cc-DT, 

P-ss-DT, and SA-ss-DT micelles were separately incubated 

with BSA solution in PBS at pH 6.5 or 7.4, with the final 

concentration of micelles and proteins at 0.3 and 0.5 mg/mL, 

respectively. After incubation at 37°C for 2 hours, the ali-

quots of the samples were centrifuged at 12,000 rpm for 

10 minutes. The supernatant was collected to measure the 

BSA concentration using the commercial BCA Protein 

Assay Kits.

cellular uptake at different phs
PC-3 cells were seeded in six-well plates at a density of 

2×105 cells per well and incubated for 24 hours under normal 

culture conditions. Then, the culture medium was replaced 

with RPMI 1640 medium containing DA-ss-TD, P-ss-TD, 

and SA-ss-TD micelles at the concentration of 5 µg/mL of 

DOX at pH 7.4 or 6.5. After 4 hours of incubation, the cells 

were washed with PBS and fixed with 4% paraformaldehyde 

solution for 10 minutes at room temperature. The cell nuclei 

were stained with Hoechst 33342 for 10 minutes and then 

observed under an inverted fluorescence microscope (Imager 

A1, Zeiss, Germany).

The cellular uptake at different pHs was also measured 

by flow cytometry. In brief, PC-3 cells were seeded into the 

six-well plate at a density of 2×105 cells per well and incubated 

for 24 hours under normal culture conditions. Then, the culture 

medium was replaced with RPMI 1640 medium containing 

DA-ss-TD, P-ss-TD, and SA-ss-TD micelles at the concentra-

tion of 5 µg/mL of DOX at pH 7.4 or 6.5. After incubation for 

4 hours at 37°C, the medium was removed and the cells were 

washed thrice with PBS. Then, 0.5 mL of trypsin was added to 

each well to digest the cells, and then the harvested cells were 

resuspended in 400 µL fresh medium for flow cytometry assay. 

The mean fluorescence intensity of DOX in cells was analyzed 

in the FL2 channel by flow cytometry (MACSQuant Analyzer 

10; Miltenyi Biotec, Bergisch Gladbach, Germany).

In vitro cytotoxicity assay
First, the cytotoxicity of free drug combinations was studied 

by using the MTT assay. PC-3 cells were seeded in 96-well 

plates at a density of 5×103 cells per well and incubated for 

24 hours. The cells were treated with free DOX+TRI (the 

mass ratio of DOX to TRI was 1/0, 0.9/0.1, 0.8/0.2, 0.7/0.3, 

0.6/0.4, 0.5/0.5, 0.4/0.6, 0.3/0.7, 0.2/0.8, 0.1/0.9, and 0/1) for 

48 hours, and the final concentration of drug was uniform 

at 1 µg/mL. Subsequently, MTT stock solution (20 µL, 

5 mg/mL in PBS) was added to each well, and cells were 

further incubated for 4 hours at 37°C. Finally, cells were dis-

solved in 200 µL of DMSO, and the absorbance was detected 

at 490 nm using a microplate reader (Thermo Multiskan 

MK3; Thermo Fisher Scientific, Waltham, MA, USA).

Then, the cytotoxicity of PEG-b-PLL was also evaluated 

by the same MTT method.

To investigate the pH-triggered charge reversal efference, 

DA-ss-DT, P-ss-DT, and SA-ss-DT were evaluated against 

PC-3 cells at pH 7.4 or 6.5 by the MTT assay. The cells were 

seeded in a 96-well plate at the density of 5×103 cells per 

well. After incubation for 24 hours, the cells were treated 

with DA-ss-DT, P-ss-DT, or SA-ss-DT at pH 7.4 or 6.5. 

After 4 hours of incubation, the medium was removed, and 

the cells were washed twice with PBS and added to 200 µL 

fresh medium at pH 7.4 and incubated for 44 hours. Then, 

the cell viability was analyzed using the MTT method.

To investigate the sensitiveness of DA-ss-DT to reduction 

environment, we pretreated PC-3 cells with or without 10 mM 

GSH for 2 hours at 37°C. Then, the cells were washed with 

PBS to remove the GSH and incubated with DA-ss-DT or 
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DA-cc-DT containing DOX and TRI at different concentra-

tions (mass ratio of DOX to TRI was fixed at 4:1) for further 

48 hours, followed by above-mentioned steps.

In vivo antitumor efficacy
Six-week-old male BALB/c nude mice were subcutaneously 

injected with 4×106 PC-3 cells at the right flank region.38 

When the tumor size reached around 100 mm3, the mice 

were randomly divided into seven groups (n=10) and intra-

venously injected with saline, free DOX, TRI, DOX+TRI, 

DA-ss-DT, DA-cc-DT, or SA-ss-DT every 3 days for three 

times. The tumor volume and mouse body weight were 

monitored every 3 days for up to 21 days after the first admin-

istration, and tumor size was calculated using the formula: 

Volume=0.5×(length)×(width).2

At the end of the experiment on antitumor efficacy, at 

day 21, PC-3 tumor-bearing nude mice were sacrificed, and 

tumor tissues were collected, fixed in 10% formalin, and 

embedded in paraffin blocks after dehydrating with gradient 

ethanol. Then, the tissues were cut into a slice and stained 

using H&E for histopathological evaluation.

Biodistribution
Free DOX, DA-ss-DT, and SA-ss-DT nanoparticles were 

administrated intravenously into nude mice bearing PC-3 

tumors at an equivalent dose of 10 mg DOX per kg of mouse 

body weight. After 24 hours, the major organs and tissues 

including heart, liver, spleen, lung, kidney, and tumor were 

excised, washed, dried over filter paper, weighted, cut into 

small pieces, and homogenized. Finally, the mixture solu-

tion was extracted with chloroform/isopropanol (4:1, v/v) 

and centrifuged (10,000 rpm for 10 minutes); subsequently, 

the organic phase was collected, purified, and then analyzed 

by HPLC.

statistical analyses
All the results were expressed as the mean±SD. The differ-

ences among groups were calculated using Student’s t-test or 

one-way ANOVA. Differences were considered significant 

when P,0.05, P,0.01, and P,0.001.

Results and discussions
characterization of Peg-b-
P((ll-g-ss-DOX)-(ll-g-DMa))
The detailed synthesis route of PEG-b-P((LL-g-ss-DOX)-

(LL-g-DMA)) was shown in Scheme S1. First, PEG-b-PLL 

and DTPA-DOX (or DOA-DOX) were synthesized; then, 

DTPA-DOX was grafted to the side chain of PEG-b-PLL 

through amide reaction; finally, DMA or SA was conjugated 

to PEG-b-P(LL-g-ss-DOX) through amide reaction.
1H NMR spectra demonstrated that DTPA was suc-

cessfully conjugated to DOX, and the signals at δ 2.8 ppm 

and 8.1 ppm were contributed to the methylene peaks of 

DTPA and the anthracene protons of DOX, respectively 

(Figure S1).21,39

In the spectrum of PEG-b-PLL and PEG-b-PLLZ 

(Figure S2), all the peaks were consistent with the previous 

studies.17,21 The degree of polymerization (DP) of lysine (Z) 

was calculated by comparing the signal intensities of lysine 

methylene protons with methylene protons of PEG, and 

the value was 18.17 After deprotection, the typical peaks of 

carbobenzoxy groups at δ 5.0 ppm and 7.1–7.4 ppm disap-

peared in PEG-b-PLL, which indicated that the deprotection 

was complete, and the DP of lysine in PEG-b-PLL was also 

calculated using the same method as for PEG-b-PLLZ, and 

the value also was 18.

Then, DTPA-DOX was conjugated to the side chain of 

PEG-b-PLL through amide reaction to obtain a disulfide 

containing polymer PEG-b-P(LL-g-ss-DOX). As shown in 

Figure 1, comparing the 1H NMR spectrum of PEG-b-P(LL-

g-ss-DOX) with DTPA-DOX, the typical signals of phenyl 

proton (7.0–8.0 ppm) of DOX appear, demonstrating that 

DTPA-DOX was successfully conjugated to PEG-b-PLL.

Finally, PEG-b-P(LL-g-ss-DOX) was reacted with DMA 

to obtain the charge-switchable polymer PEG-b-P((LL-g-

ss-DOX)-(LL-g-DMA)). The typical peaks of DMA at δ 

1.6–1.9 ppm appeared in the 1H NMR spectrum of PEG-b-

P((LL-g-ss-DOX)-(LL-g-DMA)), indicating that DMA was 

successfully conjugated (Figure 1). The degree of substitution 

of DMA on PLL is 72% by calculating through the peak 

area of MDA and PEG. The DOX content in PEG-b-P((LL-

g-ss-DOX)-(LL-g-DMA)) was calculated as 11.8% (weight 

ratio) by comparing the peak integration of the phenyl proton 

of DOX with that of the PEG methylene proton signal,17,21 

and the content of DOX was measured as 9.5% by the UV 

spectrophotometer.39 Because of the relative accuracy of 

UV spectrophotometer, we finally chose 9.5% as the content 

of DOX.

synergistic cytotoxicity of DOX and TrI 
against Pc-3 cells
To measure the optimal combination ratio of DOX and TRI, 

the in vitro toxicity of PC-3 cells treated with free DOX, free 

TRI, and free drug combination at various mass ratio (the final 
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Figure 1 1h NMr spectra of DOX (in DMsO-d6), Peg-b-Pll (in D2O), Peg-b-P(ll-g-ss-DOX) (in DMsO-d6), and Peg-b-P(ll-g-ss-DOX)-(ll-g-DMa) (in DMsO-d6).
Abbreviations: DMsO-d6, deuterated dimethyl sulfoxide; DOX, doxorubicin; NMr, nuclear magnetic resonance; Peg-b-Pll, poly(ethylene glycol)-b-poly(l-lysine).
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concentration of drug was fixed at 1 µg/mL) was evaluated by 

MTT assay according to the previous study.25 Stronger inhibi-

tory effect on PC-3 cells viability was observed when the DOX/

TRI mass ratio was 4:1 (Figure S3), and this phenomenon was 

different from the previous study,15 which may be caused by 

drugs targeting different cancer cells. Therefore, this mass ratio 

was selected as the optimal ratio for the following studies.

characterization of DOX and TrI 
coloaded micelles
To overcome the obstacle of nanoparticles of long circulation 

time and the efficient tumor cellular uptake and to achieve 

DOX and TRI combination therapy, we designed a nanodrug 

delivery system, which could achieve pH-triggered surface 

charge switch and redox-sensitive drug release. To deter-

mine the charger reversal ability and redox-responsive drug 

release property, charge reversal with redox-responsive 

micelle (named as DA-ss-DT), no charge switch and redox-

sensitive micelle (named as SA-ss-DT), positive charge with 

redox-sensitive micelle (named as P-ss-DT), and charge 

reversal with redox-insensitive micelle (named as DA-

cc-DT) were prepared by mixing TRI- and DOX-conjugated 

copolymers by a nanocoprecipitation method. The charac-

terization data are shown in Table 1. The DLCs of DOX 

and TRI in DA-ss-DT were 9.3%±0.9% and 2.3%±0.2%, 

respectively. Moreover, as shown in Figure 2, the size of 

all micelles in aqueous solution at pH 7.4 was measured by 

DLS, and the values of DA-ss-DT, DA-cc-DT, SA-ss-DT, 

and P-ss-DT were 105±8, 117±12, 98±10, and 112±13 nm, 

respectively. Furthermore, the micelles’ form was also 

detected by TEM, the images showed that all micelles were 

well dispersed with regular spherical shape (Figure 2A–D), 

and its size was about 100 nm, which was consistent with 

the DLS detection results (Table 1).

Figure 2 TeM image and size of Da-ss-DT (A), Da-cc-DT (B), sa-ss-DT (C), and P-ss-DT (D). scale bar=100 nm.
Abbreviation: TeM, transmission electron microscopy.

Table 1 characterization of DOX- and TrI-coloaded nanoparticles

Nanoparticles Zeta (mV) Size (nm) PDI DLC of DOX 
(%)

TRI

DEE (%) DLC (%)

Da-ss-DT -16.3±0.7 105±8 0.23±0.01 9.3±0.9 78.5±5.9 2.3±0.2

Da-cc-DT -17.2±0.4 117±12 0.25±0.02 9.9±0.5 77.3±4.7 2.6±0.3

sa-ss-DT -19.2±0.5 98±10 0.32±0.01 9.6±0.8 82.1±5.1 2.5±0.6

P-ss-DT 29.1±0.7 112±13 0.28±0.03 12.2±1.1 72.3±4.7 2.8±0.3

Abbreviations: Dee, drug encapsulation entrapment; Dlc, drug loading capacity; DOX, doxorubicin; PDI, polydispersity index; TrI, triptolide.
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surface charge conversion behavior of  
Da-ss-DT
To study the pH-triggered surface charge conversion of the 

DA-ss-DT, the zeta potential of DA-ss-DT dispersed in the 

buffer solution at pH 7.4 or 6.5 was measured. As shown in 

Figure 3, the surface charge of P-ss-DT always maintained a 

positive charge at pH 7.4 or 6.5 (29.8±0.7 mV at pH 7.4 and 

30±0.9 mV at pH 6.5) during the incubation time, which is 

ascribed to the positively charged groups (-NH
2
 and -NH- 

in PLL). DA-ss-DT, DA-cc-DT, and SA-ss-DT at pH 7.4 

had negatively charged zeta potentials of -9.5±1, -11.9±1.1, 

and -17±1.2 mV, respectively (Figure 3A). This can be con-

tributed to the inertness of DMA and SA groups on the side 

of PLL at pH 7.4 as demonstrated by previous studies.28,31–33,40 

However, under an acidic condition, the zeta potential of 

DA-ss-DT and DA-cc-DT rapidly changed from negative 

to positive, and after incubation of 90 minutes, the zeta 

potentials of DA-ss-DT and DA-cc-DT were 20.3±0.8 and 

19.5±0.7 mV, respectively (Figure 3B). This is ascribed to 

the hydrolysis of DMA-derived amides of PLL in response 

to the acidic environment.40 In comparison with P-ss-DT, 

the surface zeta potential of DA-ss-DT and DA-cc-DT was 

less than P-ss-DT, which might be not all of the DMA on the 

side of PEG-b-PLL were dissociated and transformed into 

amino groups.41,42 However, no significant charge-switchable 

behavior of SA-ss-DT was observed, and the charge of SA-

ss-DT was kept at -18 mV because the SA group is more 

stable than DMA, and it does not easily hydrolyze under 

a slightly acidic environment.43,44 These results indicated 

that the DA-ss-DT had a good surface charge conversion 

function.

Protein adsorption of Da-ss-DT
Reduced nonspecific protein adsorption of the charged nano-

particles is an important indicator for the prolonged blood 

circulation.17,33 Moreover, serum protein in the blood mostly 

possess negative charges and readily bind onto positively 

charged nanoparticles through electrostatic interaction, which 

leads to their aggregation.45,46 Therefore, keeping drug delivery 

nanoparticles negatively charged is beneficial for their stabili-

zation in blood circulation. To demonstrate whether the surface 

negative charge of DA-ss-DT could reduce the nonspecific 

adsorption, BSA was used as a model protein to investigate the 

adsorption of DA-ss-DT, DA-cc-DT, SA-ss-DT, and P-ss-DT 

nanoparticles at pH 7.4 or 6.5. As shown in Figure S4, as a 

control, slightly BSA (less than 15%) was adsorbed onto 

SA-ss-DT nanoparticles at either pH 7.4 or 6.5 after 2 hours 

of incubation due to their negative charge. After 2 hours of 

incubation, less than 15% BSA was adsorbed onto DA-ss-DT 

and DA-cc-DT at pH 7.4, but ~90% BSA was adsorbed onto 

DA-ss-DT or DA-cc-DT nanoparticles while the pH decreased 

to 6.5. As a control, moreover, 90% BSA was adsorbed onto 

P-ss-DT at either pH 7.4 or 6.5 due to their positive charge. 

These BSA adsorption results further demonstrated the charge 

switchable property of DA-ss-DT nanoparticles at slightly 

acidic conditions (such as tumor tissues environments) and 

exhibited an additional benefit in blood circulation.

cellular uptake of Da-ss-DT
Due to the significant role of surface charge of nanoparticles 

in blood circulation, protein adsorption, and cell internaliza-

tion, this charge transferability was expected to endow the 

nanoparticles with relative selectively in cellular uptake 

Figure 3 Zeta potential of Da-ss-DT, Da-cc-DT, sa-ss-DT, and P-ss-DT at ph 6.5 (A) and 7.4 (B) at different incubation times (mean±sD, n=3).
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between normal tissues (pH, 7.2–7.4) and tumor tissues 

(pH, 6.2–6.9).45 Herein, to demonstrate this hypothesis, 

culture medium of pH 7.4 and 6.5 were used to simulate the 

neutral normal tissue and slightly acidic tumor tissue extra-

cellular environment, respectively. Huaman prostate cancer 

cells, PC-3 cells, were treated with DA-ss-NPs, DA-cc-NPs, 

SA-ss-NPs, and P-ss-NPs at pH 7.4 or 6.5 for 4 hours, and 

their cellular uptake was observed by fluorescence micros-

copy. As shown in Figure 4A, the fluorescence intensity of 

P-ss-NPs was the strongest in PC-3 cells at both pH 7.4 and 

6.5 due to the positive charge at both pHs. However, the SA 

on the surface of SA-ss-DT could not hydrolyze at pH 6.5 

resulting in SA-ss-DT maintaining negatively charged at 

pH 6.5, thus, the SA-ss-DT micelles were rarely internal-

ized by PC-3 cells at both pH 7.4 and 6.5. Moreover, no 

difference was observed when the cells were incubated 

with DA-ss-NPs, DA-cc-NPs, and SA-ss-NP at pH 7.4. As 

expected, when the pH value was decreased to 6.5, the fluo-

rescence intensity in PC-3 cells of DA-ss-DT and DA-cc-DT 

was remarkably stronger than that of SA-ss-DT and nearly 

similar to that of P-ss-DT. Thus, the nanoparticles exhibited 

obvious selectively in cellular uptake between different 

pH environments.

This different cellular uptake phenomenon induced by 

the charge reversal property was further demonstrated by 

flow cytometry analysis. The intracellular concentrations 

of DOX after incubation for 4 hours at different pH values 

were quantitatively evaluated by flow cytometry. As shown in 

Figure 4B and C, when cells treated with P-ss-DT at pH 7.4 

or 6.5, the intracellular concentration of DOX had no signifi-

cant difference and was the highest. In contrast, after treated 

with SA-ss-DT for a different time at pH 6.5, the intracellular 

concentration of DOX was the least. The intracellular con-

centration of DOX in PC-3 cells after treated with DA-ss-DT 

and DA-cc-DT was no significant in comparison with that 

of SA-ss-DT at pH 7.4. While the pH was decreased to 6.5, 

the intracellular concentration of DOX in both DA-ss-DT 

and DA-cc-DT groups was significantly higher than that of 

Figure 4 cellular uptake of nanoparticles at different phs.
Notes: (A) Fluorescence microscopy images of Pc-3 cells incubated with Da-ss-DT, Da-cc-DT, sa-ss-DT, and P-ss-DT at ph 6.5 and 7.4 for 4 hours (scale bar=100 µm). 
(B and C) Fluorescence intensity of Pc-3 cells treated with Da-ss-DT, Da-cc-DT, sa-ss-DT, and P-ss-DT at ph 6.5 and 7.4 for 4 hours. ***P,0.001. Data are represented 
as mean±sD (n=3).
Abbreviation: DOX, doxorubicin.
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cultured with SA-ss-DT. These results were consistent with 

the qualitative results.

redox-responsive micelles disassembly 
and drug release
The time-dependent size change of DA-ss-DT and DA-

cc-DT in PBS containing different concentrations of GSH 

was detected by DLS to determine the reduction-triggered 

destabilization. As shown in Figure 5A and B, the DA-cc-DT 

nanoparticles were stable under different environments, 

even stable in 10 mM GSH after incubated for 24 hours, 

while the size of DA-ss-DT nanoparticles increased from 

155 to 880 nm and the polydispersity index (PDI) changed 

from 0.21 to 0.73 (data not shown) after incubating with 10 

mM GSH for 8 hours, which may contribute to the cleav-

age of the disulfide bond under reduction environments.24,47 

Moreover, when incubation time prolonged to 24 hours, the 

size of DA-ss-DT changed to 970 nm, and the PDI was 0.82. 

However, the DA-ss-DT could be maintained stably after 

incubating with 10 µM GSH for 24 hours. These results 

indicated that the DA-ss-DT has a good redox-sensitive 

ability.

Because the concentration of GSH was different in 

extracellular (~2.0–20 µM) and intracellular (~10 mM) 

environments, and it was also different between normal 

tissues and tumor tissues (the concentration of GSH in tumor 

tissues is fourfold than that in normal tissues),48 we chose 

pH 7.4 buffer with 10 µM GSH or 10 mM GSH to simulate 

the microenvironment of plasma and tumor, respectively.36,47 

As shown in Figure 5C, little DOX release was observed in 

DA-cc-DT micelles within 48 hours in the presence of 10 mM 

GSH. In DA-ss-DT micelles, little DOX was released under 

10 µM GSH; the reason may be that under this condition, 

the GSH content was too low to cleave the disulfide bond in 

DA-ss-DT.36 When the concentration of GSH increased to 

10 mM, the release of DOX from DA-ss-DT nanoparticles 

Figure 5 size distribution of Da-ss-DT (A) and Da-cc-DT (B) in response to gsh determined by Dls measurement. reduction-triggered release of DOX (C) and TrI 
(D) from Da-ss-DT and Da-cc-DT nanoparticles in PBs (ph 7.4) with 10 µM gsh. Data are represented as mean±sD (n=3).
Abbreviations: DOX, doxorubicin; Dls, dynamic light scattering; gsh, glutathione; TrI, triptolide.
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was accelerated, about 78% of DOX was released within 

48 hours. The TRI release profiles of DA-ss-DT and DA-

cc-DT nanoparticles were shown in Figure 5D. DA-ss-DT 

showed a slow release of TRI in the presence of 10 µM 

GSH and only 25% of the total TRI within 48 hours. In the 

presence of 10 mM GSH, TRI released from DA-ss-DT 

nanoparticles was drastically accelerated and 50% of TRI 

was released after 48 hours, while no acceleration in TRI 

release was observed for DA-cc-DT nanoparticles. This is 

likely due to the disassembly of micelles induced by GSH. 

These results suggested that the nanodrug delivery system 

remains to maintain stable during blood circulation and 

maximize the retention of DOX and TRI without leakage. 

However, when they were enriched in the tumor tissues, the 

drug could be released quickly from the nanoparticles under 

the triggering of GSH to kill the tumor cells.

In vitro cytotoxicity assay
To investigate the toxicity of PEG-b-PLL, PC-3 cells were 

cocultured with PEG-b-PLL at concentrations ranging from 

3.5 to 500 µg/mL. As shown in Figure S5, compared with 

the blank control, PC-3 cells were not influenced by the 

addition of PEG-b-PLL at any concentration, proving the 

noncytotoxicity of the PEG-b-PLL.

The in vitro cytotoxicity of all nanoparticles was also 

evaluated using the MTT assay against PC-3 cells in pH 

6.5 and 7.4. As shown in Figure 6A and B, after incuba-

tion for 48 hours, there was no significant difference in 

cell viability of PC-3 cells after treated with positively 

charged P-ss-DT micelles at pH 7.4 or 6.5, and the cell 

viability of P-ss-DT treatment was obviously lower than 

that of other micelles. As control, there was no significant 

difference in the cell viability of PC-3 cells treated with 

Figure 6 In vitro cytotoxicity of different drug forms to Pc-3 cells under different conditions. cell viability of Pc-3 after treated with Da-ss-DT, sa-ss-DT, and P-ss-DT 
at ph 6.5 (A) and 7.4 (B). (C) cell viability of Da-ss-DT and Da-cc-DT incubated with 1 mM gsh to Pc-3 cells for 48 hours. all data are represented as mean±sD (n=6). 
**P,0.01.
Abbreviations: DOX, doxorubicin; gsh, glutathione.
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negatively charged SA-ss-NPs under pH 7.4 and 6.5. 

Moreover, the cell viability of PC-3 cells treated with 

charge-reversal DA-ss-DT micelles was about 50% at 

pH 7.4 even if the highest concentration reached 50 µg/

mL. In contrast, the cell viability of PC-3 cells incubated 

with charge-reversal DA-ss-DT micelles could be less than 

20% under pH 6.5, which is close to the cell viability of 

PC-3 cells treated with P-ss-DT. These results indicated 

that the charge-switchable DA-ss-DT more effectively 

inhibited the proliferation of PC-3 cells at pH 6.5 than at 

pH 7.4, and DA-ss-DT showed a more effective inhibition 

proliferation against cancer cells at tumor tissues pH 6.5 

than noncharge-switchable SA-ss-DT, as described in the 

previous studies.21

Furthermore, to investigate the redox-responsive drug 

release in tumor cells and enhance the therapy effect, the 

PC-3 cells were incubated with 10 mM GSH for 2 hours 

at first and then replaced with fresh RPMI 1640 containing 

DA-ss-DT and DA-cc-DT for another 48 hours. As shown in 

Figure 6C, the cell viability of PC-3 cells after treated with 

DA-ss-DT was significantly lower than that of DA-cc-DT. 

Moreover, the half maximal inhibitory concentration (IC
50

) 

of DA-cc-DT (75.8 µg/mL) was nine times higher than those 

treated with DA-ss-DT (8.5 µg/mL). This phenomenon 

contributed to the effect of disulfide linkages in the nano-

particles. A similar phenomenon was also observed in the 

previous studies.21,49

enhanced tumor accumulation and 
reduced systemic toxicity in vivo
We assumed that the charge-reversal nanoparticles could 

enhance the tumor accumulation and reduce systemic 

toxicity, and the biodistribution was studied to validate 

this hypothesis. The DOX accumulated in principal organs 

and tissues on PC-3 orthodox PCa xenograft models for 

24 hours after being injected with formulations was ana-

lyzed by HPLC. As shown in Figure S6, only a litter DOX 

was detected in all major organs but exhibited significant 

accumulation in the heart, which suggested that the injec-

tion of free DOX might lead to unavoidable cardiotoxicity 

and unsatisfied antitumor effects. Moreover, DA-ss-NPs 

showed ~1.8-fold accumulation in tumor sites in compari-

son with SA-ss-NPs, where only a trace amount was seen 

in the heart. This significant enhanced tumor accumulation 

of the DA-ss-DT is attributed to the change of the surface 

charge from negative to positive, which is triggered by the 

tumor extracellular acidity.33 Furthermore, the nanoparticles 

exhibited significant accumulation in the liver and spleen, 

which might be due to the capture of reticular endothelial 

system.50

In vivo antitumor efficiency
The in vivo therapeutic efficacy of different drug forms was 

evaluated in a PC-3 mouse tumor model. Tumor-bearing mice 

were randomly divided into seven groups with eight mice in 

each group: PBS, free DOX, free TRI, free DOX+TRI, DA-

ss-DT, DA-cc-DT, and SA-ss-DT. When the tumor grew to 

a size of about 50–100 mm3, 1 week after inoculation of the 

cancer cells, different formulations with equivalent doses 

of DOX (5.0 mg/kg) and TRI (1.25 mg/kg) were injected 

intravenously via tail on days 0, 3, and 6. The tumor size 

was observed and measured every 3 days for 21 days. As 

shown in Figure 7A, all the drug formulations have the 

obvious inhibitory effect on tumor growth to the different 

degree compared with the PBS control group. In the free 

drugs group, we found that the combination therapy of DOX 

and TRI was more effective than the use of a single drug. 

Moreover, because of the EPR effect of nanoparticles, SA-

ss-DT exhibited better therapeutic effect compared with the 

combination of free DOX and TRI. However, the DA-cc-DT 

showed a less antitumor effect compared with SA-ss-DT 

group, which may be the drugs was not effectively released. 

The most effective therapeutics was the DA-ss-DT-treated 

group, with a significant inhibition of tumor growth during 

the whole treatment. Furthermore, the tumor volume of 

DA-ss-DT-treated group was 3.2-, 6.5- and 1.8-fold smaller 

than that treated with free DOX+TRI, DA-cc-DT, and 

SA-ss-DT, respectively. The highest antitumor effect of 

DA-ss-DT may be contributed to the passive targeting, rapid 

ingestion by cancer cells, responsive drug release, and the 

combination of synergistic effects.

Mice body weight was also recorded every 3 days, and the 

results are shown in Figure 7B. It can be seen that except for 

the body weight of free drugs-treated group, the body weight 

of the nanoparticles-treated groups increased during whole 

treatment. Loss of body weight in mice after DOX treatment 

may be caused by DOX’s side effects.27,35,37 Finally, the his-

tological changes of tumors following different treatments 

were analyzed by H&E staining. As shown in Figure 7C, in 

the saline group, the tumor cells were polykaryocytes with 

large irregular karyons and rich cytoplasm and more nuclear 

division. In drug treatment groups, the tumor tissues showed 

altered morphology with cell damage and shrunk nuclei. The 

group treated with DA-ss-DT micelles exhibited the largest 

necrosis area, further validating the best antitumor activity 

of this pH- and redox-responsive combination therapy.
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Conclusion
We have successfully designed a pH- and redox-responsive 

polymer drug-conjugated nanosystem for the codelivery 

of DOX and TRI. The charge-switchable DA-ss-DT was 

well synthesized through the conjugated of DTPA-DOX 

and DMA to the side link amino groups of PEG-b-PLL. 

The surface charge of DA-ss-DT could change from nega-

tive at blood pH to positive at tumor extracellular pH. The 

charge reversal ability could enhance the cellular uptake 

of nanoparticles in the tumor extracellular environment. 

Subsequently, after internalized by cancer cells, the disul-

fide bond in the nanoparticles was cleaved by intracellular 

redox conditions, leading to rapid drug release, which in 

turn resulted in increased inhibition of tumor growth. 

In addition, the codelivery of DOX and TRI significantly 

enhanced the therapeutic efficiency. Since the contradiction 

of nanoparticles with prolonging circulation time, efficient 

cellular uptake, and codelivery of two drugs are the great 

challenges in drug delivery in the present, the DA-ss-DT 

nanoparticles with pH-triggering surface charge-reversal and 

redox-responsive drug release overcome these three factors 

and hence have a great potential to achieve better therapeutic 

effects in cancer treatment.
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Figure 7 In vivo antitumor effects of DOX, TrI, DOX+TrI, Da-ss-DT, Da-cc-DT, and sa-ss-DT. relative tumor volume (A) and body weight (B) of Pc-3-bearing nude 
mice after treated with different drug forms. (C) Tumor tissue sections (stained by h&e) of mice from different groups. The sale bar is 50 µm for all images. *P,0.05 and 
***P,0.001. Data are represented as mean±sD (n=6).
Abbreviations: DOX, doxorubicin; TrI, triptolide.
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Supplementary materials

Scheme S1 The synthesis route of Peg-b-P((ll-g-ss-DOX)-(ll-g-DMa)).
Abbreviations: Peg-b-Pll, poly(ethylene glycol)-b-poly(l-lysine); DOX, doxorubicin; DMF, dimethylformamide; DTPa, 3,3′-dithiodipropionic acid; DMa, 2,3-dimethylmaleic 
anhydride; lys(Nca), lysine-N-carboxyanhydride.
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Figure S1 1h NMr spectra of DOX (A) and DTPa-DOX (B) in DMsO-d6.
Abbreviations: DMsO-d6, deuterated dimethyl sulfoxide; DOX, doxorubicin; DTPa, 3,3′-dithiodipropionic acid; NMr, nuclear magnetic resonance.
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Figure S2 1h NMr spectra of Peg-b-PllZ in DMsO-d6 (A) and Peg-b-Pll (B) in D2O.
Abbreviations: DMsO-d6, deuterated dimethyl sulfoxide; NMr, nuclear magnetic resonance; Peg-b-Pll, poly(ethylene glycol)-b-poly(l-lysine).

Figure S3 Viability of Pc-3 cells incubated with DOX+TrI with different mass ratios of DOX to TrI for 48 hours at the drug concentration of 1 µg/ml.
Abbreviations: DOX, doxorubicin; TrI, triptolide.

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

7248

Xu et al

Figure S4 Bsa adsorption of Da-ss-DT, Da-cc-DT, sa-ss-DT, and P-ss-DT at ph 7.4 or ph 6.5; data are represented as mean±sD (n=3).
Abbreviation: Peg-b-Pll, poly(ethylene glycol)-b-poly(l-lysine).

Figure S5 MTT assay of Peg-b-Pll in Pc-3 cells after incubation for 48 h. Data showed mean±sD, n=6.
Abbreviation: Peg-b-Pll, poly(ethylene glycol)-b-poly(l-lysine).

Figure S6 Tissue distribution of DOX in Pc-3 tumor-bearing mice 24 h following intravenous injection of Da-ss-DT, sa-ss-DT nanoparticles or free DOX (10 mg DOX/kg). 
n=3, **P,0.01.
Abbreviation: DOX, doxorubicin.
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