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In this work, we prepared pH/redox dual-responsive mixed polyprodrug micelles (MPPMs), which were co-assembled from two polyprodrugs, namely, poly(ethylene glycol) methyl ether-b-poly (β-amino esters) conjugated with doxorubicin (DOX) via redox-sensitive disulfide bonds (mPEG-b-PAE-ss-DOX) and poly(ethylene glycol) methyl ether-b-poly (β-amino esters) conjugated with DOX via pH-sensitive cis-aconityl bonds (mPEG-b-PAE-cis-DOX) for effective anticancer drug delivery with enhanced therapeutic efficacy. The particle size of MPPMs was about 125 nm with low polydispersity index, indicating the reasonable size and uniform dispersion. The particle size, zeta-potential, and critical micelle concentration (CMC) of MPPMs at different mass ratios of the two kinds of polyprodrugs were dependent on pH value and glutathione (GSH) level, suggesting the pH and redox responsiveness. The drug release profiles in vitro of MPPMs at different conditions were further studied, showing the pH—and redox-triggered drug release mechanism. Confocal microscopy study demonstrated that MPPMs can effectively deliver doxorubicin molecules into MDA-MB-231 cells. Cytotoxicity assay in vitro proved that MPPMs possessed high toxic effect against tumor cells including A549 and MDA-MB-231. The results of in vivo experiments demonstrated that MPPMs were able to effectively inhibit the tumor growth with reduced side effect, leading to enhanced survival rate of tumor-bearing mice. Taken together, these findings revealed that this pH/redox dual-responsive MPPMs could be a potential nanomedicine for cancer chemotherapy. Furthermore, it could be a straightforward way to fabricate the multifunctional system basing on single stimuli-responsive polyprodrugs.
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INTRODUCTION
In clinical practice, chemotherapy is still one of the most common strategies for cancer treatment (Galluzzi et al., 2015; Srinivasan et al., 2018; Men et al., 2019), although some emerging therapies like immunotherapy have been recently raised (Chen et al., 2016; Nam et al., 2019; Wang et al., 2019; Yan et al., 2019). However, some drawbacks like high side effect and low bioavailability limit the wide applications of chemical anticancer drugs (e.g., doxorubicin, paclitaxel, and camptothecin), which possess high anticancer activity (Dai et al., 2016; Saravanakumar et al., 2016; Gao et al., 2018). For example, doxorubicin hydrochloride (DOX-HCl), widely used in clinics, can induce severe cardiotoxicity, leading to severe reverse effects and poor therapeutic efficiency due to the low bioavailability (Shabalala et al., 2017; Mao et al., 2019).
To overcome these obstacles, drug delivery systems (DDSs), which could be a promising approach to address these issues, have attracted more and more attention in these decades (Bauri et al., 2018; Talebian et al., 2018). Particularly, stimuli-responsive block copolymers have been thoroughly investigated and extensively used as nanocarriers for drug delivery in biomedical fields, especially cancer therapy (John et al., 2015; Hu et al., 2017; John et al., 2017; Guo et al., 2020). Some specific physiological characteristics in tumor microenvironment (TME) compared to the normal human environment, such as low pH, high glutathione (GSH) concentration, and special enzyme, could be used as trigger cues for drug controlled release (John et al., 2016; Gao and Lo, 2018; Saw et al., 2019; He et al., 2020; Yang et al., 2020). For instance, Li et al. developed a pH/redox dual-responsive hybrid polymer–lipid system (HDPLNPs) for drug delivery and controlled release in cancer chemotherapy. The anticancer drug doxorubicin (DOX) was physically loaded in the core of the nanoparticle, resulting in dual stimuli-responsive system (DOX-HDPLNPs). The physically loaded drug DOX molecules would be released by responding to the acidic pH and high GSH level after deposition at tumor site. Compared to the free DOX formulation, the DOX-HDPLNPs showed much higher tumor inhibition efficiency and lower side effect in vitro and in vivo (Li et al., 2018). Kim and co-workers synthesized a series of dual stimuli-responsive triblock copolymers based on pH-sensitive poly(l-histidine) segment and redox-sensitive disulfide linker for improving delivery of DOX in cancer chemotherapy. The results showed that DOX-loaded system had high drug loading content with enhanced DOX release in an acidic environment in the presence of 10 mM glutathione. All the results demonstrated that this system could effectively inhibit the CT26 tumor (John et al., 2017). Tang et al. prepared novel pH/redox dual-sensitive platinum (IV)-based micelles to improve the therapeutic efficacy for combination chemotherapy in vitro and in vivo (He et al., 2019). Wu et al. reported a novel pH/redox-sensitive block copolymer, which was synthesized by polycondensation of disulfide-bond-containing dimethyl cystinate and polycaprolactone oligomer via a pH-responsive imine bond for anticancer drug paclitaxel (PTX) delivery in enhancing cancer chemotherapy. The results showed that the PTX-loaded system exhibited an excellent tumor-inhibiting ability and good drug tolerability (Zhang et al., 2019a). Recently, various multifunctional polymeric carriers conjugated with chemical drug molecules have been developed as polyprodrug to improve the therapeutic efficacy and reduce the cytotoxicity (Hu and Liu, 2017; Xu et al., 2017; Zhang et al., 2019b; Wang et al., 2020). For instance, Xiao et al. reported a polyprodrug based on poly(disulfide) conjugated with DOX on the polymer side chains that exhibited glutathione depletion and cascade DOX activation for drug resistance reversal to improve cancer therapy (Xiao et al., 2021).
In this work, inspired by the specific acidic pH and high GSH level in TME, we developed a multifunctional system for drug delivery with pH/redox dual-triggered drug release property based on two polyprodrugs: methyl ether poly(ethylene glycol)-b-poly(β-amino esters) conjugated with DOX via pH-sensitive acid-labile cis-aconityl moiety (denoted mPEG-b-PAE-cis-DOX) and methyl ether poly(ethylene glycol)-b-poly(β-amino esters) conjugated with DOX via GSH-sensitive disulfide bond (denoted mPEG-b-PAE-ss-DOX). As shown in Figure 1, two polyprodrugs can self-assemble into mixed polyprodrug micelles (MPPMs) structure with high serum stability and prolonged circulation time due to the hydrophilic and nonimmunogenic mPEG shell on the surface (Zhang et al., 2012). Meanwhile, the PAE/DOX core could be protected well during the biological circulation at normal physiological environment. When the MPPMs deposited at the tumor site, PAE segment would be ionized because of low pH (acid), and the solubility would be transferred from hydrophobic to hydrophilic, while the disulfide bonds and cis-aconityl moieties between DOX molecules and diblock copolymers would be broken due to high GSH concentration and acidic pH, respectively, resulting in disassembly of micelle and release of cargos, which can induce the apoptosis of tumor cells. The physicochemical properties of MPPMs at different mass ratios, including particle size, zeta-potential, polydispersity index, stability, pH/redox sensitivity, drug release profiles, cytotoxicity in vivo, and therapeutic efficacy in vivo, would be thoroughly evaluated by a variety of experimental techniques in order to confirm that this formulation could be a promising nanomedicine for cancer chemotherapy.
[image: Figure 1]FIGURE 1 | Schematic diagrams of co-micellization of pH/redox dual-responsive polyprodrugs mPEG-b-PAE-cis-DOX and mPEG-b-PAE-ss-DOX in an aqueous medium and drug release triggered by acidic pH and high glutathione (GSH) level for cancer chemotherapy.
MATERIALS AND METHODS
Material
Polyprodrugs poly(ethylene glycol) methyl ether-b-poly (β-amino esters) conjugated with doxorubicin (DOX) via redox-sensitive disulfide bonds (mPEG-b-PAE-ss-DOX, the DOX conjugation efficacy was about 2.2 per polymer molecule, Supplementary Figure S1) and polyprodrug poly(ethylene glycol) methyl ether-b-poly (β-amino esters) conjugated with DOX via pH-sensitive cis-aconityl bonds (mPEG-b-PAE-cis-DOX, the DOX conjugation efficacy was about 2.5 per polymer molecule, Supplementary Figure S1) were synthesized as reported in our previous works (Huang et al., 2018; Zhang et al., 2020). N,N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), dichloromethane (DCM), pyrene (99%), and other chemical agents were purchased from Sigma-Aldrich Chemical Co. DL-Dithiothreitol (DTT, 99%), a thiol-based reducing agent, is commonly and widely utilized as a prevailing GSH stimulant in drug release experiment and other in vitro experiments (Gao et al., 2019; Zheng et al., 2019; Wei et al., 2020). Phosphate-buffered saline (PBS), fetal bovine serum (FBS), methylthiazoltetrazolium (MTT), Dulbecco’s modified Eagle’s medium (DMEM), and other biological agents were purchased from Invitrogen. The tumor cells MDA-MB-231, A549, and murine fibroblast cell line NIH 3T3 were obtained from the American Type Culture Collection (ATCC). All other biological reagents were used as obtained.
Preparation of MPPMs
The MPPMs were prepared using the dialysis method (Men et al., 2019). In brief, 30 mg of two polyprodrugs at different mass ratios (mPEG-b-PAE-cis-DOX/mPEG-b-PAE-ss-DOX = 2:1, 1:1, or 1:2) were dissolved into 30 ml of DMF with stirring for 30 min at room temperature (RT), followed by transferring into a pre-swollen cellulose membrane bag [molecular weight cutoff (MWCO), 3,500 Da], which was immersed into a beaker (1 L). Then, the dialysis process was performed for at least 48 h against deionized (DI) water at RT. The DI water was replaced every 2 h in the first 24 h and then every 12 h. The solution in the dialysis bag was collected and filtered using a 0.45-μm filter. After lyophilization for another 48 h, the red powder MPPMs were obtained and stored at −20°C for future study.
Critical Micelle Concentration Measurement
The CMC values of three MPPMs were confirmed by the fluorescence probe technique using pyrene as a fluorescence probe (Luo et al., 2019). When the amphiphilic polymer molecules self-assembled into micelles, pyrene was incorporated into the hydrophobic core instead of the outer shell. Briefly, 1 mg of mixed polyprodrugs was dissolved into acetone (1 ml), followed by addition of 10 ml DI water. Then, the acetone was evaporated by stirring overnight in the dark. After that, a series of concentrations (0.0001–0.1 mg/ml) of polyprodrugs solutions were prepared through dilution. Pyrene was dissolved into acetone, followed by evaporation to form a thin film at the bottom of the vial. Finally, pyrene solution was added at a concentration of 6 × 10–7 M into polyprodrugs solution. The resulted mixed solution was equilibrated at RT in the dark overnight before measurement. All the samples were measured by a fluorescence spectrophotometer (F-4500, Hitachi, Japan).
Characterization
The particle size, polydispersity index (PDI), and zeta-potential (surface charge) were monitored by dynamic light scattering (DLS, Malvern Zeta-sizer Nano S, Malvern, United Kingdom). The samples were re-suspended into a 1.0-ml quartz cuvette, and the measurement was performed using a diode laser of 800 nm at 25°C with 90° of scattering angle. For the zeta-potential measurement, the sample was transferred into the cuvette without bubble, followed by inserting into the sample cell. The zeta-potential was measured at 25°C for three times.
The morphology of the MPPMs was determined by transmission electron microscopy (TEM, Hitachi H-7650, Japan). Briefly, the MPPMs solution was dropped onto the copper grids coated with carbon. After removing the deionized water, the sample was observed by TEM with an acceleration voltage of 80 kV.
To investigate the stability of system, the hydrodynamic diameter and distribution of MPPMs after incubation for different times were measured. In brief, 2 mg of MPPMs was re-suspended in 1 ml of PBS (pH 7.4) with 20% FBS. The resulted solution was incubated for 5 days in the dark at 37°C. The particle size and PDI were recorded using DLS everyday as aforementioned. Moreover, to further confirm the stability of MPPMs, 2 mg of MPPMs was re-suspended in PBS (1 ml, pH 7.4) or 5% glucose solution. Then, the original solution was diluted at 1/1, 1/10, 1/100, and 1/1,000 to prepare the samples for DLS measurement.
pH/Redox Responsiveness
To evaluate the pH/redox sensitivities, the particle size, zeta-potential, and CMC values of MPPMs at different conditions were studied. For the pH-sensitivity study, the MPPMs (1 mg/ml) were re-suspended in PBS at different pH values (5.0, 5.5, 6.0, 6.5, 7.0, 7.4, and 8.0). The resulted solution was incubated for 24 h at 37°C. Then, the samples were measured using DLS as aforementioned. Furthermore, the CMC values of the system at different pH conditions were measured using the same method as mentioned. For the redox-sensitivity study, the MPPMs were re-suspended in PBS (pH 7.4 with or without 10 mM DTT, pH 6.5 with or without 10 mM DTT), followed by incubation for 24 h at 37°C. Then, the samples were recorded using DLS.
In Vitro Release of DOX From MPPMs
The in vitro DOX release profiles from MPPMs at different conditions was investigated by the dialysis method, following previous references with few modifications (Zhang et al., 2016; Men et al., 2019; Jiang et al., 2020). Briefly, 6 mg of MPPMs were dispersed in 6 ml of respective PBS in a dialysis bag (MWCO, 3,500 Da) at a concentration of 1 mg/ml. Then, the bag was immersed into a beaker with 44 ml of PBS (pH 7.4, pH 7.4 with 10 mM DTT, pH 6.5, pH 6.5 with 10 mM DTT), followed by placing in a water bath Dissolution Tester (RCZ-8B, TDTF, China) with stirring (110 rpm) at 37°C. At pre-determined time intervals, 1 ml of solution was taken out for UV-Vis spectrophotometry analysis, and 1 ml of fresh PBS was added. Free DOX formulation was used as control. The cumulative release percent (Er) was calculated according to the following equation:where mDOX was the amount of DOX in MPPMs, Ve was the volume in dialysis bag (6 ml), V0 was the whole volume of the release media (50 ml), and Ci was the concentration of DOX in the ith sample. The experiments were carried out in triplicate at each condition.
Cell Culture
The NIH 3T3, A549, and MDA-MB-231 cell lines were cultured according to the standard protocol from the supplier. Briefly, the cells were cultured in fresh DMEM containing 10% (v/v) FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin in a flask, and incubated at 37°C in an incubator containing 5% of CO2.
Confocal Microscopy Study
The cellular uptake of free DOX and MPPMs in MDA-MB-231 cells were confirmed by confocal laser scanning microscopy (CLSM). In brief, MDA-MB-231 cells were grown on culture dishes (1 × 105 cells/well) in DMEM. After 24 h incubation, the medium was replaced with fresh one. The cells were treated with free DOX or three kinds of MPPMs. After incubation for 4 h, the dishes were washed with PBS three times and fixed with 4% formaldehyde, followed by incubating with 4′,6-diamidino-2-phenylindole (DAPI). After washing three times, the sample was imaged by CLSM (Zeiss, LSM 510, Germany).
Cytotoxicity
To study the cytotoxicity of free DOX and three MPPMs and Table 2 showed formulations against tumor cells in vitro, MTT assay was performed according to the previous reports (Wei et al., 2017; Vater et al., 2020). Briefly, the cells were cultured in DMEM as aforementioned. The cells were first seeded into 96-well plates at a density of 1 × 104 cells/well (200 μl) and cultured overnight. After that, the medium was discarded, and the cells were treated with a series of concentration of free DOX and MPPMs formulations. After incubation for 24 h, MTT solution (5 mg/ml, 20 μl/well) was added, and the plates were shaken for 5 min at 150 rpm. Four hours later, the medium was removed, and DMSO (200 μl) was added. The plates were recorded using a microplate reader (Multiskan Spectrum, Thermo Scientific, Finland) at 490 nm. The cell viability was calculated according to the following equation:where Asample and Acontrol were the absorbance at 490 nm of cells with or without treatment, respectively. Ablank was the absorbance at 490 nm of well without cells. The test was performed in replicates of six wells.
Mice
Adult female BALB/c-nu nude mice (5–6 weeks) were purchased from Beijing Vitalriver Experimental Animal Technology Co. Ltd. The mice were maintained in polyethylene cages with stainless steel lids at room temperature with a 12-h light/dark cycle and covered with a filter cap. Animals were fed with food and water ad libitum. All of the animal care and study protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at China Medical University. The mice were narcotized using intraperitoneal (i.p.) administration of the mixture of ketamine (110 mg/kg) and xylazine (5 mg/kg) in saline.
Therapeutic Efficiency Experiment
To evaluate the therapeutic efficacy of MPPMs in vivo, female BALB/c-nu nude mice were used as hosts for tumor xenografts. In brief, MDA-MB-231 cells (1 × 106) were subcutaneously inoculated in the right leg of the mouse. When the tumor volume reached about 100 mm3, the mice were randomly divided into three groups (n = 10). The mice were treated with three formulations (PBS, 4 mg/kg of free DOX formulation or MPPMs, i.v. administration). The tumor volume, body weight, and survival rate were recorded. The tumor volume was measured by Vernier calipers and defined as (the square of width times length)/2.
Statistical Analysis
The experimental data were presented with in average values, expressed as the mean ± standard deviation (SD). Statistical analysis was conducted using two-sample Student’s t-test of origin 8.5, and considered to be significant when p < 0.05.
RESULTS AND DISCUSSION
Preparation and Characterization of MPPMs
The two kinds of polyprodrugs (pH-sensitive mPEG-b-PAE-cis-DOX and GSH-responsive mPEG-b-PAE-ss-DOX; chemical structures are shown in Supplementary Figure S1) could self-assemble into MPPMs at different mass ratios (Table 1). The micellar shell was formed by hydrophilic segment mPEG, and the hydrophobic core was constructed with pH-sensitive PAE segment and chemical drug DOX molecules. The particle size, PDI, and zeta-potential of MPPMs were measured by DLS, as shown in Figure 2 and Supplementary Figure S2. The particle size of MPPMs-1 (mPEG-b-PAE-cis-DOX/mPEG-b-PAE-ss-DOX = 2:1) was approximately 128 nm. When the mass ratio of mPEG-b-PAE-ss-DOX was increased, the particle size of MPPMs-2 (mPEG-b-PAE-cis-DOX/mPEG-b-PAE-ss-DOX = 1:1) was slightly decreased to about 117 nm. When this mass ratio was 1:2, the particle size of MPPMs-3 was about 125 nm (Figure 2A and Supplementary Figure S2). Furthermore, the morphologies of MPPMs-1, MPPMs-2, and MPPMs-3 were imaged by TEM (Figure 2C), showing that the MPPMs had similar particle size with spherical morphology. The particle size was slightly smaller compared with the result of DLS due to the shrinking of the micelles during dry process for the preparation of sample in TEM analysis. The PDI values of MPPMs-1, MPPMs-2, and MPPMs-3 were, respectively, 0.185, 0.201, and 0.243 (Supplementary Figure S2), indicating that these MPPMs could be uniformly dispersed in water. The zeta-potential of three MPPMs were −6.8, −7.3, and −6.9 mV (Figure 2B), respectively, which were all slightly negative partially due to the PEG shell. PEG shell was widely used to confer a neutral surface charge and stabilize nanoparticles, suggesting that the MPPMs showed high biocompatibility. This core/shell structure with slightly negative charge and PEG shell was able to make MPPMs have high stability and low interaction with serum proteins, and DOX molecules could be protected well during the blood circulation (Feng et al., 2016; Xu et al., 2020). In summary, the MPPMs self-assembled from two kinds of polyprodrugs showed reasonable particle size with spherical morphology, good uniformity, and negative surface charge, which could be a promising drug delivery system for cancer chemotherapy.
TABLE 1 | The formulation of three MPPMs.
[image: Table 1][image: Figure 2]FIGURE 2 | Particle size (A), zeta-potential (B), and TEM images (C) of MPPMs self-assembled from two polyprodrugs at different mass ratios. Scale bar: 200 nm n = 3, mean ± SD.
Self-Assembly and Stability
To investigate the self-assembly of mixed system, the CMC values were measured using fluorescence spectrometry with pyrene as a fluorescence probe. Pyrene was preferentially entrapped into the micellar core during the micellization of system through hydrophobic interaction, whereas it was dispersed into the solution (Basu Ray et al., 2006). Figure 3A represents the change in intensity ratio of I338/I335 as function of polyprodrug concentration in aqueous medium at pH 7.4. After analysis of curve fitting, the CMC values of three systems were, respectively, 4.5 μg/ml for MPPMs-1, 3.6 μg/ml for MPPMs-2, and 4.1 μg/ml for MPPMs-3. The low CMCs indicated that the mixed system was able to self-assemble into micelles and exhibited high stability, implying the potential of MPPMs in drug delivery. As reported, the drug delivery system with reasonable size should have high serum stability in order to acquire extended blood circulation time for improving the accumulation at tumor site through the EPR effect (Maeda et al., 2013; Saw et al., 2017). Therefore, the serum stability of mixed systems was further studied. The particle size and PDI of three MPPMs after incubation for different time in PBS (pH 7.4) with 20% FBS at 37°C were monitored by DLS, as shown in Figures 3B,C. The particle size of MPPMs was slightly increased from about 120 nm to approximately 150 nm after incubation for 5 days (Figure 3B), demonstrating the high serum stability of mixed systems. Furthermore, the PDI values of three systems showed negligible changes after incubation for 5 days (Figure 3C), showing the good uniformity and high serum stability of system. In addition, the particle size of three MPPMs in PBS at pH 7.4 or 5% glucose solution showed no significant changes after dilution by 1,000 times (Supplementary Figure S3), further indicating the high stability of three mixed systems. These findings proved that mixed polyprodrugs system were able to self-assemble into micelles (MPPMs) with high serum stability at low concentration, implying that the MPPMs systems could be a promising nanomedicine with prolonged circulation time.
[image: Figure 3]FIGURE 3 | Plot of intensity ratios I339/I336 as a function of logarithm of polyprodrugs concentration at pH 7.4 (A). Hydrodynamic diameter (B) and polydispersity index (PDI) (C) of MPPMs after incubation in PBS at pH 7.4 containing 20% FBS at 37°C for 5 days confirmed by DLS (n = 3, mean ± SD).
Dual pH/Redox Responsiveness
Next, the pH/redox dual-responsiveness of MPPMs was investigated, as shown in Figure 4. After incubation in PBS at different pH values, the particle size and zeta-potential of MPPMs are shown in Figures 4A,B, respectively. When the pH decreased from 8.0 to 6.5, the particle size increased from about 125 to 180 nm. The reason could be that the solubility transformation of PAE from hydrophobicity to hydrophilicity caused by the protonation of tertiary amine residues in PAE segments in acidic environment, leading to the swelling of MPPMs. When the pH was lower than 6.5, all tertiary amine residues in PAE segments were protonated, and the pH-sensitive cis-aconityl linkers were simultaneously broken, resulting in disassembly of MPPMs systems. Therefore, no nanoparticle was recorded by DLS (Figure 4A). In addition, compared with MPPMs-2 and MPPMs-3, MPPMs-1 showed greater rangeability (from 126.3 to 189.2 nm) because of the highest mass ratio of mPEG-b-PAE-cis-DOX in the mixed system. When the pH decreased from 8.0 to 5.0, the zeta-potential of MPPMs obviously increased (ca. −7 mV at pH 8.0 to + 25 mV at pH 5.0, Figure 4B), resulting from the ionization of tertiary amine residues in PAE segment and the acidification of separate DOX molecules in the solution. These results proved the pH-sensitivity of MPPMs. Additionally, the charge reversal of MPPMs from negative to positive charge can enhance the cellular uptake. Moreover, the CMC values of MPPMs systems at different pH conditions were measured, as shown in Figure 4C. For MPPMs-1, the CMC value was increased from 4.5 to 55.3 μg/ml when the pH decreased from 7.4 to 6.5, resulting from the solubility transformation of PAE segment caused by protonation of tertiary amine residues. Because the molecular polarity was steadily enhanced, it required a stronger driving force to counteract the increased electrostatic repulsive force for micellization of system, when the PAE segments in the system were transferred from hydrophobic to hydrophilic. Additionally, the increase in surface charge would further enhance the repulsive force, which required greater driving force to offset that. When the pH was lower than 6.5, the CMC was not detectable, attributing to complete protonation of tertiary amine residues and cleavage of cis-aconityl bonds. Similar change trends were found for MPPMs-2 and MPPMs-3 (Figure 4C). Particularly, with the increase in mass ratio of polyprodrug mPEG-b-PAE-ss-DOX, the CMC of mixed system was decreased. All the findings demonstrated the pH sensitivity of three MPPMs systems. To investigate the redox responsibility of mixed system, the particle size of MPPMs after incubation in PBS at pH 7.4 or 6.5 with or without DTT (10 mM) was recorded by DLS, as shown in Figures 4D,E. The particle sizes of three MPPMs slightly increased after incubation in PBS at pH 7.4 with 10 mM DTT compared with those at pH 7.4 without DTT (Figure 4D), while no particle was observed after incubation in PBS at pH 6.5 with 10 mM DTT (Figure 4E). At pH 7.4 with DTT (10 mM), the disulfide bonds conjugated DOX molecules with PAE segments in polyprodrug mPEG-b-PAE-ss-DOX were broken, thereby leading to the slight swelling of micelles. By the way, with the increase in mass ratio of mPEG-b-PAE-ss-DOX in the mixed system, the MPPMs-3 showed the biggest difference in size compared with MPPMs-1 and MPPMs-2. At pH 6.5 without DTT, the particle sizes of three MPPMs increased obviously in comparison to those at pH 7.4 due to swelling of polyprodrug micelles induced by protonation of tertiary amine groups and the cleavage of cis-aconityl bonds. By contrast, at pH 6.5 with DTT, the protonation of tertiary amine residues in PAE segment and cleavage of chemical bonds (disulfide bonds in mPEG-b-PAE-ss-DOX and cis-aconityl bonds in mPEG-b-PAE-cis-DOX) caused the disassembly of mixed system, resulting in non-detection of particles (Figure 4E). In summary, the prepared MPPMs exhibited pH sensitivity and could respond to the high reducing agent concentration that could be used for anticancer controlled release.
[image: Figure 4]FIGURE 4 | Particle size (A) and zeta-potential (B) of MPPMs-1, MPPMs-2, and MPPMs-3 in PBS with different pH values after incubation for 4 h. CMC values (C) of three MPPMs systems dependent on pH values. Particle size of MPPMs-1, MPPMs-2, and MPPMs-3 in PBS at different conditions: (D) pH 7.4 with or without 10 mM DTT and (E) pH 6.5 with or without 10 mM DTT) after incubation for 4 h (n = 3, mean ± SD).
pH/Redox-Triggered Drug Release Profile
Since the pH/redox dual responsibility of MPPMs has been evaluated, the in vitro DOX release profiles from MPPMs at different conditions were next investigated using the dialysis method. Different conditions were selected to simulate the normal physiological condition (PBS, pH 7.4) and tumor microenvironment (PBS, pH 6.5 with 10 mM DTT). Free DOX formulation was used as control. As shown in Figure 5, the drug release rate of free DOX was rapid. The cumulative release amount of free DOX was higher than 90% for 12 h in PBS at pH 7.4 or pH 6.5 with 10 mM of DTT. By contrast, at pH 7.4, the DOX release rate of MPPMs-1 was much lower, and the cumulative release amount of DOX was <15% for 48 h, suggesting that the cargos were protected well in the micellar core. When the pH decreased to acidic condition (pH 6.5), the drug release rate was obviously accelerated, and the accumulated drug release was higher than 50% for 12 h and approximately 60% for 48 h, respectively. The reason could be that the pH-sensitive cis-aconityl bonds between DOX molecules and PAE segments in polyprodrug mPEG-b-PAE-cis-DOX were broken, and the DOX molecules were released from the micelles. In the presence of DTT (10 mM) at pH 7.4, the DOX release rate was much higher compared with that at pH 7.4 without DTT. Additionally, the cumulative drug release was about 40% for 12 h and 48% for 46 h, respectively, resulting from the cleavage of redox-responsive disulfide bonds in polyprodrug mPEG-b-PAE-ss-DOX. At pH 6.5 with 10 mM DTT, the DOX release rate was dramatically accelerated in comparison to that at pH 6.5 without DTT, and the accumulated DOX release was higher than 85% for 12 h and approximately 100% for 48 h, resulting from the cleavage of cis-aconityl and disulfide bonds in the mixed system. Moreover, the release rate and cumulative drug release of MPPMs at pH 6.5 were slightly higher in comparison to those at pH 7.4 with DTT. The reason could be that the mass ratio of mPEG-b-PAE-cis-DOX and mPEG-b-PAE-ss-DOX was 2:1 in MPPMs-1 system, displaying that more DOX molecules were released due to the cleavage of pH-sensitive cis-aconityl bonds. As expected, when the mass ratio of polyprodrug mPEG-b-PAE-ss-DOX increased to 1:1 (MPPMs-2) and 1:2 (MPPMs-3), the accumulated DOX release for 48 h at pH 7.4 with DTT was enhanced (50% for MPPMs-2 and 70% for MPPMs-3), as shown in Supplementary Figure S4. It’s interesting to find that the drug release profiles could be regulated by changing the mass ratios of two polyprodrugs. Collectively, the release rate and accumulated release amount of drug from MPPMs were significantly influenced by the pH value and DTT concentration, suggesting the cargos could be controlled release from the MPPMs “on-demand.”
[image: Figure 5]FIGURE 5 | The in vitro DOX release profiles of MPPMs-1 in PBS at different conditions (pH 7.4, pH 6.5, pH 7.4 with 10 mM DTT and pH 6.5 with 10 mM DTT). The release profiles of free DOX at pH 7.4 and 6.5 with DTT (10 mM) were used as control (n = 3, mean ± SD).
Cytotoxicity Assay
Since the mixed polyprodrug micelles have been successfully prepared and the pH/redox-triggered drug release performance has been confirmed, the cytotoxicity of three MPPMs against tumor cells (A549 and MDA-MB-231) was next evaluated using MTT. The cytotoxicity of blank diblock copolymer mPEG-b-PAE against NIH 3T3 cells was first studied, as shown in Supplementary Figure S5. With increase in copolymer concentration, the toxic effect was slightly increased. However, even at the highest concentration of 400 μg/ml, the cell viability of NIH 3T3 was still higher than 85%, indicating the negligible cytotoxicity and high biocompatibility of diblock copolymer mPEG-b-PAE, which was used as carrier in this work. Figure 6 and Table 2 showed the cytotoxicity of free DOX and three MPPMs against tumor cells A549 and MDA-MB-231 for 24 h in DOX concentration gradients. As expected, with increase in DOX concentration, the cell viability of A549 and MDA-MB-231 was sharply decreased. Compared with free DOX, three MPPMs systems showed higher toxic effect against A549 and MDA-MB-231 cells. For A549 cell (Figure 6A), the IC50 values were, respectively, 2.44 μg/ml for free DOX, 1.98 μg/ml for MPPMs-1, 1.95 μg/ml for MPPMs-2, and 1.81 μg/ml for MPPMs-3. For MDA-MB-231 cell (Figure 6B), the IC50 values were 3.95 μg/ml for free DOX, 2.06 μg/ml for MPPMs-1, 1.93 μg/ml for MPPMs-2, and 1.90 μg/ml for MPPMs-3, respectively. In summary, the diblock copolymer showed negligible toxic effect, whereas the three MPPMs were able to efficiently kill the tumor cells compared with free DOX, indicating that the MPPMs could deliver DOX molecules into tumor cells.
[image: Figure 6]FIGURE 6 | The cytotoxicity for A549 (A) and MDA-MB-231 (B) cells treated with free DOX, MPPMs-1, MPPMs-2, and MPPMs-3 formulation for 24 h in concentration specified (n = 6, mean ± SD).
TABLE 2 | The IC50 values of three MPPMs against A549 and MDA-MB-231 cells.
[image: Table 2]Cellular Uptake
Next, the cellular uptake and distribution of free DOX and three MPPMs after incubation with MDA-MB-231 cells for 4 h was studied by confocal laser scanning microscopy (CLSM), as shown in Figure 7. For free DOX formulation, almost all the DOX molecules can quickly enter the tumor cell and co-locate with cell nucleus region at 4 h, due to small molecule property of free DOX. For the MPPMs-1, although the DOX can enter the tumor cell quickly, most of DOX molecules distributed in the cytoplasm. The MPPMs-2 and MPPMs-3 can effectively deliver the DOX molecules to the cell nucleus compared with MPPMs-1. The free DOX formulation can deliver drug molecules to the cell nucleus better than MPPMs, resulting from the small chemical drug molecules entering the tumor cell and depositing into the cell nucleus quickly. For the MPPMs, the nanoparticles should bind on the surface and enter the tumor cell through endocytosis and other ways, followed by responding to the acidic pH and high GSH level cues to release the cargos (Figure 5 and Supplementary Figure S6). In summary, the three MPPMs can deliver the DOX molecules to the tumor cells efficiently and the free DOX formulation in vitro, especially MPPMs-2 and MPPMs-3, showing the similar antitumor activity of MPPMs compared with free DOX. In the future, MPPMs-2 would be selected for the animal experiment to evaluate the therapeutic efficacy and side effect.
[image: Figure 7]FIGURE 7 | CLSM images of MDA-MB-231 cells incubated with free DOX for 4 h. Merged images were overlap of DAPI (blue) and DOX (red). Scale bar: 20 μm.
Therapeutic Efficacy and Biosafety In Vivo
Since the pH/redox dual responsibility, drug release profile, cytotoxicity, and intracellular uptake of MPPMs have been investigated, we next evaluated the tumor therapy efficacy in vivo. The MDA-MB-231 cells were inoculated on the right leg of mice. When the tumor size was approximately 100 mm3, the tumor-bearing mice were randomly divided into three groups: PBS, free DOX (4 mg/kg), and MPPMs-2 (equal to 4 mg/kg of DOX). Different drug formulation was intravenously (i.v.) administrated through the tail vein. The tumor volume, tumor inhibitory rate, body weight, and survival rate of tumor-bearing mice with different treatments were recorded, as shown in Figure 8 and Supplementary Figure S7. For the free DOX treatment, the tumor was inhibited first, and the tumor volume grew slowly. However, the tumor grew quickly after the 10th day similar to the PBS treatment group, possibly resulting from the drug resistance and side effect. By contrast, the tumor volume of tumor-bearing mice treated with MPPMs-2 was effectively inhibited compared with PBS and free DOX treatments (Figure 8A; Supplementary Figure S7). The body weight of mice treated with PBS, free DOX, and MPPMs-2 was recorded, as shown in Figure 8B. The mice treated with PBS as a control showed negligible changes, while the free DOX treatment group showed obvious body weight loss because of side effect. For the MPPMs, the body weight increased slowly with the treatment time. These results not only demonstrated that the MPPMs can efficiently inhibit the growth of tumor but also can reduce the side effect compared with PBS control and free DOX formulation. Next, the survival rate of mice with different treatments was recorded, as shown in Figure 8C. For the PBS treatment, the survival rate was decreased quickly, and all of the mice were dead at 20th day. For the free DOX treatment, at 24th day, only 10% of tumor-bearing mice was alive. By contrast, the survival rate of MPPMs-2-treated mice group was still higher than 70% even at the 24th day, suggesting the much higher antitumor activity compared with other controls. In addition, the biosafety of MPPMs system was further evaluated. Supplementary Figure S8 shows the weight of major organs (heart, liver, spleen, lung, and kidney) of mice treated with different formulations. We could find that MPPMs-2 showed reduced cardiotoxicity compared with free DOX formulation, which was proved by the weight change of the heart. Moreover, the blood biochemistry analysis was proceeded to study the cardiotoxicity of different formulations, as shown in Supplementary Figure S9. The results showed that the heart function marker (CK) of free DOX-treated group was much higher than that of the normal group, while the CK value of MPPMs-2-treated group was similar to that of the normal group. These results indicated that the cardiotoxicity of DOX molecules was obviously reduced by formulating in MPPMs-2. Other factors such as hepatic function markers (ALT, AST), uric acid (UA), and renal function markers (CREA, BUN) of free DOX-treated group were also increased compared with those of normal and MPPMs-2-treated groups. In summary, the MPPMs-2 showed much lower cardiotoxicity and side effect compared with free DOX formulation, suggesting the high biosafety of MPPMs system. Taken together, the MPPMs-2 can efficiently and effectively inhibit the growth of tumor with high therapeutic efficacy and reduced side effect.
[image: Figure 8]FIGURE 8 | (A) Tumor volume of tumor-bearing mice after different PBS, free DOX, and MPPMs-2 treatments. (B) The body weight of tumor-bearing mice after different PBS, free DOX, and MPPMs-2 treatments (n = 10, mean ± SD). (C) Survival rates of tumor-bearing mice after different PBS, free DOX, and MPPMs-2 treatments. Statistical analysis was done using Kaplan–Meier method (n = 10). p values: *p < 0.05, **p < 0.01, ***p < 0.001; N.S., no significance.
CONCLUSION
In the present study, a pH/redox dual-responsive MPPMs system self-assembled from pH-sensitive polyprodrug mPEG-b-PAE-cis-DOX and redox-responsive polyprodrug mPEG-b-PAE-ss-DOX at different mass ratios were prepared and used for drug delivery with improved therapeutic efficacy and reduced side effect. These MPPMs exhibited reasonable size and negatively charged surface for drug delivery with PEG shell and PAE/DOX core. The systems also showed quite low CMC values and high serum stability, facilitating the high accumulation of MPPMs at tumor site via the EPR effect due to the prolonged circulation time. The particle size and CMC value of MPPMs increased with the decrease in pH. Additionally, the surface charge of MPPMs sharply increased with the decrease in pH. These results proved the pH sensitivity of MPPMs. Furthermore, the particle size of MPPMs was slightly increased at pH 7.4 with DTT compared with that at pH 7.4 without DTT. By contrast, no particle size was detected at pH 6.5 with DTT. These findings demonstrated the redox responsibilities of MPPMs. The in vitro drug release experiments showed that the DOX release profile from MPPMs was pH/redox triggered. The MPPMs can efficiently deliver the DOX molecules to the tumor cell nucleus compared with free DOX. The in vivo experiment showed that the MPPMs can effectively inhibit the tumor growth with improved therapeutic efficacy and reduced side effect. In summary, the prepared MPPMs could be a potential nanomedicine for cancer chemotherapy. By the way, this MPPMs might be a stimuli-responsive noncarrier for drug delivery. The drug molecules could be physically loaded into the MPPMs for drug delivery and controlled release. In addition, it is inspirational to develop multifunctional systems for extra- and intracellular drug delivery with multi-staged drug release profiles based on different carriers for cancer therapy. However, more efforts have to be made in safety evaluation before it could be widely use in clinics.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by The Institutional Animal Care and Use Committee (IACUC) at China Medical University.
AUTHOR CONTRIBUTIONS
JL: Conceptualization, methodology, and writing—original draft preparation. SZ: Resources, writing—original draft preparation, and data curation. PZ: software and validation. WL: formal analysis and visualization. JD: supervision, writing—reviewing and editing, and funding acquisition.
FUNDING
This work was financially supported by the Natural Science Foundation of Liaoning Province (No. 2013021002) and Natural Science Foundation of Liaoning Province, China (No. 2021-MS-191).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.802785/full#supplementary-material
REFERENCES
 Basu Ray, G., Chakraborty, I., and Moulik, S. P. (2006). Pyrene Absorption Can Be a Convenient Method for Probing Critical Micellar Concentration (CMC) and Indexing Micellar Polarity. J. Colloid Interf. Sci. 294, 248–254. doi:10.1016/j.jcis.2005.07.006
 Bauri, K., Nandi, M., and De, P. (2018). Amino Acid-Derived Stimuli-Responsive Polymers and Their Applications. Polym. Chem. 9, 1257–1287. doi:10.1039/c7py02014g
 Chen, Z., Zhao, P., Luo, Z., Zheng, M., Tian, H., Gong, P., et al. (2016). Cancer Cell Membrane-Biomimetic Nanoparticles for Homologous-Targeting Dual-Modal Imaging and Photothermal Therapy. ACS Nano 10 (11), 10049–10057. doi:10.1021/acsnano.6b04695
 Dai, L., Liu, J., Luo, Z., Li, M., and Cai, K. (2016). Tumor Therapy: Targeted Drug Delivery Systems. J. Mater. Chem. B 4, 6758–6772. doi:10.1039/c6tb01743f
 Feng, T., Ai, X., An, G., Yang, P., and Zhao, Y. (2016). Charge-convertible Carbon Dots for Imaging-Guided Drug Delivery with Enhanced In Vivo Cancer Therapeutic Efficiency. ACS Nano 10 (4), 4410–4420. doi:10.1021/acsnano.6b00043
 Galluzzi, L., Buqué, A., Kepp, O., Zitvogel, L., and Kroemer, G. (2015). Immunological Effects of Conventional Chemotherapy and Targeted Anticancer Agents. Cancer Cell 28, 690–714. doi:10.1016/j.ccell.2015.10.012
 Gao, C., Bhattarai, P., Chen, M., Zhang, N., Hameed, S., Yue, X., et al. (2018). Amphiphilic Drug Conjugates as Nanomedicines for Combined Cancer Therapy. Bioconjug. Chem. 29 (12), 3967–3981. doi:10.1021/acs.bioconjchem.8b00692
 Gao, D., and Lo, P. C. (2018). Polymeric Micelles Encapsulating pH-Responsive Doxorubicin Prodrug and Glutathione-Activated Zinc(II) Phthalocyanine for Combined Chemotherapy and Photodynamic Therapy. J. Control Release. 282, 46–61. doi:10.1016/j.jconrel.2018.04.030
 Gao, Y., Jia, L., Wang, Q., Hu, H., Zhao, X., Chen, D., et al. (2019). pH/Redox Dual-Responsive Polyplex with Effective Endosomal Escape for Codelivery of siRNA and Doxorubicin against Drug-Resistant Cancer Cells. ACS Appl. Mater. Inter. 11 (18), 16296–16310. doi:10.1021/acsami.9b02016
 Guo, Z., Sui, J., Ma, M., Hu, J., Sun, Y., Yang, L., et al. (2020). pH-Responsive Charge Switchable PEGylated ε-poly-l-lysine Polymeric Nanoparticles-Assisted Combination Therapy for Improving Breast Cancer Treatment. J. Control Release. 326, 350–364. doi:10.1016/j.jconrel.2020.07.030
 He, L., Sun, M., Cheng, X., Xu, Y., Lv, X., Wang, X., et al. (2019). pH/redox Dual-Sensitive Platinum (IV)-based Micelles with Greatly Enhanced Antitumor Effect for Combination Chemotherapy. J. Colloid Interf. Sci. 541, 30–41. doi:10.1016/j.jcis.2019.01.076
 He, L., Xu, J., Cheng, X., Sun, M., Wei, B., Xiong, N., et al. (2020). Hybrid Micelles Based on Pt (IV) Polymeric Prodrug and TPGS for the Enhanced Cytotoxicity in Drug-Resistant Lung Cancer Cells. Colloids Surf. B Biointerfaces 195, 111256. doi:10.1016/j.colsurfb.2020.111256
 Hu, X., Zhang, Y., Xie, Z., Jing, X., Bellotti, A., and Gu, Z. (2017). Stimuli-responsive Polymersomes for Biomedical Applications. Biomacromolecules 18 (3), 649–673. doi:10.1021/acs.biomac.6b01704
 Hu, X., and Liu, S. (2017). Charge-conversional Polyprodrug Amphiphiles for Intracellular Dual-Responsive Drug Delivery. J. Controlled Release 259, e144. doi:10.1016/j.jconrel.2017.03.291
 Huang, X., Liao, W., Xie, Z., Chen, D., and Zhang, C. Y. (2018). A pH-Responsive Prodrug Delivery System Self-Assembled from Acid-Labile Doxorubicin-Conjugated Amphiphilic pH-Sensitive Block Copolymers. Mater. Sci. Eng. C Mater. Biol. Appl. 90, 27–37. doi:10.1016/j.msec.2018.04.036
 Jiang, Y., Zhou, Y., Zhang, C. Y., and Fang, T. (2020). Co-delivery of Paclitaxel and Doxorubicin by pH-Responsive Prodrug Micelles for Cancer Therapy. Int. J. Nanomedicine 15, 3319–3331. doi:10.2147/IJN.S249144
 John, J. V., Chung, C. W., Johnson, R. P., Jeong, Y. I., Chung, K. D., Kang, D. H., et al. (2016). Dual Stimuli-Responsive Vesicular Nanospheres Fabricated by Lipopolymer Hybrids for Tumor-Targeted Photodynamic Therapy. Biomacromolecules 17 (1), 20–31. doi:10.1021/acs.biomac.5b01474
 John, J. V., Johnson, R. P., HeoMoon, M. S. B. K., Moon, B. K., Byeon, S. J., and Kim, I. (2015). Polymer-Block-Polypeptides and Polymer-Conjugated Hybrid Materials as Stimuli-Responsive Nanocarriers for Biomedical Applications. J. Biomed. Nanotechnol. 11 (1), 1–39. doi:10.1166/jbn.2015.2054
 John, J. V., Uthaman, S., Augustine, R., Chen, H., Park, I. K., and Kim, I. (2017). pH/redox Dual Stimuli-Responsive Sheddable Nanodaisies for Efficient Intracellular Tumour-Triggered Drug Delivery. J. Mater. Chem. B. 5 (25), 5027–5036. doi:10.1039/c7tb00030h
 Li, J., Ma, Y. J., Wang, Y., Chen, B. Z., Guo, X. D., and Zhang, C. Y. (2018). Dual redox/pH-Responsive Hybrid Polymer-Lipid Composites: Synthesis, Preparation, Characterization and Application in Drug Delivery with Enhanced Therapeutic Efficacy. Chem. Eng. J. 341, 450–461. doi:10.1016/j.cej.2018.02.055
 Luo, Y., Yin, X., Yin, X., Chen, A., Zhao, L., Zhang, G., et al. (2019). Dual pH/redox-Responsive Mixed Polymeric Micelles for Anticancer Drug Delivery and Controlled Release. Pharmaceutics 11 (4), 176. doi:10.3390/pharmaceutics11040176
 Maeda, H., Nakamura, H., and Fang, J. (2013). The EPR Effect for Macromolecular Drug Delivery to Solid Tumors: Improvement of Tumor Uptake, Lowering of Systemic Toxicity, and Distinct Tumor Imaging In Vivo. Adv. Drug Deliv. Rev. 65 (1), 71–79. doi:10.1016/j.addr.2012.10.002
 Mao, H.-L., Qian, F., Li, S., Shen, J.-W., Ye, C.-K., Hua, L., et al. (2019). Delivery of Doxorubicin from Hyaluronic Acid-Modified Glutathione-Responsive Ferrocene Micelles for Combination Cancer Therapy. Mol. Pharmaceutics 16 (3), 987–994. doi:10.1021/acs.molpharmaceut.8b00862
 Men, W., Zhu, P., Dong, S., Liu, W., Zhou, K., Bai, Y., et al. (2019). Fabrication of Dual pH/redox-Responsive Lipid-Polymer Hybrid Nanoparticles for Anticancer Drug Delivery and Controlled Release. Int. J. Nanomedicine. 14, 8001–8011. doi:10.2147/IJN.S226798
 Nam, J., Son, S., Park, K. S., Zou, W., Shea, L. D., and Moon, J. J. (2019). Cancer Nanomedicine for Combination Cancer Immunotherapy. Nat. Rev. Mater. 4, 398–414. doi:10.1038/s41578-019-0108-1
 Saravanakumar, G., Kim, J., and Kim, W. J. (2016). Reactive-oxygen-species-responsive Drug Delivery Systems: Promises and Challenges. Adv. Sci. 4 (1), 1600124. doi:10.1002/advs.201600124
 Saw, P. E., Yao, H., Lin, C., Tao, W., Farokhzad, O. C., and Xu, X. (2019). Stimuli-responsive Polymer-Prodrug Hybrid Nanoplatform for Multistage siRNA Delivery and Combination Cancer Therapy. Nano Lett. 19 (9), 5967–5974. doi:10.1021/acs.nanolett.9b01660
 Saw, P. E., Yu, M., Choi, M., Lee, E., Jon, S., and Farokhzad, O. C. (2017). Hyper-cell-permeable Micelles as a Drug Delivery Carrier for Effective Cancer Therapy. Biomaterials 123, 118–126. doi:10.1016/j.biomaterials.2017.01.040
 Shabalala, S., Muller, C. J. F., Louw, J., and Johnson, R. (2017). Polyphenols, Autophagy and Doxorubicin-Induced Cardiotoxicity. Life Sci. 180, 160–170. doi:10.1016/j.lfs.2017.05.003
 Srinivasan, S. Y., Paknikar, K. M., Bodas, D., and Gajbhiye, V. (2018). Applications of Cobalt Ferrite Nanoparticles in Biomedical Nanotechnology. Nanomedicine (Lond) 13 (10), 1221–1238. doi:10.2217/nnm-2017-0379
 Talebian, S., Foroughi, J., Wade, S. J., Vine, K. L., Dolatshahi-Pirouz, A., Mehrali, M., et al. (2018). Biopolymers for Antitumor Implantable Drug Delivery Systems: Recent Advances and Future Outlook. Adv. Mater. 30, e1706665. doi:10.1002/adma.201706665
 Vater, C., Hlawaty, V., Werdenits, P., Cichoń, M. A., Klang, V., Elbe-Bürger, A., et al. (2020). Effects of Lecithin-Based Nanoemulsions on Skin: Short-Time Cytotoxicity MTT and BrdU Studies, Skin Penetration of Surfactants and Additives and the Delivery of Curcumin. Int. J. Pharm. 580, 119209. doi:10.1016/j.ijpharm.2020.119209
 Wang, S., Zhang, F., Yu, G., Wang, Z., Jacobson, O., Ma, Y., et al. (2020). Zwitterionic-to-cationic Charge Conversion Polyprodrug Nanomedicine for Enhanced Drug Delivery. Theranostics 10 (15), 6629–6637. doi:10.7150/thno.47849
 Wang, Y., Zhao, J., ChenZhang, Z. F., Zhang, F., Wang, Q., Guo, W., et al. (2019). Construct of MoSe2/Bi2Se3 Nanoheterostructure: Multimodal CT/PT Imaging-Guided PTT/PDT/chemotherapy for Cancer Treating. Biomaterials 217, 119282. doi:10.1016/j.biomaterials.2019.119282
 Wei, L., Zhao, Y., Hu, X., and Tang, L. (2020). Redox-Responsive Polycondensate Neoepitope for Enhanced Personalized Cancer Vaccine. ACS Cent. Sci. 6 (3), 404–412. doi:10.1021/acscentsci.9b01174
 Wei, W., Li, J., Qi, X., Zhong, Y., Zuo, G., Pan, X., et al. (2017). Synthesis and Characterization of a Multi-Sensitive Polysaccharide Hydrogel for Drug Delivery. Carbohydr. Polym. 177, 275–283. doi:10.1016/j.carbpol.2017.08.133
 Xiao, X., Wang, K., Zong, Q., Tu, Y., Dong, Y., and Yuan, Y. (2021). Polyprodrug with Glutathione Depletion and cascade Drug Activation for Multi-Drug Resistance Reversal. Biomaterials 270, 120649. doi:10.1016/j.biomaterials.2020.120649
 Xu, P., Van Kirk, E. A., Zhan, Y., Murdoch, W. J., Radosz, M., and Shen, Y. (2020). Targeted Charge-Reversal Nanoparticles for Nuclear Drug Delivery. Angew. Chem. Int. Ed. Engl. 46 (26), 4999–5002. doi:10.1002/anie.200605254
 Xu, X., Saw, P. E., Tao, W., Li, Y., Ji, X., Bhasin, S., et al. (2017). ROS-responsive Polyprodrug Nanoparticles for Triggered Drug Delivery and Effective Cancer Therapy. Adv. Mater. 29, 331700141. doi:10.1002/adma.201700141
 Yan, S., Huang, Q., Chen, J., Song, X., Chen, Z., Huang, M., et al. (2019). Tumor-targeting Photodynamic Therapy Based on Folate-Modified Polydopamine Nanoparticles. Int. J. Nanomedicine. 14, 6799–6812. doi:10.2147/IJN.S216194
 Yang, Y., Zhu, W., Cheng, L., Cai, R., Yi, X., He, J., et al. (2020). Tumor Microenvironment (TME)-activatable Circular Aptamer-PEG as an Effective Hierarchical-Targeting Molecular Medicine for Photodynamic Therapy. Biomaterials 246, 119971. doi:10.1016/j.biomaterials.2020.119971
 Zhang, C. Y., Chen, Q., Wu, W. S., Guo, X. D., Cai, C. Z., and Zhang, L. J. (2016). Synthesis and Evaluation of Cholesterol-Grafted PEGylated Peptides with pH-Triggered Property as Novel Drug Carriers for Cancer Chemotherapy. Colloids Surf. B Biointerfaces 142, 55–64. doi:10.1016/j.colsurfb.2016.02.025
 Zhang, C. Y., Yang, Y. Q., Huang, T. X., Zhao, B., Guo, X. D., Wang, J. F., et al. (2012). Self-assembled pH-Responsive MPEG-B-(pla-Co-PAE) Block Copolymer Micelles for Anticancer Drug Delivery. Biomaterials 33 (26), 6273–6283. doi:10.1016/j.biomaterials.2012.05.025
 Zhang, S., Zhu, P., He, J., Dong, S., Li, P., Zhang, C. Y., et al. (2020). TME‐Responsive Polyprodrug Micelles for Multistage Delivery of Doxorubicin with Improved Cancer Therapeutic Efficacy in Rodents. Adv. Healthc. Mater. 9 (18), 2000387. doi:10.1002/adhm.202000387
 Zhang, X., Kang, Y., Liu, G. T., Li, D. D., Zhang, J. Y., Gu, Z. P., et al. (2019). Poly(cystine-PCL) Based pH/redox Dual-Responsive Nanocarriers for Enhanced Tumor Therapy. Biomater. Sci. 7, 1962–1972. doi:10.1039/c9bm00009g
 Zhang, X., Hua, Q., Meng, P., Wang, M., Wang, Y., Sun, L., et al. (2019). Fabrication of Biocleavable Crosslinked Polyprodrug Vesicles via Reversible Donor-Acceptor Interactions for Enhanced Anticancer Drug Delivery. Polym. Chem. 10 (21), 2666–2673. doi:10.1039/c9py00404a
 Zheng, Y., Yan, X., Wang, Y., Duan, X., Wang, X., Chen, C., et al. (2019). Hydrophobized SN38 to Redox-Hypersensitive Nanorods for Cancer Therapy. J. Mater. Chem. B. 7, 265–276. doi:10.1039/c8tb02319k
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Luo, Zhang, Zhu, Liu and Du. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-802785-g005.gif





OPS/images/fphar-12-802785-g006.gif
IR R NN






OPS/images/fphar-12-802785-g003.gif
/R e






OPS/images/fphar-12-802785-g004.gif





OPS/images/fphar-12-802785-t001.jpg
Sample

MPPMs-1
MPPMs-2
MPPMs-3

mPEG-b-PAE-cis-DOX*

mPEG-b-PAE-ss-DOX®





OPS/images/fphar-12-802785-g007.gif





OPS/images/fphar-12-802785-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Fabrication of pH/Redox Dual-Responsive Mixed Polyprodrug Micelles for Improving Cancer Chemotherapy		Introduction

		Materials and Methods		Material

		Preparation of MPPMs

		Critical Micelle Concentration Measurement

		Characterization

		pH/Redox Responsiveness

		In Vitro Release of DOX From MPPMs

		Cell Culture

		Confocal Microscopy Study

		Cytotoxicity

		Mice

		Therapeutic Efficiency Experiment

		Statistical Analysis





		Results and Discussion		Preparation and Characterization of MPPMs

		Self-Assembly and Stability

		Dual pH/Redox Responsiveness

		pH/Redox-Triggered Drug Release Profile

		Cytotoxicity Assay

		Cellular Uptake

		Therapeutic Efficacy and Biosafety In Vivo





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Fabrication of pH/Redox Dual-
Responsive Mixed Polyprodrug
Micelles for Improving Cancer

Chemotherapy





OPS/images/fphar-12-802785-g001.gif





OPS/images/fphar-12-802785-g002.gif





OPS/images/fphar-12-802785-t002.jpg
Cell Free DOX MPPMs-1 MPPMs-2 MPPMs-3

AS49 244pg/m 198pg/m  1.95ug/ml 181 pg/mi
MDA-MB-231  395ug/ml  206ugml  193pg/ml  1.90 pg/m









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





