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Abstract:

 Nanoscale micelles as an effective drug delivery system have attracted increasing interest in malignancy therapy. The present study reported the construction of the cholesterol-enhanced doxorubicin (DOX)-loaded poly(D-lactide)-based micelle (CDM/DOX), poly(L-lactide)-based micelle (CLM/DOX), and stereocomplex micelle (CSCM/DOX) from the equimolar enantiomeric 4-armed poly(ethylene glycol)–polylactide copolymers in aqueous condition. Compared with CDM/DOX and CLM/DOX, CSCM/DOX showed the smallest hydrodynamic size of 96 ± 4.8 nm and the slowest DOX release. The DOX-loaded micelles exhibited a weaker DOX fluorescence inside mouse renal carcinoma cells (i.e., RenCa cells) compared to free DOX·HCl, probably because of a slower DOX release. More importantly, all the DOX-loaded micelles, especially CSCM/DOX, exhibited the excellent antiproliferative efficacy that was equal to or even better than free DOX·HCl toward RenCa cells attributed to their successful internalization. Furthermore, all of the DOX-loaded micelles exhibited the satisfactory hemocompatibility compared to free DOX·HCl, indicating the great potential for systemic chemotherapy through intravenous injection.
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1. Introduction

Despite the considerable advances in the treatment of malignancy, the mortality rate of malignancy remains relatively high all over the world [1]. Chemotherapy plays a key role in all the approaches for malignancy therapy [2]. However, the traditional chemotherapy drugs always cause various side effects, which limit the clinical use of chemotherapy [3]. With the rapid development of nanotechnology, the nanomedicines based on polymeric nanoparticles probably hold the key to address the drawbacks of traditional chemotherapy drugs and achieve a better antitumor efficacy. Recently, there are numerous nanoscale drug delivery systems (DDSs), such as liposomes [4,5], micelles [6,7], nanogels [8,9], and so on. Among of them, micelles have got more and more attention due to their excellent conjugation or entrapment of drugs and effective accumulation around the tumor cells through the enhanced permeability and retention (EPR) effect [10].

Doxorubicin (DOX) as an antitumor drug is widely used in clinical chemotherapy. However, DOX exists serious dose-dependent toxicity, because it cannot show a therapeutic action unless it enters into cell nucleus, which will induce serious side effects on the body [11]. In order to solve these problems, the advanced DDSs are in urgent need of development. An ideal DDS should be able to transport the drug (e.g., DOX) into cell effectively and maintain an effective drug concentration in a long time. Furthermore, an excellent DDS should not exhibit obvious toxic effects on normal organs or tissues [12].

Polylactide (PLA) has several stereoisomeric structures, including poly(D-lactide) (PDLA), poly(L-lactide) (PLLA), and poly(D,L-lactide) (PDLLA) [13]. PLA is a biodegradable and biocompatible polymer, which is widely used in the realms of drug delivery, bioengineering, and so on [14,15,16,17]. However, the high hydrophobicity, low drug loading efficiency, and long degradation time have limited the biomedical application of PLA [18]. Poly(ethylene glycol) (PEG), a polyether, has lots of advantages, such as good hydrophilicity, efficient resistance to immunological recognition, favorable biocompatibility, and so on [19,20,21], which makes it be widely applied in medicine. Since PEG was used to prolong the circulation time of liposome in 1990 [22], the nanoparticles modified with PEG have been widely investigated [23,24,25,26]. Among them, the biodegradable block copolymers, which are constructed by PEG and PDLA, PLLA, or PDLLA, exhibit fascinating potential for formulating DDSs [27,28,29]. Ouahab et al. constructed the pH-sensitive charge-reversal and cell penetrating peptides-conjugated PEG–PLA micelles for docetaxel delivery, which showed satisfactory antitumor efficiency in vitro [30]. Chen and coworkers prepared the stereocomplex micelles (SCMs) of enantiomeric PEG–PLA block copolymers to delivery rifampin, which showed enhanced stability in water and higher encapsulation efficiencies compared to single PEG–PDLA and PEG–PLLA micelles [31]. Liu and colleagues fabricated a DOX-loaded 4-armed SCM that exhibited better antitumor effect than the micelles with single component [32]. Moreover, Genexol®-PM composed of PEG and PDLLA is the only clinically approved nanoscale polymeric chemotherapeutic, which was developed by Samyang Genex Co. (Seoul, Korea) [33,34]. Cholesterol is an essential component of cell membrane and has an important influence on its function [35]. Cholesterol can be incorporated into the DDSs to facilitate the cellular uptake, which should be attributed to its excellent structural compatibility with cell membrane [36,37]. There are lots of researches about the influence of cholesterol on DDSs, which show some positive effects on the nanosized drug carriers [38,39].

In this work, DOX was loaded into the cholesterol-mediated 4-armed PEG–PDLA-, PEG–PLLA-, and equimolar PEG–PDLA/PEG–PLLA-based micelles, noted as CDM/DOX, CLM/DOX, and CSCM/DOX, respectively, by nanoprecipitation (Scheme 1). The formulations, especially CSCM/DOX, exhibited excellent antiproliferative activities toward RenCa cells (a mouse renal carcinoma cell line), which were even better than free DOX·HCl. In addition, the DOX-loaded micelles showed decreased hemolysis rates compared with free DOX·HCl, which endowed them with great potential for in vivo applications.
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Scheme 1. Schematic illustration for fabrication of CDM/DOX, CLM/DOX, and CSCM/DOX, and their cellular uptakes by RenCa cells in vitro. 
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2. Results and Discussion


2.1. Fabrication and Characterization of DOX-Loaded Micelles

The branched and multi-armed copolymers have attracted great attention for their more excellent rheological, mechanical, and biomedical properties compared to the linear one and have been widely explored [40]. In this work, pairs of enantiomeric cholesterol-modified 4-armed copolymers of PEG–PDLA and PEG–PLLA were employed as matrices for controlled antitumor drug delivery. The amphiphilic nature of 4-armed PEG–PLA-cholesterol copolymers made them easy to self-organize into micelles in aqueous solution. As shown in Scheme 1, DOX was physically encapsulated by CDM, CLM, or CSCM by nanoprecipitation, yielding CDM/DOX, CLM/DOX, and CSCM/DOX, respectively. The drug-loading contents (DLCs) of CDM/DOX, CLM/DOX, and CSCM/DOX were calculated to be 8.3, 8.8, and 9.5 wt.% and the drug-loading efficiencies (DLEs) were 45.1, 48.2, and 52.2 wt.%, respectively. Compared to CDM/DOX and CLM/DOX, CSCM/DOX exhibited the highest DLC and DLE because of the stable stereocomplex crystallization of enantiomeric PLA in micellar core [31]. The successful preparation of various DOX-loaded micelles was confirmed by transmission electron microscopy (TEM) and dynamic laser scattering (DLS). As shown in Figure 1A–C, all the laden micelles were well dispersed with clear spherical morphologies. The apparent mean diameters of CDM/DOX, CLM/DOX, and CSCM/DOX were around 100, 90, and 80 nm, respectively. In comparison, the hydrodynamic diameters (Dhs) of these micelles tested by DLS were 118 ± 5.2, 104 ± 4.3, and 96 ± 4.8 nm, respectively (Figure 1D–F). Furthermore, the polydispersity indices (PDIs) of Dhs were calculated to be 0.14, 0.14, and 0.13, respectively, which indicated the narrow size distribution of loading micelles. The sizes of DOX-loaded micelles measured by DLS were larger than those detected by TEM mainly because of the hydration state of micelles in DLS tests [41]. The particle size is an important factor for DDSs to deliver drug into tumor effectively. The appropriate sizes of these micelles might give them with excellent capability for selective accumulation in tumor through the EPR effect [10]. Moreover, as shown in Figure 2, the laden micelles showed excellent stability for at least 72 h incubated in phosphate-buffered saline (PBS) at pH 7.4.

Figure 1. Typical TEM micrographs (A–C) and Dhs (D–F) of CDM/DOX (A and D), CLM/DOX (B and E), and CSCM/DOX (C and F).
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Figure 2. Dh changes of CDM/DOX, CLM/DOX, and CSCM/DOX versus time in PBS at pH 7.4, 25 °C. Each set of data was presented as mean ± standard deviation (SD) (n = 3).
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2.2. DOX Release from Various Formulations

The in vitro release behaviors of these micelles were examined in PBS at pH 7.4, imitating the conditions in normal physiological tissues. As shown in Figure 3, CDM/DOX and CLM/DOX showed a similar release behavior, which presented three phases: an initial burst release stage, in which 65% of the loaded DOX was released during 6 h; a continuous slow release phase, in which 85% of the loaded DOX was released in a continuous way during 36 h; a platform period, in which only a little loaded DOX was released until 72 h. The initial burst release might be attributed to the absorption of DOX by the shallow parts of the micelles. The mechanism of slow release might be related to the diffusion of DOX through the micelles and the degradation of PLA block [42]. Interestingly, CSCM/DOX exhibited slower drug release than those with single component because of the enhanced stability of CSCM [43]. As time was extended to 36 h, the DOX release of all these laden micelles was tended to be stable. In addition, the cumulative DOX release of these two micelles with single component was about 90 wt.% in 72 h, while that of CSCM/DOX was about 75 wt.%. The results showed that these micelles, especially CSCM, could load and controllably release DOX effectively.

Figure 3. Release behaviors of CDM/DOX, CLM/DOX, and CSCM/DOX in PBS at pH 7.4, 37 °C. Each set of data was presented as mean ± SD (n = 3).
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Furthermore, the cellular uptakes and intracellular release behaviors of these DOX-loaded micelles were explored on RenCa cells through confocal laser scanning microscopy (CLSM) and flow cytometry (FCM). As shown in CLSM microimages (Figure 4A), the fluorescence intensity of cells co-cultured with free DOX·HCl was higher than those of DOX-loaded micelles for 2 h. It might because that the cellular uptake of free DOX·HCl by diffusion was quicker than those of DOX-incorporated micelles by endocytosis [44]. Moreover, the fluorescence intensity of DOX in CSCM/DOX group was higher than those of CDM/DOX and CLM/DOX groups, which was possibly attributed to the slower extracellular DOX release and more efficient DOX release in intracellular condition [32]. For further confirmation, the FCM histograms of DOX-loaded micelles and free DOX·HCl were performed and shown in Figure 4B. RenCa cells without any treatments served as blank control, which showed only the autofluorescence of cells. The signal intensity of CDM/DOX and CLM/DOX made little difference. The fluorescence intensity of CSCM/DOX in the nuclei was higher than those of CDM/DOX and CLM/DOX, and free DOX·HCl exhibited the highest fluorescence intensity. The results of FCM were agreed very well with that of CLSM, which showed the effective internalization of DOX-loaded micelles by RenCa cells.

Figure 4. Typical CLSM microimages (A) and FCM determinations (B) of RenCa cells incubated with CDM/DOX, CLM/DOX, CSCM/DOX, or free DOX·HCl for 2 h.
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2.3. In Vitro Assessment of Cell Viability

In order to evaluate the toxicity profiles of DOX-loaded micelles and free DOX·HCl, the cell viability of RenCa cells was evaluated by a 3-(4.5-dimethyl-thiazol-2-yl)-2.5-diphenyl tetrazolium bromide (MTT) assay. The cellular proliferation inhibition capabilities of DOX-loaded micelles and free DOX·HCl were compared. As shown in Figure 5, CDM/DOX and CLM/DOX appeared lower proliferation inhibitory efficacy than free DOX·HCl at equivalent DOX concentration after incubation for 48 h. The phenomenon might be due to the exist of cholesterol, which enter the cells possibly through a low-density lipoprotein receptor-mediated endocytosis pathway [45,46] and the high-energy dependency of the endocytosis process [47]. However, CSCM/DOX exhibited more effective proliferation inhibition effects on RenCa cells than those of CDM/DOX, CLM/DOX, and free DOX·HCl. It might be relevant to the greater stability of SCM, so less cholesterol appeared on the surface of CSCM/DOX, which less influenced endocytosis. What's more, the improved stability of the micelle meant the less extracellular drug release. Therefore, a greater amount of drug was internalized into the cells by endocytosis and sustained drug release in tumor cells effectively. The half maximal inhibitory concentrations (IC50) of CDM/DOX, CLM/DOX, CSCM/DOX, and free DOX·HCl were calculated to be 0.44, 0.37, 0.22, and 0.33 μg mL−1, respectively. The lowest IC50 of CSCM/DOX quantitatively showed its enhanced antiproliferative capability against the tumor cells and the potential advantage to be used as a potential antitumor drug formulation.

Figure 5. Relative cell viabilities of DOX-loaded micelles toward RenCa cells with free DOX·HCl as control. Each set of data was presented as mean ± SD (n = 4).
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2.4. Evaluations of Serum Albumin-Tolerance Stability and Hemocompatibility

The evaluations of serum albumin-tolerance stability and hemocompatibility of laden micelles are necessary because the corresponding formulations are designed to be finally administrated via intravenous injection [48]. In this study, the stability of these DOX-loaded micelles incubated in PBS-buffered bovine serum albumin (BSA) solution (30.0 mg mL−1) was tested by DLS at 25 °C. As shown in Figure 6, all the laden micelles exhibited excellent stability during the measurement of 72 h. Moreover, the Dhs of these laden micelles in PBS with BSA were similar to the above results in PBS without BSA (Figure 2). It indicated that the DOX-loaded micelles kept excellent stability in BSA solution.

Figure 6. Dh changes of CDM/DOX, CLM/DOX, and CSCM/DOX versus time in PBS-buffered BSA solution (30.0 mg mL−1) at pH 7.4, 25 °C. Each set of data was presented as mean ± SD (n = 3).
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As mentioned above, the excellent hemocompatibility is an important precondition of DOX-loaded micelles for the final application in clinic through the intravenous injection, which is the main administration approach for most drug delivery systems [49]. As shown in Figure 7, the hemolytic activities of these micelles and free DOX·HCl were tested by a spectrophotometry approach. The profiles revealed that these micelles were almost no obvious hemolysis activities with DOX·HCl concentrations up to 1.0 mg mL−1, while free DOX·HCl showed more serious hemolysis of red blood cells (RBCs). The results demonstrated that the DOX-loaded micelles had satisfactory blood compatibility.

Figure 7. Hemolysis behaviors of CDM/DOX (A); CLM/DOX (B); CSCM/DOX (C); and free DOX·HCl (D).
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3. Experimental Section


3.1. Materials

4-Armed PEG with a number-average molecular weight of 10,000 Da was purchased from Shanghai Seebio Biotech, Inc. (Shanghai, China) and used as received. DLA and LLA were provided by Changchun SinoBiomaterials Co., Ltd. (Changchun, China) and recrystallized from ethyl acetate under argon atmosphere before use. 4-Armed PEG–PDLA and PEG–PLLA were synthesized as our previously reported proposal [32]. In briefly, 10.0 g (1.0 mmol) of 4-armed PEG were azeotropically distilled with 200.0 mL of toluene at 120 °C to remove traces of water. And then, 5.8 g (40 mmol) of DLA or LLA and 100.0 mL of dried toluene were added into the PEG solution. The reaction was performed at 110 °C for 24 h. After the reaction, the copolymer was precipitated in 500.0 mL of diethyl ether. Then the product was dissolved in dichloromethane and precipitated in diethyl ether again. This operation was repeated three times. The obtained product was filtered and dried in vacuum overnight. The degree of polymerization (DP) of PLA in each arm was calculated to be 16 based on the data of proton nuclear magnetic resonance. The number-average molecular weight (Mn) of copolymer was estimated to be 14,600 g mol−1. The cholesterol-modified copolymers were prepared through the condensation reaction between 4-armed PEG–PLA and cholesteryl chloroformate [50]. Cholesteryl chloroformate, MTT, 4′,6-diamidino-2-phenylindole (DAPI), Alexa Fluor 488 phalloidin (Alexa 488), and BSA were purchased from Sigma-Aldrich (Shanghai, China). Doxorubicin hydrochloride (DOX·HCl) was obtained from Beijing HuaFeng United Technology Co., Ltd. (Beijing, China). Clear 6-well and 96-well tissue culture polystyrene (TCP) plates were obtained from Corning Costar Co. (Cambridge, MA, USA). The deionized water was prepared through Milli-Q water purification equipment (Millipore Co., Milford, MA, USA).



3.2. DOX Encapsulation

DOX was loaded into micelles through a nanoprecipitation method [51]. In briefly, DOX·HCl (21.3 mg) were dissolved in 6.0 mL of Milli-Q water, and then were slowly added into 10.0 mL of 4-armed PLLA–PEG-cholesterol copolymer solution in N,N-dimethylformamide (DMF) (10.0 mg mL−1). After that, 2.0 mL of PBS was added into the mixed solution. It was continuous stirring at room temperature for 12 h and subsequently dialyzed against deionized water for 12 h (molecular weight cut-off (MWCO) = 3500 Da). At last, the CLM/DOX was obtained by lyophilisation. Both CDM/DOX and CSCM/DOX were fabricated by the same protocol.

In order to detect the DLC and DLE, the DOX-loaded micelles were dissolved in DMF and stirred for 12 h at room temperature. After that, the amount of DOX in micelles were detected by the fluorescence spectroscopy with a standard curve method on a Fluorescence Master System with software Felix 4.1.0 (λex = 480 nm; Photon Technology International, Inc., Lawrenceville, NJ, USA). The DLC and DLE of DOX-loaded micelles were calculated by Equations (1) and (2), respectively.
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(1)
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(2)






3.3. Measurements

At the predetermined times after the dissolution of DOX-loaded micelles in PBS at pH 7.4, the Dhs of laden micelles were determined using DLS at 25 °C on a WyattQELS apparatus. The intensity results were obtained, and the average histograms were given. The PDI of Dh was defined as the ratio of standard deviation and mean of Dh. TEM experiments were carried out on a JEOL JEW-1011 instrument operating at an accelerating voltage of 100 kV. 10.0 μL of loading micelle solution (0.1 mg mL−1) was dipped on a copper grid and then dried at room temperature in the air.



3.4. In Vitro DOX Release

The release profiles of DOX-loaded micelles were assessed in PBS at pH 7.4, a mimicking normal physiological condition. In brief, 1.0 mg of CDM/DOX, CLM/DOX, or CSCM/DOX was dissolved in 10.0 mL PBS and then transferred into a dialysis bag (MWCO = 3500 Da). After that, the dialysis bag was put into a beaker and subsequently 100.0 mL of PBS was added at 37 °C with continuous vibrations of 70 rpm. At the predetermined time points, 2.0 mL of release medium was taken out for test, and an equal volume of fresh PBS was added into the beaker. The amount of released DOX was determined using fluorescence spectroscopy.



3.5. Intracellular DOX Release Analyses

The abilities of micelles to transport DOX into RenCa cells were qualitatively detected by CLSM and quantitatively estimated by FCM.


3.5.1. CLSM

The cells were seeded on glass coverslips in 6-well plates at a density of 2.0 × 105 cells per well in 2.0 mL of complete high glucose Dulbecco’s modified Eagle’s medium (HG-DMEM), and cultured at 37 °C for 24 h. CDM/DOX, CLM/DOX, CSCM/DOX, or free DOX·HCl was added to each well with a final DOX·HCl concentration of 10.0 μg mL−1. After co-incubation for 2 h, the medium was removed and the cells on glass coverslips were washed with PBS five times. After that, the immobilization was executed with 4% (w/v) PBS-buffered paraformaldehyde for 20 min at room temperature. And then, the cells were washed with PBS five times, and added in 0.1% (v/v) Triton X-100 in PBS for 12 min at room temperature. After being washed with PBS five times, the cells were subsequently stained with DAPI for 3 min. Afterwards, the cells were washed with PBS five times. At last, the filamentous actin was dyed with Alexa 488 for 30 min at 37 °C, and washed with PBS five times. The CLSM microimages of cells were photographed by a LSM 780 CLSM (λex = 488 nm; Carl Zeiss, Jena, Germany).



3.5.2. FCM

RenCa cells were seeded in 6-well plates at a density of 2.0 × 105 cells per well and cultured with 2.0 mL of complete HG-DMEM for 24 h. And then, CDM/DOX, CLM/DOX, CSCM/DOX, or free DOX·HCl was added to each well with a final DOX·HCl concentration of 10.0 μg mL−1. Cells without treatment were used as control. After co-culture for 2 h, the medium was removed and the cells were washed with PBS five times. After that, all the cells were digested by trypsin, suspended in PBS, and centrifuged at 3500 rpm for 5 min. The supernatant was discarded and the bottom cells were resuspended in 0.3 mL of PBS. Data was analyzed by a flow cytometer (λex = 488 nm; Beckman, CA, USA).




3.6. Cytotoxicity Assays

The cytotoxicities of DOX-loaded micelles and free DOX·HCl with a DOX·HCl concentration from 0.16 to 10.0 μg mL−1 were conducted toward RenCa cells by a MTT assay. In brief, 180.0 μL of cell suspension containing 8.0 × 103 cells in complete HG-DMEM was planted into 96-well plates and incubated at 37 °C for 24 h. And then, various DOX formulations in 20.0 μL of PBS were added to each well and cultured for another 48 h. Subsequently, 20.0 μL of MTT at a concentration of 5.0 mg mL−1 was added and incubated for further 4 h. After that, the medium was carefully removed, and 150.0 μL of dimethyl sulfoxide (DMSO) was added to each well to dissolve the MTT formazan generated by the live cells. The plates were vibrated for 5 min before detection. The absorbance of medium was measured at 490 nm using a Bio-Rad 680 microplate reader. The cell viability was calculated as Equation (3).
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(3)




In Equation (3), the Asample and Acontrol represented the absorbances of sample and control wells, respectively.



3.7. Serum Albumin-Tolerance Stability Assays

The stability of DOX-loaded micelles in PBS-buffered BSA solution (30 mg mL−1) at pH 7.4, 25 °C, was tested by DLS at different time points.



3.8. Hemolysis Activity Tests

The hemolytic activity properties of CDM/DOX, CLM/DOX, CSCM/DOX, and free DOX·HCl were evaluated by a spectrophotometry technique. Typically, the fresh rabbit blood was obtained from the Experimental Animal Center of Jilin University, and then the blood was stabilized with dipotassium ethylene diamine tetraacetate in normal saline (NS). The blood was centrifuged at 1500 rpm for 10 min in order to separate the RBCs. Then the obtained RBCs were carefully washed and diluted. Next, CDM/DOX, CLM/DOX, CSCM/DOX, and free DOX·HCl at different concentrations were added in the suspended RBCs at 37 °C for 2 h. NS was used as negative control and Triton X-100 (i.e., a lysing agent of RBCs) was used as positive control. After that, the RBCs were separated at 3000 rpm for 10 min, and 180.0 μL of supernatant of each sample was collected and added into a 96-well plate. Then the free hemoglobin in the supernatant was tested using a Bio-Rad 680 microplate reader at 570 nm. The hemolytic ratio of RBCs was calculated as Equation (4).
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(4)




In Equation (4), the Asample, Anegative control, and Apositive control represented the absorbances of sample, and negative and positive controls, respectively.




4. Conclusions

In summary, CDM/DOX, CLM/DOX, and CSCM/DOX were constructed with diameters at ~100 nm, which exhibited a proper size for the selective accumulation in tumor tissue through the EPR effect. Compared to CDM/DOX and CLM/DOX composed with a single polymeric component, CSCM/DOX showed smaller particle size and slower DOX release. What's more, all these DOX-loaded micelles, especially CSCM/DOX, could be effectively internalized by RenCa cells. More importantly, CSCM/DOX showed a higher antiproliferative activity on RenCa cells than both CDM/DOX and CLM/DOX, and even free DOX·HCl after incubation for 48 h. In addition, all the DOX-loaded micelles showed satisfactory biocompatibility compared with free DOX·HCl. All in all, the CSCM is probably used as an effective drug delivery system in the clinical chemotherapy of malignancy.
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