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Ovarian cancer is the second most common cause of gynecological cancer death in women. It is usually diagnosed late and accompanied by peritoneal metastasis. For ovarian cancer with peritoneal metastasis, intraperitoneal (IP) chemotherapy can maintain a high drug concentration in the abdominal cavity and reduce local and systemic toxicity. Recently, docetaxel (DTX) has shown broad-spectrum antitumor activity against various malignant tumors, including ovarian cancer with peritoneal metastasis. However, DTX has limited clinical applications due to its poor water solubility, predisposition to hypersensitivity, fluid retention, and varying degrees of neurotoxicity. In this study, we prepared methoxy-poly(ethylene glycol)-block-poly(D,L-lactide) (mPEG-PDLLA) micelles loaded with DTX and developed an alternative, less toxic, more effective DTX formulation, without Tween 80, and evaluated its pharmacokinetics in the abdominal cavity and its efficacy in ovarian cancer with peritoneal metastasis. The mean diameter of DTX-mPEG-PDLLA was about 25 nm, and the pharmacokinetics of BALB/c mice via IP showed that the plasma exposure of DTX-mPEG-PDLLA was about four times lower than that of DTX. Importantly, DTX-mPEG-PDLLA was significantly more effective than DTX and prolonged the survival period in a SKOV-3 ovarian cancer peritoneal metastasis model. Moreover, the apoptosis rate was significantly increased in vitro. Based on these findings, it is expected that DTX-mPEG-PDLLA can enhance efficacy against ovarian cancer peritoneal metastasis, while reducing toxic side effects, and has the potential to be used in the clinical treatment of peritoneal metastatic cancer.
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INTRODUCTION
Ovarian cancer is the second most common gynecological malignancy. It is estimated that there were approximately 295,414 new cases and 184,799 deaths from ovarian cancer in 2018 (Bray et al., 2018). The diagnosis of ovarian cancer is mostly at an advanced stage of the disease, often with peritoneal metastasis, with a poor prognosis (Kuroki and Guntupalli, 2020; Menon et al., 2021). Generally, compared with intravenous administration, intraperitoneal (IP) chemotherapy is expected to provide a higher drug concentration and lower systemic toxicity in the peritoneal cavity (de Bree et al., 2006; Menon et al., 2021). Moreover, it has been shown that IP chemotherapy was associated with prolonged survival of patients with peritoneal metastases from ovarian cancer (Elit et al., 2007; Shi et al., 2019).
Docetaxel (DTX), a member of the taxane family, has become one of the most effective antitumor drugs against various malignant solid tumors such as ovarian cancer with peritoneal metastasis. DTX can induce polymerization of tubulin monomers and inhibit their depolymerization, leading to mitotic arrest in the G2/M phase of the cell cycle (Montero et al., 2005; Wang et al., 2014; Yamada et al., 2019). Furthermore, studies have confirmed that the concentration of DTX administered via IP was 100-fold higher and maintained for a longer time than that from intravenous administration (Shimada et al., 2010). However, DTX has limited clinical applications due to its poor water solubility, prone to hypersensitivity, fluid retention, and varying degrees of neurotoxicity, and because Tween 80 and 95% ethanol are needed for DTX preparations in the clinical formulation (Gong et al., 2020). In view of these drawbacks, efforts have been focused on changing the formulation and developing alternative, less toxic, and more effective DTX preparations (Lee et al., 2011; Fan et al., 2014; Saw et al., 2017; Ghassami et al., 2018; Liu et al., 2019; Kim et al., 2020).
In recent years, as a superior drug delivery system, self-assembled polymer micelles with amphiphilic blocks represent a class of nanocarriers with a well-defined core-shell structure, which can overcome the poor water solubility of antitumor drugs, and enhance their delivery to tumor sites through passive or active targeting, thereby reducing adverse effects to healthy tissues (Lu et al., 2018; Jo et al., 2021; Xu et al., 2021; Yang et al., 2021; Zheng et al., 2021). In addition, the bioavailability of drugs at the tumor site has been increased through an enhanced permeability and retention (EPR) mechanism (Hu et al., 2020; Tan LW et al., 2017; Younis et al., 2022). Therefore, as one of the most effective chemotherapy drugs for ovarian cancer, DTX-loaded micelles may enhance local or systemic antitumor effects.
In this work, we reported the development of a DTX micelle using a non-toxic and biodegradable amphiphilic diblock copolymer, mPEG-PDLLA, which has improved the poor aqueous solubility and substantial toxic side effects of DTX, and has been approved by the Food and Drug Administration (FDA) (Hao et al., 2017; He et al., 2020). Furthermore, we used the marketed formulation of DTX as a control treatment to evaluate the efficacy of DTX-mPEG-PDLLA micelles administered via IP in a SKOV-3 ovarian cancer peritoneal metastasis model. The characterization of DTX-mPEG-PDLLA micelles was verified, and the pharmacokinetics and antitumor efficacy in peritoneal metastasis of ovarian cancer after IP administration were compared with free DTX (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic of the synthesis and intraperitoneal administration of DTX-mPEG-PDLLA micelles. The DTX-mPEG-PDLLA micelles were prepared with DTX and mPEG-PDLLA polymers by a self-assembly method. The drugs were delivered by the micelles after IP administration for an antitumor effect in vivo.
METERIALS AND METHODS
Cell Lines and Animals
The SKOV-3 human ovarian adenocarcinomal cell line (Cell Bank of Chinese Academy of Sciences, Shanghai, China) was cultured in Roswell Park Memorial Institute 1640 medium (RPMI 1640, Gibco Inc., Billings, MT, United States) containing 10% fetal bovine serum (FBS, Gibco Inc.) with 100 U/ml penicillin and 100 mg/ml streptomycin in a 37°C incubator (Thermo Fisher Scientific, Waltham, MA, United States) supplied with 5% carbon dioxide (CO2). DTX was purchased from Jiangsu Aosaikang Pharmaceutical Co., Ltd. (Nanjing, China). Cell Counting Kit-8 (CCK-8) was obtained from Dojindo Laboratories (Kumamoto, Japan).
Female BALB/c nude mice and male ICR mice (4–6 weeks old) were used for in vivo antitumor experiments and pharmacokinetic studies. The animals were purchased from the Laboratory Animal Center of jiesijie (Shanghai, China) and were separately housed in groups of five at a controlled temperature of 24–26°C, with a 12 h alternate day and night/light and dark. All mice were provided standard laboratory food and free-to-drink autoclaved tap water. All animal procedures were performed in accordance with the protocols approved by the Institutional Animal Ethics Committee of Tongji University (Shanghai, China). During the entire experiment, all mice were treated humanely. Endpoints requiring euthanasia included inactivity, weight loss of more than 20%, excessive muscle atrophy, and hypothermia.
Critical Micelle Concentration
The pyrene fluorescence method was used to determine the CMC of the copolymers. Before fluorescence detection, the sample was prepared according to the instructions, the emission wavelength was set to 330 nm, and the excitation spectrum scanning range was 300–400 nm. The fluorescence intensity ratio was calculated and plotted at 333 and 339 nm (I333/I339). The intersection of two linear regressions was considered the CMC value.
Preparation of DTX-mPEG-PDLLA Micelles
The thin-film hydration method was used to prepare DTX-mPEG-PDLLA micelles. Briefly, DTX (20 mg) and mPEG-PDLLA (480 mg) were co-dissolved in 1 ml of methanol. Next, mPEG-PDLLA and DTX stock solution were mixed and heated over 47°C rotary steam to remove the solvent. Subsequently, 40 μl of normal saline was added and hydrated at 60°C to prepare the DTX-mPEG-PDLLA micelles.
Characterization of DTX-mPEG-PDLLA Micelles
To detect drug loading (DL) and encapsulation efficiency (EE), 20 mg of lyophilized DTX-mPEG-PDLLA was dissolved in acetonitrile. The sample was determined by high performance liquid chromatography (HPLC, Shimadzu LC-20AT, Japan). The values of DL and EE of DTX-mPEG-PDLLA were calculated by the equations: DL (%) = (weight of DTX in micelles/weight of DTX-mPEG-PDLLA) ×100%; EE (%) = (weight of DTX in micelles/weight of DTX added) ×100%.
Next, the particle size and zeta potential of DTX-mPEG-PDLLA were measured by Nano-ZS 90 Nanosizer (Zetasizer Nano; Malvern, Panalytical, United Kingdom) after dilution with distilled water. Some DTX-mPEG-PDLLA micelle suspension was dropped on the special copper net for the transmission electron microscope (TEM; Tecnai G2 Spirit BioTWIN, Huck Institutes of Life Sciences, University Park, PA, United States) and allowed to dry naturally. The morphology of DTX-mPEG-PDLLA was observed after the sample was prepared.
In Vitro Drug Release Behavior
Dialysis was used to evaluate the in vitro release of DTX-mPEG-PDLLA micelles. During the experiment, 1 ml DTX-mPEG-PDLLA micelles containing 20 mg DTX were placed in a dialysis bag, and 0.5% Tween 80 containing 0.01 mmol/L phosphate buffer (pH 7.4) was used as the release medium. During this process, 1 ml of the sample was taken at different time intervals (0, 0.5, 1, 2, 4, 6, 8, and 12 h), and blank release medium was added. The released DTX was quantified by the HPLC method.
Cell Uptake Assay
Fluorescence microscopy was used to observe the cellular uptake. In this study, coumarin-6 (C6) as a fluorescent probe was loaded into the micelles (C6-mPEG-PDLLA). The concerntration of C6 and mPEG-PDLLA for the preparation was 50 μg/ml and 1 mg/ml, respectively. SKOV-3 cells were seeded in six-well plates at a density of 1×106 cells/well and cultured for 24 h. C6-mPEG-PDLLA micelles were diluted to 2.5 μg/ml, then C6 and C6-mPEG-PDLLA micelles were added to the six-well plates, and incubated for 2 h at 37°C in the dark. Cells were washed with phosphate buffer saline (PBS), fixed with 4%-paraformaldehyde, and dyed with 4ʹ,6-diamidino-2-phenylindole (DAPI) for nuclear staining. Then, cell uptake of SKOV-3 was observed and scanned by fluorescence microscopy (Leica DMi8; Leica Microsystems Ltd., Wetzlar, Germany).
Cell Viability Assay
The CCK-8 detection method measured cell viability and was used in accordance with the manufacturer’s instructions. SKOV-3 cells were seeded in 96-well plates at a density of 1×104 cells/well, and treated as expected after 24 h of culture. Reagent (10 µl) was added to the wells according to the experimental design, and the plates were incubated at 37°C for 2 h. An optical density of 490 nm was achieved on an enzyme-labeled instrument (Infinite M200 pro; Tecan, Switzerland).
Cell Cycle and Cell Apoptosis Analysis
The cell cycle and apoptosis detection kit (Beyotime; Shanghai, China) were used in accordance with the manufacturer’s instructions. SKOV-3 cells were seeded in a 24-well plate at a density of 1×105 cells/well for 24 h, and then treated with a control, mPEG-PDLLA, DTX, or DTX-mPEG-PDLLA at 37°C for 48 h. Finally, the cells were analyzed using the CytExpert flow cytometer (Beckman Coulter, Brea, CA, United States).
Pharmacokinetics Study
The male ICR mice were divided into the DTX and DTX-mPEG-PDLLA micelle groups. DTX was dissolved using commercially exclusive solvent and DTX-mPEG-PDLLA micelles were dissolved in normal saline (NS). After the mice were treated with IP administration of DTX or DTX-mPEG-PDLLA micelles 10 mg/kg, the samples were collected from orbital blood at different time points (5 mice at each time point). Blood samples were collected at 0, 0.033, 0.083, 0.167, 0.25, 0.5, 1, 2, 3, 6, 8, and 24 h. The plasma was separated and extracted with acetonitrile solution containing 0.1% formic acid, and the samples were blown with nitrogen at a temperature of 40°C until concentrated. The dry residues were dissolved in water with 0.1% formic acid for liquid chromatograph-mass spectrometer/mass spectrometer (LC-MS/MS) analysis. WinNonlin software (Certara, Princeton, NJ, United States) was used for data analysis.
In Vivo Tumor Model
To evaluate the therapeutic effect of DTX-mPEG-PDLLA in the ovarian cancer peritoneal metastasis model, female BALB/c nude mice (4–6 weeks old) were reared with five mice in each group. Mice were inoculated intraperitoneally with 1×108 SKOV-3 cells. After measuring the tumor diameter at the IP inoculation site to about 1 mm, the tumor-bearing mice were randomly divided into seven groups and received NS, DTX (10, 20, and 40 mg/kg), and DTX-mPEG-PDLLA micelles (10, 20, and 40 mg/kg) were administered to the abdominal cavity via IP, once every 7 days for a total of two administrations and weighed every 3 days during the period. On the 24th day after the administration, all the mice were killed by cervical dislocation, and the tumor nodules were immediately harvested and weighed. Similarly, to detect drug distribution in tumors and tissues, tumors and some organs of mice were harvested after being killed by IP administration for 1 h at a drug dose of 10 mg/kg for further analysis. The concentration of DTX was analyzed by HPLC.
Statistical Methods
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism 6 software (San Diego, CA, United States). The Student’s t-test or one-way analyses of variance (ANOVA) were used to compare the differences in groups. A confidence level of 95% was used for all analyses (α-value = 0.05). Results were summarized as ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.
RESULTS
Preparation and Characterization of DTX-mPEG-PDLLA Micelles
In this work, the molecular weight of the mPEG-PDLLA polymer was about 4,000 and of mPEG and PDLLA were each 2000. The CMC value of DTX-mPEG-PDLLA was 0.044 mg/ml (Figure 2A). Such a low CMC value ensured that the copolymers self-assembled into stable micellar carriers, as expected, which was essential for effective delivery of antitumor drugs to the tumor sites.
[image: Figure 2]FIGURE 2 | Characterization of DTX-mPEG-PDLLA micelles. (A) CMC measurement of mPEG-PDLLA by a pyrene fluorescence probe. (B,C) Particle size distribution of mPEG-PDLLA and DTX-mPEG-PDLLA micelles. (D,E) Zeta potential of mPEG-PDLLA and DTX-mPEG-PDLLA micelles. (F,G) TEM images of mPEG-PDLLA and DTX-mPEG-PDLLA micelles.
DTX-mPEG-PDLLA micelles were prepared by the thin-film hydration method. In the process of evaporating and removing alcohol, DTX and copolymers were distributed as an amorphous substance. After water was added, mPEG-PDLLA copolymers self-assembled into core–shell structured micelles with DTX encapsulated in the core.
The DL and EE of DTX-MPEG-PDLLA micelles were 4.27 ± 0.36% and 99.24 ± 0.62%, respectively, which indicated that mPEG-PDLLA had high encapsulation efficiency as a micelle material. Meanwhile, the mean particle size of the mPEG-PDLLA and DTX-mPEG-PDLLA micelles were about 23 and 25 nm, respectively (Figures 2B,C). Zeta potential of the mPEG-PDLLA and DTX-mPEG-PDLLA micelles were about −5.02 mV and −3.13 mV, respectively (Figures 2D,E). Importantly, all were close to each other. In addition, according to the narrow particle size distribution of DTX micelles, the polydispersity index (PDI) was less than 0.12, indicating that there was good monodispersity. Combined with the results of the TEM micrograph (Figures 2F,G), both the mPEG-PDLLA and DTX-mPEG-PDLLA micelles had a regular shape, which was consistent with the analysis of the particle size.
The dialysis method was used to investigate whether DTX-mPEG-PDLLA micelles delayed the release time of DTX. Approximately, 45% of DTX was released rapidly in the first hour of DTX injection, and DTX was almost released completely within 6 h, with a cumulative release amount close to 96%. In contrast, less than 30% of DTX-mPEG-PDLLA micelles were released in 6 h and 58% in 72 h (Figure 3A). These findings showed that DTX-mPEG-PDLLA micelles had a significantly slower release (p < 0.05). Furthermore, cellular uptake of C6-mPEG-PDLLA was performed in SKOV-3 cells. DAPI was used to stain the nucleus for blue fluorescence, and green fluorescence represented the release of C6 in SKOV-3 cells. After incubation for 2 h, the green fluorescence in the C6-mPEG-PDLLA group was stronger than that in the free C6 group (Figure 3B).
[image: Figure 3]FIGURE 3 | DTX release from DTX-mPEG-PDLLA micelles in vitro and cellular uptake of C6-mPEG-PDLLA micelles. (A) Release characteristics of DTX and DTX-mPEG-PDLLA micelles in vitro. The data were analyzed as mean ± SD (n = 3). (B) Cellular uptake in SKOV-3 cells.
Performance of DTX-mPEG-PDLLA in Ovarian Cancer Cells
In vitro CCK-8 was used to evaluate the cytotoxicity of DTX-mPEG-PDLLA and DTX against SKOV-3 ovarian cancer cells. The results showed that both DTX-mPEG-PDLLA and DTX effectively inhibited the proliferation of SKOV-3 cells in a dose-dependent manner, and the blank micelles had no cytotoxicity. Moreover, the cell viability of the DTX-mPEG-PDLLA group was lower than that of the DTX group after 24 and 48 h of treatment (Figures 4A,B), which may be related to the delayed release of micelles. In short, there was no significant difference between the two groups.
[image: Figure 4]FIGURE 4 | Antitumor activity of DTX-mPEG-PDLLA micelles in ovarian cancer cells. (A,B) Cytotoxicity of mPEG-PDLLA, DTX, and DTX-mPEG-PDLLA micelles in SKOV-3 human ovarian cancer cells treated for 24 and 48 h, respectively (n = 3, mean ± SD); *p < 0.05 and **p < 0.01. (C) Apoptosis induction of SKOV-3 cells treated with mPEG-PDLLA, DTX, and DTX-mPEG-PDLLA for 48 h analyzed by the Annexin V-FITC Apoptosis Detection Kit. (D) Results representing three-independent experiments; ***p < 0.001, ****p < 0.0001 vs. the control group. (E,F) Cell cycle assays and analysis of mPEG-PDLLA, DTX, and DTX-mPEG-PDLLA micelles in SKOV-3 cells treated for 48 h, respectively (n = 3, mean ± SD).
Next, to further explore the antiproliferative effect of DTX-mPEG-PDLLA micelles in ovarian cancer cells, we examined apoptosis of SKOV-3 cells after 48 h of different treatments. First, the apoptosis rates of the two drug groups were significantly higher than that of the control group and the blank mPEG-PDLLA group. Second, compared with the DTX group, the apoptosis rate of the DTX-mPEG-PDLLA group increased significantly, while the mPEG-PDLLA group did not increase compared with the control group, which was consistent with the cell viability test (Figures 4C,D).
It is known that DTX is a specific drug acting on the M-phase in the cell cycle, which promotes the aggregation of tubules into stable microtubules and inhibits their aggregation, resulting in the formation of stable non-functional microtubule bundles, thus destroying the mitosis of tumor cells (Liang et al., 2021). Consequently, we performed an analysis of the cell cycle of the two drugs. The results showed that both DTX and DTX-mPEG-PDLLA prominently resulted in mitosis inhibition and G2/M arrest, with mean values of 60 and 84% in SKOV-3 cells, respectively (Figures 4E,F). Similarly, apoptosis induction and cell cycle arrest of blank mPEG-PDLLA micelles were no different from those of the control group, which showed that they had good cytocompatibility.
Plasma Pharmacokinetics
In vivo IP pharmacokinetics were investigated in ICR mice, and the plasma concentration–time curve of the two drugs after IP administration is shown in Figure 5. The main pharmacokinetic parameters are presented in Table 1. The area under the curve (AUC) from time zero to the last measurable time (AUClast; 12.77 ± 0.16 h*µg/ml) and AUC from time of dosing extrapolated to infinity, based on the last observed concentration (AUCINF-obs; 12.80 ± 0.13 h*µg/ml) for DTX were significantly higher than that for DTX-mPEG-PDLLA (3.10 ± 0.06 and 3.13 ± 0.04 h*µg/ml), respectively. The values of maximum serum concentration (Cmax) also showed a significant increment in DTX (5.16 ± 0.03 μg/ml) compared to DTX-mPEG-PDLLA (1.49 ± 0.04 μg/ml), and the half-life of DTX (4.11 ± 0.01 h) was lower than that of DTX-mPEG-PDLLA (5.62 ± 0.02 h). Therefore, compared with the DTX group, a lower concentration of DTX-mPEG-PDLLA was observed in plasma, and the mean values of AUClast and Cmax were less by about four times. This suggests that there is a significant difference in the amount of exposure of the two drugs in plasma by IP administration. This may be affected by the following two factors. On one hand, DTX was stabilized and delayed release from the DTX-mPEG-PDLLA micelles into peritoneal cavity, while DTX was released rapidly in the free DTX group. On the other hand, capillary density was relatively low in the peritoneum. Generally, the growth of tumor cells is often accompanied by angiogenesis, and the capillaries of tumor tissue have a porous structure, which is less complete than normal tissue. As a result, lipid particles and macromolecules such as DTX-mPEG-PDLLA micelles could pass through the leaky capillaries by the EPR effect, resulting in retention of these molecules in tumor tissue and slower penetration into the blood circulation than DTX (Van Der Speeten et al., 2009; Shi et al., 2017; Zheng et al., 2021).
[image: Figure 5]FIGURE 5 | Pharmacokinetics of DTX-mPEG-PDLLA micelles by IP administration in vivo. Plasma concentration–time curves of free DTX and DTX-mPEG-PDLLA micelles in mice via IP administration (n = 6).
TABLE 1 | Pharmacokinetic parameters of the DTX and DTX-mPEG-PDLLA micelles after IP administration in mice.
[image: Table 1]Antitumor Efficacy of DTX-mPEG-PDLLA Micelles via IP Administration In Vivo
The antitumor efficacy of DTX-mPEG-PDLLA micelles via IP administration were evaluated in a SKOV-3 ovarian cancer peritoneal metastasis model. Thirty-five BALB/c nude mice were divided into seven groups treated with NS, DTX (10, 20, 40 mg/kg), or DTX-mPEG-PDLLA (10, 20, and 40 mg/kg). At each corresponding dose injected, all of the DTX-mPEG-PDLLA micelles and DTX showed significant tumor suppression, and the numbers of tumor nodules were decreased compared with the control group (Figure 6A, p < 0.001). Meanwhile, combined with the weight and size of the tumor nodules, it was observed that the high-dose group (40 mg/kg, p < 0.01) had significantly better antitumor effects than the middle and low-dose groups (20 and 10 mg/kg, respectively). Moreover, the growth of peritoneal cavity tumors was inhibited more significantly in the DTX-mPEG-PDLLA group than in the DTX group (Figures 6B,C and p < 0.05). During the study, the weight of each mouse was measured and recorded every 3 days, and the corresponding curves are shown in Figure 6D. In the negative control groups, in which NS was administered to the animals, the body weight changes showed a trend to increase first and then decrease after 12 days as the tumors were left untreated. In the DTX-treated groups, the body weight of these mice showed relatively unchanged and no statistical difference in the 10 and 20 mg/kg groups, but an upward trend after day 12 in the 40 mg/kg group, due to tumor inhibition by DTX. Among the animals that were treated with DTX-mPEG-PDLLA micelles, the body weight of the 40 mg/kg group fluctuated throughout the study; however, the average weight of the mice trended upward after the 9th day, which may indicate the reduced toxicity of DTX-mPEG-PDLLA micelles in combination with a more durable tumor suppressive effect. In addition, the drug distribution in tissues is shown in Figure 6E, and the concentration of DTX was measured 1 h after IP administration at a dose of 10 mg/kg. Compared with the DTX group, the concentration of DTX in the tumors in the DTX-mPEG-PDLLA group was higher than that in the free DTX group, and the absorption was more. The result suggested that the anti-tumor efficacy was improved due to the EPR effect. Moreover, the concentration in the DTX-mPEG-PDLLA group was higher in the colon and stomach than in the liver and lowest in the heart, reducing systemic toxicity of DTX, although no significant difference was shown at 10 mg/kg dosage.
[image: Figure 6]FIGURE 6 | Antitumor effect and tissue distribution of DTX-mPEG-PDLLA micelles by IP administration in ovarian cancer peritoneal metastasis. (A) Photographs of peritoneal cavity tumors in each group on day 24 after IP administration. (B) Analysis of tumor nodules weight. (C) Numbers of tumor nodules. (D) Changes in body weight of mice in the 10 mg/kg (a), 20 mg/kg groups (b), 40 mg/kg groups (c), and the control group, which was injected with NS by IP administration. (E) Comparison of DTX and DTX-mPEG-PDLLA in tissues and tumors 1 h by IP administration at 10 mg/kg dosage. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Furthermore, the survival of mice injected with DTX and DTX-mPEG-PDLLA at a dose of 40 mg/kg by IP administration was examined, and NS was injected as a control. In this analysis, a SKOV-3 ovarian cancer peritoneal metastasis model was established, and the mice were divided into three groups with six mice in each group. After all the mice were subjected to IP administration according to the experimental design, the mice in the control group died within 40 days with a median survival time of 38 days, which was related to the rapid growth of the tumors. The median survival in the DTX and DTX-mPEG-PDLLA groups was 69 and 91 days, respectively (Figure 7). The results indicate that the overall survival of DTX-mPEG-PDLLA micelles was prolonged significantly compared with the DTX and control groups.
[image: Figure 7]FIGURE 7 | Survival analysis of DTX-mPEG-PDLLA micelles via IP administration in ovarian cancer peritoneal metastasis. Survival curves for SKOV-3 tumor-bearing nude mice receiving different treatments. Mice were treated with NS, DTX, or DTX-mPEG-PDLLA micelles on days 1 and 7.
DISCUSSION
Most ovarian cancer cases are diagnosed at an advanced stage with peritoneal or upper abdominal organ metastasis, and the 5 y survival rate is less than 48% (van Baal et al., 2018; Kuroki and Guntupalli, 2020; Mogi et al., 2021). Currently, many studies have shown that delivering antitumor drugs to the peritoneal cavity via IP administration has a survival advantage over intravenous chemotherapy (Armstrong et al., 2006; Gupta et al., 2019; Shi et al., 2019; Kuroki and Guntupalli, 2020). However, there are several barriers to IP administration, including higher toxicity rates and worse quality of life, including gastrointestinal adverse events, neutropenia, and neurotoxicity (Kuroki and Guntupalli, 2020; Liu et al., 2021).
Currently, drugs such as DTX, which is one of the most effective drugs for ovarian cancer treatment, have limited IP administration due to their severe side effects (de Bree et al., 2006; Gong et al., 2020). It is well known that DTX has poor water solubility, high toxicity, and low bioavailability, even though its IP penetration is far greater than that for paclitaxel and cisplatin via IP administration (Shimada et al., 2010; Kuroki and Guntupalli 2020). However, with the advent of biocompatibility and biodegradable polymers, the development of suitable polymer micellar drug delivery systems coupled with sustained drug release has made excellent carriers for antitumor drugs (Gao et al., 2015; Tan L et al., 2017; Li et al., 2020; Lu et al., 2020; Chen et al., 2021). Moreover, self-assembly and passive targeting of EPR might contribute to a greater therapeutic effect (Tan L et al., 2017; Lu et al., 2020; Li et al., 2020; Giram et al., 2021).
In this work, we have developed mPEG-PDLLA as a micellar carrier for sustained and controlled release delivery of DTX, which has overcome the initial disadvantages by reducing toxicity, improving solubility, and enhancing targeting to tumor tissue. Furthermore, a therapeutic effect of DTX-mPEG-PDLLA on SKOV-3 ovarian cancer with peritoneal metastasis was detected.
First, the low CMC value ensured the stability of DTX-mPEG-PDLLA micelles when diluted in vivo, which was essential for drug delivery. Meanwhile, DTX-mPEG-PDLLA micelles were confirmed to have a high percentage for DL and EE. The average diameter and zeta potential of DTX-loaded micelles were about 25 nm and −3.13 mv, respectively. Combined with morphological examination, the results demonstrated that DTX-loaded micelles had uniform particle size, stable drug loading, and sustained drug release behavior. Compared with DTX injection, DTX-mPEG-PDLLA micelles had slower release, which may be attributed to the molecular structural and preparation characteristics of polymeric micelles. C6-mPEG-PDLLA with a stronger green fluorescence than the free C6 group was observed in SKOV-3 cells, suggesting that micellar polymers had better uptake in ovarian cancer cells and produced EPR effects. These characteristics imply that the application of DTX-mPEG-PDLLA micelles in drug carriers was feasible and successful, reducing the exposure of DTX to healthy tissues while increasing the accumulation of concentration in tumor tissues.
Inin vitro experiments, CCK-8 results indicated that DTX-mPEG-PDLLA micelles had comparable cytotoxicity to DTX. Furthermore, apoptosis analysis showed that, compared with DTX, the percentage of apoptotic SKOV-3 cells in DTX-mPEG-PDLLA micelles increased significantly after 48 h of treatment. Additionally, analysis of the cell cycle demonstrated that the G2/M phase of SKOV-3 cells was prominently arrested after DTX-mPEG-PDLLA micelles and DTX given for 48 h compared with the control group, with a more significant effect for DTX-mPEG-PDLLA micelles than that for the DTX group. These findings indicated that micellar preparations enhanced the cell cycle effects of DTX.
It has been reported that most of the patients are diagnosed with ovarian cancer with abdominal cavity tumor nodules or ascites (van Baal et al., 2018; Yousefi et al., 2020), and previous studies have shown that IP infusion chemotherapy has many advantages in the treatment of ovarian cancer with peritoneal metastasis, including minimal invasion, higher drug concentration in the local area, and lower systemic toxicity (de Bree et al., 2006; Zahedi et al., 2012; Kwa and Muggia, 2014; Shi et al., 2019).
In this study, the pharmacokinetics showed that there was a significant difference in plasma exposure in ICR mice after IP administration, which was markedly elevated in DTX-treated mice compared with DTX-mPEG-PDLLA treated mice. The peak mean plasma level in the DTX group was approximately fourfold higher than that in the DTX-mPEG-PDLLA group. These findings are consistent with the characteristics of DTX-loaded mPEG-PDLLA micelles, such as slow and controlled release, and long circulation.
In line with the pharmacokinetics, the results of DTX-mPEG-PDLLA micelles via IP administration showed a significant anticancer effect on the nude mice bearing SKOV-3 ovarian cancer with peritoneal metastasis. It was also considered that the increased survival of BALB/c nude mice treated with DTX-mPEG-PDLLA micelles was probably due to the better antitumor efficacy of mPEG-PDLLA micelles as a delivery system for DTX. Furthermore, both mPEG and PDLLA have been approved by the FDA, and have good biocompatibility and degradable absorption (Hao et al., 2017; Byagari et al., 2014). They are suitable for antitumor drug delivery systems. Moreover, mPEG-PDLLA maintained the sustained release mode of DTX over time, thereby exerting a better antitumor effect in SKOV-3 ovarian cancer with peritoneal metastasis over DTX when IP administered.
CONCLUSION
In summary, we investigated the characterization of DTX-mPEG-PDLLA micelles and the inhibition of proliferation of ovarian cancer cells, as well as the plasma pharmacokinetics after IP administration and the antitumor efficacy in an ovarian cancer peritoneal metastasis model. The results have demonstrated that DTX-mPEG-PDLLA micelles have advantages for IP perfusion therapy, including prominent inhibition of abdominal tumor growth, sustained local or systemic drug exposure, and reduced toxicity. These findings exemplify the potential of DTX-mPEG-PDLLA micelles for improving the treatment of ovarian cancer with peritoneal metastasis. Furthermore, IP administration of DTX-mPEG-PDLLA may be a potential delivery system for the treatment of other abdominal metastases or primary tumors in the abdominal cavity.
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 Ethics Committee of Tongji University (Shanghai, China).
AUTHOR CONTRIBUTIONS
YZ and JL conceived the study plan. YZ and SW performed the experiments and finished the manuscript writing. YZ and XX contributed to analyze the data. JL and JZ supervised this study and edited the manuscript.
FUNDING
This work was supported by the Beijing CSCO Clinical Oncology Research Foundation (Y-SY201901-0338) and the Outstanding Clinical Discipline Project of Shanghai Pudong (PWYgy 2018–02).
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.
REFERENCES
 Armstrong, D. K., Bundy, B., Winzel, L., Huang, H. Q., Baergen, R., Lele, S., et al. (2006). Intraperitoneal Cisplatin and Paclitaxel in Ovarian Cancer. Obstetrical Gynecol. Surv. 61, 240–242. doi:10.1097/01.ogx.0000206353.22975.c5
 Byagari, K., Shanavas, A., Rengan, A. K., Kundu, G. C., and Srivastava, R. (2014). Biocompatible Amphiphilic Pentablock Copolymeric Nanoparticles for Anti-Cancer Drug Delivery. J. Biomed. Nanotechnol. 10, 109–119. doi:10.1166/jbn.2014.1791
 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 68, 394–424. doi:10.3322/caac.21492
 Chen, J., Jiang, Z., Zhang, Y. S., Ding, J., and Chen, X. (2021). Smart Transformable Nanoparticles for Enhanced Tumor Theranostics. Appl. Phys. Rev. 8, 041321. doi:10.1063/5.0061530
 de Bree, E., Rosing, H., Michalakis, J., Romanos, J., Relakis, K., Theodoropoulos, P. A., et al. (2006). Intraperitoneal Chemotherapy with Taxanes for Ovarian Cancer with Peritoneal Dissemination. Eur. J. Surg. Oncol. 32, 666–670. doi:10.1016/j.ejso.2006.03.008
 Elit, L., Oliver, T. K., Covens, A., Kwon, J., Fung, M. F., Hirte, H. W., et al. (2007). Intraperitoneal Chemotherapy in the First-Line Treatment of Women with Stage III Epithelial Ovarian Cancer: A Systematic Review with Metaanalyses. Cancer 109, 692–702. doi:10.1002/cncr.22466
 Fan, R., Wang, Y., Han, B., Luo, Y., Zhou, L., Peng, X., et al. (2014). Docetaxel Load Biodegradable Porous Microspheres for the Treatment of Colorectal Peritoneal Carcinomatosis. Int. J. Biol. Macromol. 69, 100–107. doi:10.1016/j.ijbiomac.2014.05.026
 Gao, X., Wang, S., Wang, B., Deng, S., Liu, X., Zhang, X., et al. (2015). Improving the Anti-ovarian Cancer Activity of Docetaxel with Biodegradable Self-Assembly Micelles through Various Evaluations. Biomaterials 53, 646–658. doi:10.1016/j.biomaterials.2015.02.108
 Ghassami, E., Varshosaz, J., Jahanian-Najafabadi, A., Minaiyan, M., Rajabi, P., and Hayati, E. (2018). Pharmacokinetics and In Vitro/In Vivo Antitumor Efficacy of Aptamer-Targeted Ecoflex® Nanoparticles for Docetaxel Delivery in Ovarian Cancer. Int. J. Nanomedicine 13, 493–504. doi:10.2147/IJN.S152474
 Giram, P. S., Wang, J. T., Walters, A. A., Rade, P. P., Akhtar, M., Han, S., et al. (2021). Green Synthesis of Methoxy-Poly(ethylene Glycol)-Block-Poly(l-Lactide-Co-Glycolide) Copolymer Using Zinc Proline as a Biocompatible Initiator for Irinotecan Delivery to colon Cancer In Vivo. Biomater. Sci. 9, 795–806. doi:10.1039/d0bm01421d
 Gong, F., Wang, R., Zhu, Z., Duan, J., Teng, X., and Cui, Z. K. (2020). Drug-interactive mPEG-B-PLA-Phe(Boc) Micelles Enhance the Tolerance and Anti-tumor Efficacy of Docetaxel. Drug Deliv. 27, 238–247. doi:10.1080/10717544.2020.1718245
 Gupta, S., Pathak, Y., Gupta, M. K., and Vyas, S. P. (2019). Nanoscale Drug Delivery Strategies for Therapy of Ovarian Cancer: Conventional vs Targeted. Artif. Cell Nanomed Biotechnol 47, 4066–4088. doi:10.1080/21691401.2019.1677680
 Hao, Y., Dong, M., Zhang, T., Peng, J., Jia, Y., Cao, Y., et al. (2017). Novel Approach of Using Near-Infrared Responsive PEGylated Gold Nanorod Coated Poly(l-Lactide) Microneedles to Enhance the Antitumor Efficiency of Docetaxel-Loaded MPEG-PDLLA Micelles for Treating an A431 Tumor. ACS Appl. Mater. Inter. 9, 15317–15327. doi:10.1021/acsami.7b03604
 He, H., Wang, L., Ma, Y., Yang, Y., Lv, Y., Zhang, Z., et al. (2020). The Biological Fate of Orally Administered mPEG-PDLLA Polymeric Micelles. J. Control Release 327, 725–736. doi:10.1016/j.jconrel.2020.09.024
 Hu, Y., Ran, M., Wang, B., Lin, Y., Cheng, Y., and Zheng, S. (2020). Co-delivery of Docetaxel and Curcumin via Nanomicelles for Enhancing Anti-ovarian Cancer Treatment. Int. J. Nanomedicine 15, 9703–9715. doi:10.2147/IJN.S274083
 Jo, M. J., Lee, Y. J., Park, C.-W., Chung, Y. B., Kim, J.-S., Lee, M. K., et al. (2021). Evaluation of the Physicochemical Properties, Pharmacokinetics, and In Vitro Anticancer Effects of Docetaxel and Osthol Encapsulated in Methoxy poly(Ethylene Glycol)-B-Poly(caprolactone) Polymeric Micelles. Ijms 22, 231. doi:10.3390/ijms22010231
 Kim, C. H., Kang, T. H., Kim, B. D., Lee, T. H., Yoon, H. Y., Goo, Y. T., et al. (2020). Enhanced Docetaxel Delivery Using Sterically Stabilized RIPL Peptide-Conjugated Nanostructured Lipid Carriers: In Vitro and In Vivo Antitumor Efficacy against SKOV3 Ovarian Cancer Cells. Int. J. Pharm. 583, 119393. doi:10.1016/j.ijpharm.2020.119393
 Kuroki, L., and Guntupalli, S. R. (2020). Treatment of Epithelial Ovarian Cancer. BMJ 371, m3773. doi:10.1136/bmj.m3773
 Kwa, M., and Muggia, F. (2014). Ovarian Cancer: A Brief Historical Overview of Intraperitoneal Trials. Ann. Surg. Oncol. 21, 1429–1434. doi:10.1245/s10434-013-3219-8
 Lee, S. W., Yun, M. H., Jeong, S. W., In, C. H., Kim, J. Y., Seo, M. H., et al. (2011). Development of Docetaxel-Loaded Intravenous Formulation, Nanoxel-Pm™ Using Polymer-Based Delivery System. J. Control Release 155, 262–271. doi:10.1016/j.jconrel.2011.06.012
 Li, J., Du, Y., Su, H., Cheng, S., Zhou, Y., Jin, Y., et al. (2020). Interfacial Properties and Micellization of Triblock Poly(ethylene Glycol)-Poly(ε-Caprolactone)-Polyethyleneimine Copolymers. Acta Pharm. Sin. B 10, 1122–1133. doi:10.1016/j.apsb.2020.01.006
 Liang, C., Bai, X., Qi, C., Sun, Q., Han, X., Lan, T., et al. (2021). Π Electron-Stabilized Polymeric Micelles Potentiate Docetaxel Therapy in Advanced-Stage Gastrointestinal Cancer. Biomaterials 266, 120432. doi:10.1016/j.biomaterials.2020.120432
 Liu, Q., Lu, Y., Xiao, Y., Yuan, L., Hu, D., Hao, Y., et al. (2021). Effects of Docetaxel Injection and Docetaxel Micelles on the Intestinal Barrier and Intestinal Microbiota. Adv. Sci. 8, 2102952. doi:10.1002/advs.202102952
 Liu, Y., Lang, T., Zheng, Z., Cheng, H., Huang, X., Wang, G., et al. (2019). In Vivo Environment-Adaptive Nanocomplex with Tumor Cell-specific Cytotoxicity Enhances T Cells Infiltration and Improves Cancer Therapy. Small 15, e1902822. doi:10.1002/smll.201902822
 Lu, X., Fang, M., Yang, Y., Dai, Y., Xu, J., Zhao, D., et al. (2020). PEG-conjugated Triacontanol Micelles as Docetaxel Delivery Systems for Enhanced Anti-cancer Efficacy. Drug Deliv. Transl. Res. 10, 122–135. doi:10.1007/s13346-019-00667-6
 Lu, Y., Yue, Z., Xie, J., Wang, W., Zhu, H., Zhang, E., et al. (2018). Micelles with Ultralow Critical Micelle Concentration as Carriers for Drug Delivery. Nat. Biomed. Eng. 2, 318–325. doi:10.1038/s41551-018-0234-x
 Menon, U., Gentry-Maharaj, A., Burnell, M., Singh, N., Ryan, A., Karpinskyj, C., et al. (2021). Ovarian Cancer Population Screening and Mortality after Long-Term Follow-Up in the UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS): a Randomised Controlled Trial. Lancet 397, 2182–2193. doi:10.1016/S0140-6736(21)00731-5
 Mogi, K., Yoshihara, M., Iyoshi, S., Kitami, K., Uno, K., Tano, S., et al. (2021). Ovarian Cancer-Associated Mesothelial Cells: Transdifferentiation to Minions of Cancer and Orchestrate Developing Peritoneal Dissemination. Cancers (Basel) 13, 1–13. doi:10.3390/cancers13061352
 Montero, A., Fossella, F., Hortobagyi, G., and Valero, V. (2005). Docetaxel for Treatment of Solid Tumours: A Systematic Review of Clinical Data. Lancet Oncol. 6, 229–239. doi:10.1016/S1470-2045(05)70094-2
 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
 Shi, J., Kantoff, P. W., Wooster, R., and Farokhzad, O. C. (2017). Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev. Cancer 17, 20–37. doi:10.1038/nrc.2016.108
 Shi, T., Jiang, R., Pu, H., Yang, H., Tu, D., Dai, Z., et al. (2019). Survival Benefits of Dose-Dense Early Postoperative Intraperitoneal Chemotherapy in Front-Line Therapy for Advanced Ovarian Cancer: a Randomised Controlled Study. Br. J. Cancer 121, 425–428. doi:10.1038/s41416-019-0543-1
 Shimada, T., Nomura, M., Yokogawa, K., Endo, Y., Sasaki, T., Miyamoto, K., et al. (2010). Pharmacokinetic Advantage of Intraperitoneal Injection of Docetaxel in the Treatment for Peritoneal Dissemination of Cancer in Mice. J. Pharm. Pharmacol. 57, 177–181. doi:10.1211/0022357055380
 Tan, L., Peng, J., Zhao, Q., Zhang, L., Tang, X., Chen, L., et al. (2017). A Novel MPEG-PDLLA-PLL Copolymer for Docetaxel Delivery in Breast Cancer Therapy. Theranostics 7, 2652–2672. doi:10.7150/thno.19680
 Tan, L. W., Ma, B. Y., Zhao, Q., Zhang, L., Chen, L. J., Peng, J. R., et al. (2017). Toxicity Evaluation and Anti-tumor Study of Docetaxel Loaded mPEG-Polyester Micelles for Breast Cancer Therapy. J. Biomed. Nanotechnol. 13, 393–408. doi:10.1166/jbn.2017.2356
 van Baal, J. O. A. M., van Noorden, C. J. F., Nieuwland, R., Van de Vijver, K. K., Sturk, A., van Driel, W. J., et al. (2018). Development of Peritoneal Carcinomatosis in Epithelial Ovarian Cancer: A Review. J. Histochem. Cytochem. 66, 67–83. doi:10.1369/0022155417742897
 Van Der Speeten, K., Stuart, O. A., and Sugarbaker, P. H. (2009). Pharmacokinetics and Pharmacodynamics of Perioperative Cancer Chemotherapy in Peritoneal Surface Malignancy. Cancer J. 15, 216–224. doi:10.1097/PPO.0b013e3181a58d95
 Wang, Y., Herrstedt, J., Havsteen, H., DePoint Christensen, R., Mirza, M. R., Lund, B., et al. (2014). A Multicenter, Non-randomized, Phase II Study of Docetaxel and Carboplatin Administered Every 3 Weeks as Second Line Chemotherapy in Patients with First Relapse of Platinum Sensitive Epithelial Ovarian, Peritoneal or Fallopian Tube Cancer. BMC Cancer 14, 937. doi:10.1186/1471-2407-14-937
 Xu, M., Yao, C., Zhang, W., Gao, S., Zou, H., and Gao, J. (2021). Anti-cancer Activity Based on the High Docetaxel Loaded Poly(2-Oxazoline)s Micelles. Int. J. Nanomedicine 16, 2735–2749. doi:10.2147/IJN.S298093
 Yamada, Y., Boku, N., Mizusawa, J., Iwasa, S., Kadowaki, S., Nakayama, N., et al. (2019). Docetaxel Plus Cisplatin and S-1 versus Cisplatin and S-1 in Patients with Advanced Gastric Cancer (JCOG1013): an Open-Label, Phase 3, Randomised Controlled Trial. Lancet Gastroenterol. Hepatol. 4, 501–510. doi:10.1016/S2468-1253(19)30083-4
 Yang, J. Z., Zou, H. Y., Ding, J. X., and Chen, X. S. (2021). Controlled Synthesis and Biomedical Applications of Cystine-Based Polypeptide Nanomaterials. Acta polymerica sinica 52, 960–977. doi:10.11777/j.issn1000-3304.2021.21115
 Younis, M. A., Tawfeek, H. M., Abdellatif, A. A. H., Abdel-Aleem, J. A., and Harashima, H. (2022). Clinical Translation of Nanomedicines: Challenges, Opportunities, and Keys. Adv. Drug Deliv. Rev. 181, 114083. doi:10.1016/j.addr.2021.114083
 Yousefi, M., Dehghani, S., Nosrati, R., Ghanei, M., Salmaninejad, A., Rajaie, S., et al. (2020). Current Insights into the Metastasis of Epithelial Ovarian Cancer - Hopes and Hurdles. Cel Oncol (Dordr) 43, 515–538. doi:10.1007/s13402-020-00513-9
 Zahedi, P., Stewart, J., De Souza, R., Piquette-Miller, M., and Allen, C. (2012). An Injectable Depot System for Sustained Intraperitoneal Chemotherapy of Ovarian Cancer Results in Favorable Drug Distribution at the Whole Body, Peritoneal and Intratumoral Levels. J. Control Release 158, 379–385. doi:10.1016/j.jconrel.2011.11.025
 Zheng, C., Li, M., and Ding, J. (2021). Challenges and Opportunities of Nanomedicines in Clinical Translation. BIO Integration 2, 57–60. doi:10.15212/bioi-2021-0016
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 Zhang, Wang, Duan, Xu, Gao, Zhou, Xu and Li. 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-13-861938-g005.gif





OPS/images/fphar-13-861938-g006.gif
o

o omsta)

.

omxaomosn

Concmention po)

e

omxaana; [

e -






OPS/images/fphar-13-861938-g003.gif
P

[ES—






OPS/images/fphar-13-861938-g004.gif
}%mniifi,i T
PR

LJJ

‘L"' ChdT





OPS/images/fphar-13-861938-g007.gif
o= Conl

< omceresrous

B e e % W
Tan i latal et D)





OPS/images/fphar-13-861938-t001.jpg
Parameter DTX DTX-mPEG-PDLLA

AUCizs: (0 * ug/mi) 12.77 £ 0.16
AUCir-ops ( * Hg/mi) 12.80 = 0.13
Crnax (HG/M) 516+ 003
MRT last (n) 205 +0.02

Tiz (0) 411001

3.10 + 0.06
3.13+ 0.04
1.49 £ 0.04
1.99 £ 0.01
5.62 + 0.02





OPS/xhtml/nav.xhtml
Contents

		Cover

		mPEG-PDLLA Micelles Potentiate Docetaxel for Intraperitoneal Chemotherapy in Ovarian Cancer Peritoneal Metastasis		Introduction

		Meterials and Methods		Cell Lines and Animals

		Critical Micelle Concentration

		Preparation of DTX-mPEG-PDLLA Micelles

		Characterization of DTX-mPEG-PDLLA Micelles

		In Vitro Drug Release Behavior

		Cell Uptake Assay

		Cell Viability Assay

		Cell Cycle and Cell Apoptosis Analysis

		Pharmacokinetics Study

		In Vivo Tumor Model

		Statistical Methods





		Results		Preparation and Characterization of DTX-mPEG-PDLLA Micelles

		Performance of DTX-mPEG-PDLLA in Ovarian Cancer Cells

		Plasma Pharmacokinetics

		Antitumor Efficacy of DTX-mPEG-PDLLA Micelles via IP Administration In Vivo





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-861938-g001.gif





OPS/images/fphar-13-861938-g002.gif
Lhbii
i

3

i

LHILILE










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





