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A simple method to improve the 
stability of docetaxel micelles
Lan Zhang1,2, LiWei Tan1, LiJuan Chen1, XiaoXin Chen2, ChaoFeng Long2, JinRong Peng1 & 
ZhiYong Qian1

Self-assembled polymeric micelles have been widely applied in drug delivery systems. In this study, 
we found that pH value of micellar system solution was the decisive factor of physical stability. 
Furthermore, the weak basic solution could maintain the solution clarification for a relative long time. 
To investigate the stability of polymeric micelles in different pH solutions, the micellar particle size 
and the docetaxel content remaining in solution were detected at predetermined time points. The 
crystallographic assay of freeze-drying powder was characterized by an X-ray diffractometer. In vitro 
release results indicated that the PBS had little influence on the sustained-release effect of docetaxel-
loaded polymeric micelles (DPM). Besides, the safety of micellar formulation was determined by an MTT 
assay on HEK293 cells, and the anti-tumor activity was tested on MCF-7 cells. The results demonstrated 
that DPM adjusted with PBS (DPM (PBS)) was of low toxicity and maintained the effectiveness of 
docetaxel. In vivo antitumor results indicated that DPM (PBS) had better antitumor efficacy than 
common docetaxel injection (DTX). Thus it was concluded that regulation of micellar solution PH by 
PBS is a safe and effective method to improve the physical stability of DPM. It might promote the 
application of micellar formulation in clinical applications.

The chemotherapeutic drugs are restricted by their poor water solubility1. Among of them, docetaxel is a such 
one. Docetaxel is an artificial, semi-synthetic, anticancer drug2,3, which has shown remarkable effects in treating 
various solid tumors, such as Kaposi’s sarcoma, metastatic breast cancer, non-small cell lung cancer, stomach can-
cer, etc4–7. However, because of its poor water solubility, the clinical applications were extremely limited8. Micelles 
were considered to be an advanced drug delivery system for docetaxel9,10. The polymeric micelles could disperse 
the hydrophobic drugs in water due to its core-shell structure11. Many reports indicated that micelles could pas-
sively target agents to tumor tissue via the enhanced permeability and retention (EPR) effect12–15, thus decreasing 
the toxicity of docetaxel in normal tissue.

In recent years, as a potential drug delivery system for various water-insoluble drugs, micelles have been 
studied by many researchers16,17. Lots of micellar formulations of antitumor drugs have also been studied in pre-
clinical and clinical trials. It had been reported that doxorubicin (DOX) containing a biodegradable polymeric 
micellar system (NK911) was newly developed by using poly(ethylene glycol)-block-poly(aspartic acid) and 
NK911 was already in Phase I clinical trials18,19. Also, a paclitaxel-loaded micelle named NK105, which consisted 
of poly (ethylene glycol)-block-poly (Aspartate) and paclitaxel, was in Phase II clinical trials, which had been 
prepared by Nippon Kayaku, Japan20–22. Then a new doxorubicin formulation (SP1049C) had been investigated 
to treat advanced adenocarcinoma of the esophagus, which used a combination of two polyethylene oxide poly-
propylene oxide block copolymers (PEO-PPO), in particular Pluronic L61 and Pluronic F12723–25. Genexol-PM 
(paclitaxel-loaded polymer micelles), studied by Samyang Biopharmaceuticals Corporation and the Korean 
Breast Cancer Study Group, was currently in Phase II clinical trials for non-small cell lung cancer and recurrent 
breast cancer in the United States26,27; PAXCEED, a type of micelle drug for Alzheimer’s, was reached in Phase II 
clinical trials by Angiotech28. Therefore, the polymer micelles are generating much interest in research of delivery 
systems for hydrophobic drugs.

In spite of many micellar formulations having been studied in clinical trials, none of them have been yet 
approved by Food and Drug Administration (FDA). This may tell us that the polymer micelles also have lots of 
defects including stability and insufficient cognition in degradation of materials. However, the factors influencing 
the micelles’ stability have not been investigated clearly. Since they can be used as a biodegradable carrier in a 
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targeted drug delivery system, finding out what affects the micelles’ stability, and preparing more stable micelles 
was very fulfilling. Therefore, in this paper, a series of experiments were performed to find the influences of the 
pH of the environment on the stability of the micelles.

Results
Preparation and characterization of docetaxel micelles. In this paper, the docetaxel micelles were 
prepared by a one-step solid dispersion method. The diblock mPEG-PDLLA, mPEG-PCLA and mPEG-PCL 
could self-assemble into micelles with docetaxel in water for injection (WFI) at 60 oC. The particle size analysis 
and the pH of the three kinds of docetaxel copolymer micelles are shown in Table 1. According to a1 to a3, the 
mean particle size distribution of the docetaxel copolymer micelles was between 10 nm to 30 nm and the PDI was 
under 0.2. The DADPM was chosen to be characterized in detail. The micelle particle size of DADPM was not 
affected by the pH of the environment (Fig. 1).

The pH of CDPM, CADPM and DADPM solution was 5.5, 4.3, and 3.7, respectively. Among the three kinds of 
micelles, the pH of CDPM was the highest and the pH of DADPM was the lowest, All solutions were weakly acid.

Crystallographic assay was performed by XRD and the results are shown in Fig. 2. In comparison with the 
XRD graph of docetaxel powder, DAPM and Doce/DA, the lack of a characteristic diffraction peak in the graph 
of DADPM indicated that docetaxel was completely wrapped in the core-shell of the micelles. The XRD graph 
of PH 8.0 PBS powder was the same as the graph of DADPM (PBS, PH =  8.0), which showed that the micelles’ 
surface was coated with PBS.

Evaluation of the stability of docetaxel-loaded micelles. With the extension of placement time at 
room temperature, the different states among them could be observed clearly. According to the macroscopic 
observation (Fig. 3), the stability of DPM solution with different pH values at 0 hr, 4 hr, 12 hr and 96 hr after 
preparation is shown. From Fig. 3 we can see that all the micelles’ solutions were clear at the beginning. After 
4 hr, in the micellar solution of DADPM (PBS, PH =  6.0) and DADPM (WFI) turbidity appeared, and the oth-
ers were clear. After 12 hr, the precipitate was formed at the base of the DADPM (PBS, PH =  6.0) and DADPM 
(WFI), the DADPM (PBS, PH =  7.0) solution had become nepheloid, while the states of DADPM (PBS, PH =  7.8) 
and DADPM (PBS, PH =  8.0) had no change. After 96 hr, the precipitate had been deposited on the bottom 
of DADPM (WFI), DADPM (PBS, PH =  6.0) and DADPM (PBS, PH =  7.0) solution while the DADPM (PBS, 
PH =  7.8), DADPM (PBS, PH =  8.0) solutions were still clear. It could be summarized that the stability of the 
micellar solution was prolonged with the pH of the solution increasing from 6.0 to 8.0.

Figure 4 presents the particle size of the micelles in WFI and PBS (PH =  8.0) at the setting time. The mean 
particle size of DADPM (WFI) increased sharply after 20 hr. Meanwhile, the particle size of the DADPM (PBS, 
PH =  8.0) was not visibly increased within 9 days, which demonstrated that the PBS (PH =  8.0) maintained the 
initial form of the micelles for a long time. This may contribute to the micelle circulating in the blood for a long 
time.

The percentage of docetaxel remaining in the sample solutions for CDPM (PBS 8.0), CDPM (WFI), CADPM 
(PBS, PH =  8.0), CADPM (WFI), DADPM (PBS, PH =  8.0) and DADPM (WFI) placed at 25 oC at 96 hr is shown 
in Fig. 5. In PBS (8.0), the percentage docetaxel of 3 kinds of micelles remaining in the solution was close to 80%. 

Sample Code Polymer Docetaxel: Polymer (w:w) Size (nm) PDI PH

a1 MPEG-PCL 5:95 39.3 ±  0.7 0.141 5.5

a2 MPEG-PCLA 5:95 25.6 ±  0.4 0.139 4.3

a3 MPEG-PDLLA 5:95 21.5 ±  0.2 0.063 3.7

Table 1.  The micelles based on three kinds of polymers.

Figure 1. The mean particle size distribution and PDI of DADPM in different pH solution. Error bars 
represent the standard deviation (n =  3).
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Figure 2. X-ray diffraction spectra of DTX formulations. (a) pH8.0 PBS powder; (b) DADPM (PBS, 
PH =  8.0); (c) DADMP(WFI); (d) Blank mPEG-PDLLA copolymer; (e) Physical mixture of docetaxel and 
mPEG-PDLLA; (f) Docetaxel powder.

Figure 3. The stability status of different PH of DADPM solution at 0hr, 4 hr, 12 hr and 96 hr after 
preparation. (a) DADPM (PBS, PH =  8.0); (b) DADPM (PBS, PH =  7.8); (c) DADPM (PBS, PH =  7.0); (d) 
DADPM (PBS, PH =  6.0); (e) DADPM (WFI).
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In WFI, the mean retention of the drug in the solution was 66.1% (CDPM (WFI)), 47.9% (CADPM (WFI)), 
and 32.7% (DADPM (WFI)) at 96 hr, respectively. It means that the retention of the drug incorporated in the 
mPEG-PCL was the highest among the formulations and the lowest was mPEG-PDLLA. The drug retention of 
the three formulations corresponded with the pH tendency at 96 hrs, this phenomenon implied that the stability 
of the formulation might be dependent on the pH. When we set the pH of solution at 8.0 with PBS, the speed of 
the micelle reunion slowed down to keep the micelles in the solution instead of as sediment.

In addition, the influence of solutions with different pH values on the stability of DADPM was researched. 
The independent formulation in the PBS solution of pH 8.0, pH 7.8, pH 7.0, pH 6.0 and WFI was sampled and 
filtered at the setting point in time, and the percentage of drug remaining in the solution was determined through 
HPLC. The result is shown in Fig. 6, and it demonstrated that as the pH of the solution increased from 6.0 to 8.0, 
the speed of the micelle reunion became slower. In other words, the stability of the micelles depended on the pH 
of the solution. Comparing the PBS (6.0) group and WFI group, it indicated that the weak acid solution promoted 
the release of the drugs from the micelles.

In vitro release study. The result of the in vitro release profile of free docetaxel, DADPM (PBS, PH =  8.0) 
and DADPM (WFI) in PBS (PH =  7.4, 37 °C) is illustrated in Fig. 7. In comparison to the micelles, the free 

Figure 4. The mean particle size distribution and PDI of DADPM in PBS or WFI at setting time points. 
Error bars represent the standard deviation (n =  3).

Figure 5. The stability of DPM based on three kinds of polymer in the WFI or PBS (8.0). (a) DPM based 
on mPEG-PCLA; (b) DPM based on mPEG-PDLLA; (c) DPM based on mPEG-PCL. Initial concentration of 
docetaxel was 1 mg/ml, placed at room temperature. Error bars represent the standard deviation (n =  3).
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docetaxel exhibited a rapid release behavior and more than 90% of the drug was released within 8 hr. It indicated 
that the PBS buffer made no contribution to the slow-release property of the micelles. This same release process 
might be ascribed to the fact that the pH of the formulations was adjusted to 7.4 by the in vitro release media.

Cell viability assay. The in vitro anticancer activity of DADPM (PBS, PH =  8.0) and DADPM (WFI) was 
compared by the inhibition of MCF-7 cells. In Fig. 8 the 50% inhibiting concentration (IC50) of DADPM (PBS, 
PH =  8.0) was the same as DADPM (WFI) at about 40 μ g/ml. It proved that the DADPM (PBS, PH =  8.0) could 
fight the cancer cell in vitro.

Figure 6. The stability of DADPM in different PH medium. Initial concentration of docetaxel was 1 mg/ml 
and placed in room temperature within 96 hr. Error bars represent the standard deviation (n =  3).

Figure 7. In vitro release curve of DADPM(WFI), DADPM (PBS 8.0) and Free Docetaxel solution. Error 
bars represent the standard deviation (n =  3).

Figure 8. Cytotoxicity in vitro. DADPM (8.0) and DADPM(WFI) at different concentrations of docetaxel on 
MCF-7cells in vitro.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:36957 | DOI: 10.1038/srep36957

The cytotoxicity of DAPM (WFI) and the DAPM (PBS, PH =  8.0) was evaluated using the HEK293 cells. 
Figure 9 expresses that the IC50 of the two formulations were higher than 3 mg/ml and the cytotoxicity was 
depended on the concentration of the material. All the results suggest that the DAPM (PBS, PH =  8.0) was low in 
toxicity and it could be used for intravenous injection.

In vivo antitumor efficacy. To study the antitumor effect of DADPM (PBS, PH =  8.0) and DTX on breast 
cancer (one of the most common forms of malignancy in women), murine 4T1 breast cancer bearing female 
BALB/c mice were used as the test animals. After treatment with DADPM (PBS, PH =  8.0) and DTX, the mice’s 
body weight and tumor volume were evaluated.

The body weights were monitored every day. After being injected with tumor cells, all the mice had a con-
tinuous decrease in body weight. When the treatment began, the tumor volume was calculated, and is shown in 
Fig. 10. It can be seen that no significant difference emerged after administering the NS intravenously. A similar 
weight loss occurred with the groups treated with DADPM (PBS, PH =  8.0) and DTX during the whole treatment 
and recovery period. Figure 11 revealed that the DADPM (PBS, PH =  8.0) was efficient in preventing tumor 
growth, because the volume of the tumor in the NS group was obviously higher than the other treatment groups. 
The results of the antitumor experiment show that DADPM (PBS, PH =  8.0) has a better antitumor activity than 
DTX at the dose of 20 mg/kg. The size of the collected tumor was in accordance with the above results (Fig. 12).

Discussion
Various chemotherapy drugs occupy a huge area of research because they offer a vast range of possibilities against 
cancer cells29. People have adopted various means to increase solubility, and micelles as one of the effective drug 
delivery system (DDS) is been investigating by researchers30,31. Many micellar drugs are being studied for clinical 
or preclinical use32. Among these micellar formulations, Genexol-PM has been used in Korea and the Phase III 
clinical study has been performed in the United States. However, during the process, the injection must be given 
within 6 hours, which indicates a limiting stability in vitro.

Figure 9. Cytotoxicity in vitro. Blank mPEG-PDLLA micelles (PBS 8.0) and blank mPEG-PDLLA 
micelles(WFI) against HEK293 cells in vitro.

Figure 10. Tumor Volume change of BALB/c mice 4T1 tumor-bearing mice after treatment. Untreated 
controls received injections of NS (◾), 20 mg/kg of common docetaxel injection (DTX) (⚫) and 20 mg/kg of 
DADPM (PBS, PH =  8.0) (▴). Each point represents the mean ±  S.D. (6 ≤  n ≤  10).
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In this paper, we used PBS to adjust the solution to weak alkaline, so that the micellar formulation remained 
stable for a long time. The results of the determination of the particle size and the drugs remaining in the solution 
demonstrated this phenomenon, and the cell assay indicated the effectiveness and the low toxicity of the formula-
tion. These characteristics might cause this method to be applied in production and clinical use. From the result 
of the experiments, the reason that the high pH level could keep the micelle stable might be: polymeric micelles in 
aqueous solution usually form an aggregate with mPEG as the hydrophilic shell in contact with the surrounding 
solvent, sequestering the drug in the micelle’s inner core. In micellar solutions, the hydrogen ions, which might 
intensify attraction and agglomeration of micelles, were often counteracting the negative potential of –OCH3 on 
mPEG, leading to an overall potential drop on the surface of the micelles. The repulsive force among the micelles 
was also reduced, following an increase in particle size and consequently, the micelles subsided resulting in the 
instability of the micellar solution. Therefore, the pH value must be adjusted to lower H+  level so as to avoid 
agglomeration of micelles and eventually improve the stability of preparation in vitro and ensure clinical safety. 
This study has indirectly demonstrated the above standpoint according to the dependency of micelle stability on 
pH, yet further study will be carried out in the future33.

In this study, we found that micelles with PBS (PH =  8.0) have greater advantages over traditional micelles. The 
settling time of the novel micelle formulation has been significantly longer than the micelle in WFI. Furthermore, 
its therapeutic efficacy and systemic toxicity was maintained well. In all, changing the pH level of the micelle 
solution can be an efficient, safe method to improve stability in vitro. It’s a marvelous technique for industrial 
production and clinical application.

According to the results of the in vivo antitumor test, we found that DADPM (PBS, PH =  8.0) had a bet-
ter antitumor activity than DTX at the dose of 20 mg/kg. It might be used in clinical applications. The in vivo 
results indicate that the antitumor efficacy may have positive relation of the stability of micelle solution, we have 
designed further experiments to study docetaxel micelles’ bioavailability and p-gp activity comparing with com-
mon docetaxel injection (taxotere).

Till now, we have prepared a larger sample of docetaxel micelles containing PBS with PH8.0, and the sample 
reached about 1000 bottle each batch. Meanwhile, through the stability study we found the docetaxel micelles 
containing PBS with PH8.0 should be kept tight, stored in 2 ~ 8 oC, protected from light. Besides, the antitumor 

Figure 11. Body weight change of BALB/c mice 4T1 tumor-bearing mice after treatment. Untreated 
controls received injections of NS (◾), 20 mg/kg of common docetaxel injection (DTX) (⚫) and 20 mg/kg of 
DADPM (PBS, PH =  8.0) (▴). Each point represents the mean ±  S.D. (6 ≤  n ≤  10).

Figure 12. Size of collected tumor in all groups. Untreated controls received injections of NS (1), 20 mg/kg of 
common docetaxel injection (DTX) (2) and 20 mg/kg of DADPM (PBS, PH =  8.0) (3).
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efficacy of the docetaxel micelles containing PBS with PH 8.0 or not is being evaluated in athymic nude mice 
bearing human lung cancer of H-460, in comparison with Taxotere® .

Conclusion
In this paper, an excellent method was discovered to improve the stability of the DPM. The data of the exper-
iments show that we have prepared an effective, safe dosage form with palmary physical stability. This novel 
method provided assistance in the industrial production or the clinical application of the DPM. In short, adjust-
ing the pH of the solution via PBS was a fruitful and feasible method to overcome the instability of the DPM 
system.

Materials and Methods
Materials. The materials used in this article are as follows: Docetaxel was purchased from Xieli Pharmaceutical 
Co, CHINA. Poly (ethylene glycol)methyl ether (mPEG, Mn =  2000), Stannous octoate ((Sn(Oct)2), SIGMA, 
USA), Acetonitrile for HPLC were purchased from Sigma, USA. Despunlactide (D,L-lactide) was obtained from 
Daigang Biomateril Co, CHINA. ε -Caprolactone (ε -CL) was purchased from AlfaAesar, USA. anhydrous alco-
hol (EtOH), sodium phosphate dibasic (NaH2PO4), Tween80 were purchased from Aladdin, CHINA. Sodium 
dihydrogen phosphate (NaH2PO4.2H2O) was purchased from KeLong Chemical Co, China. dimethylsulfox-
ide (DMSO) was purchased from Rgent Chemicals, CHINA. acetic acid was purchased from BODI chemical, 
CHINA.

Cell lines and animals. MCF-7 cell lines were incubated in Roswell Park Memorial Institute (RPMI)-1640 
Medium (1640) containing 10% bovine serum and 1% antibiotics (penicillin-streptomycin, 100 U/ML) at 37 oC 
in a humidified atmosphere containing 5% CO2. 293 cell lines were incubated in Dulbecoo’s Modified Eagle’s 
Medium (DMEM) containing 10% fetal bovine serum and 1% antibiotics (penicillin-streptomycin, 100 U/ML) 
at 37 oC in a humidified atmosphere containing 5% CO2. The cell lines in this paper were obtained from the 
American Type Culture Collection (ATCC). The animals were purchased from the Laboratory Animal Center 
of Sichuan University (Chengdu, China), which were housed at temperature of 20–22 °C, relative humidity of 
50–60% and 12 h light-dark cycles. Free access to food and water was allowed. All animals would be in quarantine 
for a week before treatment.

All animals care and experimental methods were conducted according to Institutional Animal Care and Use 
guidelines. All experimental protocols were approved by Medical ethics committee of Sichuang University.

Synthesis of the diblock copolymers. Poly(ethylene glycol) methyl ether-block-poly(D,L-lactide) 
(mPEG-PDLLA), Poly(ethylene glycol) methyl ether-block-poly(ε -caprolactone) (mPEG–PCL), and 
Poly(ethylene glycol) methyl ether-block-poly(ε -caprolactone-co-lactide) (mPEG-PCLA) copolymers were syn-
thesized from different weight ratios of D,L-LA and ε -CL by ring-opening polymerization according to the pre-
vious reports34–36. The macromolecular weight of the copolymer was characterized by proton nuclear magnetic 
resonance (1H-NMR) spectroscopy and Gel Permeation Chromatography (GPC).

Preparation of docetaxel micelle. The docetaxel micelles were prepared by a one-step solid dispersion 
method37. Primarily, 5 mg docetaxel and 95 mg copolymer were co-dissolved in 3 ml of absolute ethyl alcohol. 
Then the solution was evaporated in a rotary evaporator at 60 oC. In this process, the alcohol was evaporated, and 
homogenous coevaporation was obtained. Subsequently, the mixture was dissolved in the Phosphate Buffer solu-
tion (PBS) solution with different PH value. Water was been injected with shaking at 60 oC, and then the micelles 
would be self-assembled. Then the docetaxel micelle was filtered through 0.22 μ m syringe filter (MILLIPORE, 
BS-GEN-09-01587) to get a clarified solution. Finally the solution was freeze-dried to give a powder of docetaxel 
polymer micelles.

Characterization of docetaxel-loaded micelle. Determination of particle size of micelles. The particle 
size distribution of the prepared micelles with different pH values was determined by laser particle size analyzer 
(Malvern Nano-ZS90). The measurements were carried out after balancing for 2 min at 25 oC, and all the results 
given were the mean of three test runs.

Determination solution PH of co-polymer micelle. The pH of the co-polymer micelle solution was determined by 
Laboratory pH meter (FE20, METTLER TOLEDO, America) at room temperature, the concentration of copoly-
mer was 19 mg/ml. All the results were the mean of three test runs.

X-ray Diffractometer (XRD) analysis. Crystallographic assays were performed on free docetaxel powder, blank 
mPEG-PDLLA copolymer (DAPM), mPEG-PDLLA-docetaxel-loaded micelles(DADPM), a physical mix-
ture of docetaxel and mPEG-PDLLA (Doce/DA), PH8.0 PBS powder (PBS, PH =  8.0) and docetaxel loaded 
mPEG-PDLLA micelles with PH8.0 PBS(DAPM (PBS, PH =  8.0)) by X-ray Diffractometer (X’Pert Pro, Philips, 
Netherlands) using Cu Kα radiation. The data was assembled from step-scan mode from 5 to 50o with a step size 
of 0.03.

Evaluation of the stability of docetaxel-loaded micelle. DAPM in different pH solutions (the pH modifier was PBS)  
were placed at room temperature. As the precipitate could be seen clearly, the stability of the micelles was evalu-
ated by macroscopic observation.

The particle size of DADPM in two solutions, pH8.0 PBS and the water for injection (WFI), were determined 
at the different time at 25 oC. The determining method was as same as 2.4.1.
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mPEG-PCL-docetaxel micelles (CDPM), mPEG-PCLA-docetaxel micelles (CADPM) and 
mPEG-PDLLA-docetaxel micelles (DADPM) (docetaxel 1 mg/ml) were left at room temperature after prepara-
tion. At appropriate time intervals, 2 ml of the micelle solution was sampled and filtered with a 0.2 μ m membrane 
filter. Then it was diluted with the mixed solution of 49.75% acetonitrile, 49.75% water and 0.05% glacial acetic 
acid. The concentration of docetaxel remaining in solution was detected by a high performance liquid chro-
matography (HPLC, Agilent-1260, USA) instrument. The sample concentration was measured by HPLC. The 
chromatographic conditions were as follows: Chromatographic separation was performed on a reversed phase C18 
column (Kromasil 100-3.5C18, 150*4.6 mm, E69472). The compositions of the mobile phase were Acetonitrile/
ammonium acetate solution (45/55, v/v) at a flow rate of 1 ml/min. Detection was taken on a diode array detector 
(1260 DAD VL) at the wavelength of 232 nm. Before the measurement, the sample was diluted with acetonitrile.

In vitro release study. The in vitro release behavior of docetaxel from DADPM was developed by a dialysis 
method as follows: 0.5 ml of DADPM (docetaxel 1 mg/ml) solution was placed in a dialysis bag (molecular mass 
cut off is 2 KDa), and 0.5 ml of docetaxel dissolved in DMSO (1 mg/ml) was used as a control. The dialysis bag was 
incubated in 40 ml of phosphate buffer (preheated to 37 oC, pH =  7.4) including Tween80 (0.1%) at 37 oC shaking 
at about 100 rmp. The media was replaced by preheated fresh media at predetermined time points. The drugs were 
quantitatively determined by the HPLC method described before. All the results were the mean of three test runs 
and all data were expressed as the mean ± SD.

Cell viability assay. The in vitro cytotoxicity of DAPM and DAPM (PBS, PH =  8.0) polymers were evaluated 
using human embryonic kidney 293 cells (HEK293). Besides, the cytotoxicity of the free drugs and the docetaxel 
formulation were determined by MTT assays on Michigan Cancer Foundation-7 cells (MCF-7).

In the test, cells were placed in 96-well plates at a density of 3 ×  103cells/well in 100 μ l of DMEM medium 
and grown for 24 hr at first. Then the cells were exposed to a series of different concentrations of DAPM, DAPM 
(PBS, PH =  8.0), free docetaxel, DADPM, and DADPM (PBS, PH =  8.0) for 24 hr. Next, 20 μ l of MTT solution  
(5 mg/ml) was added into each well and incubated for 4 hr. Finally, 160 μ l DMSO was added to each well to dis-
solve the blue crystal that was produced by the viable cell after removing the upper liquid. The optical density 
(OD) was measured by an ELISA microplate reader (ELX800 Biotek, USA) at 570 nm and the survival of the cell 
could be calculated.

In vivo antitumor efficacy. The research protocol was reviewed and approved by the Institutional Animal Care 
and Treatment Committee of Sichuan University. Female SPF BALB/c mice (8 weeks, 20 ±  2 g) bought by Sichuan 
University Animal Center (Sichuan, Chengdu, China) were injected subcutaneously in the right abdominal sub-
cutaneous layer with 0.1 ml of cell suspension containing 4T1 breast cancer cells (2 ×  105 cells). Treatment was 
initiated when the tumor reached about 50 mm3, which was calculated by the formula vol =  (d 2 ×  a)/2, where vol 
is volume, d is the tumor measurement at the widest point, and a is the tumor dimension at the longest point, 
and this day was designated day 0. On day 0, they were randomly divided into three groups (n =  6 mice/group).  
A single 0.1 ml dose of NS (as the control group), 20 mg/kg of DADPM (PBS, PH =  8.0) and DTX was respectively 
administered intravenously on days 0, 1, 2. During this period, the mice were observed continuously for relevant 
indexes such as weight loss, tumor volume, appetite, diarrhea, cachexia, skin ulceration and toxic deaths. When 
the treatment began, the tumor volumes and the body weights were calculated. After the last administration, 
the tumor-bearing nude mice were sacrificed, and tumors were collected and imaged. All the mice were treated 
humanely throughout the experimental period.

Statistical Analysis. All data expressed as mean ±  standard deviation were representative of at least three inde-
pendent experiments.

Ethics statement. The methods were carried out in accordance with the approved guidelines.

References
1. Patravale, V. B., Date, A. A. & Kulkarni, R. M. Nanosuspensions: a promising drug delivery strategy. J Pharm Pharmacol 56(7), 

827–840 (2004).
2. Cragg, G. M. & Newman, D. J. A Tale of Two Tumor Targets: Topoisomerase I and Tubulin. The Wall and Wani Contribution to 

Cancer Chemotherapy. J. Nat. Prod 67(2), 232–244 (2004).
3. Cerny, T. et al. Docetaxel (TaxotereTM) is active in non-small-cell lung cancer: a phase II trial of the EORTC early clinical trials group 

(ECTG). Br J Cancer 70, 384–387 (1994).
4. Ceruti, M. et al. Docetaxel in combination with epirubicin in metastatic breast cancer: pharmacokinetic interactions. IL Farmaco 

54(11-12), 733–739 (1999).
5. Aapro, M. & Bruno, R. Early clinical studies with docetaxel. Eur J Cancer 31(4), S7–S10 (1995).
6. Kaye, S. B., Piccart, M., Aapro, M., Francis, P. & Kavanagh, J. Phase II trials of docetaxel (Taxotere® ) in advanced ovarian cancer—an 

updated overview. Eur J Cancer 33(13), 2167–2170 (1997).
7. Bissery, M. C. Preclinical pharmacology of docetaxel. Eur J Cancer 31A(4), S1–S6 (1995).
8. Ismael, G. F., Rosa, D. D., Mano, M. S. L. & Awada, A. Novel cytotoxic drugs: old challenges, new solutions. Cancer Treat Rev 34(1), 

81–91 (2008).
9. Lee, S. W. et al. Development of docetaxel-loaded intravenous formulation, Nanoxel-PM using polymer-based delivery system. J 

Control Release 155(2), 262–271 (2011).
10. Liu, B. et al. The antitumor effect of novel docetaxel-loaded thermosensitive micelles. Eur J Pharm Biopharm 69(2), 527–534 (2008).
11. Rapoport, N. Y., Kennedy, A. M., Shea, J. E., Scaife, C. L. & Nam, K. H. Controlled and targeted tumor chemotherapy by ultrasound-

activated nanoemulsions/microbubbles. J Control Release 138(3), 268–276 (2009).
12. Maeda, H., Wu, J., Sawa, T., Matsumura, Y. & Hori, K. Tumor vascular permeability and the EPR effect in macromolecular 

therapeutics: a review. J Control Release 65(1–2), 271–284 (2000).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:36957 | DOI: 10.1038/srep36957

13. Hans, M. L. & Lowman, A. M. Biodegradable nanoparticles for drug delivery and targeting. Curr Opin Solid St M. 6(4), 319–327 
(2002).

14. Shi, S. et al. Synthesis and characterization of mPEG-PCL-g-PEI and self-Assembled nanoparticle uptake in vitro and in vivo. J Phys 
Chem C. 114 (49), 21315–21321 (2010).

15. Opanasopit, P. et al. Block copolymer design for camptothecin incorporation into polymeric micelles for passive tumor targeting. 
Pharm Res 21(11), 2001–2008 (2004).

16. Hammond, P. T. Virtual Issue on nanomaterials for drug delivery. J Am Chem Soc 5(2), 681–684 (2011).
17. Boisseau, P. & Loubaton, B. Nanomedicine, nanotechnology in medicine. Comptes Rendus Physique 12(7), 620–636 (2011).
18. Hamaguchi, T. et al. Phase I study of NK012, a novel SN-38-incorporating micellar nanoparticle, in adult patients with solid tumors. 

Clin Cancer Res 16(20), 5058–5066 (2010).
19. Nakanishi, T. et al. Development of the polymer micelle carrier system for doxorubicin. J Control Release 74(1–3), 295–302 (2001).
20. Gong, J. et al. Polymeric micelles drug delivery system in oncology. J Control Release 159(3), 312–323 (2012).
21. Hamaguchi, T. et al. A phase I and pharmacokinetic study of NK105, a paclitaxel-incorporating micellar nanoparticle formulation. 

Br J Cancer 97(2), 170–176 (2007).
22. Negishi, T. et al. NK105, a paclitaxel-incorporating micellar nanoparticle, is a morepotent radiosensitising agent compared to free 

paclitaxel. Brit J Cancer 95, 601–606 (2006).
23. Alakhov, V. et al. Block copolymer-based formulation of doxorubicin. From cell screen to clinical trials. Colloid Surface B. 16(1–4), 

113–134 (1999).
24. Danson, S. et al. Phase I dose escalation and pharmacokinetic study of pluronic polymer-bound doxorubicin (SP1049C) in patients 

with advanced cancer. Br J Cancer 90(11), 2085–2091 (2004).
25. Valle, J. W. et al. A phase 2 study of SP1049C, doxorubicin in P-glycoprotein-targeting pluronics, in patients with advanced 

adenocarcinoma of the esophagus and gastroesophageal junction. Invest New Drugs. 29(5), 1029–1037 (2011).
26. Lim, W. T. et al. Phase I pharmacokinetic study of a weekly liposomal paclitaxel formulation (Genexol-PM) in patients with solid 

tumors. Ann Oncol. 21(2), 382–388 (2010).
27. Kim, D. W. et al. Multicenter phase II trial of Genexol-PM, a novel Cremophor-free, polymeric micelle formulation of paclitaxel, 

with cisplatin in patients with advanced non-small-cell lung cancer. Ann Oncol 18(12), 2009–2014 (2007).
28. Croy, S. R. & Kwon, G. S. Polymeric micelles for drug delivery. Curr Pharm Design 12(36), 4669–4684 (2006).
29. Ding, H., Wang, X., Zhang, S. & Liu X. Applications of polymeric micelles with tumor targeted in chemotherapy. Journal of 

Nanoparticle Research 14(11) (2012).
30. Wang, Y. et al. Polysorbate 80 coated poly (varepsilon-caprolactone)-poly (ethylene glycol)-poly (varepsilon-caprolactone) micelles 

for paclitaxel delivery. Int J Pharm 434(1–2), 1–8 (2012).
31. Ritu, G. et al. Gellan gum-PEI nanocomposites as efficient gene delivery Agents. J Biomed Nanotechnol 7(1), 38–39 (2011).
32. Miyata, K., Christie, R. J. & Kataoka, K. Polymeric micelles for nano-scale drug delivery. Reactive and Functional Polymers 71(3), 

227–234 (2011).
33. Lee, S. W. et al. Ionically fixed polymeric nanoparticles as a novel drug carrier. Pharm Res 24(8), 1508–1516 (2007).
34. Wang, K. et al. Synthesis and characterization of poly(methoxyl ethylene glycol-caprolactone-co-methacrylic acid-co-poly(ethylene 

glycol) methyl ether methacrylate) pH-sensitive hydrogel for delivery of dexamethasone. Int J Pharm 389(1–2), 130–138 (2010).
35. Hyun, H. et al. Preparation of diblock copolymers consisting of methoxy poly(ethylene glycol) and poly(ɛ -caprolactone)/poly(L-

lactide) and their degradation property. Polymer Engineering & Science 46(9), 1242–1249 (2006).
36. Wang, B. et al. Co-Delivery honokiol and doxorubicin in MPEG-PLA Nanoparticles. Journal of Nanoscience and Nanotechnology 

10(7), 4166–4172 (2010).
37. Wang, C. et al. Characterization, pharmacokinetics and disposition of novel nanoscale preparations of paclitaxel. Int J Pharm 

414(1–2), 251–259 (2011).

Acknowledgements
This work was financially supported by introduction of the third batch of Innovative Research Team of Guangdong 
(2011Y073), Strategic Emerging Industry Core Technology Research Project of Guangdong (2012A080800001), 
2014 Dongguan Production-study-research Cooperation Projects (2014509107208).

Author Contributions
Q.Z.Y. provide the topic of thesis and significance of design, guarantee the integrity of entire study, are responsible 
for communicating with Scientific Reports and managing communication between coauthors. Z.L. and T.L.W. 
are substantial contributions to the design and operation of all the detailed experiments, acquisition, analysis and 
interpretation of data, drafting the article and revising it critically for important intellectual content. C.X.X. and 
L.C.F. participate in the study design and manuscript revision. Z.L., T.L.W., P.J.R. and C.L.J. take part in the data 
analysis/interpretation and statistical analysis, cooperating on experimental studies and preparation of figures.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, L. et al. A simple method to improve the stability of docetaxel micelles. Sci. Rep. 
6, 36957; doi: 10.1038/srep36957 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	A simple method to improve the stability of docetaxel micelles
	Introduction
	Results
	Preparation and characterization of docetaxel micelles
	Evaluation of the stability of docetaxel-loaded micelles
	In vitro release study
	Cell viability assay
	In vivo antitumor efficacy

	Discussion
	Conclusion
	Materials and Methods
	Materials
	Cell lines and animals
	Synthesis of the diblock copolymers
	Preparation of docetaxel micelle
	Characterization of docetaxel-loaded micelle
	Determination of particle size of micelles
	Determination solution PH of co-polymer micelle
	X-ray Diffractometer (XRD) analysis
	Evaluation of the stability of docetaxel-loaded micelle
	In vitro release study
	Cell viability assay
	In vivo antitumor efficacy
	Statistical Analysis
	Ethics statement


	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                A simple method to improve the stability of docetaxel micelles
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36957
            
         
          
             
                Lan Zhang
                LiWei Tan
                LiJuan Chen
                XiaoXin Chen
                ChaoFeng Long
                JinRong Peng
                ZhiYong Qian
            
         
          doi:10.1038/srep36957
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36957
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36957
            
         
      
       
          
          
          
             
                doi:10.1038/srep36957
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36957
            
         
          
          
      
       
       
          True
      
   




