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Purpose: A novel RGD-modified PEGylated lipid-core micelle delivery system was 
designed to improve the anti-cancer effect of docetaxel on triple negative breast cancer 
(TNBC).
Methods: The tumor-targeted lipid-core micelles loaded with docetaxel were prepared and 
characterized. Their morphology, particle size, zeta potential, entrapment efficiency, release 
profiles, and targeting effects were studied. The antitumor effects of the docetaxel-loaded 
nano-micelles were investigated in a MDA-MB-231 cell model in vitro and a MDA-MB-231 
xenograft model in vivo.
Results: The prepared RGD-modified docetaxel-loaded lipid-core micelles were spherical 
with a particle size of 16.44±1.35 nm, zeta potential of −19.24±1.24 mV, and an encapsula-
tion efficiency of 96.52±0.43%. The drug delivery system showed sustained release proper-
ties and could significantly enhance docetaxel uptake by MDA-MB-231 tumor cells in vitro, 
which was proved to be a caveolae pathway mediated process requiring ATP, Golgi appa-
ratus, and acid lysosomes. The results of the pharmacokinetic study displayed that the area 
under the curve of the targeted micelles was 3.2-times higher than that of docetaxel 
commercial injections. Furthermore, in a MDA-MB-231 tumor-bearing mice model, a higher 
antitumor efficacy than docetaxel commercial injections was displayed, and the safety 
experiments showed that the micellar material did not cause major organ damage after 
intravenous administration in mice.
Conclusion: The novel RGD-modified PEGylated lipid-core micelle delivery system sig-
nificantly improved the antitumor effects and reduced the side-effects of docetaxel, providing 
a promising therapeutics for the treatment of TNBC.
Keywords: docetaxel, lipid-core micelles, RGD peptide, breast cancer therapy

Introduction
Breast cancer is a significant cause of cancer-related deaths in females.1 It is a 
common malignant tumor whose occurrence is closely related to differentiation 
disorder, uncontrolled proliferation, and apoptosis of cells. At present, the clinical 
treatments for breast cancer mainly include chemotherapy, hormone therapy, sur-
gery, and radiation.2 Although remarkable progress of these treatments has signifi-
cantly improved the disease control rate of certain breast cancer, there are still no 
effective treatments for triple negative breast cancer (TNBC), which accounts for 
approximately 15% of all breast cancer cases. Due to its high tendency toward 
metastasis and the lack of effective targeted therapy and endocrine therapy drugs, 
the 5-year survival rate of TNBC patients is less than 20%.3
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Docetaxel (DTX) is a kind of compound synthesized 
by the structural modification of paclitaxel extracted from 
the needles of the berry yew.4 Its antitumor mechanism is 
the same as that of paclitaxel, with about twice the activity 
of paclitaxel. It can inhibit mitosis and cell proliferation by 
forming nonfunctional microtubule bundles.5 It is one of 
the most effective single dose chemotherapy drugs for 
metastatic breast cancer and non-small cell lung cancer,6 

and it is also one of the drugs used in the standard che-
motherapy regimen for triple negative breast cancer.7 

Because DTX is highly lipophilic and insoluble in water, 
Tween 80 and ethanol are often used with it for solubiliza-
tion in clinical application. These solubilizers have serious 
side-effects, causing most patients to have severe allergic 
reactions, like cumulative fluid retention, hypersensitivity 
reactions, and nausea.8 It has been reported that the com-
mercial injections of DTX (Taxotere®) cause serious side- 
effects due to DTX itself or polysorbate 80.9 Therefore, 
the studies of nano-formulations are growing for improv-
ing the therapeutic effect of DTX and overcoming its 
disadvantages.

Combining active targeting and passive targeting could 
greatly improve the therapeutic effects on triple negative 
breast cancer.10,11 However, there are still many problems 
in the active targeted drug delivery system, such as low 
encapsulation rate and poor stability, which lead to the 
early release of drugs in vivo and fast elimination in 
vivo, greatly limiting their production and marketing.12– 

14 The lipid core micelles are assembled by water-soluble 
amphiphilic surfactants, which take the hydrophilic end of 
amphiphilic polymers as the shell and the hydrophobic end 
as the core. Compared with other drug delivery systems, 
lipid core micelles have many advantages, such as strong 
hydrophobic effect which contributes to high drug loading 
for lipophilic drugs,15 and small particle size which can 
make drugs accumulate in tumor tissue through passive 
targeting. Besides, low critical micelle concentration 
endows them with good dilution stability after in vivo 
administration.16 After 48 hours of interaction with 
plasma, they can still maintain their particle size stability.-
17 What’s more, the preparation process is much easier, 
enabling large scale production of these formulations.18

In recent years, the overexpression on tumor and tumor 
vascular systems of extracellular matrix binding integrin 
receptors (such as αvβ3 and αvβ5) draws more and more 
attention in tumor targeting delivery.19 Song et al20 

designed dual-targeting nanovesicles which could combine 
with αvβ3 integrin to enhance specificity to dynamic tumor 

cells in vitro and in vivo. The expression of αVβ3 in breast 
cancer cells is higher than that in normal cells, especially 
in metastatic breast tumors.21 Besides, researches have 
proved that the expression of αvβ3 receptors on the surface 
of TNBC cells is much higher than other non-TNBC 
cells.22,23 TNBC cells such as MDA-MB-231 cells could 
overexpress αvβ3 integrin.24 Therefore, αvβ3 integrin has 
become a new target for TNBC treatment. RGD peptide is 
a kind of short peptide comprising arginine-glycine-aspar-
tic acid (Arg-Gly-ASP), which can mediate the interaction 
between cells and cells, or the extracellular matrix and 
cells, and recognize the αvβ3 receptor expressed on the 
surface of tumor cells and tumor blood vessels.25 In addi-
tion, a RGD peptide modified nano-delivery system 
showed good tumor targeting ability in vitro26 and in 
vivo.22,27 Therefore, RGD peptide is suitable to be a 
targeting molecule for TNBC treatment.

In this study, using RGD peptide as a targeting mole-
cule, and amphiphilic polymer PEG-DSPE as a carrier, the 
RGD peptide mediated TNBC targeted DTX loaded PEG- 
DSPE lipid-core micelles (RGD-DTX-M) were prepared. 
The micelle shell is composed of hydrophilic PEG to form 
a hydration layer, which could limit the phagocytosis of 
the reticuloendothelial system and prolong the circulation 
time of micelles in vivo. After RGD modification, the 
micelles exhibit active targeting which could bind to the 
αvβ3 integrin receptor, realizing the targeted transportation 
of DTX to the TNBC cells, and at the same time improv-
ing the DTX curative effect and reducing its side-effects. 
Their physicochemical properties, in vitro release beha-
vior, pharmacokinetics, tumor targeting ability, targeting 
mechanism, and toxicity were studied. This new TNBC 
targeted delivery system is expected to increase the drug 
loading of DTX, prolong the drug retention time in the 
blood, and improve the treatment effect on triple negative 
breast cancer, having a high clinical application prospect.

Materials and Methods
Materials
DTX was bought from Shanghai Techwell 
Biopharmaceutical Co., Ltd (Shanghai, China). DTX com-
mercial injections were supplied by the Shanghai 
Acebright Pharmaceuticals Group Co., Ltd. (Shanghai, 
China). Cyclo (Arg-Gly-Asp-DPhe-Cys) (RGD) was pur-
chased from Chinese Peptide (Hangzhou, China, purity 
>98%). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N- [(polyethylene glycol)-2000] (DPSE-PEG2000) was 
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purchased from Nanosoft Polymers (NC, USA). 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide 
(polyethylene glycol)-2000] (DSPE-PEG2000-Maleimide) 
was purchased from Avanti Polar Lipids (Alabaster, AL, 
USA). Tween 80, acetonitrile, chloroform,and methanol 
were purchased from Sinopharm Chemical Reagent Co., 
Ltd (Shanghai, China). Filipin, sodium azide, chlorproma-
zine, brefeldin A (BFA), colchicine, and monensin were 
supplied by Sigma-Aldrich Co (MO, USA). Hank’s 
balanced salt (HBS) and phosphate buffer saline (PBS) 
were purchased from Shanghai Basal Media 
Technologies Co., Ltd (Shanghai, China). Dulbecco’s 
modified Eagle medium (DMEM) and fetal bovine serum 
(FBS) were purchased from Thermo Fisher Technology 
(China) Co., Ltd. Cell Counting Kit-8 (CCK-8) was pur-
chased from Dojindo Laboratories (Kumamoto, Japan).

Cell Lines and Animals
A human breast cancer cell line (MDA-MB-231) that was 
provided by the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China), was grown in 
DMEM containing 10% FBS in a 37°C incubator with 5% 
CO2. Cell proliferation and toxicity assay were performed 
by using CCK-8.

Female Sprague Dawley rats of 200±20 g and female 
nude mice aged 4–6 weeks were supplied by Shanghai 
Super B&K Laboratory Animal Corporation Ltd 
(Shanghai, China). Prior to experiments, the animals 
were raised at the temperature of 22°C±2°C under natural 
light/dark conditions with access to food and water freely 
for a week. The animals used for the experiment were 
treated following the approval of all the protocols that 
were set by the ethical committee of Shanghai University 
of Traditional Chinese Medicine (Shanghai, China). The in 
vivo experiments were also approved by the ethical com-
mittee of Shanghai University of Traditional Chinese 
Medicine. All experiments follow the ethical principles 
of experimental animal welfare and make every effort to 
minimize suffering.

Preparation of RGD-DTX-M
In brief, 2 mg DSPE-PEG2000-Maleimide and 80 mg 
DSPE-PEG2000 were dissolved in 8 mL chloroform. 
Then, the solution was mixed up with 2.05 mg DTX 
which was dispersed in 2 mL methanol. The mixture was 
dried under reduced pressure at 38°C until an arid thin- 
film formed. After being maintained in a vacuum freeze- 
drying machine for 24 hours to remove residual solvents, 8 

mL HBS was added for hydration. Subsequently, the solu-
tion was filtrated through 0.22 μm filter membrane. 
Finally, the micelle solution was stirred for 12 hours with 
1 mg/mL RGD which was dissolved in HBS. The blank 
micelles (BMs) and RGD-free micelles (DTX-M) were 
also prepared following the same described procedures, 
except for adding DTX or RGD. Before in vivo and in 
vitro experiments, the free RGD in the micelles was 
removed by ultrafiltration with centrifugal filters (3kDa, 
Millipore).

Characterization of Micelles
Size and zeta potential measurements of micelles includ-
ing BMs, DTX-M, and RGD-DTX-M were performed at 
room temperature through a dynamic light scattering 
(DLS) method using a Nicomp Particle Sizing system 
(380ZLS, Santa Barbara, CA, USA). After the samples 
were diluted by distilled water and negatively stained 
with phosphotungstic acid, the morphology of micelles 
was observed by transmission electron microscope 
(TEM, H-6009IV, Hitachi, Japan). Drug loading (DL) 
and encapsulation efficiency (EE) of RGD-DTX-M were 
determined by high-performance liquid chromatography 
(HPLC) on a Kromasil 100–5C18 column (5 μm, 
250×4.6 mm) at 30°C. The mobile phase was prepared 
with a mixture of acetonitrile and ultrapure water (55:45, 
v/v). The DTX was detected at the wavelength of 230 nm 
(flow rate: 1.0 mL/min). The selectivity, linearity, preci-
sion, and recovery of this method were fully validated. EE 
and DL were determined using Eqns. (1) and (2), 
respectively.

EE (%) = Weight of the drug encapsulated in micelles 
(mg)/Weight of the total drug added (mg) × 100%(1)

DL (%) = Weight of the drug encapsulated in micelles 
(mg)/Weight of the total micelles (mg) × 100%(2)

In vitro Release of DTX from Micelles
The release kinetics of DTX-M and RGD-DTX-M were 
tested through the dialysis method (PBS with 0.1% 
Tween-80 with or without plasma as the release medium). 
Briefly, dialysis membrane bags filled with 2 mL pre-
formed micelles were transferred into 50 mL centrifuge 
tubes full of release medium. The whole device was then 
immersed in a 37°C water bath gently shaken at 100 rpm 
for 24 hours. At the pre-designed time points, the release 
medium was extracted and replaced with fresh buffer 
solution. The concentrations of DTX in release medium 
were determined by the HPLC method described above.
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In vitro Uptake of RGD-DTX-M by MDA- 
MB-231 Cells
The triple-negative human breast cancer cell line MDA- 
MB-231 was used to evaluate the uptake of RGD-DTX-M 
and DTX-M by triple-negative breast cancer cells. The 
MDA-MB-231 cells were inoculated into 24 well plates 
and cultured to a density at about 3×105 cells per well. 
Then RGD-DTX-M and DTX-M were administrated 
respectively. After that, cold PBS was added to stop the 
uptake at predetermined time points, and 0.05% SDS was 
added to lyse the cells. The cell lysate was taken to 
determine the protein concentration by a BCA kit and 
the concentration of DTX by HPLC. The uptake index 
(UI) was determined using the following formulae:

UI (μg/mg) = Concentration of DTX (μg/mL)/  
Concentration of protein (mg/mL)

Uptake Mechanism of RGD-DTX-M by 
MDA-MB-231 Cells
The MDA-MB-231 cells were inoculated into 24 well 
plates and cultured to a density at about 3×105 cells per 
well. After different inhibitors (2.6 mg/mL sodium azide, 
10 μg/mL filipin, 20 μg/mL chlorpromazine, 4 μg/mL 
colchicine and 20 μg/mL BFA, 140 ng/mL monensin) 
were added, respectively, the cells were placed in a 37°C 
incubator for 30 minutes. Then, the cells were rinsed with 
PBS and incubated in medium containing RGD-DTX-M 
or DTX-M for 1 hour. After absorbing and discarding the 
culture solution in the culture plate, 0.05% SDS was used 
to lyse the cells. The cell lysate was taken to determine the 
protein concentration and the concentration of DTX. The 
UIs were calculated and compared between different 
groups.

Pharmacokinetic Studies of RGD-DTX-M
The pharmacokinetics of the RGD-DTX-M and a DTX 
commercial injection (Shanghai Acebright 
Pharmaceuticals Group Co., Ltd., lot no. 9021191204) 
were investigated in healthy female SD rats following 
intravenous administration. The rats were randomly 
assigned into two groups (four rats per group), and admi-
nistered via tail vein at a dose equivalent to 2 mg/kg DTX. 
The blood samples (approximately 0.5 mL) were collected 
from the orbital cavity into the micro centrifuge tubes 
containing heparin at 0, 0.083, 0.25, 0.5, 1, 2, 4, 8, and 
12 hours. After the plasma was separated from the 

obtained blood by centrifuging the blood samples at 
8,000 rpm for 3 minutes at 4°C, the plasma samples 
were frozen at −80°C until analysis.

The pharmacokinetic data was analyzed using a non- 
compartmental model by the Drug and Statistics (DAS) 
software (version 2.1.1, Mathematical Pharmacology 
Professional Committee, China).

Biodistribution of Micelles in MDA-MB- 
231 Tumor-Bearing Mice
The female nude mice (6–8 weeks of age and 18–20 g) 
were subcutaneously inoculated with 2×106 MDA-MB- 
231 breast cancer cells for constructing the orthotopic 
tumor-bearing mice model. In order to evaluate the bio- 
distribution of the RGD-modified micelles in vivo, the 
near-infrared fluorescence dye DiR was used to replace 
DTX as the fluorescence probe to be encapsulated in the 
micelles. The preparation methods of DiR loaded micelles 
(RGD-DiR-M and DiR-M) are according to the prepara-
tion of RGD-DTX-M and DTX-M, leading to similar 
particle size (around 20 nm) and DiR content (125 μg/ 
mL) of RGD-DiR-M and DiR-M. Mice were injected 
intravenously with 0.2 mL of free DiR, DiR-M, and 
RGD-DiR-M, respectively (the injected dose of DiR in 
each mouse was 2 mg/kg, n=4). At 4, 8, or 24 hours 
post-injection, the mice were scanned using a near-infrared 
fluorescence imaging system (IVIS Lumina XR, 
PerkinElmer, USA; ex. 748 nm, em. 780 nm) to acquire 
in vivo images. At 24 hours post injection, the main organs 
and the tumors were dissected from the sacrificed ortho-
topic tumor models for ex vivo imaging, and the biological 
distribution of the micelles was evaluated.

Antitumor Effect of RGD-DTX-M on 
MDA-MB-231 Tumor-Bearing Nude Mice
Female nude mice (4–6 weeks old) were selected to estab-
lish MDA-MB-231 breast cancer xenograft models for 
investigating the antitumor effect of RGD-DTX-M. 
2×106 MDA-MB-231 cells suspended in 0.1 mL PBS 
were subcutaneously injected at the right flank of each 
nude mouse. After 10 days of implantation, the mice 
with a tumor volume ranging from 90–110 mm3 were 
randomly divided into five groups (normal saline, DTX 
commercial injection, RGD-M, DTX-M, and RGD-DTX- 
M) (n=5). And different formulations were administrated 
intravenously via the tail vein every 4 days for four times 
at a dose equal to 5 mg/kg DTX. During the study, the 
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tumor volume and body weight of the mice were measured 
every day. For calculating the tumor volume, it was based 
on the equation (a×b2)/2, where a and b were the length of 
the the cuboid and the width of the cuboid, respectively. 
On the 28th day, all the alive nude mice were sacrificed 
and the tumors were collected and weighed.

Preliminary Safety Studies in vitro and in 
vivo
MDA-MB-231 cells were used to evaluate the safety of the 
blank micelle RGD-M. Briefly, approximately 5×104 cells 
were seeded per well into a 96-well plate, and placed in a 5% 
CO2 incubator at 37°C. After incubating for 24 hours, the 
cells reaching 80% confluence were washed twice with PBS 
and treated with varying concentrations of blank micelles 
with or without RGD modification at 37°C for 24 hours. The 
cell viability was then measured by MTT assay.

After the antitumor-effect experiment, the nude mice 
were killed on the 28th day, and heart, lungs, liver, spleen, 
and kidneys were taken out and preserved for tissue slice 
to assess systemic toxicity of RGD-DTX-M in vivo 
through hematoxylin and eosin (H&E) staining.

Statistical Analysis
Data are expressed as the mean±standard deviation (SD). 
Statistical evaluation was analyzed by a two-tailed 
Student’s t-test or one-way ANOVA analysis of variance 
with Prism 7.0 Software when comparing two groups or 
larger than two groups, respectively. A p-value <0.05 was 
considered to be statistically significant.

Results
Characterization of DTX-M and RGD- 
DTX-M
Taking particle size, zeta potential, encapsulation effi-
ciency, and drug loading as indicators, the changes of 
DTX-M before and after RGD modification were inves-
tigated. The results are shown in Figure 1E, indicating 
that there is no significant difference between DTX-M 
and RGD-DTX-M in physicochemical properties. With 
high encapsulation efficiency, the two kinds of micelles 
were found to be in the size range of 14–20 nm, display-
ing a strong negative zeta potential, which is conducive 
to the micelle stability against fusion and aggregation. 
The TEM photographs of DTX-M and RGD-DTX-M are 
shown in Figures 1A and B. The DTX-M and RGD- 
DTX-M were spherical in shape, and were uniformly 

distributed. The in vitro release results showed that 
DTX-M was released completely in PBS buffer in 
about 4 hours, while plasma slowed down the release 
speed (Figures 1C and D). In PBS containing plasma, 
both of DTX-M and RGD-DTX-M totally released in 8 
hours, showing sustained-release effects (Figures 1C 
and D).

In vitro Uptake of RGD-DTX-M by MDA- 
MB-231 Cells
The influences of incubation time and concentration of 
micelles on the cell uptake of RGD-DTX-M and DTX-M 
were investigated. As shown in Figure 2A, the uptake of the 
formulations increased with time, and, after 2 hours, the 
uptake of RGD-DTX-M was significantly higher than that 
of DTX-M, and the uptake of both the two kinds of for-
mulations was significantly higher than that of DTX solu-
tion. Besides, the cell uptake of different preparations rose 
with the increase of formulation concentration, and the 
uptake of RGD-DTX-M was also higher than that of DTX- 
M at the same formulation concentration (Figure 2B).

Uptake Mechanism of RGD-DTX-M by 
MDA-MB-231 Cells
In order to elucidate the cell entry pathways of RGD- 
DTX-M, the endocytosis mechanism of micelles was 
investigated. As shown in Figure 2C, after treating with 
sodium azide, brefeldin A (BFA) and monensin for 30 
minutes, the uptake indexes of micelles by MDA-MB- 
231 cells were significantly reduced, illustrating that the 
endocytosis of RGD-DTX-M might be a caveolin 
mediated process which needs ATP, and involves Golgi 
body and acid lysosomes. Furthermore, although both 
the group of RGD-DTX-M and the group of DTX-M 
showed the same inhibition trend after treating with 
different kinds of inhibitors, the inhibition rate between 
the two groups was different. For example, after cells 
were treated with sodium azide, the inhibition rate of 
uptake index of DTX-M was approximately 3-times that 
of RGD-DTX-M, which demonstrated a more pro-
nounced inhibition of uptake of RGD-DTX-M.

Pharmacokinetics of RGD-DTX-M
The plasma concentration–time curves of DTX after i.v. 
administration of DTX commercial injections and RGD- 
DTX-M in rats are demonstrated in Figure 3. The calculated 
pharmacokinetic parameters are shown in Table 1. The area 
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Figure 1 Characterization of micelles. TEM photos of RGD-DTX-M (A) and DTX-M (B). Drug release profiles of RGD-DTX-M (C) and DTX-M (D) in PBS with or without 
serum at the temperature of 37°C±0.5°C. (E) Characteristics of DTX-M and RGD-DTX-M (n=3).
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Figure 2 In vitro uptake of RGD-DTX-M by MDA-MB-231 cells. Effect of incubation time (A) and formulation concentration (B) on micelle uptake by MDA-MB-231 cells 
(n=3, **p <0.01, ****p <0.0001). Uptake mechanism (C) of RGD-DTX-M by MDA-MB-231 cells (n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, DTX-M compared with 
its control; #p<0.05, ###p<0.001, ####p<0.0001, RGD-DTX-M compared with its control).
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under the curve (AUC) was significantly increased from 
557.55±14.13 μg/L·h for the commercial injection of DTX 
to 1771.65±63.03 μg/L·h for RGD-DTX-M, which corre-
sponds to a significant reduction of the total body clearance 
(TBC) from 3.59±0.09 L/kg·h to 1.07±0.12 L/kg·h. 
Furthermore, t1/2 for the commercial injection of DTX was 
5.57±0.51 h, which is statistically shorter than the 13.25 
±2.54 h for RGD-DTX-M. These results demonstrated better 
sustained-release properties of the RGD-DTX-M delivery 
system compared with the commercial preparations.

Biodistribution of Micelles in MDA-MB- 
231 Tumor-Bearing Mice
The in vivo targeting ability of RGD-DTX-M micelles was 
investigated on MDA-MB-231 tumor-bearing nude mice. 
A near-infrared fluorescence dye DIR was used as the 
fluorescent chromogenic agent entrapped in micelles for 
studying the biodistribution of micelles by a fluorescence 

imaging system. As shown in Figure 4A, compared with 
the other two groups, the tumor fluorescence signals of 
RGD-DiR-M treated mice were significantly stronger at 4– 
24 hours. As the time was prolonged, RGD-DiR-M began 
to concentrate in the tumor, and the tumor accumulation of 
fluorescent signals peaked at approximately 8 hours. The 
ex vivo images at 24 hours post-injection displayed that 
the fluorescence intensity of RGD-DiR-M was stronger in 
tumors and weaker in other organs than the DiR-M (Figure 
4B–D). These results suggested that RGD-DTX-M might 
serve as a better DTX delivery system because of its better 
tumor targeting capacity in vivo.

Antitumor Effect of RGD-DTX-M on 
MDA-MB-231 Tumor-Bearing Nude Mice
To verify the antitumor activity of RGD-DTX-M, nude 
mice bearing MDA-MB-231 human breast cancer cells 
were treated with DTX commercial injections, DTX-M 
and RGD-DTX-M at the DTX dose of 5 mg/kg. The 
antitumor effects of DTX-M and RGD-DTX-M on 
MDA-MB-231 bearing nude mice are illustrated in 
Figure 5, compared with normal saline (control group), 
RGD-M (the same dose of vehicle as RGD-DTX-M at 5 
mg/kg DTX), and DTX commercial injection. Normal 
saline and RGD-M vehicle treatments had no significant 
effect on the tumor growth, with the tumor volumes 
increasing rapidly. The treatment with DTX and DTX- 
M was effective in tumor regression to some extent, but 
neither of them had advantages when they were com-
pared to the RGD-DTX-M, which was more efficacious 
to suppress tumor growth (Figures 5A, C, E, and 4D). As 

Figure 3 The concentration-time curves of DTX in plasma followed by i.v. injection of DTX commercial injection and RGD-DTX-M in rats at a DTX dose of 2 mg·kg−1 

(n=4). 
Abbreviation: C, plasma concentration of DTX.

Table 1 Pharmacokinetic Parameters of DTX in Plasma 
Followed Intravenous Administration of DTX Commercial 
Injection and RGD-DTX-M

PK Parameters DTX Commercial 
Injection

RGD-DTX-M

t1/2 (h) 5.57±0.51 13.25±2.54**

Cmax (μg/L) 2014.95±637.67 204.46±6.29**

tmax (μg/L) 0 0
AUC0-∞ (μg/L·h) 557.55±14.13 1771.65±63.03****

TBC (L/kg·h) 3.59±0.09 1.07±0.12****

Abbreviations: AUC, area under the curve; TBC, total body clearance; t1/2, drug 
half-life; Cmax, maximum concentration.
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Figure 4 In vivo biodistribution of free DiR (1), DiR-M (2) and RGD-DiR-M (3). In vivo fluorescence images of the tumor-bearing mice after intravenous injection at 4, 8, and 
24 hours post injection (A); fluorescence images of ex vivo main organs and tumors at 24 hours post injection (B); the quantitative analysis of fluorescence intensity in 
tumors at 4, 8, and 24 hours post injection (C); the quantitative analysis of fluorescence intensity in ex vivo mean organs and tumors (D) (n=4, ***p<0.001, ****p<0.0001).
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Figure 5 In vivo antitumor effects of RGD-DTX-M on MDA-MB-231 bearing nude mice. Tumor volume (A), body weight (B), tumor weight (C), tumor inhibitory rate (D), 
images of tumors (E), and H&E stain of tumors (F) in each group after different treatments (n=5, *p<0.05, ***p<0.001).
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shown in Figure 5D, compared with DTX-M and DTX 
commercial injection, the tumor inhibition rate of RGD- 
DTX-M was nearly 1.65-times and 5-times larger, 
respectively. In addition, the possible toxicity of RGD- 
DTX-M was assayed by measuring body weight. 
According to the statistical analysis, during the whole 
experimental period there was no significant change in 
body weight of mice (Figure 5B). The damage of sub-
cutaneous tumor tissue in different groups was also 
investigated by H&E stain (Figure 5F). In the RGD- 
DTX-M group, the most serious damage was observed, 
which suggested the best anti-tumor effect of RGD-DTX- 
M among these experiment groups to MDA-MB-231 
tumor in vivo. Overall, our results indicate that the 
RGD-modified DTX-M has a better antitumor effect 
than unmodified DTX-M and DTX commercial injections 
in vivo.

Preliminary Safety Studies in vitro and in 
vivo
In this study, human TNBC cell line MDA-MB-231 was 
used to assess the cytotoxicity of blank RGD-M in vitro. It 
can be seen from Figure 6A that at the blank RGD-M 
concentration of about 5 mg/mL, the cell survival rate is 
above 85%. And at the blank RGD-M concentration of 2 
mg/mL, the cell survival rate is higher than 93%. These in 
vitro study results demonstrated that a blank RGD-M 
concentration of 5 mg/mL had no obvious toxicity to 
MDA-MB-231 cells. Previous studies showed that the 
half lethal dose of the DTX commercial injection was 
104.1 mg/kg,28 which was nearly 20-times the dosage for 
the commercial preparation used in this experiment. 
Because of the low dose of DTX used in the antitumor 
effect study, the results showed there were no significant 
changes in terms of body weight among the five treatment 
groups during a span of 28 days (Figure 5C). Besides, the 
major organs H&E-stained images of each group indicated 
that there was no noticeable symbol of organ damage 
(Figure 6B). These results suggest the good biocompat-
ibility of the RGD-DTX-M delivery system.

Discussion
Currently, chemotherapy is one of the most important 
treatment strategies for TNBC.

As an effective chemotherapy drug for TNBC treatment, 
the therapeutic effect of DTX is impaired by its toxic 
effects,29 leading to poor efficacy of DTX in the treatment 

of TNBC. Besides, similar to many chemotherapeutic 
agents, DTX has a fairly low solubility in water and high 
lipophilicity, making it inconvenient for clinical application. 
Therefore, in order to enhance the efficacy of DTX for the 
treatment of TNBC, we use amphiphilic polymers (PEG- 
DSPE) to prepare DTX lipid core micelles. Through mod-
ification by RGD, a new delivery system which has tumor 
blood vessel and tumor cell targeting ability was prepared 
so as to increase the solubility of DTX, improve targeting 
ability to tumor sites, reduce side-effects of DTX, and 
improve the therapeutic effect on TNBC.

As expected, the RGD-DTX-M with high encapsula-
tion efficiency, strong targeting ability, and sustained 
release properties was easily prepared through film hydra-
tion method. In the in vitro cell-uptake experiment, the cell 
uptake of RGD-DTX-M increased gradually with the pro-
longation of incubation time, and was significantly higher 
than that of DTX-M at the same DTX concentration. 
Furthermore, the in vivo biodistribution experiment sug-
gested that RGD-DiR-M could enrich at the tumor site 
through RGD targeting to the integrin receptor αvβ3 on 
the tumor surface. These results confirm that RGD-DTX- 
M has a good tumor targeting ability, suggesting that sur-
face modification successfully enhances cell internaliza-
tion of micelles.

Drug delivery systems enter cells through different endo-
cytosis pathways, including clathrin-mediated endocytosis, 
caveolin-mediated endocytosis, macropinocytosis, and pha-
gocytosis. To clarify the cellular uptake mechanism of RGD- 
DTX-M in MDA-MB-231 cells, the cells were treated with 
various endocytic inhibitors. Chlorpromazine can destroy 
the recycling of adaptor protein from the inner body, affect 
the assembly of the package depression, and inhibit the 
clathrin-mediated endocytosis.30 Filipin can bind to sterol 
and selectively inhibit caveolin-mediated endocytosis.31 

Colchicine is a selective inhibitor of the macropinocytosis 
pathway.32 As a metabolic inhibitor,33 sodium azide can 
affect mitochondrial oxidative phosphorylation, consume 
ATP, and lead to energy supply disorder. BFA is a fungal 
metabolite, which can destroy the structure and function of 
Golgi apparatus.34 Monensin can promote H+- K+ ion 
exchange and inhibit the formation of a lysosomal acid 
environment.35 The results showed that the uptake of 
micelles by cells might be mediated by the caveolin, and 
the whole process involves the participation of Golgi body 
and acid lysosome, accompanied with the consumption of 
ATP. Li et al36 found the uptake mechanism of a RGD- 
decorated chitosan-functionalized single-walled carbon 
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Figure 6 Preliminary safety studies of RGD-DTX-M in vitro and in vivo. (A) The effects of different concentrations of micelle materials on the survival rate of MDA-MB-231 
cells (n=4), (BMs, blank micelles). (B) H&E staining of slices of major organs including hearts, livers, spleens, lungs, and kidneys from mice in different treatment groups (n=5).
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nanotube was an energy-dependent, caveolin-mediated 
endocytosis process in MCF-7 cells. Liu et al37 also reported 
a RGD-modified dual-targeted theranostic photosensitizer 
(FL-RGD) could target tumor tissues and further locate in 
lysosomes of U87MG tumor cells. Our findings are consis-
tent with these previous studies, suggesting that the uptake 
of RGD-modified micelles is a caveolin and energy-depen-
dent endocytosis which involves the participation of the 
Golgi body and acid lysosome.

The pharmacokinetics of RGD-DTX-M was studied 
and compared with a DTX commercial injection in vivo. 
The AUC and TBC of RGD-DTX-M were 3.2- and 0.3- 
times those of the commercial injection, respectively, 
which demonstrated that the RGD-M could improve 
the retention time of DTX in the blood and reduce the 
plasma clearance rate of DTX, which lead to the sus-
tained release effect. Based on the sustained release 
effect of DTX and the powerful effect to target the 
tumor cells mediated by RGD, in pharmacodynamics 
experiments the RGD-DTX-M treatment reasonably led 
to the most significant anti-tumor effect of tumor xeno-
grafts. As shown in Figure 5, compared with the control 
group, all types of DTX formulations suppressed the 
human breast cancer (MDA-MB-231) growth and scaled 
down tumor size to a greater degree. However, the 
RGD-DTX-M treatment group had the most significant 
tumor volume reduction, compared with the other DTX 
formulation groups. Finally, in terms of the weight 

changes of mice during the whole experiment and the 
histological evaluation of animal organs by H&E stain-
ing, RGD-DTX-M was preliminarily demonstrated to 
have favorable biocompatibility and safety. Thus, the 
novel RGD-DTX-M delivery system may be a promis-
ing formulation in enhancing the clinical efficacy of 
DTX for TNBC.

Conclusion
In summary (Figure 7), we constructed a novel RGD- 
modified lipid micelle delivery system to improve the 
therapeutic effects of DTX on TNBC. The preparation 
process of RGD-DTX-M was simple, which enabled 
large scale production of these formulations. The pre-
pared RGD-DTX-M had high encapsulation efficiency, 
and showed sustained release property for intravenous 
administration. Cellular uptake experiments showed 
enhanced cellular accumulation of RGD-DTX-M which 
was mediated by the caveolin. The pharmacokinetics 
study results suggested a 3.2-times increased absolute 
bioavailability of RGD-DTX-M comparing with DTX 
commercial injections, which was accompanied with a 
5-times increased antitumor-effect in MDA-MB-231 
tumor-bearing mice. Preliminary safety results showed 
its good safety. The above results suggest that RGD- 
DTX-M might be a novel anti-tumor formulation for 
triple negative breast cancer with high clinical applica-
tion prospect.

Figure 7 RGD-functionalized micelles (RGD-DTX-M) for highly potent and targeted TNBC chemotherapy.
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