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Abstract: Dual-functional drug delivery system was developed by decorating c(RGDyK) (cyclic 

RGD [arginine-glycine-aspartic acid] peptide) with Pluronic polymeric micelles (c[RGDyK]-

FP-DP) to overcome the drawbacks of low transport of chemotherapeutics across the blood–

tumor barrier and poor multidrug-resistant (MDR) tumor therapy. c(RGDyK) that can bind to 

the integrin protein richly expressed at the site of tumor vascular endothelial cells and tumor 

cells with high affinity and specificity was conjugated to the N-hydroxysuccinimide-activated 

PEO terminus of the Pluronic F127 block copolymer. In this study, decreased tumor angiogenic 

and increased apoptotic activity in MDR cancer cells were observed after the treatment with 

c(RGDyK)-FP-DP. c(RGDyK)-FP-DP was fully characterized in terms of morphology, particle 

size, zeta potential, and drug release. Importantly, in vitro antiangiogenesis results demonstrated 

that c(RGDyK)-FP-DP had a significant inhibition effect on the tubular formation of human 

umbilical vein endothelial cells and promoted cellular apoptotic activity in MDR KBv cells. In 

addition, the growth inhibition efficacy of KBv tumor spheroids after crossing the blood–tumor 

barrier was obviously increased by c(RGDyK)-FP-DP compared to other control groups. Results 

suggested that c(RGDyK)-decorated Pluronic polymeric micelles can take pharmacological 

action on both human umbilical vein endothelial cells and KBv MDR cancer cells, resulting in 

a dual-functional anticancer effect similar to that observed in our in vitro cellular studies.
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Introduction 
Cancer is a leading cause of death worldwide, and it is difficult to remove the tumor 

completely by conventional surgical methods. Thus, the incidence of tumor recur-

rence is very high due to its possible invasion into the surrounding normal tissue.1,2 

Consequently, chemotherapy is a necessary strategy for the cancer treatment. How-

ever, poor tumor targeting with undesirable side effects as well as the emergence and 

development of multidrug-resistant (MDR) seriously restrict its ability to influence 

clinical outcome.3,4

Angiogenesis is a process of generating new blood vessels in tumor sites to supply 

necessary oxygen and nutrients,5,6 which has been proved to play a vital role in tumor 

growth and development.7,8 During this process, α
v
β

3
 integrin, a well-known angiogen-

esis biomarker, was detected in the activated endothelial cells and most tumor cells.9 

The critical functions of α
v
β

3
 integrin in cancer therapy are related to cell survival, adhe-

sion, migration, invasion, and angiogenesis.10–12 Moreover, it interacts by cross-talking 

with vascular endothelial growth factor (VEGF) to control tumor growth, metastasis, 

and angiogenesis.13 Due to its effects on angiogenesis process, α
v
β

3
 integrin has been 
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considered as one of the most promising targets for cancer 

therapy9 and the development of drug-targeting delivery 

systems.14 For α
v
β

3
 integrin targeting, the RGD (arginine-

glycine-aspartic acid) short peptides have been widely used, 

due to their high affinity and specificity to α
v
β

3
 integrin, as 

well as long half-life. Therefore, RGD peptide sequences 

have been applied as the ligand for the development and 

integrin-targeted drug and gene delivery.15,16

Although angiogenesis is one of the main features of tumor 

growth and migration, the development of MDR becomes a 

serious obstacle to the effective chemotherapy.17 One of the 

best known mechanisms responsible for the MDR phenotype 

in cancer is the overexpression of P-glycoprotein (P-gp).18,19 

Generally, P-gps act as export “pumps” for a wide range of 

structurally and functionally unrelated chemotherapeutic 

drugs such as vinca alkaloids, anthracyclines, epipodophyl-

lotoxins, and taxanes.17 Therefore, the decrease of P-gp-

mediated drug efflux could be one of the most effective ways 

to enhance antitumor efficiency to overcome MDR. Recently, 

several polymeric carrier approaches have been proposed to 

overcome MDR in cancer chemotherapy20,21 among which 

Pluronic block copolymer has been identified as a biological 

response modifier that can interact with MDR cancer cells 

resulting in drastic sensitization of resistant tumors to anti-

cancer drugs.22 Particularly, as reported, Pluronic P105 has 

acted as an inhibitor of P-gp, and several types of P105-based 

nanoparticles have been shown to possess MDR modulation 

activities. It has been also reported that drug-loaded Pluronic 

P105 micelle formulation can cause significant reversal of 

MDR in MCF-7/ADR cells, SKOV-3/PTX cells, and KBv 

cells in our previous studies.23–25 However, the in vitro stability 

of micelles composed of single Pluronic P105 polymer is still 

unsatisfied, which is mainly due to its short PEO length. To 

overcome this issue, Pluronic F127 with high PEO-PPO ratio 

was incorporated into the micelle structure in an attempt to 

enlarge and expand the hydrophilic layer of Pluronic micelles, 

and this is believed to improve the stability of Pluronic 

P105-based micellar system, prolong blood circulation time, 

and modify the biodistribution behavior of the anticancer 

drug.23,26–29 Therefore, drug-loaded Pluronic micelles fabri-

cated with Pluronic P105 and F127 were selected as the matrix 

of the polymeric micelles. Furthermore, c(RGDyK) (cyclic 

RGD [arginine-glycine-aspartic acid] peptide)-decorated 

Pluronic F127 and P105 mixed micelles are developed in this 

study to form a dual-functional drug delivery system for the 

antiangiogenesis and modulation of drug resistance.

Both doxorubicin (DOX) and paclitaxel (PTX) are 

well-known first-line chemotherapeutic agents with excellent 

antitumor efficiency against a broad spectrum of solid tumors. 

It has been reported that simultaneous administration of DOX 

and PTX to patients with metastatic breast cancer is superior 

to that of individual drug therapy in terms of tumor regression 

rates.30,31 However, because of the potential emergence of 

MDR, their clinical outcome is compromised to some extent. 

However, in order to modulate the MDR and further enhance 

the therapeutic efficacy, c(RGDyK)-decorated Pluronic 

micelles have been prepared to load both DOX and PTX. The 

dual-functional effect of this targeted Pluronic nanomicelles 

was evaluated in both integrin-expressed angiogenic endothe-

lial cells (human umbilical vein endothelial cells [HUVEC]) 

and MDR tumor cells (KBv) in vitro-based models.

Materials and methods 
Materials
Pluronic P105 and F127 were kindly provided by BASF 

Ltd. (Shanghai, People’s Republic of China). DOX was 

obtained from Beijing Huafeng United Technology Co. 

Ltd. (Beijing, People’s Republic of China), and PTX was 

purchased from Xi’an Sanjiang Bio-Engineering Co. Ltd. 

(Xi’an, People’s Republic of China). Free PTX solution 

was prepared according to the commercial formulation of 

Taxol. c(RGDyK) (molecular weight [MW] =619.51) was 

synthesized by the GL Biochem Ltd. (Shanghai, People’s 

Republic of China). P105-DOX was synthesized in our 

lab, and the synthesis and characterization of P105-DOX 

is provided in the supporting information (Figure S1). 

Compounds such as N,N′-dicyclohexyl carbodiimide (DCC),  

N-hydroxysuccinimide (NHS), 3-(4,5-dimethyl-thiazol-2-yl)- 

2,5-diphenyl-tetrazolium bromide (MTT), and Hoechst 

33342 were purchased from Sigma-Aldrich (St Louis, MO, 

USA). Cell Cycle and Apoptosis Analysis Kits were pur-

chased from Beyotime® Biotechnology Co. Ltd (Nantong, 

People’s Republic of China). Micro BCA Protein Assay Kit 

and Triton X-100 were purchased from Beyotime Biotechnol-

ogy Co., Ltd. Penicillin–streptomycin, Dulbecco’s Modified 

Eagle’s Medium (DMEM), fetal bovine serum (FBS), and 

0.25% (w/v) trypsin solution were purchased from Gibco 

BRL (Gaithersberg, MD, USA). Purified deionized water was 

prepared by Milli-Q plus system (Millipore Co., Billerica, 

MA, USA). All other reagents and chemicals were of analyti-

cal grade and were used without further purification.

The MDR human carcinoma KBv cell line was pur-

chased from Nanjing KeyGen Biotech. Co. Ltd. (Nanjing, 

People’s Republic of China), with 0.2 μg/mL of vinblastine 

in the cell culture medium to maintain the selective pres-

sure. HUVEC was purchased from Chinese Academy of 

Sciences Cells Bank (Shanghai, People’s Republic of China) 

cultured in the medium containing endothelial cell growth 
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supplement (ScienCell, Carlsbad, CA, USA). Both the cell 

lines were cultured in DMEM supplemented with 10% FBS 

and 1% penicillin–streptomycin at 37°C in a humidified 5% 

CO
2
–95% O

2
 atmosphere. Culture plates and dishes were 

obtained from Corning Inc. (Corning, NY, USA).

Synthesis of c(RGDyK)-decorated 
Pluronic F127
Synthesis of carboxyl-terminated Pluronic F127 
(F127-COOH) 
Pluronic F127 (0.01 M) was dissolved in acetone (400 mL) 

and allowed to react at room temperature. Approximately 

17 mL of Jone’s reagent (containing 0.02 M CrO
3
) was 

added to the F127 acetone solution. The reaction mixture was 

kept under stirring at room temperature overnight. Then, the 

reaction was terminated by the addition of 5 mL isopropyl 

alcohol followed by the addition of 12.6 g of finely powdered 

activated charcoal and was kept under stirring for another 

4 hours; then, the mixture was filtered to get the transparent 

filtrate, which was subsequently precipitated by an excessive 

amount of cold hexane. The product, carboxyl-terminated 

Pluronic F127 (F127-COOH), was obtained after filtering 

and drying in a vacuum for 72 hours.

Synthesis of c(RGDyK)-decorated F127 (c[RGDyK]-
F127)
The scheme for the synthesis of c(RGDyK)-F127 is shown 

in Figure 1A. Briefly, F127-COOH (0.67 g, 0.053 mM), 

N,N′-dicyclohexyl carbodiimide (0.0219 g, 0.106 mM), NHS 

(0.0122 g, 0.106 mM), and 5 mL of dichloromethane were 

added to a round-bottom flask equipped with a magnetic 

stirring bar, attached to a nitrogen line and a bubbler. The 

reaction was maintained for 24 hours at room temperature. 

The reaction mixture was then filtered, concentrated under 

reduced pressure, and precipitated in cold diethyl ether and 

dried under vacuum at room temperature to obtain F127-

NHS.

F127-NHS (0.05 g, 0.0053 mM) dissolved in 1 mL 

N,N-dimethylformamide (DMF) was added to a solution 

of 6.3 mg of c(RGDyK) in 0.1 M 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), adjusting to pH 

8.4 with N-methylmorpholine. The reaction was maintained 

for 24 hours at room temperature under moderate stirring. 

Following this period, the resulting reaction mixture was 

dialyzed against distilled water using cellulose ester mem-

brane with a MW cutoff of 7,000 Da for 72 hours and further 

confirmed by the disappearance of the uncoupled peptide 

using the Micro BCA Protein Assay Kit. The final solution 

was lyophilized and stored at -20°C until further use.

Preparation and characterization of 
c(RGDyK)-decorated Pluronic micelles
Preparation of the micelles
The c(RGDyK)-decorated Pluronic micelle c(RGDyK)-F127/

P105-DOX/PTX, abbreviated as c(RGDyK)-FP-DP, was pre-

pared through the thin-film hydration technique according 

to the procedure described previously (Figure 1B).27 Briefly, 

F127 (22.2 mg), c(RGDyK)-F127 (11.1 mg), P105-DOX 

(36.7 mg), P105 (230 mg), and PTX (6 mg) were dissolved 

in 5 mL dichloromethane. A thin polymeric film was formed 

in a round-bottom flask after removing the organic solvents 

from the aforementioned mixed solution through rotary 

evaporation at 37°C. The film thus formed was further dried 

under vacuum at room temperature overnight to remove any 

traces of remaining organic solvents. Then, the dry polymeric 

film was hydrated with 5 mL deionized water at 37°C. The 

mixture was stirred at 750 rpm for 30 minutes to obtain a 

transparent reddish micelle solution, which was then filtered 

through 0.22 μm membrane. Pluronic micelles without 

c(RGDyK) decoration (F127/P105-DOX/PTX, abbreviated 

as PF-DP) were prepared as described earlier, ie, without 

the addition of c(RGDyK)-F127, instead with an equivalent 

dose of F127. In addition, blank Pluronic micelles without 

drugs (PF and c[RGDyK]-FP) were also prepared in a similar 

manner for the future biocompatibility study.

It is also important to point out that DOX was used as a 

fluorescent agent in this study in order to monitor the intra-

cellular fate of the Pluronic micelles. DOX-labeled blank 

Pluronic micelles (PF-DOX and c[RGDyK]-FP-DOX) were 

prepared in the same way as those of PF-DP and c(RGDyK)-

FP-DP, except that the amounts of P105-DOX and P105 were 

6.7 mg and 260 mg, respectively.

Characterization of c(RGDyK)-decorated Pluronic 
micelles
The morphology of c(RGDyK)-PF-DP was tested by 

transmission electron microscopy (TEM) (JMPEG-

PTMC-1230; JEOL, Tokyo, Japan) and atomic force 

microscopy (AFM) (Veeco Instruments Inc, Plainview, NY, 

USA). The particle size distribution and zeta potential were 

measured by the dynamic light scattering method using a 

Zetasizer Nano ZS (Autosizer 4700; Malvern Instruments, 

Malvern, UK).

Drug-loading coefficient and in vitro release
The drug-loading coefficients (DL%) of PF-DP and c(RGDyK)-

FP-DP were assessed by extracting with 50% acetonitrile 

solution (v/v) to separate free DOX and PTX from micelles, 

and measured using well-established high performance liquid 
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Figure 1 The schematic illustration of the c(RGDyK)-F127 synthesis and the preparation of c(RGDyK)-decorated Pluronic micelles loaded with DOX and PTX.
Notes: (A) Synthesis of c(RGDyK)-decorated Pluronic F127; (B) Schematic representation of the fabrication of c(RGDyK)-decorated Pluronic micelles loaded with DOX 
and PTX.
Abbreviations: c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; DOX, doxorubicin; PTX, paclitaxel; RT, room temperature; DCC, dicyclohexyl
carbodiimide; NHS, N-hydroxysuccinimide.
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chromatography (HPLC) methods.28,32 The in vitro release 

behavior of drug from micelles was monitored in phosphate-

buffered saline (PBS) (pH 5.0 or 7.4) with 0.2% Tween-80 by 

the dialysis method.33 Approximately 0.2 mL aliquots were 

withdrawn at appropriate time intervals, followed by the supple-

ment with equal volume of fresh medium. The concentrations 

of DOX and PTX in the sample were measured by HPLC.

Antiangiogenesis testing
Qualitative analysis for HUVEC cellular uptake
HUVEC cells were seeded at a density of 4×105 cells/well in 

six-well plates and incubated for 24 hours. Then, HUVEC 

cells were incubated with PF-DOX and c(RGDyK)-FP-DOX 

at a concentration of 100 μg/mL for 0.5 hour, 1 hour, and 2 

hours, or at different concentrations of 50 μg/mL, 100 μg/mL, 

and 200 μg/mL for 1 hour at 37°C. The solution was removed 

and the cells were washed three times with ice-cold PBS (pH 

7.4) and then visualized under fluorescent microscope (DMI 

4000B; Leica Microsystems, Wetzlar, Germany). 

For the competition assay, the c(RGDyK)-FP-DOX con-

centration was kept at 200 μg/mL. HUVEC cellular uptake 

was carried out at 37°C and 4°C. Besides, c(RGDyK) was 

added to the wells in advance at a concentration of 0.3 μg/mL.  

After incubation for 1 hour at 37°C, the compound was 

withdrawn from the wells, and c(RGDyK)-FP-DOX was 

added along with c(RGDyK) and incubated for another  

1 hour. Then the solution was removed and the cells were 

washed three times with ice-cold PBS (pH 7.4) and then 

visualized under fluorescent microscope.

Quantitative analysis for HUVEC cellular uptake
For the quantitative analysis of the cellular uptake of 

c(RGDyK)-decorated Pluronic micelles, HUVEC cells were 

seeded at a density of 1×105 cells/well in 24-well plates, incu-

bated for 24 hours, and checked for confluence and morphology. 

Then, HUVEC were incubated with PF-DOX and c(RGDyK)-

FP-DOX at various concentrations (50–1,500 μg/mL)  

at 4°C and 37°C, respectively, or for different time intervals 

(0.25–4 hours) at 37°C. The cells were washed with PBS, 

trypsinized, centrifuged at 1,000 rpm for 5 minutes, washed, 

resuspended in PBS, and analyzed using a flow cytometer 

(FACS Calibur; BD Biosciences, San Jose, CA, USA).

Biocompatibility study
To evaluate the biocompatibility of the micelles and the effect 

of (RGDyK)-decorated Pluronic micelles on angiogenesis, 

HUVEC cells were seeded at a density of 1×104 cells/well in 

96-well plates. After 24 hours of incubation, the medium was 

removed, and the cells were incubated for 72 hours in the media 

containing PF and c(RGDyK)-FP at various concentrations. 

Cell survival was measured using MTT assay. Briefly,  

180 μL of fresh growth medium and 20 μL of MTT (5 mg/mL) 

solution were added to each well. The plate was incubated for 

an additional 4 hours, and then 200 μL of dimethyl sulfoxide 

(DMSO) was added to each well to dissolve any purple for-

mazan crystals formed. The plates were vigorously shaken 

before taking the measurement of relative color intensity. 

The absorbance at 570 nm of each well was measured by a 

microplate reader (Tecan Safire2, Switzerland).

HUVEC tubular formation assay
Approximately, HUVEC cells in 100 µL DMEM at a density 

of 1.5×104 cells/well were seeded in 96-well plate precoated 

with 40 µL 30% phenol red-free matrigel. After incubation 

for 30 minutes, VEGF (50 ng/mL) and c(RGDyK)-FP-DP 

and PF-DP with various carrier concentrations (1 μg/mL,  

10 μg/mL, 50 μg/mL, 100 μg/mL, 500 μg/mL, and 1000 μg/mL,  

w/v) were treated and compared to the negative control (with-

out VEGF or drug) and the positive control (with VEGF and 

without drug). After mild shaking, the plate was kept in the 

incubator for 12 hours. Then, branches of capillary-like tube 

in each well were visualized and counted under microscope 

(DMI 4000B; Leica) for statistical analysis.12

c(RGDyK)-decorated Pluronic micelles 
for the treatment of drug-resistant tumor 
cells
KBv cellular uptake study
For the study, 24-well culture plates were seeded with KBv 

cells at a density of 1×105 cells per well and incubated at 

37°C for 24 hours to allow for the cell attachment. After 

24 hours of incubation, the medium was replaced by 5 μg/

mL of mixture containing DOX and PTX (DOX+PTX, 

DOX:PTX =2:3, w/w), PF-DP, or c(RGDyK)-FP-DP in 

FBS-free DMEM. After 4 hours of incubation at 37°C, 

cells were washed twice with cold PBS and then lyzed with 

0.4 mL PBS containing 1% Triton X-100. After incubation, 

100 μL of the cell lysate was withdrawn and extracted with 

methanol (200 μL/sample), and the mixture was then sub-

jected to probe-type ultrasonic treatment (400 W, ten cycles 

with 2 s active 3 s duration, JY92-II; Scientz Biotechnology 

Co. Ltd., Ningbo, People’s Republic of China) in ice bath. 

After extraction, the mixture was centrifuged at 5,000 rpm 

for 5 minutes, and the supernatant was analyzed by HPLC. 

The protein content in the sample was determined using the 

Micro BCA Protein Assay Kit in accordance with the method 

specified by the manufacturer. Cellular accumulation of DOX 
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and PTX was normalized with respect to the total protein 

content determined by the BCA method.

Cell apoptosis activity against KBv cells
The cell apoptosis activity was detected by the assessment of 

nuclear morphology in KBv cells by Hoechst 33342 staining. 

Briefly, cells were seeded in six-well plates containing a coverslip 

with 5×105 cells per well and cultured for 24 hours. Cells were 

then incubated for another 24 hours with a mixture of DOX and 

PTX (DOX+PTX, DOX:PTX =2:3, w/w), c(RGDyK)-FP-DP, 

or PF-DP (total drug concentration of 1 μg/mL), and DMEM 

was used as the control group. After incubation, the medium 

was removed and cells were fixed with 4% paraformaldehyde 

in PBS (pH 7.4) at room temperature for 15 minutes, stained 

with 10 µg/mL Hoechst 33342 in PBS at room temperature for  

15 minutes, and then washed twice with ice-cold PBS followed 

by the observation using fluorescent microscopy (Leica).

Cell cycle distribution
It is well-known that flow cytometry can provide informa-

tion on the phases of cell cycle and is sensitive to apoptosis 

because the bivariate analysis method was employed for the 

DNA content measurement. For the analysis of cell cycle dis-

tribution, KBv cells were seeded in six-well plates and treated 

with mixture of DOX and PTX (DOX+PTX, DOX:PTX =2:3, 

w/w), PF-DP, or c(RGDyK)-FP-DP at a total drug concen-

tration of 1 µg/mL at 37°C for 24 hours. Cells treated with 

FBS-free DMEM were used as the control group. At the end 

of incubation, adherent and nonadherent cells were collected 

by trypsinization and centrifugation. Cells (1×106) were 

washed twice with ice-cold PBS, and then fixed with 70% 

cold ethanol at 4°C for 24 hours. Then the cells were washed 

twice again with cold PBS to eliminate alcohol, incubated 

with RNase A (100 µg/mL) for 1 hour at 37°C, and stained 

with propidium iodide (PI, 100 µg/mL) for another 0.5 hours 

in the dark prior to the cell cycle analysis.

KBv tumor spheroids penetration
In order to evaluate the influence of different formulations 

on the in vitro solid tumor growth, multicellular three-

dimensional (3D) tumor spheroids were developed using 

the lipid overlay system as previously reported, which can 

be used as a useful tool to simulate the in vivo solid tumors. 

Briefly, KBv cells at a density of 2×104 cells/well in 500 µL 

DMEM were seeded in 24-well plate which was precoated 

with 300 µL of 2% low melting point agarose. After 1 week 

of incubation, PF-DOX or c(RGDyK)-FP-DOX at a final 

carrier concentration of 500 μg/mL was added to the tumor 

spheroids for 4 hours, and then rinsed with PBS, transferred 

to chambered coverslips, and analyzed using a confocal laser 

scanning microscopy (TCS SP5; Leica). Z-stack images were 

obtained by scanning the tumor spheroid step-by-step. The 

scanning began from the top of a spheroid. Each scanning 

layer was 30 μm in thickness, and the total scanning was 

done upto a depth of 90 μm in a spheroid.

Dual-functional effect in vitro
In order to evaluate the dual-functional effect of c(RGDyK)-

modified micelles in vitro, HUVEC–KBv tumor spheroids 

coculture model was established.34 HUVEC cells were 

seeded on polycarbonate 24-well transwell membrane with 

1.0 μm mean pore size and 0.33 cm2 surface area (FALCON 

Cell Culture Insert; Becton Dickinson Labware, Franklin 

Lakes, NJ, USA) at a density of 5×104 cells/well. The tran-

sepithelial electric resistance was recorded daily. When the 

transepithelial electric resistance was sustained over 200 Ω, 

transwells were selected for the experiment.35 The selected 

transwell was inserted into another 24-well culture plate with 

KBv tumor spheroids being cultured for 1 week. The cells in 

the transwell chambers were cocultured for another 24 hours 

prior to use.35 The serum-free DMEM containing a mixture 

of DOX and PTX (DOX+PTX, DOX:PTX =2:3, w/w),  

PF-DP, or c(RGDyK)-FP-DP (500 μg/mL) was applied 

to the apical chamber of the transwell system. Cocultured 

cells were exposed to the treatment for 12 hours. Then, the 

transwell insert was removed, and KBv tumor spheroids 

were cultured for another 7 days. Tumor spheroids incu-

bated in only DMEM were used as the control group. After 

different treatments, tumor spheroids were observed under 

an inverted microscope (Chongqing Optical & Electrical 

Instrument Co. Ltd., Chongqing, People’s Republic of 

China) every day. The major (d
max

) and minor (d
min

) diam-

eter of each selected spheroid were determined and the 

corresponding spheroid volume (V) was calculated using 

Equation 1:

	 V
d d

=
× ×π

max min

6
� (1)

The tumor spheroid volume ratio (R) was calculated 

using Equation 2: 

	 R
V

V
= ×i

0

100% � (2)

where V
i
 is the KBv tumor spheroid volume at the ith day 

after treatment, and V
0
 is the tumor spheroid volume prior 

to the treatment.
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Results and discussion
Characterization of c(RGDyK)-F127 
As shown in 1H-NMR spectrum, the solvent peak of 

CDCl
3 

was found at 7.25 ppm (Figure 2A and C) and of 

DMSO-d
6
 was found at 2.48 ppm (Figure 2B). The peaks at 

1.14 ppm and 3.40–3.60 ppm were attributed to –CH
3
 of PPO  

and –CH
2
CHO of PPO and PEO in F127, respectively. As 

shown in Figure 2B, F127-COOH copolymer was activated by 

the reaction with NHS. The characteristic peak at 2.52 ppm was 

assigned to the protons of the NHS unit, indicating the addi-

tion of NHS to the PEO terminus. The excessive c(RGDyK) 

was removed by dialysis against deionized water. There was 

a characteristic peak of the –CH
2
–CH

2
– group in c(RGDyK) 

at 2.17 ppm (Figure 2C). The yield of F127-COOH, F127-

NHS, and c(RGDyK)-F127 was 75.9%, 83.4%, and 89.2%, 

respectively. The conjugation percentage of c(RGDyK) to 

Pluronic F127 was 91.44% on a molar ratio basis.

Characterization of c(RGDyK)-decorated 
Pluronic micelles
The mean diameter of both c(RGDyK)-FP-DP and PF-DP was 

found to be approximately 23 nm, with an acceptably good 

polydispersity index (PDI ,0.2). Such micelles may accumu-

late in the tumor due to the enhanced permeability and retention 

effect.36 The particle size observed by TEM and AFM images 

were in good correspondence with that measured by the laser 

scattering technique (Figure 3A and B). The surface charge 

values were close to neutral (within ±5 mV). It was also found 

that there is no significant difference in drug-loading coefficient 

between c(RGDyK)-FP-DP and PF-DP (Table 1).

The in vitro cumulative release profiles of DOX and 

PTX from PF-DP and c(RGDyK)-FP-DP at pH 5.0 and  

pH 7.4 are shown in Figure 3C. Similar to PF-DP, the sustained 

release of DOX and PTX for over 72 hours was observed in 

c(RGDyK)-FP-DP at neutral pH. In contrast with the release 

profiles at pH 7.4, both DOX and PTX release rate increased 

in pH 5.0 buffer, and the release rates of DOX and PTX during 

72 hours were 45.9% and 75.6% for PF-DP, and 47.4% and 

73.9% for c(RGDyK)-FP-DP, respectively, suggesting that the 

simulated acidic environment in the lysosome might facilitate 

the drug release from polymeric micelles.37 The results suggest 

that moderate modification of c(RGDyK) did not significantly 

influence the DOX and PTX release behavior. 

Antiangiogenesis test
Qualitative analysis for HUVEC cellular uptake
DOX was used as a fluorescence probe to label blank micelles 

for cellular uptake test, the results of which were shown 

qualitatively by fluorescent images. HUVEC cells treated 

with either PF-DOX or c(RGDyK)-FP-DOX exhibited 

variable fluorescent intensity depending on the concentration 

of micelles (Figure 4A) and the incubation time (Figure 4B). 

The cellular uptake of c(RGDyK)-FP-DOX in HUVEC cells 

exhibited concentration- and time-dependent mode, and was 

higher than those of FP-DOX when the concentration of 

micelles ranged from 50 μg/mL to 200 μg/mL or the incu-

bation time ranged from 0.5 hour to –2 hours at an identical 

micelle concentration. Cellular uptake of c(RGDyK)-FP-DOX 

at 4°C by HUVEC cells was much lower when compared to 

that at 37°C (Figure 4C). In addition, it was found that after 

adding free c(RGDyK) peptide, cellular uptake of c(RGDyK)-

FP-DOX was reduced (data not shown). Therefore, the cellu-

lar uptake of c(RGDyK)-FP-DOX exhibited a concentration-, 

time- and energy-dependent mode. On preconditioning with 

c(RGDyK) peptide, ligands of integrin, the cellular uptake of 

c(RGDyK)-FP-DP was reduced, probably due to the fact that 

integrin can competitively bind with the free ligands.

Quantitative analysis for HUVEC cellular uptake
The cellular uptake of the micelles was quantitatively 

monitored using a flow cytometer (FACS Calibur; BD Bio-

sciences). Results showed that when the concentration of 

micelles ranged from 50 μg/mL to 1,500 μg/mL, the mean 

fluorescence intensity of DOX in c(RGDyK)-FP-DOX group 

was found to be much higher than that in PF-DOX group 

in HUVEC cells at 37°C (P,0.05). Additionally, the mean 

fluorescence intensity of both c(RGDyK)-FP-DOX and PF-

DOX significantly decreased at 4°C (P,0.05), compared 

with that at 37°C (Figure 4D). The effect of incubation time 

on cellular uptake of c(RGDyK)-FP-DOX was also evaluated 

(Figure 4E). It was found that cellular uptake of c(RGDyK)-

FP-DOX was higher than that of PF-DOX at 0.5-hour, 1-hour, 

2-hour, and 4-hour time points (P,0.05), and both micelles 

exhibited a time-dependent cellular internalization.

Collectively, both qualitative and quantitative results 

indicated that the cellular uptake of Pluronic micelles in 

HUVEC cells can be increased using c(RGDyK)-decorated 

targeting micelles. The internalization of Pluronic micelles 

in HUVEC cells was found to be concentration-, time-, and 

energy-dependent.

Biocompatibility study
The biocompatibility of blank PF and c(RGDyK)-FP to 

HUVEC cells was evaluated using MTT assay (Figure 5A). 

The results showed that when the concentration ranged from 

10 μg/mL to 1000 μg/mL, the cytotoxicity of the two micelles 
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Figure 2 The 1H-NMR spectra of F127-COOH, F127-NHS and c(RGDyK)-F127.
Notes: (A) 1H-NMR spectra of F127-COOH; (B) F127-NHS; (C) c(RGDyK)-F127.
Abbreviations: 1H-NMR, 1H-nuclear magnetic resonance spectroscopy; NHS, N-hydroxysuccinimide; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; 
DMSO, dimethyl sulfoxide.
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was negligible in HUVEC cells. Micelles displayed increasing 

cellular growth inhibitory effects as the concentration increased 

from 1,000 μg/mL to 5,000 μg/mL, probably due to the cyto-

static action of Pluronic micelles.38 This phenomenon can be 

partially attributed to the increasing amounts of Pluronic P105, 

since previous reports indicated that the increasing concentra-

tions of Pluronic P105 increased cytotoxicity in KB, KBv, and 

HEK-293 cells.32,38 In addition, c(RGDyK)-FP was found to 

display higher cytotoxic effect than that of PF micelles when the 

concentration ranged from 10 μg/mL to to 1000 μg/mL, since 

Figure 3 The characterization of PF-DP and c(RGDyK)-FP-DP micelles.
Notes: (A) Transmission electron microscopy and (B) atomic force microscopy images of PF-DP and c(RGDyK)-FP-DP; (C) In vitro release of DOX and PTX from drug-
loaded Pluronic micelles in phosphate buffered saline (pH 5.0 or 7.4) media with 0.2% Tween-80.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles loaded 
with DOX and PTX; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid.
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c(RGDyK) peptide could facilitate c(RGDyK)-FP accumulation 

into the integrin protein-rich HUVEC cells and thus facilitate 

the intracellular uptake.

Tubular formation of HUVEC
The ability of HUVEC to form the capillary-like tubular 

structure in the reconstituted extracellular matrix, in the 

presence of vital growth factors, was determined to be a 

characteristic of the later stages of angiogenesis.39,40 The 

formation of tube-like structure by HUVEC cells after  

12 hours of incubation was served as a positive control. To 

quantify the activity of c(RGDyK)-FP-DP, the number of 

tubes in each well was counted per 40× field (Figure 5B). It 

was found that when the concentration of c(RGDyK)-FP-DP 

was as low as 10 μg/mL, HUVEC could not properly form 

the capillary structure. At the concentration of 100 μg/mL, 

c(RGDyK)-FP-DP completely suppressed the formation of 

tubular structure. As for PF-DP group, the inhibition ability 

of capillary-like tube formation was only observed when the 

concentration was administered at a concentration higher 

than 100 μg/mL. Thus Pluronic micelles decorated with 

c(RGDyK) peptide exhibited stronger inhibition potency 

toward tubular formation than nondecorated micelles 

(P,0.01) at the concentration more than 50 μg/mL, probably 

due to the increased active cellular uptake.

Effect of c(RGDyK)-decorated Pluronic 
micelles on the MDR KBv tumor cells
Cellular uptake
The intracellular accumulation of DOX and PTX was deter-

mined in KBv MDR tumor cells. As shown in Figure 6, 

the uptake amount of DOX and PTX of c(RGDyK)-FP-DP 

were found to be much higher than those of PF-DP in KBv 

cells (P,0.01). In addition, the drug cellular accumulation 

of Pluronic polymeric micelles was comparable to that of 

the P-gp inhibitor (cyclosporin A [CsA]) group (P,0.05), 

suggesting that Pluronic P105/F127 mixed micelles have 

the ability to enhance drug accumulation in MDR tumor 

cells possibly due to the presence of Pluronic unimers.41 

Moreover, the results demonstrated that the enhanced cel-

lular uptake of c(RGDyK)-FP-DP may be in part attributed 

to the c(RGDyK) active targeting since integrin receptor 

is overexpressed in solid tumor cells.42 However, further 

experiments need to be conducted to test the integrin receptor 

expression in KBv cells. The same trend was also found in 

HUVEC-based studies, as integrin is overexpressed on the 

surface of HUVEC cells.43

Cell apoptosis
In order to verify the effect of c(RGDyK)-decorated Pluronic 

polymeric micelles on cell apoptosis, Hoechst 33342 staining 

method was used to qualitatively track the c(RGDyK)-FP-

DP-induced apoptotic cell death. The nuclei of untreated KBv 

cells showed homogenous fluorescence with no evidence of 

segmentation and fragmentation after staining (Figure 7A). 

After treatment with the mixture of free DOX and PTX 

(DOX+PTX) with total drug concentration of 1 μg/mL, only 

slight apoptosis took place in KBv cells, which is consistent 

with the studies reporting that DOX and PTX are the sub-

strates of P-gp, multidrug resistance-associated protein, and 

breast cancer-resistant protein.41,43–45 In contrast, after 24-hour 

treatment, the cell nuclei became severely fragmented and 

segmented into dense nuclear parts in the drug-loaded 

Pluronic polymeric micelles group. Compared with PF-DP, 

c(RGDyK)-FP-DP was found to induce more severe frag-

mentation of the cell nuclei as shown in Figure 7A. These 

results indicated that c(RGDyK)-FP-DP displayed higher 

apoptosis induction activity in KBv cells, probably due to 

the increased cellular uptake of DOX and PTX imparted by 

the active targeting and MDR modulation.

Cell cycle analysis
To further study the effect of (RGDyK)-modified micelles 

on the cell cycle progression in KBv cells, cell cycle analy-

sis was conducted using flow cytometry technique (FACS 

Calibur; BD Biosciences). The impact of drug-loaded 

micelles on the various phases of the cell cycle after the 

treatment with DOX+PTX, PF-DP, and c(RGDyK)-FP-DP 

Table 1 Physicochemical characteristics of drug-loaded micelles with or without c(RGDyK) peptide decoration

Micelles Size (nm) Zeta potential (mV) DOX DL (%) PTX DL (%) 

PF-DP 22.26±0.34 -1.48±0.19 1.03±0.24 1.52±0.16
c(RGDyK)-FP 22.88±0.19 -1.56±0.25 – –
c(RGDyK)-FP-DP 23.02±0.23 -4.43±0.36 1.01±0.15 1.54±0.24

Note: Mean ± SD (n=3).
Abbreviations: c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; DOX, doxorubicin; PTX, paclitaxel; DL%, drug-loading coefficient; PF-DP, Pluronic 
micelles loaded with DOX and PTX; c(RGDyK)-FP, c(RGDyK)-decorated Pluronic micelles loaded with PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles 
loaded with DOX and PTX; SD, standard deviation.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2015:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4873

RGD-decorated micelles treating antiangiogenesis and drug-resistant tumor

Figure 4 The qualitative and quantitative analysis for HUVEC cellular uptake.
Notes: (A) Qualitative analysis for HUVEC cellular uptake of PF-DOX and c(RGDyK)-FP-DOX at various concentrations; (B) under different incubation times; (C) when 
preincubated with free c(RGDyK) or incubated at 4°C; (D) quantitative analysis for HUVEC uptake when treated with 50–1,500 μg/mL c(RGDyK)-FP-DOX and PF-DOX at 
37°C or 4°C for 60 minutes, respectively; (E) HUVEC uptake when exposed to 100 μg/mL c(RGDyK)-FP-DP and PF-DP at 37°C for different times. Mean ± SD (n=3). Cells 
were examined by fluorescent microscopy; Red: DOX; Bar: 30 μm.
Abbreviations: HUVEC, human umbilical vein endothelial cells; PF-DOX, Pluronic micelles loaded with DOX; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-
aspartic acid; c(RGDyK)-FP-DOX, c(RGDyK)-decorated Pluronic micelles loaded with DOX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles loaded with DOX 
and PTX; PF-DP, Pluronic micelles loaded with DOX and PTX; DOX, doxorubicin; PTX, paclitaxel.
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is shown in Figure 7B and Table 2. The results indicated that 

after 24-hour incubation, c(RGDyK)-functioned micelles 

revealed the strongest ability in arresting KBv cells in the 

G
2
/M phase when compared with DOX+PTX and PF-DP. 

The boosted G2/M phase arrest observed in the c(RGDyK)-

FP-DP group was in good agreement with cell apoptosis and 

cellular uptake studies.

KBv tumor spheroids penetration study
There are hypoxic and avascular tumor regions in most of 

the solid tumors. For a cancer treatment to be curative, the 

drug delivery system must efficiently penetrate the tumor 

tissue to reach all of the viable cells. The ex vivo 3D tumor 

spheroids generated by liquid overlay technique are not 

only aggregates of cells in close contact but also contain 

Figure 5 The biocompatibility of blank PF and c(RGDyK)-FP to HUVEC cells and the in vitro antiangiogenesis  of efficacy drug loaded micelles.
Notes: (A) Cell viability of HUVEC as a function of varying concentrations of micelles at 72 hours. (B) The number of branches in the presence of varied carrier 
concentrations of PF-DP and c(RGDyK)-FP-DP (1 μg/mL, 10 μg/mL, 50 μg/mL, 100 μg/mL, 500 μg/mL and 1,000 μg/mL, w/v). Mean ± SD (n=3). *P,0.05, **P,0.01, and 
***P,0.001 are compared with positive control group; #P,0.01 compared with PF-DP. Magnification is 40×.
Abbreviations: HUVEC, human umbilical vein endothelial cells; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic 
micelles loaded with DOX and PTX; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; DOX, doxorubicin; PTX, paclitaxel; SD, standard deviation.

Figure 6 Cellular uptake of mixture of free DOX and PTX (DOX+PTX, DOX:PTX =2:3, w/w), PF-DP, and c(RGDyK)-FP-DP at equivalent total drug concentration (5 μg/mL)  
after incubation for 2 hours at 37°C in KBv cells with 5 μM CsA. 
Notes: Mean ± SD (n=3). **P0.01 is compared with DOX+PTX treatment; #P0.05 and ##P0.01 are compared with PF-DP treatment.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles loaded 
with DOX and PTX; CsA, cyclosporin A; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; SD, standard deviation.
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Figure 7 Cell apoptosis and cell cycle analysis in KBv cells of different formulations.
Notes: (A) Induction of apoptosis images in KBv cells by mixture of free DOX and PTX (DOX+PTX, DOX:PTX =2:3, w/w), PF-DP, c(RGDyK)-FP-DP, and control using 
microscopy technique. Bright field and fluorescence micrographs of KBv cell nuclei were recorded following 24-hour incubation with PF-DP and c(RGDyK)-FP-DP at the 
equivalent total drug concentration (1 μg/mL). (B) Flow cytometric analysis of cell cycle distribution of KBv cells after the treatment with control, DOX+PTX, PF-DP, and 
c(RGDyK)-FP-DP for 24 hours at the equivalent total drug concentration (1 μg/mL). Magnification is 20×; the bar is 50 μm.
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles loaded 
with DOX and PTX; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid.

an organized extracellular matrix consisting of fibronectin, 

laminin, collagen, and glycosaminoglycan, suggestive of 

the extracellular matrix of tumors in vivo.46–48 Thereby, 

3D multicellular model represents the avascular regions 

similar to those found in many solid tumor tissues, and can 

serve as an invaluable tool to evaluate the effect of drug 

delivery system on solid tumor therapy.49 In this study, 

interstitial penetration and diffusion behavior of drug-loaded 

micelles was tested, and the growth inhibition effect of 

c(RGDyK)-decorated Pluronic micelles on avascular regions 

of the drug-resistant solid tumors was evaluated using the  

ex vivo KBv tumor spheroid model. Figure 8 shows confocal 

laser scanning microscopic images of KBv tumor spheroids 

after the treatment with DOX-labeled micelles. For the non-

decorated micelles, red fluorescence of DOX was observed 

primarily on the periphery of tumor spheroids. However, 

after the application of micelles decorated with c(RGDyK) 

peptide, the red fluorescence was able to be observed through-

out the whole tumor spheroid and the depth of fluorescence 

that could be observed in the spheroid can reach upto 90 μm, 

suggesting that micelles modified with c(RGDyK) exhibited 

a better capability of enhancing the spheroid penetration.

Table 2 Effect of treatment with PF-DP or c(RGDyK)-FP-DP (equivalent drug concentration at 1 μg/mL) for 24 hours on cell cycle 
of KBv cells

Treatment Cell cycle distribution (%)

G0/G1 S G2/M

Control 57.57±2.05 37.98±0.65 2.48±0.33
DOX+PTX 42.56±3.22 51.01±4.01 6.43±1.68
PF-DP 28.70±2.45a 58.33±5.48 13.34±1.14a

c(RGDyK)-FP-DP 11.50±0.72a,b 41.39±5.33a,b 47.11±4.38a,b

Notes: Mean ± SD (n=3). aP,0.05, compared with DOX+PTX; bP,0.05, compared with PF-DP. 
Abbreviations: DOX, doxorubicin; PTX, paclitaxel; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, c(RGDyK)-decorated Pluronic micelles loaded 
with DOX and PTX; RGD, arginine-glycine-aspartic acid; SD, standard deviation.
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Figure 8 Penetration of PF-DOX and c(RGDyK)-FP-DOX throughout the KBv tumor spheroids.
Notes: The distribution of DOX was analyzed by confocal microscopy using Z-stack imaging with 30 μm intervals, merges of fluorescence, and DIC are shown. Scale bar 
represents 100 μm.
Abbreviations: PF-DOX, Pluronic micelles loaded with DOX; c(RGDyK)-FP-DOX, c(RGDyK)-decorated Pluronic micelles loaded with DOX; DIC, differential interference 
contrast microscopy; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid.

In vitro dual-functional effects
In order to analyze the potential dual-functional effect of 

c(RGDyK)-FP-DP and to mimic the in vivo blood–tumor 

barrier, an in vitro HUVEC cells–KBv tumor spheroids 

coculture model was established and used for evaluation 

(Figure 9A).34 The growth inhibition of KBv tumor spheroids 

by drug-loaded micelles was tested in this study. As shown 

in Figure 9B, KBv tumor spheroids that did not receive 

treatment with free DOX and PTX mixture grew fast with 

clearly observable 3D structure. After applying PF-DP and 

c(RGDyK)-FP-DP, the tumor spheroids became more and 

more disintegrated and shrunk over time. As observed, the 

cells started dissociating from the main part of spheroids 

from day 1 after the micelle treatment, and the 3D structure 

also started to disappear over the treatment period. Figure 9C 

shows that the change ratios (of the control, %) of KBv tumor 

spheroid volumes after the treatment with free DOX, PTX 

mixture (DOX+PTX), PF-DP, and c(RGDyK)-FP-DP every 

other day, respectively. It was observed that KBv tumor 

spheroids continued to grow in volume in the absence of drug 

(127.4% of the control after 7 days). DOX+PTX treatment for 

7 days did not lead to significant change in volume (109.6%). 

As for PF-DP, significant reduction in the volume of tumor 

spheroids was observed after treatment for 7 days (79.82%, 

P,0.05 compared to the control group), demonstrating the 

MDR modulation capacity of Pluronic-based micelles in 

tumors. For c(RGDyK)-FP-DP group, the spheroids became 

disintegrated and almost lost the 3D structure. The inhibition 

effect on spheroid volume was found to be superior in PF-DP 

group from 3 days of treatment (P,0.05), and the ultimate 

change ratio of KBv tumor spheroid volumes in c(RGDyK)-

FP-DP group after 7 days of treatment was 54.3%, indicating 

that c(RGDyK)-FP-DP displayed higher transportation 

ability across the HUVEC cell monolayer model and stronger 

inhibitory effects on KBv tumor spheroids when compared 

with PF-DP, which was well consistent with the results of 

cellular uptake, tubular formation inhibition in HUVEC cells, 

and cell apoptosis studies.

Since the HUVEC cell monolayer has been reported 

to be used for simulation of the neovascular structure in 

solid tumors,50 and the KBv tumor spheroids can be used 

to mimic the microenvironment of in vivo malignant MDR 

tumor, the observed relatively higher inhibitory effect in 

c(RGDyK)-FP-DP group using the HUVEC cells–KBv 

tumor spheroids coculture model suggested that micelles 

modified with c(RGDyK) targeting ligand exhibited a 

dual-functional potency, including the ability to facilitate 

the transportation of micelles across blood–tumor barrier 

and improving the therapeutic effect as observed in KBv 

MDR tumor cells.
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Conclusion
c(RGDyK)-decorated Pluronic micelles designed and 

fabricated in this study were uniformly spherical in shape 

with a particle size approximately 23 nm, and the release 

profiles of DOX and PTX in the micelles showed that they 

were long-acting (over 72 hours) and pH-dependent. The 

cellular uptake of c(RGDyK)-decorated Pluronic micelles 

in HUVEC cells was found to be concentration-, time-, 

and energy-dependent. Without causing any cytotoxicity to 

HUVEC cells, c(RGDyK)-FP-DP was found to possess a 

higher antiangiogenic efficiency than that of non-c(RGDyK)-

decorated micelles. c(RGDyK) decoration of the drug-loaded 

Pluronic micelles can enhance cellular uptake and tumor 

spheroids penetration, the cell apoptosis activity, and G
2
/M 

phase cell cycle arrest of drug-loaded Pluronic micelles 

in KBv cells. Furthermore, c(RGDyK)-FP-DP displayed 

stronger inhibition potency on the growth of KBv MDR 

tumor spheroids, as observed in the in vitro coculture cell-

based model. Therefore, c(RGDyK)-decorated Pluronic 

micelles could be applied as a prospective dual-functional 

nanodrug delivery system for antiangiogenesis and drug 

resistance modulation. 
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Figure 9 For evaluating the dual-function effect of c(RGDyK)-modified micelles in vitro, the HUVEC cells–KBv tumor spheroids coculture model was established. 
Notes: (A) The elucidation of the HUVEC cells–KBv tumor spheroids coculture model in this study. (B) Representative confocal images of KBv tumor spheroids by the 
treatment with DOX+PTX, PF-DP, c(RGDyK)-FP-DP, and the control group on day 0, 1, 3, 5, and 7. (C) The ratio change in KBv spheroid volume (%) after the treatment 
with DOX+PTX, PF-DP, and c(RGDyK)-FP-DP. Mean ± SD (n=3); *P,0.05 and **P,0.01, compared with DOX+PTX group; #P,0.05, compared with PF-DP.
Abbreviations: HUVEC, human umbilical vein endothelial cells; DOX, doxorubicin; PTX, paclitaxel; PF-DP, Pluronic micelles loaded with DOX and PTX; c(RGDyK)-FP-DP, 
c(RGDyK)-decorated Pluronic micelles loaded with DOX; c(RGDyK), cyclic RGD peptide; RGD, arginine-glycine-aspartic acid; SD, standard deviation.
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Figure S1 The synthetic route and characterization of P105-DOX.
Notes: Synthetic route of P105-DOX conjugate (a=36, b=56) (A); FT-IR spectra of Pluronic P105 and P105-COOH (B); 1H-NMR spectra of P105 and P105-DOX in DMSO-d6 (C).
Abbreviations: DOX, doxorubicin; FT-IR, Fourier transform infrared spectroscopy; DMSO, dimethyl sulfoxide; 1H-NMR, 1H-nuclear magnetic resonance spectroscopy; RT, 
room temperature; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; NHS, N-hydroxysuccinimide.
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