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Abstract Star-shaped block copolymers based on poly(D,L-

lactide-co-glycolide) (PLGA) and poly(ethylene glycol)

(PEG) (st-PLGA–PEG) were synthesized with structural

variation on arm numbers in order to investigate the rela-

tionship between the arm numbers of st-PLGA–PEG

copolymers and their micelle properties. st-PLGA–PEG

copolymers with arm numbers 3, 4 and 6 were synthesized by

using different cores such as trimethylolpropane, pentaery-

thritol and dipentaerythritol, and were characterized by

nuclear magnetic resonance and gel permeation chromatog-

raphy. The critical micelle concentration decreased with

increasing arm numbers in st-PLGA–PEG copolymers. The

doxorubicin-loaded st-PLGA–PEG micelles were prepared

by a modified nanoprecipitation method. Micellar properties

such as particle size, drug loading content and in vitro drug

release behavior were investigated as a function of the number

of arms and compared with each other. The doxorubicin-

loaded 4-arm PLGA–PEG micelles were found to have the

highest cellular uptake efficiency and cytotoxicity compared

with 3-arm PLGA–PEG micelles and 6-arm PLGA–PEG

micelles. The results suggest that structural tailoring of arm

numbers from st-PLGA–PEG copolymers could provide a

new strategy for designing drug carriers of high efficiency.

Graphical Abstract Structural tailoring of arm numbers

from star shaped-PLGA–PEG copolymers (3-arm/4-arm/6-

arm-PLGA–PEG) could provide a new strategy for

designing drug carriers of high efficiency.

1 Introduction

Over the past decades, amphiphilic block copolymers have

attracted great interest in their potential application in the

biomedical field due to their unique properties of self-

assembling into nanoscale micelles in an aqueous envi-

ronment [1–4]. The unique characteristics, such as core–

shell structure, nanoscopic size range and prolonged blood

circulation, make the micelles become attractive candidates

for drug carrier [5–7]. In general, polymeric micelles can

& Hongfan Sun

sunhongfan@aliyun.com

& Deling Kong

kongdeling@hotmail.com

1 The Tianjin Key Laboratory of Biomaterials, Institute of

Biomedical Engineering, Peking Union Medical College &

Chinese Academy of Medical Sciences, Tianjin 300192,

China

2 Department of Biomedical Engineering, University of

Minnesota, Minneapolis, MN 55455, USA

123

J Mater Sci: Mater Med (2016) 27:17

DOI 10.1007/s10856-015-5610-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-015-5610-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-015-5610-4&amp;domain=pdf


incorporate hydrophobic pharmaceutical compounds into

their hydrophobic cores through physical entrapment,

whereas their hydrophilic shell maintains a hydrophilic

steric barrier and delays recognition by the reticuloen-

dothelial system (RES) during blood circulation in vivo [8].

Numerous amphiphilic block copolymers have been

designed, such as linear copolymers, star-shaped copoly-

mers, grafted copolymers and dendritic copolymers, all

sharing the common polymer architecture consisting of both

hydrophobic and hydrophilic segments within the same

macromolecule [9–12]. The majority of studies on devel-

oping amphiphilic block copolymers for micelles prepara-

tion have focused on linear block copolymers. Recently,

some investigators have paid attention to the synthesis and

properties of the star-shaped block copolymers [13–18].

Star-shaped block copolymers contain several linear arms of

similar molecular weight that emanate from a central core,

representing the simplest examples of branched copolymers.

Due to their unique structure, star-shaped block copolymers

exhibit different properties from those of their linear coun-

terparts, such as smaller hydrodynamic radius, lower

intrinsic viscosity and improvement of micellar stability.

Moreover, several recent reports also demonstrated that star-

shaped copolymers have some advantages in drug delivery

compared to linear copolymers [19–21].

It has been showed that the arm numbers of star-shaped

block copolymers have a great influence on the particular

characteristics of the micelles, involving morphology, sta-

bility, dimensions, and so on [22, 23]. For example, Kim et al.

investigated micellar properties of similar block copolymers

as a function of the number of arms [23]. In their study,

diblock, 3-arm and 4-arm star-shaped amphiphilic copoly-

mers based on poly(ethylene glycol) (PEG) and poly(e-
caprolactone)(PCL) were synthesized. The critical micelle

concentration (CMC) decreased in the order of diblock, 3-arm

and 4-arm star-shaped amphiphilic copolymers. The size of

the micelles increased in the same order as the CMC. The

theory of their study also predicted that it is easier to form

micelles for 4-arm star-shaped block copolymers than for

diblock or 3-arm star-shaped block copolymers.

Even though many studies have been devoted to the

formation, dimensions, and morphology of micelles based

on amphiphilic star-shaped copolymers with different arm

numbers, little attention has been paid to the comparison of

feasibility of well-defined star-shaped copolymers with

variations on arm numbers as drug carrier. Research on this

aspect is very important because polymer structure has

substantially influence on various aspects of the drug car-

rier itself, including drug-loading efficient, drug release

behavior and even interaction with cells in vitro [24–26].

However, research in these areas has been neglected.

In the present study, a series of star-shaped copolymers

composed of poly(D,L-lactide-co-glycolide) (PLGA) as a

hydrophobic segment and PEG as a hydrophilic segment

were synthesized. Arm numbers 3, 4 and 6 of star-shaped

PLGA–PEG copolymers (st-PLGA–PEG) were synthe-

sized by using different cores, such as trimethylolpropane

(TMP), pentaerythritol (PTOL) and dipentaerythritol

(DPTOL), respectively. The molecular weight and archi-

tecture of st-PLGA–PEG with variations on arm numbers

were investigated by gel permeation chromatography

(GPC) and nuclear magnetic resonance (NMR) spec-

troscopy. Micellar properties such as CMC, particle size

and morphology were analyzed as a function of the number

of arms and compared with each other. Subsequently,

doxorubicin (DOX), an effective anticancer drug and

widely used in cancer therapy, was chosen as a model drug

to investigate the influence of st-PLGA–PEG copolymers

with different arm numbers on DOX delivery in vitro.

2 Materials and methods

2.1 Materials

Glycolide (GA) (mp 83.5–84.5 �C, 99 %) and D,L-lactide

(DLLA) (mp 126.5–127.5 �C, 99 %) were purchased from

Beijing Yuanshengrong Technology Co. Ltd. (China). TMP

(99 %), PTOL (99 %) and DPTOL (99 %) were obtained

from Tianjin Fuchen Chemical Company (China). Poly

(ethylene glycol)-bis-amine (PEG-bis-amine) (Mw = 4000

g/mol) was purchased from Beijing Kaizheng Technology

Co., LTD. (China). Stannous octoate (Sn(Oct)2), 1-ethyl-3-(3-

dimethylaminopropyl)-carbodi-imide hydrochloride (EDC,

99 %), N-hydroxy succinimide (NHS, 99 %), triethylamine

(TEA), dicyclohexyl carbodiimde (DCC, 99 %) and PLGA

(75:25, Mw = 66,000–107,000 g/mol) were obtained from

Sigma-Aldrich Corporation. Doxorubicin (DOX, 99 %) was

supplied by Dalian Meilun Pharmaceutical Co. Ltd. (China).

Cell Counting Kit-8 (CCK-8) was purchased from Dojindo

Molecular Technologies Inc. (Japan). All other chemicals

used were of the highest quality commercially available.

2.2 Characterization of copolymers

A VARIAN UNITY-plus 400-MHz proton NMR spec-

trometer (Varian, USA) was used for 1H NMR and 13C

NMR in CDCl3 to study the molecular structure and

composition of the synthesized copolymers. Molecular

weight and molecular weight distribution of copolymers

were determined using Waters and comprised following

equipment: a Waters 515 HPLC pump, a Waters styragel

Columns (Styragel HR 0.5–2 and 4), and a Waters 410

Differential Refractometer. The effective molecular weight

ranges are 0–1000, 500–20,000 and 5000–600,000 g/mol,

respectively. Tetrahydrofuran was used as an eluting
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solvent at a flow rate of 1.0 mL/min at 35 �C, and poly-

styrene standards were used as the calibration sample.

2.3 Synthesis of star-shaped PLGA–PEG

copolymers (st-PLGA–PEG)

All the st-PLGA–PEG copolymers were synthesized by

ring-opening polymerization. Variation in the number of

arms was accomplished by using different initiator, such as

TMP (3 arms), PTOL (4 arms) and DPTOL (6 arms),

respectively. On the basis of different arm numbers (n), the

resulting st-PLGA–PEG of this study were named as ns-

PLGA–PEG, where n = 3, 4 or 6 arms. 3s-PLGA–PEG,

4s-PLGA–PEG and 6s-PLGA–PEG copolymers were pre-

pared via a three-step synthetic strategy: First, st-PLGA

with different arms were successfully synthesized via the

ring-opening polymerization of DLLA and GA using

commercial primary alcohols such as TMP, PTOL or

DPTOL as initiators in the presence of catalytic amount of

Sn(Oct)2; Second, st-PLGA–COOH was synthesized by the

carboxylation of st-PLGA with succinic anhydride; Finally,

the 3s-PLGA–PEG, 4s-PLGA–PEG or 6s-PLGA–PEG

copolymers were obtained by conjugation of st-PLGA–

COOH and PEG-dis-amine. Typically, the 4s-PLGA–PEG

copolymer was synthesized through three steps, which are

detailed as following (Fig. 1).

2.3.1 Synthesis of 4-arm star-shaped PLGA (4s-PLGA)

DLLA (10.0 g, 69.4 mmol), GA (2.68 g, 23.1 mmol),

PTOL (0.088 g, 0.62 mmol) and Sn(Oct)2 (3.78 mg,

9.3 lmol) were added into a silanized glass tube, which

was connected to a vacuum system. An exhausting-refilling

process with high purity nitrogen was repeated three times

and the mixture kept vacuum (20–30 Pa) about 30 min.

The tube was sealed and reacted at 160 �C for 10 h. The

resulting product was dissolved in methylene chloride and

then poured into excess methanol to precipitate the poly-

merized product. The purified copolymer was dried in a

vacuum oven at 40 �C for 48 h.
13C NMR (100 MHz, CDCl3, d, ppm): 169.490, 169.478

and 168.905(C=O of DLLA), 166.622, 166.617 and

166.103(C=O of GA), 69.604, 69.209 and 69.205 (CH of

DLLA), 67.319, 66.908 and 66.907 (C of PTOL), 61.457,

60.999 and 60.997 (CH2 of GA), 21.494, 20.650 and

20.463 (CH2 of PTOL), 17.760, 16.863 and 16.862 (CH3 of

DLLA). 1H NMR (400 MHz, CDCl3, d, ppm): 5.20 (m,

1H, CH of DLLA), 4.82 (m, 2H, CH2 of GA), 1.56 (d, 3H,

CH3 of DLLA, J = 6.3 Hz).

2.3.2 Synthesis of 4-arm star-shaped PLGA–PEG

copolymers (4s-PLGA–PEG)

The 4s-PLGA–PEG copolymers were then synthesized using

condensation reaction between the carboxyl group of 4s-

PLGA–COOH and the amide group of PEG-bis-amine at

room temperature [27]. First, 4s-PLGA was carboxylated with

succinic anhydride to produce 4s-PLGA–COOH. Second, 4s-

PLGA–COOH (0.2 mmol, 3.6 g) was dissolved in 25 mL of

methylene chloride. DCC (247.6 mg, 1.2 mmol), NHS

(138.6 mg, 1.2 mmol) and DMAP (146.6 mg, 1.2 mmol)

were added into the polymer solution under magnetic stirring.

Activation of the carboxylic acid end group in 4s-PLGA–

COOH was accomplished for 24 h at room temperature.

Insoluble dicyclohexylurea was removed by filtration, and the

polymer with an activated carboxylic group was isolated by

precipitation into anhydrous diethyl ether. The polymer pre-

cipitant was dried under vacuum. Finally, the coupling reac-

tion of PEG-bis-amine to the activated 4s-PLGA–COOH was

carried out by adding an excess amount of PEG-bis-amine.

Activated 4s-PLGA–COOH (1.8 g, 0.1 mmol) and PEG-bis-

amine (4 g, 1 mmol) were reacted in 50 mL of chloroform for

48 h at room temperature with stirring. The resulting product

was precipitated by slowly dropping into cold methanol. The

collected product was washed with an excess amount of cold

methanol and dried under vacuum.
1H NMR (400 MHz, CDCl3, d, ppm): 5.20 (m, 1H, CH

of DLLA), 4.82 (m, 2H, CH2 of GA), 3.65 (s, 4H, CH2

CH2O of PEG), 1.56 (d, 3H, CH3 of DLLA, J = 5.7 Hz)

Mn; GPC ¼ 33;186 g=mol;Mw;GPC

¼ 39;133 g=mol; Mw=Mn ¼ 1:18:

2.4 Preparation of DOX-Loaded St-PLGA–PEG

Micelles

DOX-loaded st-PLGA–PEG micelles were prepared by a

modified nanoprecipitation method using an acetone–water

system. Briefly, 100 mg of st-PLGA–PEG copolymers,

11.1 mg of DOX were dissolved in 5 mL of acetone in the

presence of 3.8 mg of TEA. This mixture was dropwise

added into 25 mL water under magnetic stirring at

150 rpm. The resulting suspension was then stirred over-

night at room temperature to remove acetone completely.

The micelles suspension was centrifuged at 25,000 rpm for

30 min and then washed three times to remove unencap-

sulated drug. Finally, the dispersed solution was lyophi-

lized for two days. Blank st-PLGA–PEG micelles were

prepared in a similar manner without adding DOX.
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Fig. 1 Example synthesis of

amphiphilic star-block

copolymers based on PLGA and

PEG with PTOL as the initiator
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2.5 Critical micelle concentration determination

The CMC of st-PLGA–PEG block copolymers in water

was determined with a fluorescence spectrophotometer (F-

4500, Hitachi, and Tokyo, Japan). Pyrene was used as the

fluorescence probe. The fluorescence excitation spectra of

pyrene were measured at various concentrations of st-

PLGA–PEG micelles as previously described [28, 29]. In

brief, 100 mg of st-PLGA–PEG copolymers was dissolved

in 5 mL of acetone. The resulting solution was dropwise

added into 50 mL of water under magnetic stirring to yield

micelles. After the acetone was removed by evaporation,

the micelles solution was diluted with water to various

concentrations. The concentration of micelles ranged from

5.0 9 10-5 to 1.0 mg/mL and the pyrene concentration

was fixed at 6.0 9 10-7 mol/L. The fluorescence excita-

tion spectra were measured at emission wavelength of

390 nm. The slit width for both excitation and emission

was 1.5 nm. The ratio of fluorescence intensity at 334 and

337 nm (I337/I334) was calculated and plotted against the

logarithm of the copolymer concentrations.

2.6 Characterization of DOX-loaded micelles

The mean size and size distribution of the prepared micelles

were determined by dynamic light scattering (DLS) using

NY 90-Plus particle size analyzer (Brookhaven Instruments

Corporation, Holtsville, NY). Before measurement, the

freshly prepared particles were appropriately diluted. Zeta

potential of the prepared micelles was also measured using a

zeta potential analyzer (ZetaPALS; Brookhaven Instruments

Corporation, Holtsville, NY). The data were obtained with

the average of three measurements.

The morphology of the st-PLGA–PEG micelles was

examined by transmission electron microscope (TEM)

(Tecnai-F20, FEI, The Netherlands). To prepare specimens

for TEM, a drop of micelle solution was deposited onto a

carbon-coated copper grid and was allowed to air-dry.

The amount of DOX in the lyophilized micelles was

determined by fluorescence spectrometer (excitation at

485 nm and emission at 590 nm). 2 mg of lyophilized

micelles were dissolved in 5 mL of dimethyl sulphoxide

(DMSO). Calibration curve was obtained with DOX/

DMSO solutions with different DOX concentrations. Drug

encapsulation efficiency was defined as the ratio of DOX

detected in micelles to that of the total drug used for

micelles preparation.

2.7 In vitro drug release studies

In vitro release study of DOX from DOX-micelles was

determined in phosphate-buffered solution (PBS) at 37 �C.

Briefly, 5 mg of micelles were dispersed in 5 mL of above

buffer to form a suspension and subsequently put into

dialysis tube with a molecular weight cutoff of 1000 Dal-

tons. The dialysis tube was then immersed in 20 mL of

release medium and stirred at a speed of 120 rpm at 37 �C.

A whole-medium change method was used for prevention

of drug saturation in the drug release study. At appropriate

intervals, the whole medium was withdrawn and replaced

with an equal volume of fresh PBS. The amount of released

DOX in the PBS was determined by fluorescence spec-

trometer as mentioned above. Data were expressed as mean

value of three independent experiments with the reported

standard deviation.

2.8 Cellular uptake studies

Human cervix carcinoma cells (HeLa) were obtained from

the Institute of Biochemistry and Cell Biology, Chinese

Academy of Sciences (Shanghai, China). Cells were incu-

bated in RPMI 1640 medium with 10 % heat-inactivated

fetal bovine serum, 100 IU/mL penicillin and 100 lg/mL

streptomycin. The culture was maintained in 95 % air

humidified atmosphere containing 5 % CO2 at 37 �C.

2.8.1 Quantitative studies through flow cytometry

DOX is colored and has a fairly strong self-fluorescence in

the visible region. Thus, no additional fluorescence marker

was needed for this experiment. For flow cytometry stud-

ies, the cells were seeded in six-well culture plates

(1 9 105 cells per well) and incubated in RPMI 1640

medium (2 mL per well) for 24 h. The cells were then

incubated with free DOX (5 lg/mL) or DOX-micelles

(equivalent DOX concentration: 5 lg/mL) for 4 h. Then,

cells were rinsed three times with PBS and harvested using

Trypsin-Ethylenediaminetetraacetic acid (EDTA) and fixed

by 1 % paraformaldehyde. Cell density was adjusted to

1 9 106 cells/mL and 1 mL of this cell suspension was

used to measure the cellular uptake of DOX by an

FACSCalibur flow cytometer (BD Biosciences).

2.8.2 Qualitative analysis by confocal laser scanning

microscopy

For confocal laser scanning microscope studies, the cells

were seeded onto 35 mm glass bottom culture dish

(1 9 105 cells per dish) and incubated in RPMI 1640

medium (1 mL per dish) for 24 h. Cells were treated with

free DOX (5 lg/mL) or DOX-micelles (equivalent DOX

concentration: 5 lg/mL) for 4 h. Then, cells were rinsed

three times with PBS and fixed with ethanol. Cells were

stained with 50 nM LysoTracker Green (Molecular Probe,
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Invitrogen, USA) for 30 min and washed twice with PBS.

Finally, cells were observed by confocal laser scanning

microscope (CLSM 410; Zeiss, Jena, Germany) with

imaging software Fluoview FV500.

2.9 Cytotoxicity evaluation

CCK-8 assay was used for cell viability of DOX-loaded st-

PLGA–PEG micelles [30]. Briefly, HeLa cells were seeded

onto 96-well culture (1 9 104/well) using RPMI 1640

medium for 24 h. Then the cells were incubated with empty

st-PLGA–PEG micelles (polymer concentration of 0.25, 0.5,

1, 1.5 and 2 mg/mL), free DOX and DOX-loaded st-PLGA–

PEG micelles (equivalent DOX concentration of 1.56, 3.12,

6.25, 12.5 and 25 lg/mL, and the st-PLGA–PEG polymer in

the DOX-loaded micelles with concentration ranging from

21 to 330 lg/mL), respectively. At designed time intervals,

the medium was removed and the wells were washed three

times with PBS. Ten microliters of CCK-8 solution was

added to each well of the plate and incubated for a further 4 h.

The absorbance at 450 nm was measured using a thermo

varioskan flash multifunction microplate reader.

2.10 Statistical analysis

Data were expressed as mean ± standard deviation (SD).

Statistical significance of differences was assessed by Stu-

dent’s t test or ANOVA followed by the Tukey’s multiple

comparison. A probability value of\0.05 was considered

significant, and P\ 0.01 was considered very significant.

3 Results and discussion

3.1 Synthesis and characterization of st-PLGA–

PEG block copolymers with different arms

The goal of this work was to evaluate the potential of

micelles formed by amphiphilic st-PLGA–PEG copoly-

mers with the same arm length but different arm numbers

in drug delivery applications. Well-defined st-PLGA–PEG

block copolymers with different arms, such as 3s-PLGA–

PEG, 4s-PLGA–PEG and 6s-PLGA–PEG, were prepared

via a three-step synthetic strategy as described above.

The chemical structure of PLGA, 3s-PLGA, 4s-PLGA

and 6s-PLGA was investigated via 13C NMR spectrum

(Fig. 2). In the 13C NMR spectrum of PLGA, the signals

were observed at a (d = 17 ppm, CH3 of DLLA units in

PLGA segments), b (d = 69 ppm, CH of DLLA units in

PLGA segments), c (d = 61 ppm, CH2 of GA units

in PLGA segments), d (d = 168 ppm, C=O of DLLA units

in PLGA segments) and e (d = 166 ppm, C=O of GA

units in PLGA segments), respectively. In comparison with

the 13C NMR spectrum of PLGA, new signals appeared

indicated successful synthesis of 3s-PLGA, 4s-PLGA or

6s-PLGA. Namely, signals at 67 ppm are assigned to the

methylene carbon of TMP, PTOL or DPTOL units and

signals at 21 ppm are in correspondence with the quater-

nary carbon of the of TMP, PTOL or DPTOL units. The

chemical structure of st-PLGA–PEG copolymers were

confirmed by 1H spectroscopy. The successful synthesis of

st-PLGA–PEG was determined mainly by the appearance

Fig. 2 The 13C NMR spectra of

PLGA, 3s-PLGA, 4s-PLGA and

6s-PLGA
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of the peaks of d = 1.6 ppm (CH3 of DLLA units in PLGA

segments), d = 4.8 ppm (CH2 of GA units in PLGA seg-

ments), and d = 5.2 ppm (CH of DLLA units in PLGA

segments). The high intensity of the peak at d = 3.6 ppm

indicates the existence of the PEG main chain (Fig. 3).

The molecular weights, polydispersity and composition

of st-PLGA–PEG copolymers with different arm numbers

determined by 1H NMR and GPC are summarized in

Table 1. The number-average molecular weights Mn

obtained from GPC were somewhat lower than those Mn

determined from 1H NMR. This is generally attributed to

the inevitable decrease in the hydrodynamic volume

imposed by branching, which in turn exceeds the relative

discrepancy with the polystyrene standards [31, 32]. The

3-arm, 4-arm or 6-arm st-PGA-PEG copolymers had

narrow polydispersity index (PDI) varying from 1.18 to

1.29. Unimodal GPC trace with low polydispersity value

confirmed the successful formation of star-shaped block

copolymers (Fig. 4).

3.2 Critical micelle concentration (CMC)

As summarized in Fig. 5, the CMC values of st-PLGA–

PEG copolymers depended upon the number of arms in the

star-shaped copolymers, which was in the range of

1.78 9 10-3–6.30 9 10-3 mg/mL. The CMC decreased in

the order of 3-arm, 4-arm and 6-arm star-shaped PLGA–

PEG copolymers, which is similar to the results reported by

Kim et al. [23]. Kim et al. reported that the CMC decreased

with increase the arm number of star-shaped PEG–PCL

Fig. 3 The 1H NMR spectra of

4s-PLGA and 4s-PLGA–PEG

copolymers

Table 1 Molecular

characteristics of st-PLGA–PEG

block copolymers with different

arms

Sample Mn (g/mol)a

PLGA in each arm

LA:GAa Mw (g/mol)b

copolymer

Mn (g/mol)b Mw/Mnb Yield (wt%)

3s-PLGA – 3.03 15,600 11,734 1.32 77.25

4s-PLGA – 3.01 23,190 18,266 1.26 76.74

6s-PLGA – 3.01 27,736 23,208 1.19 78.07

3s-PLGA–PEG 4201 3.03 28,674 23,644 1.20 75.34

4s-PLGA–PEG 4569 3.01 39,133 33,186 1.18 76.28

6s-PLGA–PEG 4314 3.01 60,257 46,328 1.29 77.13

a Detemined by 1H NMR spectra: molecular weight of PLGA block was determined by using the inte-

gration ratio of resonance due to PEG blocks at 3.6 ppm and PLGA blocks at 4.76 ppm in 1H NMR spectra
b Measured by GPC
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copolymer. This is probably because the covalent bond

character of star-shaped block copolymers facilitates

micellization since the unimer state of star-shaped block

copolymers with many arms resembled the micellar state,

and indicating that the micelles were easily formed when

the number of arms in copolymers increased.

3.3 Preparation and characterization of DOX-

loaded micelles

DOX-loaded st-PLGA–PEG micelles were prepared by a

nanoprecipitation method with acetone as a suitable solvent.

Figure 6a schematically describes the preparation of DOX-

loaded st-PLGA–PEG micelles. As shown in Fig. 6a, the

hydrophilic segment PEG of st-PLGA–PEG copolymers is

expected to be oriented outside, while the hydrophobic

segment PLGA of st-PLGA–PEG copolymers is buried in

the core entrapping DOX. To increase the loading amount

of DOX in the internal core of micelles, an excess amount of

TEA was added into the acetone solution. TEA played an

important role in transforming water-soluble DOX into a

water-insoluble form by scavenging chloride ion of DOX

salt form. Several studies previously reported an increase in

DOX loading within nanoparticulate drug carriers when

free DOX was encapsulated in the presence TEA [33].

3.3.1 Size, zeta potential, morphology and drug

encapsulation efficiency

Particle size is an important property of micelles in the

consideration of their performance in vivo [34]. The mean

hydrodynamic size from DLS studies of the DOX-loaded

micelles was 85.1 ± 3.5 nm for 3s-PLGA–PEG, 122.4 ±

4.7 nm for 4s-PLGA–PEG and 208.8 ± 5.2 nm for 6s-

PLGA–PEG, which is in the appropriated size range for

reducing uptake by the RES and prolonging the circulation

time in the blood (Fig. 6b; Table 2) [35]. This increase in

micelles size with an increase in arm numbers of st-PLGA–

PEG copolymers is in accordance with the results reported by

other researchers [23]. The particle sizes of blank micelles

prepared from st-PLGA–PEG copolymers with different arm

numbers were also studied. The DOX-loading caused an

Fig. 4 GPC traces of st-PLGA–PEG copolymers with different arm

numbers

Fig. 5 Plots of the intensity ratio (I337/I334) against the concentration

of a 3s-PLGA–PEG, b 4s-PLGA–PEG, and c 6s-PLGA–PEG
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increase of approximately 20 nm in size compared with

blank micelles. The reason might be that the encapsulation of

hydrophobic DOX could promote hydrophobic interaction

among the PLGA chains and consequently increase the

micelle aggregation, which leads to larger size [36, 37]. In

addition, there was no obvious change in the narrow size

distributions of micelles with DOX loading.

Zeta potential is an important factor for the stability of

the micelles in suspension. The mutual repulsion of

charged micelles can maintain the good physical stability

profile of micelle dispersion. As shown in Table 2, zeta

potential was negative for all micelles and decreased in the

order of 3-arm, 4-arm and 6-arm star-shaped copolymers.

A different PEG distribution onto micelle surface as a

consequence of the different arm numbers of st-PLGA–

PEG copolymers can be responsible of this effect [38]. The

slightly negative charge of DOX-loaded st-PLGA–PEG

micelles may reduce the undesirable clearance by RES

such as liver, improve the blood compatibility, thus deliver

micelles more efficiently to the tumor sites [39].

Fig. 6 a Schematic illustration of DOX-loaded micelles based on st-

PLGA–PEG copolymers. b Size distribution of a 3s-PLGA–PEG

micelles, b 4s-PLGA–PEG micelles, and c 6s-PLGA–PEG micelles.

c TEM images of a 3s-PLGA–PEG micelles, b 4s-PLGA–PEG

micelles, and c 6s-PLGA–PEG micelles

Table 2 Characterization of DOX-loaded st-PLGA–PEG micelles

Copolymer Size (nm) PDI Zeta potential

(mv)

Drug loading

(%, w/w)

Encapsulation

efficiency (%)

3s-PLGA–PEG 85.1 ± 3.5 0.17 -18.6 ± 2.1 6.98 ± 0.2 70.1 ± 2.9

4s-PLGA–PEG 122.4 ± 4.7 0.13 -15.7 ± 2.5 7.49 ± 0.3 75.2 ± 3.2

6s-PLGA–PEG 208.8 ± 5.2 0.15 -13.4 ± 3.2 7.82 ± 0.2 78.5 ± 3.6

PDI polydispersity index, n = 3
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A typical TEM image of micelles was visualized in

Fig. 6c. The TEM picture clearly shows a well-defined

core–shell structure of the corresponding micelles. In

general the trend in diameters of st-PLGA–PEG copolymer

with different arm numbers, as observed by TEM, was in

good agreement with that observed by DLS. However, the

diameters by TEM were found to be a smaller than the

values determined by DLS studies. This difference in

micelles size measured by TEM and DLS should be

attributed to that the latter is the hydrodynamic diameter of

micelles in water, whereas the former reveals the mor-

phology size of the micelles in dry state [40].

The effects of the arm numbers of st-PLGA–PEG

copolymers on the drug loading content and encapsulation

efficiency were investigated. As shown in Table 2, all the

st-PLGA–PEG copolymers exhibited efficient drug

encapsulation. The drug loading content and encapsulation

efficiency of DOX in the st-PLGA–PEG micelles had an

increased tendency over the arm numbers of st-PLGA–

PEG copolymers, and it was in the order of 3s-PLGA–

PEG\ 4s-PLGA–PEG\ 6s-PLGA–PEG. There are a

number of possible explanations for the increased effi-

ciency, including those st-PLGA–PEG copolymers with

increasing arm numbers form larger micelles with more

payload capacity or that the stronger binding affinity

between hydrophobic DOX and the core region PLGA

more strongly favors drug encapsulation for the st-PLGA–

PEG copolymers with many arms.

3.3.2 In vitro drug release

The in vitro release behavior of DOX from st-PLGA–PEG

micelles with different arm numbers was studied under a

simulated physiological condition (PBS, pH 7.4) and an

acidic condition (PBS, pH 5.8) at 37 �C. These pH values

were selected to represent extracellular pH values (pH 7.4)

and endosomal or lysosomal pH values (pH 5–6). As

shown in Fig. 7, the release profile was characterized by a

rapid release at the early stage (up to 5 day) followed by a

more slower release stage (up to 21 day) regardless of pH.

The sustained release likely resulted from continued dif-

fusion of DOX through the hydrophobic PLGA inner of the

micelles [41]. During this stage DOX cumulative release

decreased with increasing numbers of arms in the st-

PLGA–PEG copolymers, which is probably that st-PLGA–

PEG copolymer with many arms forms more compact core

[20]. Furthermore, the effect of drug loading amount on the

drug release rate from micelles should also be taken into

account. It was shown previously that higher drug loading

resulted in slower drug release [42].

Generally the release of DOX from the drug carriers was

pH dependent probably due to the increase in solubility of

DOX at lower pH [43, 44]. As a result, DOX cumulative

release would be expected to increase with decreasing pH of

the release medium. Figure 7 clearly showed that the release

of DOX from st-PLGA–PEG micelles in the acidic envi-

ronment (pH5.8) was much faster than that in physiological

environment (pH7.4). This pH-sensitive releasing behavior

is useful for tumor-targeted DOX delivery with micelles. An

accelerated release will occur once the micelle particles

were internalized into the endosome or lysosome of solid

tumor site where the pH value is much lower.

3.4 Cellular uptake of DOX-loaded st-PLGA–PEG

micelles

Cellular uptake of DOX-loaded st-PLGA–PEG micelles

was evaluated in HeLa cells by flow cytometry and CLSM.

Since DOX itself is fluorescent, it was used directly to

visualize and analyze cellular uptake of the micelles. Fig-

ure 8 presents the flow cytometric measurements of accu-

mulation of DOX-loaded st-PLGA–PEG micelles in HeLa

cells. It can be seen from Fig. 8 that the free DOX

demonstrated much lower cellular uptake than DOX-loa-

ded micelles, which may be attributed to the multi-drug

resistance (MDR) effect for the free drug since DOX has

been found to be a substrate of P-glycoprotein which are

rich in the cancer cells [45, 46].

Intracellular uptake was different for st-PLGA–PEG

micelles with different arm numbers. 4s-PLGA–PEG

micelles resulted in about threefold higher cellular uptake

than that of 3s-PLGA–PEG micelles and 6s-PLGA–PEG

micelles. The difference in particle size among st-PLGA–

PEG micelles could partially explain the observed differ-

ences in their cellular uptake. A number of systematic

studies evaluating particle size-dependent cellular uptake

have been reported in the literature; [47, 48] they found

Fig. 7 The in vitro release profile of DOX-loaded micelles based on

st-PLGA–PEG copolymers (n = 3)
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that particle size can affect the efficiency and pathway of

cellular uptake by influencing the adhesion of the particles

and their interaction with cells. Generally, there existed a

critical size below which the uptake rate increased with

increasing particle size and up which the uptake rate

decreased with increasing size. In this paper, the prepared

the DOX-loaded 4s-PLGA–PEG micelles with the particle

size of about 120 nm showed the maximum cellular

uptake. It was concluded that the cell uptake of st-PLGA–

PEG micelles was size-dependent in HeLa cells.

Furthermore, the architecture of multiarm st-PLGA–

PEG copolymer with different arm numbers forming the

micelles may have also contributed to the observed dif-

ferences in cellular uptake of st-PLGA–PEG micelles [21,

49]. It is possible that the covalent bond character of star-

shaped block copolymers and PEG chain flexibility at the

PLGA/PEG junction points results in the formation of PEG

domains distributed differently on the surface of st-PLGA–

PEG micelles. This hypothesis is in agreement with the

findings of Fabiana et al. who demonstrated that micelles

obtained from amphiphilic poly(e-caprolactone)(PCL)-

PEG triblock and star-shaped diblock copolymers have a

different cellular uptake [21]. It was highlighted that the

PEG distribution on the micelles surface is an important

feature which governs the extent of micelle transport inside

cells. Nevertheless, further studies on PEG distribution on

surface of st-PLGA–PEG micelles with different arm

numbers are needed to provide more detailed information

about micelle–cells interactions.

To investigate the intracellular distribution of DOX-

loaded micelles in the HeLa cells, CLSM was performed

(Fig. 9). After 4 h of incubation with free DOX, DOX

fluorescence was observed in both the nucleus and the

cytoplasm, consistent with the results of previous studies

(Fig. 9a) [50]. In the case of the three micelle formulations

(Fig. 9b–d), DOX fluorescence was observed mainly in

cytoplasm instead of nucleus, which was due to the dif-

ferent cellular uptake mechanisms of free DOX and

micelles. The free DOX could pass through the cell

membrane by diffusion which is driven by a concentration

gradient across the membrane, while micelles were taken

up by endocytosis which is both time- and energy-con-

suming [51, 52].According to the CLSM results, intracel-

lular free DOX molecules in the cytosol were rapidly

transported to the nucleus and avidly bound to the chro-

mosomal DNA. However, the DOX micelles were initially

located within the endosomal or lysosomal intracellular

compartements, releasing DOX in a sustained manner, and

then diffused into the cytosol before it finally entered the

cell nuclei.

3.5 In vitro cytotoxicity

Cytotoxic effects of free DOX, DOX-loaded st-PLGA–

PEG micelles and empty st-PLGA–PEG micelles were

studied using the cck-8 assay against cultured HeLa cells

as shown in Fig. 10. Empty st-PLGA–PEG micelles did

not exhibit obvious cytotoxicity to cells during the test

period,proving the commendable biocompatibility of

micelles with concentration ranging from 0.25 to 2 mg/

mL. As expected, the cytotoxicity of DOX increased

with increasing dose and time. Compared with DOX-

loaded micelles, free DOX showed higher cytotoxicity

against tumor cells employed during the test period. As

previously discussed, the fast diffusion of free DOX into

the cell nuclei (as shown in Fig. 9a) might be the reason

for this observation. Like all anthracyclines, DOX is a

DNA intercalator, which inhibits DNA replication in

rapidly growing cancer cells [53]. In contrast, DOX-

Fig. 8 a Flow cytometry analysis of DOX fluorescence intensity of

HeLa cells incubated with DOX-loaded st-PLGA–PEG micelles at

37 �C for 4 h. b DOX mean fluorescence intensity of the HeLa cells

incubated with DOX-loaded st-PLGA–PEG micelles with different

arm numbers at 37 �C for 4 h. Untreated cells were used as control
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loaded micelles have to be internalized by endocytosis,

release the loaded drugs into the cytosol region (as

shown in Fig. 9b–d) in a sustained manner, and then

diffuse into the nuclear regions. Thus, this requires

adequate time for doxorubicin DOX-loaded micelles to

show cytotoxicity.

The IC50 values of DOX-loaded st-PLGA–PEG

micelles with different arm numbers, the concentration at

which 50 % of cells were killed in a given period (48 h),

were obtained from the cell viability data and are shown

in Fig. 10e. It appears that 4s-PLGA–PEG micelles had

the most potent activity among the three star-shaped

copolymers (3s/4s/6s-PLGA–PEG). As aforementioned

analysis, arm numbers of st-PLGA–PEG block copoly-

mers had an important influence on internalization of the

micelles and DOX release properties from the micelles.

The characteristics of 4s-PLGA–PEG micelles, including

the micelles’ size, surface PEG distribution and drug

release behavior, facilitated their cellular uptake and a

higher release efficiency of DOX after internalization

within cells. Thus it can be seen that the IC50 values of

4s-PLGA–PEG micelles (2.75 lg/mL) was less than half

of those of 3s-PLGA–PEG micelles (5.26 lg/mL) and

6s-PLGA–PEG micelles (3.43 lg/mL).

Fig. 9 CLSM images of HeLa

cells after 4-h incubation with

a free DOX, b DOX-loaded 3s-

PLGA–PEG micelles, c DOX-

loaded 4s-PLGA–PEG micelles,

and d DOX-loaded 6s-PLGA–

PEG micelles. For each panel,

images from left to right show

DOX fluorescene in cells (red),

lysosome stained by

LysoTracker (green), and

overlays of two images (yellow)

(Color figure online)
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4 Conclusion

Well-defined st-PLGA–PEG copolymers with different

arm numbers (3s/4s/6s-PLGA–PEG) were successfully

synthesized to investigate the relationship between the arm

numbers of st-PLGA–PEG copolymers and their micelle

properties. The CMC value of st-PLGA–PEG copolymers

decreased with increasing the arms in st-PLGA–PEG

copolymers, indicating that the micelle formation becomes

easier as the number of arm in st-PLGA–PEG copolymers

increases. The model drug DOX was effectively loaded in

the polymeric micelles. The size of DOX-loaded micelles

and drug loading content also increased in the same order

as in the case of the CMC. DOX-loaded micelles with

different arm numbers in st-PLGA–PEG copolymers could

achieve a controlled release behavior. The effects of arm

numbers in st-PLGA–PEG copolymers on cellular uptake

and cytotoxicity of DOX-loaded micelles in vitro were

systematically investigated in HeLa cells. The DOX-loaded

4s-PLGA–PEG micelles possess the highest efficiency of

cellular uptake and cytotoxicity among the three star-

shaped copolymers (3s/4s/6s-PLGA–PEG), probably

because of the difference in micelles size and PEG distri-

bution on the surface of st-PLGA–PEG micelles. Thus

structural tailoring of arm numbers from st-PLGA–PEG

copolymers could provide a new strategy for designing

drug carriers of high efficiency.
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