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Purpose: Synthesis of star-shaped block copolymer with oxalyl chloride and preparation of 

micelles to assess the prospect for drug-carrier applications.

Materials and methods: Three-arm star block copolymers of poly(lactic-co-glycolic acid) 

(3S-PLGA)–polyethylene glycol (PEG) were synthesized by ring-opening polymerization, then 

PEG as the hydrophilic block was linked to the terminal hydroxyl of 3S-PLGA with oxalyl 

chloride. Fourier-transform infrared (FT-IR) spectroscopy, gel-permeation chromatography 

(GPC), hydrogen nuclear magnetic resonance (1H-NMR) spectra, and differential scanning 

calorimetry were employed to identify the structure and properties of 3S-PLGA-PEG. Rapamycin 

(RPM)-loaded micelles were prepared by solvent evaporation, and pyrene was used as the fluo-

rescence probe to detect the critical micelle concentration of the copolymer. The particle size, 

distribution, and ζ-potential of the micelles were determined by dynamic light scattering, and 

the morphology of the RPM-loaded micelles was analyzed by transmission electron microscopy. 

High-performance liquid chromatography was conducted to analyze encapsulation efficiency 

and drug-loading capacity, as well as the release behavior of RPM-loaded micelles. The bio-

compatibility of material and the cytostatic effect of RPM-loaded micelles were investigated 

by Cell Counting Kit 8 assay.

Results: FT-IR, GPC, and 1H-NMR suggested that 3S-PLGA-PEG was successfully synthesized. 

The RPM-loaded micelles prepared with the 3S-PLGA-PEG possessed good properties. The 

micelles had good average diameter and encapsulation efficiency. For in vitro release, RPM was 

released slowly from 3S-PLGA-PEG micelles, showing that 3S-PLGA-PEG-RPM exhibited a 

better and longer antiproliferative effect than free RPM.

Conclusion: In this study, we first used oxalyl chloride as the linker to synthesize 3S-PLGA-

PEG successfully, and compared with reported literature, this method shortened the reaction 

procedure and improved the reaction yield. The micelles prepared with this material proved 

suitable for drug-carrier application.

Keywords: block copolymer, RPM, micelles, cytostatic effect

Introduction
Dissolution is an essential physicochemical property that plays a vital role in the 

bioavailability of drugs. It is estimated that 40% or more of new chemical entities are 

poorly water-soluble and thereby suffer from low bioavailability or erratic absorption.1 

Formulations of these substances pose a significant challenge for the development of 

viable dosage forms during early stages of drug development.
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The drug-delivery carrier is an important factor in the field 

of nanomedicine, and is an ideal solution for the solubility of 

hydrophobic drugs, the global trend focusing on the design 

of highly sophisticated drug-delivery systems with specific 

functions to increase drug-therapy efficacy over the past few 

years.2 The applications of amphiphilic polymers in drug-

delivery systems are extensive, eg, micelles,3–5 vesicles,6 

microspheres,7 and nanoparticles.8 Research on micelles as 

drug carriers is growing rapidly, on account of their special 

core–shell structure. Amphiphilic block copolymers, which 

possess a hydrophilic head and a hydrophobic tail, self-

assemble into micelles in aqueous solution, and the hydro-

phobic center is achieved in this process.3,9 These could not 

only be used as the delivery material of hydrophobic drugs10 

but could also be used in the delivery of hydrophilic drugs11,12 

and peptides,13 which significantly enhance the permeability 

of various drugs and prolong retention.

All kinds of aliphatic polyesters, such as poly(l-lactic 

acid) (PLA),14,15 poly(ε-caprolactone),13,16 and poly(lactic-

co-glycolic acid) (PLGA),17 have been linked with a 

hydrophilic polyethylene glycol (PEG) segment to yield the 

amphiphilic copolymer structure.18 In 1994, the effect on 

pharmacokinetics of PLGA microparticles externally coated 

with PEG was first described.19 PLGA-PEG attracts much 

attention, due to its different properties when compared 

with other constituting polymers. PEG linked to PLGA not 

only significantly improves the hydrophilicity of PLGA but 

also greatly prolongs the cycle of drugs in the body.20 Also, 

PEG has good solubility in water and high solubility in most 

organic solvents. These features make it easier to react with 

PLGA in organic solvent, which greatly reduces the difficulty 

of the reaction.

Dicyclohexylcarbodiimide (DCC) and N-hydroxysuc-

cinimide (NHS) are normally used in esterification reac-

tions. PLGA-PEG is normally synthesized with DCC/NHS 

reaction,17,21 though other coupling agents such as 1-ethyl-

3-(3-dimethylaminopropyl) or 1,1′-carbonyldiimidazole are 

used instead of DCC to achieve the same results.22 However, 

these reactions need carboxylation of PLGA and amina-

tion of PEG, which extend the reaction steps and decrease 

productivity. In our study, we first used oxalyl chloride as 

the linker to synthesize PLGA-PEG, and compared with 

the literature reported, this method shortened the reaction 

procedure and improved the reaction yield. Oxalyl chloride 

with two acyl chloride groups in the structure was a strong 

acylation reagent and reacted easily with polymers with 

hydroxyl (OH) groups.23 Then, polymers with terminal acyl 

chloride groups were obtained while excess oxalyl chloride 

existed. These acyl chloride-capped polymers reacted with 

other polymers with OH groups under alkaline conditions, 

and block polymers were synthesized in this process.24

Nowadays, there are various polymer structures, eg, 

grafts,25 brushes,26 stars,17 dendrites, and macromolecules,27 

attracting much attention. Polymers with multiarm structure 

greatly enrich the treasury of drug-delivery carriers and also 

increase the modifiable functional end groups. Compared 

with those of linear structure, star-shaped polymers have 

advantages of highly ordered branched structure, exact 

molecular weight, abundant functional groups, low viscosity, 

and high solubility, which make them extensively used in 

biology and drug-delivery.9,28,29 The branched chains extend 

all around star-polymer materials, which can be used with 

drug-loaded balls with narrow dispersion and improve drug-

carrier stability in the circulation, due to the tight circle and 

the multiple modified sites of the polymer.30

Therefore, as shown in Figure 1, three-arm star block 

copolymers (3S-PLGA-PEG) were synthesized with oxalyl 

chloride, and the biocompatibility of 3S-PLGA-PEG was 

observed. Then, rapamycin (RPM) was used as the model 

drug to evaluate the ability of the copolymer as the hydro-

phobic drug carrier.

Materials and methods
Materials
d,l-Lactide (DLA) and GA were procured from Glaco 

Ltd (Beijing, People’s Republic of China). Stannous 

octoate (SnOct
2
) was bought from Sigma-Aldrich 

(St  Louis, MO, USA). PEG (number-average molecular 

weight = 4,000 g⋅mol-1), propanetriol, and oxalyl chloride 

were obtained from Guangfu Fine Chemical Research 

Institute (Tianjin, People’s Republic of China). Calcium 

hydride, pyrene, tetrahydrofuran, dichloromethane, N,N-di-

methylformamide, methanol, and acetone were bought from 

Jiangtian Chemical Technology Co Ltd (Tianjin, People’s 

Republic of China). RPM was purchased from North China 

Pharmaceutical (Shijiazhuang, People’s Republic of China). 

Acetonitrile and methanol (high-performance liquid chroma-

tography [HPLC] grade), used as the mobile phase of HPLC, 

were purchased from Concord Technology Co Ltd (Tianjin, 

People’s Republic of China). Phosphate-buffered saline 

(PBS) was purchased from Shijiazhuang Biotechnology Co 

Ltd (Shijiazhuang, People’s Republic of China), Dulbecco’s 

Modified Eagle’s Medium (DMEM)/F-12 (HyClone) from 

GE Healthcare (Little Chalfont, UK), and fetal bovine serum 

from Solarbio Science and Technology Co Ltd (Beijing, 

People’s Republic of China). Dichloromethane was dis-

tilled over calcium hydride. Other reagents were used as 

received.
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Synthesis of 3S-PLGA
Firstly, SnOct

2
 was dissolved in dichloromethane (CH

2
Cl

2
) 

with a concentration of 7.64×10-3 mol⋅L-1. A mixture of 

dried DLA (4.32 g, 30 mmol), GA (1.16 g, 10 mmol), SnOct
2
 

solution (0.523 mL, 0.004 mmol), and propanetriol (18.4 mg, 

0.2 mmol) was added into a clean, dry polymerization flask, 

then vacuum pumping for 10 minutes and argon filling for 

1 minute were undertaken alternately three times to remove 

the oxygen and CH
2
Cl

2
 in the flask. Following this, another 

30 minutes of degassing was required. Polymerization was car-

ried out in a vacuum oven at 160°C for 8 hours. After cooling 

to room temperature, the crude product was dissolved in 

CH
2
Cl

2
 and purified by precipitating in cooled methanol three 

times. Finally, 3S-PLGA was dried at room temperature in 

vacuum until constant weight (4.80 g, 87.5%).

Synthesis of 3S-PLGA-PEG
Oxalyl chloride (0.330 g, 2.6 mmol) was dissolved in 1 mL 

anhydrous CH
2
Cl

2
 in a 50 mL flask, and an anhydrous 

CH
2
Cl

2
 solution of PEG (1.30 g, 0.325 mmol) was added 

dropwise into the flask under stirring at 4°C. After reaction 

for 3 hours, CH
2
Cl

2
 was removed by evaporation. The residue 

Figure 1 Design of the entire study: the copolymer was synthesized by two simple steps. Firstly, propanetriol was employed as the initiator for the synthesis of 3S-PLGA by 
ring-opening polymerization. Secondly, 3S-PLGA was linked with PEG by acylation reaction, in which oxalyl chloride was used as the linkage. Then, the hydrophobic drug was 
incorporated into the hydrophobic core to evaluate the ability of this copolymer as the drug-delivery carrier.
Abbreviations: 3S-PLGA, three-arm star block poly(lactic-co-glycolic acid); PEG, polyethylene glycol; LA, lactic acid; GA, glycolic acid.
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was redissolved and reevaporated three times to remove 

oxalyl chloride thoroughly. Then, the residue was dissolved 

in 10 mL anhydrous CH
2
Cl

2
 in a 50 mL flask, and 15 mL 

anhydrous CH
2
Cl

2
 containing 3S-PLGA (1 g, 0.036 mmol) 

and tetraethylammonium (0.011 g, 0.113 mmol) were added 

dropwise into a flask under stirring at room temperature. 

The mixture was further stirred for about 48 hours at room 

temperature under nitrogen atmosphere. The organic mixture 

was washed three times with 1 M HCl and dried over MgSO
4
 

and NaHCO
3
. The drying agent was removed by filtration. 

The filtered solution was precipitated in cool diethyl ether 

three times and washed by cool methanol to remove the 

redundant PEG. The product was dried at 40°C in vacuum 

until constant weight (0.94 g, 65%).

Characterization of 3S-PLGA-PEG
The structure and composition of the copolymer were 

analyzed by 1H-nuclear magnetic resonance (NMR) spec-

troscopy (400 MHz; Varian Inc, Palo Alto, CA, USA) with 

CDCl
3
 as the solvent and tetramethylsilane as the internal 

reference with a chemical shift of 0 ppm. Infrared spectra 

were recorded on a Nicolet Nexus 470-ESP Fourier-transform 

infrared (FT-IR) spectrometer (Thermo Fisher Scientific, 

Waltham, MA, USA). Molecular weight and molecular 

weight distribution of the copolymer were measured by gel-

permeation chromatography (GPC) using a Hitachi L-2490 

differential refraction detector and two PLgel 7.5×300 mm, 

10 mm particle columns (Agilent Technologies, Santa Clara, 

CA, USA). Polymethyl methacrylate was used as the stan-

dard. The glass-transition temperature (T
g
) of the copolymer 

was investigated by differential scanning calorimetry using a 

Q2000 calorimeter (TA Instruments, New Castle, DE, USA). 

Samples of about 5 mg were heated from 0°C to 100°C in a 

nitrogen atmosphere (50 mL/min) at a rate of 5°C/min.

Biocompatibility of 3S-PLGA-PEG in vitro
The biocompatibility of 3S-PLGA-PEG with human aortic vas-

cular smooth-muscle cells (HA-VSMCs; T/G; American Type 

Culture Collection, Manassas, VA, USA) was assessed by Cell 

Counting Kit (CCK)-8 assay. Cells were incubated at 37°C in a 

5% (v/v) carbon dioxide-atmosphere incubator in DMEM/F-12 

with 10% fetal bovine serum and 1% penicillin–streptomycin.

Cells were seeded in 96-well plates at a density of 

5,000 cells/well containing 200 μL of culture medium and 

incubated for 24 hours to reach 90% confluence. Cells were 

treated with various amounts of micelles (10, 50, 100 µg/mL) 

and incubated for 24 hours. Following this, the medium was 

removed, then 200 µL of mixture medium (DMEM/F-12 

with 10% fetal bovine serum/CCK-8, 9/1, v/v) was added to 

each well, and the plates were incubated for 4 hours. Optical 

density (OD) was measured at 450 nm with a Varioskan Flash 

microplate reader (Thermo Fisher Scientific). Relative cell 

viability was calculated as:

	

Cell viability (%)
OD OD

OD OD
treat blank

control blank

=
−
−

×100%

	

(1)

where OD
treat

 and OD
control

 were the absorbance of the treated 

and control cells, respectively, and OD
blank

 the absorbance 

of the medium material that was used for zero adjustment. 

The results are represented as mean ± standard deviation 

(SD; n=3).8

In order to investigate the biocompatibility of the mate-

rials further, mouse macrophage (RAW264.7) cells were 

cocultured with the materials, and the cytokines released 

from RAW264.7 cells were determined by enzyme-linked 

immunosorbent assay (ELISA). Cells were incubated at 

37°C in a 5% (v/v) carbon dioxide-atmosphere incubator in 

Roswell Park Memorial Institute 1640 medium with 10% 

fetal bovine serum and 1% penicillin–streptomycin.

Cells were seeded in 24-well plates at a density of 

5×105 cells/well containing 1 mL culture medium and incu-

bated for 24 hours. Cells were treated with various amounts 

of micelles (0.01, 0.1, 1, 10, 100 µg/mL) and incubated for 

48 hours. Following this, cell supernatants were analyzed for 

the presence of cytokines, ie, interleukin-6 (IL-6) and tumor 

necrosis factor alpha (TNFα). Lipopolysaccharide was used 

as the positive control, and cells without any treatment were 

considered the negative control.31

Preparation of RPM-loaded 3S-PLGA-
PEG micelles
As shown in Figure 2, RPM-loaded 3S-PLGA-PEG micelle 

(3S-PLGA-PEG-RPM) were prepared by solvent evapora-

tion. 3S-PLGA-PEG (100 mg) and 30 mg of RPM were 

weighted accurately and dissolved in 4 mL acetone. The 

mixture solution was added dropwise slowly into 20  mL 

distilled water under stirring, then further stirring overnight 

at room temperature till the organic solvent was evaporated 

completely. The micelles were washed three times by dis-

tilled water and ultracentrifugation at 23,000 rpm, 4°C for 

30 minutes. The micelles were harvested and resuspended 

in 4 mL 20% PEG aqueous solution, while the supernatant 

was collected and used for quantification of encapsula-

tion efficiency (EE). Finally, the dispersed solution was 
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lyophilized. Micelles with no drugs were prepared with the 

same method.

Characterization of micelles
Critical micelle-concentration determination 
of 3S-PLGA-PEG
The critical micelle concentration (CMC) of 3S-PLGA-PEG 

in water was detected with the Varioskan Flash microplate 

reader, where pyrene was used as the fluorescence probe. 

Micelles at a concentration of 0.5 mg/mL were prepared 

by solvent evaporation. The micelle concentration was 

diluted from 5×10-1 mg/mL to 5×10-7 mg/mL, and pyrene 

concentration was fixed at 3×10-4 mg/mL. After ultrasoni-

cation for 20 minutes, micelles were incubated overnight. 

Fluorescence-excitation spectra were measured at emission 

wavelength of 394 nm and a slit width of 3 nm. The ratio 

of fluorescence intensity at 335 and 338 nm was obtained 

through scanning from 290 nm to 360 nm. The CMC can be 

calculated from the curve of I
338

/I
335

 against the logarithm of 

copolymer concentration.

Size, ζ-potential, morphology, stability, and ability 
of drug load
Mean particle size, size distribution, and ζ-potential of the 

micelles were determined by dynamic light scattering on a 

Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). 

All measurements were carried out in triplicate. The average 

particle size was expressed in mean volume diameter, and 

reported values are represented as mean ± SD (n=3). The 

aqueous micelles were stored at 4°C in a static state. Dynamic 

light scattering was used to measure the mean particle size 

and distribution every 15 days for 1 month. The results are 

expressed as mean ± SD (n=3).

The morphology of the RPM-loaded micelles was ana-

lyzed by transmission electron microscopy (TEM; Tianjin 

Research Center of Basic Medical Science). Micelles 

(200 µg) were weighted accurately and dissolved in 1 mL 

distilled water. Then, the sample was obtained by placing 

a drop of fresh prepared micelle suspension onto a cop-

per grid. After being air-dried overnight, the sample was 

examined by TEM.

Encapsulation efficiency (EE) and drug-loading (DL) 

capacity were detected by HPLC. RPM-loaded micelles 

(5 mg) were weighed accurately and dissolved in 1 mL dichlo-

romethane. After dichloromethane had been completely 

removed in the fume hood, 1 mL acetonitrile was added and 

RPM determined by the established HPLC method. Typically, 

20 µL samples were injected into a reverse-phase diamond 

C18 column (150×4.6 mm, 5 µm; Agilent Technologies) and 

eluted with mobile phase (acetonitrile:water, 75:25, v:v) at 

a flow rate of 1 mL/min. An ultraviolet detector was used to 

detect RPM at 277 nm. EE% and DL% were calculated by 

equations 1 and 2. The determinations were carried out in 

triplicate, and results are expressed as mean ± SD (n=3):

EE%
Mass of total RPM in micelles

Mass of RPM theoretical
1= × 000%  

�
(2)

DL%
Mass of RPM in micelle

Mass of micelles
%= ×100

	
(3)

RPM-release behavior in vitro
RPM-loaded micelles (5 mg) were weighed accurately and 

dissolved in 4 mL PBS (pH 7.4), and shaken at 150 rpm 

at 37°C for 32 days. At the setting time points, 2 mL of 

supernatant was taken out after centrifugation and the same 

volume of PBS was added. The free RPM was extracted by 

dichloromethane and detected by HPLC. Then, a cumula-

tive release curve of 32 days was drawn according to the 

standard curve.

Figure 2 Schematic diagram of rapamycin-loaded three-arm star-shaped PLGA-PEG micelles. Micelles were formed in aqueous solution through self-assembly technology; 
rapamycin was incorporated in the hydrophilic center.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol.
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Cytostatic effect analysis in vitro
Cytostatic assay of 3S-PLGA-PEG-RPM was also under-

taken on T/G HA-VSMCs, and cells were incubated under 

the same protocol as the biocompatibility analysis. Then, cells 

were treated with different RPM concentrations (the solution 

was diluted from 10 µg/mL to 0.001 μg/mL) contained in 

micelles for regular incubation times (24, 48, 72 hours). 

Free RPM with the same concentration was the control 

group. Then, the viability of cells was detected by CCK-8 

assay with the same method as in the “Biocompatibility of 

3S-PLGA-PEG in vitro” section. Results are expressed as 

mean ± SD (n=3).

Results and discussion
Characterization of 3S-PLGA-PEG
Many methods have been used to synthesize amphiphilic 

copolymers, which normally divide into two kinds of polym-

erization. For instance, Hassouna et al developed the plasti-

cized PLA grafting of PEG via reactive extrusion.15 In another 

study, Dong and Feng used MPEG as an initiator to get 

MPEG-PLA.32 Random block copolymers were synthesized 

by these methods, which modified the end group verbosely. 

DCC and NHS are always utilized in regular polymerization 

to achieve PLGA-PEG, which increases the reaction steps 

and reduces the yield.17 In this study, the copolymer was 

synthesized in two steps. Firstly, propanetriol was employed 

as the initiator for the synthesis of 3S-PLGA by ring-opening 

polymerization. Secondly, 3S-PLGA was linked with PEG 

by acylation reaction, in which oxalyl chloride was used as 

the linkage. The synthetic route is depicted in Figure 1. In 

future, PLGA can be linked with amino PEG easily by oxalyl 

chloride linkage to get the end group-modified amphiphilic 

copolymer by this method.

The chemical structure of 3S-PLGA-PEG was inves-

tigated by 1H-NMR spectra. As shown in Figure 3A, the 

synthesis of 3S-PLGA was determined mainly by the 

appearance of the peaks of a (δ=1.55 ppm, –CH
3
 in PLGA 

segments), b  (δ=4.82 ppm, –CH
2
 in PLGA segments), 

and c (δ=5.12, –CH in PLGA segments). Compared with 

the 3S-PLGA spectrum, the high intensity of peak d 

(δ=3.62 ppm, –CH
2
 in PEG segments) in the 3S-PLGA-PEG 

spectrum indicated the existence of the PEG, which proved 

that 3S-PLGA-PEG had been successfully synthesized.

FT-IR spectrometry was also used to evaluate the chemical 

structure of the copolymer. As shown in Figure 3B, the char-

acteristic peak of 3S-PLGA at 1,750 cm-1 was attributable to 

the C=O functional group, while the peaks at 2,995 cm-1 and 

2,945 cm-1 were due to the stretching vibration of saturated 

−CH bond. In the spectrum of 3S-PLGA-PEG, the emerging 

peaks of 2,879 cm-1, 1,092 cm-1, and 842 cm-1 proved the 

existence of the PEG chain.

Molecular weights and polydispersity were investigated 

by GPC, as shown in Figure 3C: the peak of 3S-PLGA-PEG 

appears earlier compared with the peak of 3S-PLGA, which 

proved that the PEG was favorably linked with 3S-PLGA. 

Furthermore, the unimodal GPC trace with low polydisper-

sity value demonstrated that the 3S-PLGA-PEG was suc-

cessfully synthesized.

The thermal properties of 3S-PLGA-PEG were inves-

tigated by differential scanning calorimetry. As shown in 

Figure 3D, the T
g
 of the 3S-PLGA was about 50.91°C, while 

3S-PLGA-PEG was 47.5°C. The results showed that the T
g
 

of 3S-PLGA-PEG was lower than 3S-PLGA because the 

existence of PEG can affect the crystalline property of PLGA, 

which can reduce the T
g
 of this polymer,33,34 and suggested 

the PEG segment was linked with PLGA.

Biocompatibility of 3S-PLGA-PEG in vitro
In this study, 3S-PLGA-PEG was used as the drug carrier in 

micelle form. Therefore, we examined the biocompatibility 

of blank micelles. The biocompatibility of blank micelles 

was tested on the T/G HA-VSMCs. The results were ana-

lyzed by equation 1 (Materials and methods), and SPSS 

software was utilized to cope with the data. As shown in 

Figure 4A, the cell viability of all polymer groups exceeded 

90% compared with the control. The results suggested that 

the 3S-PLGA-PEG, synthesized by these two simple steps, 

has good biocompatibility.

There have been many investigators to utilize the in vitro 

cell-culture model using RAW264.7 cells for the estimation 

of biocompatibility of polymeric materials intended for 

human applications by CCK-8 and MTS assay. In this study, 

the cytokines’ (IL-6 and TNFα) release in culture supernatant 

was examined after exposure to 3S-PLGA-PEG for 48 hours. 

Samples were analyzed by ELISA. IL-6 and TNFα were the 

typical inflammatory cytokines.35,36 As shown in Figure 4B, 

there was no significant difference in release of cytokines 

between micelle groups and the negative-control group, while 

much cytokine material was detected in the positive group. 

Results indicated that 3S-PLGA-PEG would not elicit inflam-

matory responses in RAW264.7 cells in vitro. Therefore, the 

results of ELISA further suggested that 3S-PLGA-PEG has 

good biocompatibility.

Characterization of micelles
CMC of 3S-PLGA-PEG micelles
Fluorescence spectroscopy involving pyrene or phenytoin 

sodium and other similar fluorescent agents is the general 
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method used to determine the CMC of copolymers. Pyrene 

is frequently used as the fluorescence probe in this mea-

surement, because it is very sensitive to the polarity of the 

surrounding environment.37 With the increase in polymer 

concentration in aqueous solution, there was a dramatic 

increase in the fluorescence intensity of pyrene because much 

more pyrene was incorporated into the hydrophobic core with 

the change in polarity of the environment. The I
338

/I
335

 value 

in the excitation spectrum was raised. CMC value was calcu-

lated according to the turning point. As shown in Figure 5A, 

Figure 3 (A) The chemical structure of 3S-PLGA-PEG was investigated by 1H-NMR spectra. 3S-PLGA was mainly determined by the appearance of the peaks of 
a (δ=1.55 ppm, –CH3 in PLGA segments), b (δ=4.82 ppm, –CH2 in PLGA segments), and c (δ=5.12 ppm, –CH in PLGA segments). Compared with the 3S-PLGA spectrum, the 
high intensity of peak d (δ=3.62 ppm, –CH2 in PEG segments) in the 3S-PLGA-PEG spectrum indicated the existence of PEG, which proved that 3S-PLGA-PEG was successfully 
synthesized. (B) FT-IR spectrometry: the characteristic peak of 3S-PLGA at 1,750 cm-1 was attributable to the C=O functional group, while the peaks at 2,995 cm-1 and 
2,945 cm-1 were due to the stretching vibration of a saturated −CH bond. In the spectrum of 3S-PLGA-PEG, the emerging peaks of 2,879 cm-1, 1,092 cm-1, and 842 cm-1 
proved the existence of the PEG chain. (C) Molecular weights and polydispersity were investigated by GPC: the peak of 3S-PLGA-PEG appeared earlier than the peak of 
3S-PLGA, which proved that PEG was favorably linked with 3S-PLGA. (D) The glass transition temperature (Tg) of 3S-PLGA was about 50.91°C, while 3S-PLGA-PEG was 
47.5°C. The existence of PEG affected the crystalline property of PLGA, which reduced the Tg of this polymer.
Abbreviations: 3S-PLGA, three-arm star block poly(lactic-co-glycolic acid); PEG, polyethylene glycol; NMR, nuclear magnetic resonance; FT-IR, Fourier-transform infrared; 
GPC, gel-permeation chromatography.
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the CMC of 3S-PLGA-PEG was 7.08×10-4 mg/mL, due to 

the lower content of PEG in the copolymer.38 Moreover, this 

was also probably because the covalent bond character of 

star-shaped block copolymers with many arms was similar 

to the micellar state, which facilitated the micellization,17 so 

3S-PLGA-PEG may be a promising and potent drug carrier 

because of its ease in use.

Size, ζ-potential, morphology, stability, and 
drug-loading capacity
For polymeric micelles, size and surface charge can influ-

ence the efficiency and pathway of cellular uptake39,40 by 

affecting the adhesion of the particles and their interactions 

with cells.41 The micelles made in the laboratory exhibited 

suitable particle size and negative charge. As shown in 

Figure 5B, blank micelles and RPM-loaded 3S-PLGA-PEG 

micelles were small, 161.3±1.6 nm (polydispersity index 

0.157±0.004) and 166.6±1.6 nm (polydispersity index 

0.145±0.012), respectively, they were suited for circulation 

in blood and resided in tissue.42,43 Particle size can be adjusted 

by the length of the hydrophobic segment chain.44 In our 

design, the content of the hydrophobic chain was much more 

than the hydrophilic segment, which made it bigger than the 

general micelles, commonly sized 10–100 nm.

The surface charges of blank and RPM-loaded micelles 

were -9.09±0.55 mV and -10.27±0.09 mV, respectively, 

relatively smaller compared with the bigger negative charge 

of most cell lines. The slight charge difference between 

particles and cell lines can augment the cellular uptake of 

nonmacrophages.43

As in the TEM in Figure 5C, we found that the obtained 

micelles appeared similarly spherical and separated from 

one another. Furthermore, this showed the core–shell 

structure and formed a crew-cut shape because of the lower 

hydrophilic chain length than the hydrophobic segment in 

the copolymer.45

For DL of micelles, over 60% of RPM was incorporated into 

the micelles of the multiarm copolymer because of the branched 

structure.46 As shown in studies by Chen et al8 and Ma et al,17 

the DL capacity rises with increased copolymer arms.

Stability is one of the critical factors in ensuring safety 

and efficacy of drug products. The stability of drug par-

ticles can change during manufacturing and storage. For 

example, formation of larger particles may lead to capillary 

blockade and embolism for intravenously administered 

nanosuspension.47 Therefore, particle size and size distribu-

tion of drug-loaded micelles need to be closely monitored 

during storage. In our study, the particle size and the polydis-

persity index were used to evaluate the stability of micelles. 

As shown in Figure 5D, no obvious changes were observed in 

mean particle size of the aqueous dispersion during 1 month 

stored at 4°C because micelle-coated PEG on the core must 

be stable in in vitro and in vivo conditions and desorption or 

displacement phenomena were effectively avoided.48 Results 

indicated that the micelles had satisfactory stability and could 

be stored for a long time.

Figure 4 Biocompatibility of blank micelles. *P,0.05; **P,0.01. (A) Micelles were tested on human aortic vascular smooth-muscle cells (T/G). The results suggested that the 
three-arm polymers had good biocompatibility. (B) RAW264.7 cells were cocultured with materials, with results indicating that the materials would not elicit an inflammatory 
response, thus further suggesting 3S-PLGA-PEG had good biocompatibility.
Abbreviations: 3S-PLGA, three-arm star block poly(lactic-co-glycolic acid); PEG, polyethylene glycol; NPs, nanoparticles; LPS, lipopolysaccharide; TNFα, tumor necrosis 
factor alpha; IL, interleukin.

α
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Figure 5 (A) CMC of 3S-PLGA-PEG: pyrene was used as the fluorescence probe in the measurement. With increasing polymer concentrations in aqueous solution, I338/I335 
values in the excitation spectrum increased. The straight line below CMC represents the stable state of solution, the straight line above CMC represents the stable state of 
micellar solution, the point of intersection of these two lines are the Krafft point, which represents the CMC. The CMC of 3S-PLGA-PEG was 7.8×10-4 mg/mL, which suggested 
that the micelles formed easily. (B) 3S-PLGA-PEG-RPM micelles were small (166.6±1.6 nm, PDI 0.145±0.012), which suited their circulation in blood, and had passive targeting 
to tumor tissue. (C) TEM suggested that micelles obtained appeared similarly spherical in shape and separated from each other. The results of DTS and TEM indicated that 
3S-PLGA-PEG micelles possessed ideal size and good dispersibility. (D) The stability of the micelle suspension at 1 month suggested that the 3S-PLGA-PEG micelles were very 
stable during storage in 4°C. (E) The slight difference between before freeze-drying and after freeze-drying indicated slight sedimentation and aggregation.
Abbreviations: CMC, critical micelle concentration; 3S-PLGA, three-arm star block poly(lactic-co-glycolic acid); PEG, polyethylene glycol; RPM, rapamycin; PDI, polydispersity 
index; TEM, transmission electron microscopy; DTS, dynamic light scattering.
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Figure 6 In vitro release of RPM. (A) The drug showed sustained release: over 15% of RPM was released in 1 month. (B) RPM release per day gradually reduced, however 
there was always drug detected in the release solution, which was still able to inhibit cell proliferation.
Abbreviation: RPM, rapamycin.

The stability of solid powder is much better than 

dispersion during storage due to the decrease of unstable 

factors.49,50 Therefore, we also made a comparison of the 

stability of micelles between before freeze-drying and after 

freeze-drying. As shown in Figure 5E, micelles after freeze-

drying showed a slight increase of particle size, which was 

induced by slight sedimentation and aggregation in the 

process of the freeze-drying.

In vitro release
The half-life and solubility of liposoluble drugs are significant 

aspects that should be taken into consideration during use.51,52 

In order to improve these features, biodegradable polymers 

have been used frequently as drug-delivery carriers because 

of their nice bioavailability, better encapsulation, controlled 

release, and less toxic properties.53 It has been demonstrated 

that the existence of PEG fragments is not enough to hole 

the stability of micelles, but will produce increased half-life 

of the system in vivo.54 As shown in Figure 6A, the drug 

released for a long time, and there was over 15% of RPM 

released in 1 month. Apart from the cumulative percentage 

of RPM, as shown in Figure 6B, the RPM amount released 

per day gradually reduced, but there was always drug detected 

in the release solution, which can still play an inhibitory role 

in cell proliferation.55 Drug can be released from the delivery 

system in a sustained manner to prolong exposure time and 

increase the drug-therapy efficacy.56,57 Physically entrapped 

drugs were released mainly through the diffusion effect, so 

the driving force was reducing with the concentration of 

drugs in the core decreasing gradually. Therefore, both the 

release speed and release amount per day exhibited a trend 

of declining at later experimental points.

Cytostatic effect in vitro
Cytostatic assay of 3S-PLGA-PEG-RPM was also under-

taken on T/G HA-VSMCs. We made a comparison of 

the effect among the different concentrations of RPM in 

micelles. As shown in Figure 7, both RPM-micelle groups 

and RPM-free groups were more cytotoxic after incubation 

for 48 and 72 hours compared to 24 hours. Also, comparison 

of the cytotoxic potency of the RPM-micelle and RPM-free 

groups showed that RPM micelles had considerably superior 

cytotoxic potency against T/G HA-VSMC cells at 48 and 

72 hours of incubation, while they exhibited a weak form 

Figure 7 Cytostatic assay of 3S-PLGA-PEG-RPM.
Note: Comparison of cytotoxic potency of RPM micelles versus free RPM showed 
that RPM micelles had considerably superior cytotoxic potency against T/G human 
aortic vascular smooth-muscle cells.
Abbreviations: 3S-PLGA, three-arm star block poly(lactic-co-glycolic acid); PEG, 
polyethylene glycol; RPM, rapamycin.
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at 24 hours of incubation. That was probably because the 

free RPM concentration was higher than that released from 

the micelles at the early experimental point, but with time 

the concentration of free RPM began to decrease while RPM 

showed sustained release from micelles to maintain effective 

concentration.

Both RPM-free groups of incubation for 24, 48, and 

72  hours showed a smooth trend and no obvious dose-

dependent phenomena among the different concentrations 

versus RPM-micelle groups. We speculated that the micelle 

system enhanced the cellular uptake of RPM through endo-

cytosis versus the passive diffusion of free RPM through 

the cell membrane. The fluid-phase endocytosis mechanism 

may be the vital aspect that increased the cellular uptake of 

micelles because there was no specific affinity between the 

outer PEG chains of the micelles and the negatively charged 

membranes of the cells.58–60

Conclusion
In this study, 3S-PLGA-PEG was synthesized by ring-opening 

polymerization and esterification with oxalyl chloride. 

The synthetic routes greatly shortened the synthetic steps 

and improved efficiency in the research. FT-IR, GPC, 

and 1H-NMR results proved that the 3S-PLGA-PEG was 

successfully obtained. This type of copolymer had good 

biocompatibility and was safe to be used as the drug-delivery 

carrier. The RPM-loaded micelles prepared through the self-

assembly method exhibited a narrow size distribution and 

high EE. In vitro release analysis demonstrated steady and 

sustained RPM release, which prolonged residence at local 

sites and improved the therapeutic effect. Therefore, this 

material prepared with this simple new method may be a 

promising polymeric material for drug delivery.
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