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Background: To address the issue of delivery of proteins, a six-arm copolymer, six-arm poly 

(ε-caprolactone)–poly(ethylene glycol) (6S-PCL-PEG), was synthesized by a simple two-step 

reaction. Thereafter, the application of 6S-PCL-PEG as a protein carrier was evaluated.

Materials and methods: A six-arm copolymer, six-arm poly(ε-caprolactone) (6S-PCL), was 

synthesized by ring-opening polymerization, with stannous octoate as a catalyst and inositol 

as an initiator. Then, poly(ethylene glycol) (PEG) was linked with 6S-PCL by oxalyl chloride 

to obtain 6S-PCL-PEG. Hydrogen-1 nuclear magnetic resonance spectrum, Fourier-transform 

infrared spectroscopy, and gel-permeation chromatography were conducted to identify the 

structure of 6S-PCL-PEG. The biocompatibility of the 6S-PCL-PEG was evaluated by a cell 

counting kit-8 assay. Polymeric nanoparticles (NPs) were prepared by a water-in-oil-in-water 

double emulsion (W
1
/O/W

2
) solvent evaporation method. The size distribution and zeta potential 

of NPs were determined by dynamic light scattering. Transmission electron microscopy was 

used to observe the morphology of NPs. Drug-loading capacity, encapsulation efficiency, and 

the release behavior of ovalbumin (OVA)-loading NPs were tested by the bicinchoninic acid 

assay kit. The stability and activity of OVA released from NPs were detected and the uptake 

of NPs was evaluated by NIH-3T3 cells.

Results: All results indicated the successful synthesis of amphiphilic copolymer 6S-PCL-PEG, 

which possessed excellent biocompatibility and could formulate NPs easily. High drug-loading 

capacity and encapsulation efficiency of protein NPs were observed. In vitro, OVA was released 

slowly and the bioactivity of OVA was maintained for over 28 days.

Conclusion: 6S-PCL-PEG NPs prepared in this study show promising potential for use as a 

protein carrier.

Keywords: six-arm PCL-PEG, copolymer synthesis, protein carrier, sustained release

Introduction
Compared with many conventional treatments, therapeutics of peptides and proteins 

possess noteworthy advantages such as high effectiveness, excellent specificity, and 

good activity.1 However, their clinical application has been limited by the protein-based 

drugs encountering several challenges, such as degradation by enzymes in the systemic 

circulation, poor bioavailability, and low cell permeability.2 Therefore, to address these 

issues, extensive research efforts have gone into finding and characterizing suitable 

protein delivery carriers.3–5 Among these, many excellent carrier biomaterials have 

been discovered, such as poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) 

(PCL), mesoporous silica, chitosan, cyclodextrin, and carbon nanotubes.6–11 However, 

the challenges of low cell permeability and short biological half-life remain. The short 

Correspondence: Xiaoli Wang; Jing Yang
Institute of Biomedical Engineering, 
Chinese Academy of Medical Science 
and Peking Union Medical College, 
236 Baidi Road, Nankai District, 
Tianjin 300192, China
Tel +86 138 2183 7082;  
+86 133 8906 0566
Fax +86 22 8789 1191
Email 506450568@qq.com;  
yangjing37@hotmail.com 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2018
Volume: 13
Running head verso: Duan et al
Running head recto: Synthesized star copolymer for delivering proteins
DOI: 161006

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S161006
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:506450568@qq.com
mailto:yangjing37@hotmail.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2744

Duan et al

biological half-life of protein-based drugs causes a short action 

time of drugs and affect the therapeutic effects.12 Therefore, 

long-term sustained-release systems have emerged. Many 

researchers have put their efforts into this and various bio-

degradable protein delivery systems have been obtained. For 

example, Peng et al explored insulin–phospholipid complex-

loaded poly(hydroxybutyrate-co-hydroxyhexanoate) nano-

particles (NPs) as a sustained drug delivery system to increase 

the biological half-life of insulin.13 Xie et al used PLGA as 

a novel emulsifier to prepare hydrophilic protein-loaded 

solid lipid NPs to improve therapeutic efficiency.14 Besides, 

amphiphilic polymers have many advantages and have been 

studied widely as well.15–18

Amphiphilic polymers have many advantages, such 

as a long circulation duration, high biocompatibility, and 

augmented loading capacity.19–21 Poly(ethylene glycol) 

(PEG) has been widely used in this regard. Conjugation of 

PEG has exhibited significantly improved hydrophilicity as 

well as prolonged drug circulation period in vivo, features 

which are considered beneficial for NP-based delivery 

systems.22–24 Therefore, various biodegradable amphiphilic 

block copolymers, such as poly(caprolactone)–poly(ethylene 

glycol) (PCL-PEG), poly(lactide)–poly(ethylene glycol) 

(PLA-PEG), and poly(lactide-glycolide)–poly(ethylene 

glycol) (PLGA-PEG) copolymers, have been synthesized and 

applied in drug delivery systems. Particularly noteworthy are 

star-shaped amphiphilic copolymers, which have attracted 

increasing attention because they exhibit many advantages 

over linear amphiphilic copolymers of the same molar mass, 

such as a smaller hydrodynamic diameter, lower solution 

viscosity, and higher stability.25–27 Moreover, several reports 

have demonstrated that star-shaped copolymers have other 

advantages in drug delivery compared with linear copoly-

mers, such as prolonging sustained release and improving 

the drug-loading capacity.28–30

The overall aim of the present work was to develop 

a sustained-release star-shaped amphiphilic copolymer 

carrier [six-arm poly(ε-caprolactone)–poly(ethylene glycol) 

(6S-PCL-PEG)], which augments the encapsulation effi-

ciency and the protein-loading capacity. Initial work in 

this study focused on the preparation of 6S-PCL-PEG by a 

two-step method which is simple and efficient.31 Thereafter, 

ovalbumin (OVA) was used as a model protein and a double-

emulsion solvent evaporation method was employed to 

prepare the NPs, followed by property analysis, in vitro 

stability, and release behavior studies of NPs. Further, the 

in vitro uptake of NPs by NIH-3T3 cells was performed to 

examine the potential of this formulation in delivering protein 

into living cells.

Materials and methods
Materials
ε-Caprolactone, stannous octoate, OVA, and polyvinyl alcohol 

(PVA) (M
n
=30,000–70,000) were purchased from Sigma-

Aldrich (St Louis, MO, USA). PEG (M
n
=4,000 g/mol), inosi-

tol, and oxalyl chloride (chemically pure) were bought from 

GuangFu Fine Chemical Research Institute (Tianjin, China). 

Calcium hydride, dichloromethane (CH
2
Cl

2
), methanol, and 

diethyl ether were procured from Tianjin Jiang Tian Chemical 

Technology Co. (Tianjin, China). Lipopolysaccharide (LPS), 

PBS, Tween 20, Roswell Park Memorial Institute (RPMI) 

1640 (Hyclone), and fetal bovine serum (FBS) were supplied 

by Solarbio (Beijing, China). The MicroBCA™ protein assay 

kit was obtained from Thermo Fisher Scientific (Rockford, 

IL, USA). Anti-mouse enzyme-linked immunosorbent assay 

(ELISA) kits, tumor necrosis factor-α (TNF-α), and IL-6 

were purchased from eBioscience (San Diego, CA, USA). 

ε-Caprolactone and dichloromethane were distilled with cal-

cium hydride, while other reagents were used as received.

NIH-3T3 and RAW-264.7 cell lines were purchased from 

the Institute of Basic Medical Sciences, Chinese Academy 

of Medical Sciences (Beijing, China).

Six-week-old female C57BL/6 mice were bought from the 

Academy of Military Medical Sciences (Beijing, China). The 

Administrative Committee on Animal Research in the Insti-

tute of Biomedical Engineering, Chinese Academy of Medical 

Sciences, approved all the protocols for animal experiments. 

All the animal experiments were performed in compliance 

with the Guiding Principles for the Care and Use of Labora-

tory Animals, Peking Union Medical College, China.

Synthesis of 6S-PCL
Classical ring-opening polymerization was employed to 

produce 6S-PCL. In brief, 195.7 mg inositol (1.095 mmol; 

Aladdin, Shanghai, China) was charged into a two-neck 

round-bottom polymeric flask. Then, 23.38 mL ε-caprolactone 

(219 mmol) and 1.21 mL stannous octoate (0.0365 mmol) 

were added into the flask. This was followed by degassing for 

10 min and argon-filling for 1 min three times to remove the 

oxygen in the flask. Thereafter, a vacuum was required and 

the reaction was maintained at 180°C for 48 h. The resulting 

product was cooled to ambient temperature and dissolved in 

CH
2
Cl

2
, then purified by precipitation with ice methanol three 

times. Finally, 6S-PCL polymer was obtained after filtering 

and drying in a vacuum for 24 h.

Synthesis of 6S-PCL-PEG
First, oxalyl chloride (1.50 g, 11.84 mmol) was dissolved in 

10 mL anhydrous CH
2
Cl

2
 in a flask. Then, 15 mL anhydrous 
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CH
2
Cl

2
 solution containing PEG (3.16 g, 0.789 mmol) and 

0.240 g triethylamine (2.367 mmol) were added dropwise 

into the flask under stirring for 3 h at 4°C. Thereafter, the 

reaction solution was reevaporated and redissolved in CH
2
Cl

2
 

three times. The final residue and triethylamine (0.053 g, 

0.526  mmol) were co-dissolved in 20  mL dried CH
2
CI

2
. 

The anhydrous CH
2
Cl

2
 solution containing 6S-PCL (1  g, 

0.044 mmol) was added into the above solution dropwise 

under stirring at ambient temperature in a nitrogen atmo-

sphere for 48  h. After washing three times in 1  M HCl 

and saturated NaCl solution, the solution was dried with 

anhydrous MgSO
4
. After filtration, the filtered solution was 

precipitated in cold diethyl ether three times and washed 

in cold methanol to remove unreacted PEG. The resulting 

product was obtained after drying at 40°C in a vacuum for 

24 h until achieving a constant weight.

Hydrogen-1 nuclear magnetic resonance (1H-NMR) spec-

troscopy measurements were performed using a 400 MHz 

spectrometer (Varian, Palo Alto, CA, USA) with CDCl
3
 as the 

solvent and tetramethylsilane as the internal reference, with a 

chemical shift of 0 ppm.31 A Nicolet Nexus 470-ESP Fourier-

transform infrared (FTIR) spectrometer (Thermo Fisher Scien-

tific, Waltham, MA, USA) was employed to analyze the main 

functional groups. The molecular weight of the copolymer was 

investigated by gel-permeation chromatography (GPC) with 

polymethyl methacrylate (PMMA) as the standard using a 

Hitachi L-2490 differential refraction detector and two Agilent 

PL gel particle columns (7.5×300 mm, 10 mm).

Preparation of NPs
NPs were prepared by a water-in-oil-in-water double emul-

sion (W
1
/O/W

2
) solvent evaporation method.32 OVA, as 

a model protein, was encapsulated into the NPs. In brief, 

the aqueous solution containing 15 mg OVA was added to 

25 mg/mL copolymer CH
2
CI

2
 solution to form a water-in-oil 

emulsion at 35% amplitude with a microtip probe sonicator 

(VCX-130-PB; Sonics & Materials, Newtown, CT, USA). 

Then, the primary emulsion was added into another aque-

ous solution containing 0.5% (w/v) PVA at 30% amplitude. 

Thereafter, the multiple emulsion was stirred in a fume 

hood to volatilize the organic solvent. Finally, the NPs were 

washed three times by centrifugation at 23,000  rpm for 

30 min, then freeze-dried and stored at 4°C. Blank 6S-PCL-

PEG NPs were produced in a similar manner by adding 

nothing to the first aqueous solution.

In vitro biocompatibility assay of NPs
A cell counting kit-8 (CCK-8) assay (Dojindo, Kumamoto, 

Japan) was used to detect the biocompatibility of blank NPs 

with NIH-3T3 cells and RAW-264.7 cells. In brief, cells were 

seeded in 96-well culture plate (5×103 cells/well) using RPMI 

1640 medium for 24 h. Then, cells were treated with blank 

NPs at different concentrations (12.5, 25, 50, and 100 µg/mL) 

for another 24 h. Thereafter, the medium was removed and 

200 µL mixture medium (RPMI 1640 with 10% FBS/CCK-8, 

9/1, v/v) was added to each well and incubated for 2 h. The 

absorbance (AB) at 450 nm was detected with a Varioskan 

Flash Microplate Reader (Thermo Fisher Scientific, Waltham, 

MA, USA). The relative cell viability was calculated as fol-

lows and the results are represented as mean±SD (n=3).

	

Cell viability (%)
AB AB

AB AB
100%sample blank

control blank

=
−

−
×

�

(1)

To evaluate the biocompatibility of the blank NPs further, 

RAW-264.7 cells were co-cultured with blank NPs and the 

cytokine secretion of RAW-264.7 cells was measured by 

ELISA. In brief, RAW-264.7 cells were cultivated with RPMI 

1640 containing 10% FBS and 1% penicillin streptomycin at 

37°C in a 5% (v/v) carbon dioxide atmosphere. Then, RAW-

264.7 cells were seeded into 24-well plates with a density of 

5×105 cells/well and incubated for 24 h. Thereafter, cells were 

treated with different concentrations of blank NPs (12.5, 25, 

and 50 µg/mL) and incubated for another 24 h. The cytokines 

IL-6 and TNF-α in supernatants were analyzed. LPS was 

used as a positive control.33

Characterization of NPs
Size, polydispersity, zeta potential, morphology, 
and stability of NPs
The size and zeta potential of the OVA-loaded NPs in aque-

ous solution were measured by dynamic light scattering 

(DLS) using a Zetasizer Nano ZS (Malvern Instruments, 

Malvern, UK). Each sample was analyzed in triplicate. 

The morphology of the NPs was observed by transmission 

electron microscopy (TEM) (Tianjin Research Center of 

Basic Medical Science, Tianjin, China). A drop of freshly 

prepared NP suspension was deposited on to a copper grid. 

Then, the grid was dried at room temperature overnight 

before being examined by TEM. To evaluate the stability 

of NPs, changes in particle size and size distribution were 

closely monitored every 15 days for 1 month.

Encapsulation efficiency and loading capacity
The encapsulation efficiency (EE) and protein-loading capac-

ity (LC) of NPs were detected by a bicinchoninic acid (BCA) 

assay kit (Beyotime, Shanghai, China). In brief, OVA-loaded 

NPs were dissolved in 1 M NaOH and incubated in a shaker 
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at 37°C for 3 h. Then, an equal volume of 1 M HCl was 

added to neutralize the NaOH. OVA in the supernatant was 

determined using the BCA assay kit. The EE and LC were 

calculated by the following equations. The determinations 

were carried out in triplicate and the results are expressed 

as mean±SD (n=3).

	

EE
OVA OVA

OVA
100%total supernatant

total

=
−

×
�

(2)

	
LC

Loaded OVA

Total mass of  NPs
100%= ×

�
(3)

In vitro OVA release
OVA was used as a model protein for determining protein 

release behavior from 6S-PCL-PEG NPs in vitro. The detec-

tion of OVA released from 6S-PCL-PEG NPs was carried 

out in PBS (pH 7.4) at 37°C. First, 20 mg of OVA-loaded 

NPs was suspended in 4 mL PBS (pH 7.4) and shaken at 

150 rpm at 37°C for 28 days. The amount of released OVA 

was measured at set time points. After centrifugation, 2 mL 

of supernatant was collected and an equal volume of PBS 

was added. Total protein in the supernatant samples was 

measured with the BCA assay kit according to the manu-

facturer’s instructions. Absorbance at 562 nm was measured 

using a microplate reader (Varioskan LUX multimode reader; 

Thermo Fisher Scientific). Protein concentrations were cal-

culated according to standard curves.

Stability and activity of OVA released 
from NPs
Secondary structures and molecular weight were used to 

evaluate the stability of protein before and after the prepara-

tion of NPs.34 The changes in secondary structures of OVA 

encapsulated in NPs were monitored by far-ultraviolet 

circular dichroism (CD). All results of CD spectra were 

collected on a J-815 spectrometer (JASCO, Tokyo, Japan) 

with a 1  mm quartz cell. The background PBS solution 

was subtracted from each protein spectrum and native 

OVA as the control. A minimum of three protein spectra 

were collected per sample and averaged. Sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

was employed to qualitatively identify the integrity of OVA 

which was encapsulated into 6S-PCL-PEG NPs.

Bioactivity is of importance for proteins. In this study, 

therefore, splenocyte proliferation was used to evaluate the 

OVA bioactivity.35 In brief, 6-week-old female C57BL/6 

mice (five mice/group) were immunized with naked 

OVA or OVA released from NPs (20  μg OVA/mouse) 

by subcutaneous injection three times at 2 week intervals. 

Splenocytes were isolated 7 days after the last immunization 

and splenocytes (1×106 cells/mL) were restimulated with 

soluble OVA (20 μg/mL) in a 96-well plate at 37°C for 72 h. 

Following this, splenocyte proliferation was detected by 

MTT at 570 nm using a Varioskan Flash Microplate Reader 

(Thermo Fisher Scientific).

In vitro cellular uptake studies
NIH-3T3 cells (5×104 cells/mL) were seeded in a confocal 

dish for 24 h then cultured with fluorescein isothiocyanate 

(FITC)-conjugated OVA (OVA-FITC) or OVA-FITC encap-

sulated NPs (OVA-FITC NPs) at 37°C for 4 h. Thereafter, the 

cell nuclei were stained with 4′,6-diamidino-2-phenylindole 

(DAPI) (Sigma, St Louis, MO, USA) for 5 min. Florescent 

images were recorded by confocal laser scanning microscopy 

(CLSM 410; Zeiss, Jena, Germany).

For quantitative cellular uptake analysis, NIH-3T3 cells 

were cultured with OVA-FITC and OVA-FITC NPs at 37°C 

for 4 h and then washed. The uptake efficiency of NPs by 

NIH-3T3 cells was expressed as OVA-FITC-positive cells 

and mean fluorescence intensity, which were determined by 

a BD Accuri™ C6 flow cytometer (BD Biosciences, San 

Jose, CA, USA).

Results and discussion
Characterization of copolymer
A schematic illustration of the copolymer is depicted in 

Figure 1. First, inositol as the initiator and stannous octoate 

as the catalyst were used to synthesize 6S-PCL by ring-

opening polymerization. Then, 6S-PCL was linked to 

PEG by an acylation reaction using oxalyl chloride to 

obtain 6S-PCL-PEG. Compared with the traditional syn-

thesis method using dicyclohexylcarbodiimide (DCC) and 

N-hydroxysuccinimide (NHS), this synthetic method is 

simple and convenient.30,31,36

1H-NMR was used to confirm the chemical structure of 

6S-PCL and 6S-PCL-PEG. The resonance peaks a (δ=4.05), 

b (δ=1.66), c (δ=1.41), and d (δ=2.31) were assigned to the 

protons of CH
2
 in the PCL (Figure 2A). In the 1H-NMR 

spectra of 6S-PCL-PEG, the high-intensity peak at 3.62 ppm 

(Figure 2B) belongs to the protons in CH
2
 of PEG, whereas 

the other peaks assigned to 6S-PCL remained. All these 

results indicate the existence of PEG, which proves that 

6S-PCL-PEG was synthesized successfully. We also calcu-

lated the molecular weight of the end product by comparing 

the integration areas of NMR spectra from PCL and PEG 

blocks (Figure S1). The total molar ratio between caprolac-

tone and ethylene glycol was about 276:552. Therefore, the 
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molecular weight of the end product calculated by 1H-NMR 

was about 56,000.

FTIR spectrometry was employed to identify the 

chemical structure of the copolymer. As shown in Figure 2C, 

the peaks of 2,946 cm−1 and 2,867 cm−1 were attribute to 

the saturated -CH bond and the peak at 1,725 cm−1 was a 

carbonyl group. However, after PEG modification, the absor-

bance peaks 2,946 cm−1 and 2,867 cm−1 of the -CH bond in 

Figure 1 Schematic illustration of the synthesis of 6S-PCL-PEG. The hydrophilic model drug OVA was incorporated into the hydrophilic core with a W1/O/W2 solvent 
evaporation method.
Abbreviations: 6S-PCL, six-arm poly(ε-caprolactone); CL, ε-caprolactone; PEG, poly(ethylene glycol); 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); 
OVA, ovalbumin; W1/O/W2, water-in-oil-in-water double emulsion.

6S-PCL

CLInositol

6S-PCL-PEG

W1/O/W2

OVA

Nanoparticle

++
PEG

CO2CI2Sn (Oct)2

Figure 2 Synthesis and characterization of 6S-PCL and 6S-PCL-PEG. (A) 1H-NMR spectrum of 6S-PCL. (B) 1H-NMR spectrum of 6S-PCL-PEG. (C) FTIR spectrometry of 
6S-PCL and 6S-PCL-PEG. (D) Molecular weights of 6S-PCL and 6S-PCL-PEG investigated by GPC.
Notes: a, (δ=4.05 ppm); b, (δ=1.66 ppm); c, (δ=1.41 ppm); and d, (δ=2.31 ppm). Compared with the 6S-PCL spectrum, the high intensity of peak e (δ=3.62 ppm, -CH2 in 
PEG segments) in the 6S-PCL-PEG spectrum indicated the existence of PEG.
Abbreviations: 6S-PCL, six-arm poly(ε-caprolactone); 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); 1H-NMR, hydrogen-1 nuclear magnetic resonance; 
FTIR, Fourier-transform infrared; GPC, gel-permeation chromatography.
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PCL were buried in the peak 2,887 cm−1 of -CH
2
 groups 

in PEG, and the new peaks of 1,108 cm−1 and 841 cm−1 of 

single-bond C-O were characteristic of PEG. All emerging 

peaks of 6S-PCL-PEG proved the existence of the PEG chain 

in the product.

The result of GPC is shown in Figure 2D. Compared 

to 6S-PCL, the reduction in the retention time in the GPC 

curve of 6S-PCL-PEG indicated an increase in molecular 

weight, demonstrating the attachment of PEG to 6S-PCL. The 

molecular weight of 6S-PCL was 38,211 and that of 6S-PCL-

PEG was 59,953 L. The polydispersity of the copolymer was 

narrow (1.495 for 6S-PCL and 1.523 for 6S-PCL-PEG). The 

molecular weight of 6S-PCL-PEG measured by GPC was 

closed to the result calculated by 1H-NMR, which also indi-

cates that 6S-PCL-PEG was synthesized successfully.

Biocompatibility of copolymer NPs
Drug carriers should not release toxic products or produce 

adverse reactions, and this can be evaluated through in vitro 

cytotoxicity tests. The cytotoxicity of blank NPs was assessed 

with a CCK-8 assay. NIH-3T3 cells and RAW-264.7 cells 

were incubated for 24 h with blank NPs, with concentra-

tions ranging from 12.5 μg/mL to 100 μg/mL. Figure 3A 

shows that the blank 6S-PCL-PEG NPs did not exhibit 

obvious cytotoxicity compared with the control group, indi-

cating the commendable biocompatibility of blank NPs.

RAW-264.7 cells were also employed to evaluate the 

biocompatibility of copolymer NPs by detecting typical 

inflammatory cytokines such as IL-6 and TNF-α.37 We mea-

sured the cytokines (IL-6 and TNF-α) released in culture 

supernatant after 24 h incubation with blank NPs. Figure 3B 

shows that there was no significant difference in cytokine 

secretion between the NP groups and the negative control 

group. However, much higher levels of cytokines were 

released in the positive group (LPS), which proved that the 

blank NPs would not elicit inflammatory responses in RAW-

264.7 cells. This result was consistent with the above results, 

implying that the NPs have good biocompatibility.

Characterization of NPs
The NPs prepared by a double-emulsion (W

1
/O/W

2
) sol-

vent evaporation method exhibited suitable particle size 

and negative charge. The particle size of 6S-PCL NPs was 

190.7±1.665 nm and the polydispersity index (PDI) was 

0.164±0.010 (Figure S2). As shown in Figure 4A, OVA-

loaded NPs had an average diameter of 233.4±0.565 nm, 

which is in the size range suitable for reducing uptake by the 

reticuloendothelial system and prolonging the circulation time 

in the blood.38–40 The 6S-PCL-PEG NPs would not easily be 

taken up by macrophages of the mononuclear–phagocyte 

system because macrophages readily phagocytose foreign mat-

ter in the range of 0.5–3 µm.41,42 Besides, the surface-grafted, 

flexible, and hydrophilic chains of PEG form conformational 

clouds, which also prevent protein (opsonin) adsorption to 

NPs and hence avoid capture by the mononuclear phagocyte 

system,43,44 which indicates that the NPs could have a long 

circulation period. The slightly negative charge of OVA-

loaded 6S-PCL-PEG NPs (-10.4±0.9 mV) may decrease the 

undesirable clearance by the reticuloendothelial system, such 

as the liver, improving blood compatibility.45 PEGylation of 

NPs could also decrease protein adsorption in the circulation, 

which would also benefit the circulation duration of NPs.46

Figure 3 Biocompatibility of 6S-PCL-PEG NPs. (A) NIH-3T3 and RAW-264.7 cell viability after co-culture with NPs for 24 h. (B) Cytokine release of RAW-264.7 cells after 
co-culture with NPs for 24 h. Bars are mean±SD (n=3). The statistical significance of differences were analyzed using Student’s t-test: **p,0.01.
Abbreviations: 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); NPs, nanoparticles; TNF-α, tumor necrosis factor-α.
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Stability is the “holy grail” for an excellent drug carrier. 

In this study, size change over 1 month was measured to 

evaluate the stability of NPs.47 As shown in Figure 4B, there 

were no obvious size changes during 1 month at 4°C, indicat-

ing that the NPs have great stability.

The morphology of OVA-loaded NPs was observed by 

TEM. TEM images clearly showed NPs with a spherical 

shape and separated from each other (Figure 4C). Their 

diameter was consistent with the results of DLS. We 

further measured the protein EE and LC of 6S-PCL-PEG 

NPs. Significant increases in EE (85.8%±0.7%) and LC 

(28.5%±1.3%) can be ascribed to the PEGylation.22

In vitro release of OVA-loaded NPs
In vitro release kinetics of OVA-loaded NPs in PBS (pH 7.4) 

during 28 days are shown in Figure 4D. The release curve of 

OVA from the 6S-PCL-PEG NPs exhibited a burst on the first 

day (which was less than 15% of the loaded OVA); however, 

a sustained-release profile was showed over 28 days and the 

cumulative release amount was about 70%. The fast release 

of OVA in the initial stage could be attributed to the release 

of OVA on the surface layers of the NPs.48 The existence of 

poly(ε-caprolactone) and the structure of 6S-PCL-PEG copo-

lymer in aqueous solution could form a more effective 

conformational cloud, which plays an important role in the 

sustained drug release.25,27,49,50 The time of sustainable protein 

release in this study was approximately 1 month, which was 

longer than in other reports.8,51,52 The reason for this could 

be that PVA increases the viscosity of the external water 

phase and results in increased difficulty for the OVA aque-

ous solution to diffuse out.53 Overall, the NPs were effective 

protein delivery carriers, with suitable size, loading capacity, 

stability, and sustained-release properties.

Stability and activity of OVA released 
from NPs
Far-ultraviolet CD (200–250  nm) was used to monitor 

the secondary structure of protein encapsulated into NPs. 

Figure 4 Characterization of 6S-PCL-PEG NPs in vitro. (A) Dynamic light scattering of 6S-PCL-PEG NPs. (B) The physical stability of 6S-PCL-PEG NPs in PBS was assessed 
by the change in NP size and PDI for 30 days. (C) TEM image of normal 6S-PCL-PEG NPs. Magnification is 5,000×. (D) OVA cumulative release from 6S-PCL-PEG NPs which 
were incubated in PBS (0.01 M, pH 7.4) for 28 days; the protein content was determined by a BCA assay. Bars are mean±SD (n=3).
Abbreviations: 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); NPs, nanoparticles; PDI, polydispersity index; TEM, transmission electron microscopy; 
OVA, ovalbumin; BCA, bicinchoninic acid.
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As shown in Figure 5A, the CD spectra of native OVA and 

the OVA released from 6S-PCL-PEG NPs were similar and 

each spectrum had two minima, at 208  nm and 222  nm, 

which indicated that OVA did not undergo any conforma-

tional changes during preparation and release from NPs.54 

Figure 5B shows that the molecular weight of OVA released 

from NPs was the same as with native OVA, which was 

consistent with the CD spectra results. The bioactivity of 

OVA released from NPs was examined by the MTT assay. 

The results in Figure 5C show that there was no significant 

difference in splenocyte proliferation between OVA and the 

OVA released from NPs, implying that the released OVA 

maintained its bioactivity.

Cellular uptake of OVA-loaded NPs
The cellular uptake efficiency of drug-loaded NPs affects 

the therapeutic effects.50 Therefore, the cellular uptake 

efficiency of drug-loaded NPs was detected using NIH-3T3 

cells as a model. Figure 6A shows the results of CLSM 

after 4  h incubation in NIH-3T3 cells with the pristine 

OVA. The 6S-PCL NPs and the 6S-PCL-PEG NPs had 

the same equivalent OVA concentration; however, the 

green fluorescence in NIH-3T3 cells treated with 6S-PCL-

PEG NPs was significantly stronger than that in 6S-PCL 

NPs and native OVA, which indicated that 6S-PCL-PEG 

NPs showed enhanced cellular uptake compared with 

pristine OVA.

The cellular uptake of NPs was further investigated by 

C6 flow cytometry. Figure 6B and C shows the NIH-3T3 

cellular uptake efficiency of the NPs compared with the 

native OVA after incubation for 4 h. The same equivalent 

OVA concentration in the culture medium was applied 

in the experiment. It is evident from Figure 6B that more 

6S-PCL-PEG NPs were taken up by NIH-3T3 cells after 4 h 

incubation compared with the 6S-PCL NPs (3.4-fold) and 

pristine OVA-FITC (25.7-fold). The representative flow plot 

is presented in Figure S3. A significant increase in the total 

fluorescence intensity of 6S-PCL-PEG was observed com-

pared with soluble OVA and 6S-PCL NPs (Figure 6C). The 

mean fluorescence intensity plot is presented in Figure S4. 

These data confirm the enhanced cellular uptake by NP 

formulations, which is consistent with the results obtained 

from CLSM.

All the results showed that 6S-PCL-PEG NPs have 

distinct properties as protein carriers, such as outstanding 

stability, high loading capability, and excellent biocompat-

ibility, and enhance the cellular uptake to improve the effects 

of the protein.

Conclusion
In this study, the copolymer 6S-PCL-PEG, with excellent 

biocompatibility, was successfully synthesized in two 

steps: ring-opening polymerization then esterification by 

oxalyl chloride. After modification by PEG, 6S-PCL-PEG 

NPs had higher encapsulation efficiency and drug-loading 

capacity. Compared with 6S-PCL NPs and naked OVA, the 

uptake of 6S-PCL-PEG NPs by NIH-3T3 cells was signifi-

cantly increased. In summary, a polymeric protein vehicle, 

6S-PCL-PEG NPs, with robust efficacy in the delivery of 

proteins into living cells, was prepared. NPs have great 

Figure 5 Secondary structure and molecular weight of OVA encapsulated into 6S-PCL-PEG NPs. (A) CD spectra of OVA. (B) Electrophoretogram of OVA. (C) Proliferation 
of splenocytes stimulated by OVA. Released OVA means the OVA released from NPs. Bars are mean±SD (n=5). The statistical significance of differences were analyzed using 
Student’s t-test: ***p,0.001.
Abbreviations: OVA, ovalbumin; 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); CD, circular dichroism; NPs, nanoparticles.
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Figure 6 Cellular uptake of nanoparticles by NIH-3T3 cells. (A) NIH-3T3 cells were incubated with OVA-FITC (green) and OVA-FITC-loaded NPs for 3 h; the nucleus 
was labeled with DAPI (blue). The uptake of NPs was observed by confocal microscopy. (B) Percentage of OVA-FITC-positive cells. (C) Total FI of OVA-FITC; Total FI=% 
of positive cells × Mean fluorescence intensity. Bars are mean±SD (n=3). The statistical significance of differences were analyzed using Student’s t-test: *p,0.05, **p,0.01, 
***p,0.001.
Abbreviations: 6S-PCL, six-arm poly(ε-caprolactone); 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); OVA, ovalbumin; DAPI, 4′,6-diamidino- 
2-phenylindole; BF, bright field; FITC, fluorescein isothiocyanate; FI, fluorescence intensity.
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Supplementary materials

Figure S1 Integration areas of NMR spectra of 6S-PCL-PEG.
Abbreviations: NMR, nuclear magnetic resonance; 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol).

Figure S2 Size and PDI of 6S-PCL nanoparticles.
Abbreviations: PDI, polydispersity index; 6S-PCL, six-arm poly(ε-caprolactone).
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Figure S3 Representative flow plot of NPs taken up by NIH-3T3 cells.
Abbreviations: NPs, nanoparticles; OVA, ovalbumin; 6S-PCL, six-arm poly(ε-caprolactone); 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); FITC, fluor
escein isothiocyanate.

Figure S4 Mean fluorescence intensity plot of NPs taken up by NIH-3T3 cells. The statistical significance of differences were analyzed using Student’s t-test: **p,0.01, 
***p,0.001.
Abbreviations: NPs, nanoparticles; OVA, ovalbumin; 6S-PCL, six-arm poly(ε-caprolactone); 6S-PCL-PEG, six-arm poly(ε-caprolactone)–poly(ethylene glycol); FI, fluor
escence intensity.
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