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Abstract: A novel amphiphilic triblock pH-sensitive poly(β-amino ester)-g-poly(ethylene 

glycol) methyl ether-cholesterol (PAE-g-MPEG-Chol) was designed and synthesized via the 

Michael-type step polymerization and esterification condensation method. The synthesized 

copolymer was determined with proton nuclear magnetic resonance and gel permeation chro-

matography. The grafting percentages of MPEG and cholesterol were determined as 10.93% 

and 62.02%, calculated from the area of the characteristic peaks, respectively. The amphiphilic 

copolymer was confirmed to self-assemble into core/shell micelles in aqueous solution at low 

concentrations. The critical micelle concentrations were 6.92 and 15.14 mg/L at pH of 7.4 

and 6.0, respectively, obviously influenced by the changes of pH values. The solubility of 

pH-responsive PAE segment could be transformed depending on the different values of pH 

because of protonation–deprotonation of the amino groups, resulting in pH sensitivity of the 

copolymer. The average particle size of micelles increased from 125 nm to 165 nm with the 

pH decreasing, and the zeta potential was also significantly changed. Doxorubicin (DOX) was 

entrapped into the polymeric micelles with a high drug loading level. The in vitro DOX release 

from the micelles was distinctly enhanced with the pH decreasing from 7.4 to 6.0. Toxicity  

testing proved that the DOX-loaded micelles exhibited high cytotoxicity in HepG2 cells, 

whereas the copolymer showed low toxicity. The results demonstrated how pH-sensitive PAE-

g-MPEG-Chol micelles were proved to be a potential vector in hydrophobic drug delivery for 

tumor therapy.
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Introduction
In recent years, more and more attention has been paid to the biocompatibility of pH-sensitive  

polymers that are developed as drug delivery systems for cancer therapy.1–4 However, 

there are still some obstacles, such as stability, solubility of the drug, sensitivity, and 

toxicity.5,6 Recently, pH-response polymers, including the protonable group, such as 

polymeric micelles,7–11 nanoparticles,12–16  liquid emulsion,17 and liposomes,5,18–20 have 

been investigated to enhance antitumor efficiency with reduced side effects. Among these 

vectors, polymeric micelles have a core/shell architecture. Generally, the internal core 

is composed of the hydrophobic segments that provide the loading space for the small 

molecule hydrophobic drug. The shell is built by hydrophilic segments that could protect 

the drug-loaded system and affect the release behaviors in aqueous medium. In addition, 

the polymeric micelles are designed, synthesized, modified, and received easily.21 There-

fore, the pH stimulus-response polymeric micelles are investigated as smart drug delivery 

carriers for cancer therapy. For example, poly(β-amino ester) (PAE),22–24 containing 

tertiary amine, was first reported by Danusso and Ferruti25 in 1970. Lynn and Langer,26  
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Lynn et al27 and Shenoy et al28  synthesized PAE via 

Michael-type polymerization. Then, properties of these 

biodegradable and pH-sensitive materials were also inves-

tigated. In 2006, Ko et al29 and Hwang et al30 designed and 

synthesized a novel pH-response micelle self-assembled 

from diblock polymer poly(ethylene glycol)-β-PAE, which 

was used as an anticancer drug carrier, exhibiting controlled 

release behavior with change of pH. In previous studies, our 

team also synthesized amphiphilic block copolymer with 

random hydrophobic/pH-sensitive structure of poly(ethylene 

glycol) methyl ether-β-(polylactic acid-co-poly[β-amino 

esters]) (MPEG-β-[PLA-co-PAE]) and doxorubicin (DOX) 

selected as the model drug, and some results have been 

achieved.31 However, there are still various challenges for the 

emerging vectors that prevent their further application.2,5 The 

increase of drug loading capacity, good controlled release 

behavior, and well biocompatibility are the pivotal parts in 

the process of development of novel effect carriers. The low 

drug loading capacity results in high drug cost and imperfect 

therapeutic efficacy. Poor release behavior (eg, burst release) 

caused shortened effective time of the drug and magnified side 

effects. Inferior biocompatibility enhanced the toxicity for 

normal issues and reduced the effect of the system. It is well 

known that extracellular pH in tumor cells is weakly acidic 

(around 6.5–7.0), and the lysosomal environment is more 

acidic (about 5.0), compared with the normal physiological 

environment of pH 7.4.32–34 Therefore, these are the precondi-

tions for the pH stimulus-response system. The ideal carrier 

should be compact and keep the drug in the core in a normal 

pH environment and release them at the weakly acidic pH 

according to what is desired.

In the present study, the purpose was to design an 

improved pH-sensitive micelle for anticancer drug delivery 

depending on the value of pH. The micelle was formed by 

the novel synthesized amphiphilic triblock copolymer poly(β-

amino ester)-g-poly(ethylene glycol) methyl ether-cholesterol 

(PAE-g-MPEG-Chol). The hydrophilic MPEG, composed 

of the shell and stretching on the surface of the particles, 

provided a tight protective shuck to maintain the stability 

of the drug-loaded system during the long-time circula-

tion and increase the bloodstream half-life of the system 

because of the nonimmunogenic, nonantigenic, and non-

toxic properties.35,36 PAE was selected as the pH-sensitive 

segment in order to control the drug release in different 

pH environments. With the purposes of high drug loading 

capacity and well biocompatibility of the carrier, the cho-

lesterol, an important part of mammalian cell membranes, 

was introduced as the core in the micelle because of the high 

hydrophobicity of the sterol group and well biodegradability 

and pathogenicity.37,38 The hydrophilic PEG and hydropho-

bic cholesterol moieties were conjugated on the side of the 

PAE main chain, resulting in a rake-like shape. DOX was 

used as the model small molecule hydrophobic drug and 

was loaded into PAE-g-MPEG-Chol micelles by dialysis 

method.39  Figure 1  shows the molecule structure and the 

schematic micelle of designed polymer in aqueous solution. 

In the normal environment, DOX was protected in the core 

and the system could keep a stable and compact structure. But 

in the tumor cell’s weakly acidic circumstances, the loaded 

DOX could be released with an improved rate because of the 

swollen micelle structure caused by the ionization of basic 

groups in the PAE motif. The physicochemical properties of 

polymer, such as particle size and zeta potential, were also 

examined by a variety of experimental techniques.

Materials and methods
Materials
Methoxypoly(ethylene glycol) (MPEG, M

n
=2,000, Aldrich), 

succinic anhydride (SA, 99%, Alfa Aesar), 3-amino-1-

propanol (AP, 99%, Alfa Aesar), hexane-1,6-dioldiacrylate 

(HDD, 99%), methylthiazoltetrazolium (MTT), and phos-

phate-buffered saline (PBS) were purchased from Sigma 

O
O O

O

O
O

O
O

O CH3

CH3

CH3H

H H
O

O

O

pH-sensitive layer

PAE-g-MPEG-Chol

Self-assembly

Hydrophilic layer

H
yd

ro
ph

ob
ic

 la
ye

r

n

O
O O

O O
O O

O

N yN
m

OH

p
N

)

)

( () )))

Figure 1 Schematic representation of micellization of poly(β-amino ester)-g-poly(ethylene glycol) methyl ether-cholesterol (PAE-g-MPEG-Chol).
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Chemical Co., and 1st BASE (Malaysia), respectively. 

N,N′-dicyclohexylcarbodiimide (DCC, 99%, Alfa Aesar), 

4-(dimethyl amino)pyridine (DMAP, 99%, Alfa Aesar), cho-

lesteryl chloroformate (Chol, 99%, Alfa Aesar), anhydrous 

dichloromethane (DCM), anhydrous triethylamine (TEA), 

1,4-dioxane, and other materials were received and prepared 

as described in previous work.31

Synthesis of PAE
This segment was synthesized by Michael-type step polym-

erization. In brief, HDD (1 mol) was dissolved in anhydrous 

DCM under nitrogen. The flask was immersed in an ice bath, 

and then AP (1 mol) was dropped slowly. The resulting het-

erogeneous mixture was stirred at 0°C for 2 hours, allowed to 

attain room temperature, and then stirred at 100°C for a further 

5 hours. Lastly, the reaction was cooled to ambient temperature. 

The reaction mixture was solved in DCM and precipitated with 

n-hexane three times to obtain the solid. After being dried under 

vacuum for 24 hours, the designed PAE was received.

Synthesis of methoxypoly(ethylene 
glycol)-carboxyl (MPEG-COOH)
MPEG (1 mol), SA (1.5 mol), and DMAP (0.1 mol) were 

dissolved in anhydrous 1,4-dioxane, and then anhydrous 

TEA (1 mol) was added dropwise. The resulting solution 

was stirred at 25°C for 24 hours. The reaction solution was 

evaporated and then precipitated with n-hexane three times. 

After being dried under vacuum for 24 hours, the designed 

MPEG-COOH was received.

Synthesis of PAE-g-MPEG block copolymer
MPEG-COOH (1 mol), DMAP (1 mol), and DCC (1 mol) 

were dissolved in anhydrous DCM in a 50 mL flask, respec-

tively. PAE (1 mol) was dissolved in anhydrous DCM and 

dropped slowly in the flask. The mixture was stirred at room 

temperature for 24 hours under nitrogen. After filtration, the 

received solution was precipitated with n-hexane three times. 

After being dried under vacuum for 24 hours, the designed 

block polymer was received.

Synthesis of PAE-g-MPEG-Chol block 
copolymer
PAE-g-MPEG (1 mol) was dissolved in anhydrous DCM, 

and then anhydrous TEA (15 mol) was added. Cholesterol 

(15 mol) was also dissolved and added dropwise in the flask. 

The reaction mixture was stirred at 25°C for 24 hours. After 

being dried under vacuum for 24 hours, the designed block 

copolymer was received.

Characterization of the polymer
Gel permeation chromatography (GPC) was executed by 

an Agilent 1200 series GPC system (liquid chromatogram 

quant pump, polar gel 5 mm 500 Å, 10,000 Å, and 100,000 Å 

columns in series, refractive index detector, mobile phase: 

high-performance liquid chromatography grade tetrahydro-

furan, 1.0 mL/min, 30°C) to determine the average molecular 

weight (M
n
) and polydispersity index (M

w
/M

n
).

Proton nuclear magnetic resonance (1H NMR) test was 

adopted on a spectrometer (AVANCE III 400, Bruker, 

250  MHz, Switzerland) at 25°C. Deuterated chloroform 

(CDCl
3
-d) and tetramethylsilane were used as solvent and 

an internal standard, respectively.

Dynamic light scattering (Malvern Zetasizer Nano S, 

Malvern, UK) was carried out to detect the particle size (D
h
) 

and distribution (polydispersity index). Briefly, after being 

purified by a 0.45 µm pore size filter, the received samples 

were measured in a 1.0 mL quartz cuvette using a diode laser 

of 800 nm at 25°C. The scattering angle was 90°.

Fourier transform infrared (FT-IR) spectrophotometer 

(Nicolet Nexus for Euro, USA) was used to confirm the 

structure of the synthesized polymer. The spectra were taken 

from 400 cm-1 to 4,000 cm-1.

Transmission electron microscopy (TEM, Hitachi H-7650, 

Japan) was used to detect the morphologies of polymeric 

micelles and DOX-loaded particles operating at 80 kV.

Phase transition pH values of PAE
PAE was dissolved in deionized water containing HCl, result-

ing in polymer solution (2 mg/mL, pH 4.0). The value of pH 

was gradually increased by dropped 0.1 M NaOH aqueous 

solution. The transmittance of the mixture was measured 

using an ultraviolet-visible spectrophotometer (UV-vis, 

500 nm) at different pH values.

Potentiometric titration
The base dissociation constant (pK

b
) value of the PAE was 

determined by acid-base titrations. In brief, the polymer was 

dissolved (1 mg/mL, deionized water) equally, and then the 

value of the pH was adjusted to 3 by HCl solution. Finally, 

the solution was titrated by NaOH (0.1 mol/mL) at incre-

ments of 100 µL. The values of the pH were monitored with 

an automatic titration titrator (Hanon T-860, Jinan, People’s 

Republic of China) at 25°C.

Critical micelle concentration measurement
The critical micelle concentration (CMC) of amphiphilic polymer 

PAE-g-MPEG-Chol was estimated by the fluorescence probe 
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technique using pyrene as a fluorescence probe as described 

in previous work.6,31,40 In brief, after a certain concentration of 

pyrene acetone solution was confected, a series of concentra-

tions of the samples (0.0001–0.1 mg/mL) containing pyrene 

were prepared. Before measurement, the received mixture was 

equilibrated in the dark for 1 day at 25°C. The sample was tested 

with a fluorescence spectrophotometer (F-4500, Hitachi, Japan) 

with an emission wavelength of 373 nm and a bandwidth of 

0.2 nm and scanning at wavelengths 300–350 nm.

Preparation of blank and DOX-loaded 
micelles
The micelles were prepared by the dialysis method. Briefly, 

different amounts of DOX-HCl (0, 10, 20, and 40 mg) and the 

polymer (40 mg) were mixed and solved in dimethyl formamide 

(DMF) (40 mL). Overdoses of TEA (0.01 mL for per 10 mg 

of drug) were added in order to remove the hydrochloride for 

the DOX-loaded micelles. The received solution was dialyzed 

against 1 liter of deionized water for 48 hours at 25°C with 

molar weight cut-off of 3,500–4,000 Da. In the first 12 hours, the 

deionized water was replaced six times and then every 6 hours 

for the rest of the time. Subsequently, the polymeric micelles 

were received after lyophilization.

The prepared DOX loading content (LC) and entrapment 

efficiency (EE) in the polymeric micelles were investigated 

by a UV-vis spectrophotometer (UV-2450, Shimadzu, Japan) 

at 480 nm. In brief, DOX-loaded micelles (1 mg) were solved 

in DMF (10 mL), and then the drugs were out from the broken 

micelles and dissolved in DMF. The sample was tested and 

recorded to compare with a standard curve of pure DOX/DMF 

solution in order to calculate the concentration of the DOX. The 

LC and EE were calculated using the following equations:

	 L (%)
Weight of drug loaded micelle

C
Weight of  loaded drug= ×1000% � (1)

	 EE (%)
Weight of loaded drug

Weight of drug in fee
= ×

d
100% � (2)

In vitro release of DOX from  
PAE-g-MPEG-Chol micelles
An in vitro drug release test was performed at low drug 

concentration in order to acquire sink conditions. Briefly, 

the amount of DOX-loaded micelles (4 mg) was dissolved 

equally in PBS (4 mL), and the resulting solution was added 

in a cellulose dialysis sack (molar weight cut-off 3,500–

4,000 Da). The sacks were placed in PBS with different pH 

(7.4 and 6.0) in the quantitative beakers. The experiments 

were carried out at 37°C with stirring at 110 rpm. The desired 

volume of the solution was taken to detect the concentration 

of DOX by UV-vis spectrophotometry, and the same volume 

of fresh PBS was added. The cumulative drug release percent 

(E
r
) can be worked out using Equation 3

	
E

V C V C

mr

e i

n

0 n

(%) %=
+

×1

1

100

−

∑

DOX

� (3)

where m
DOX 

is the amount of drug loaded in the particle, V
0
 is 

the volume of the release media in the beaker, and C
i
 is the 

concentration of DOX in the ith sample.

Cytotoxicity test
The cytotoxicity of free DOX or DOX-loaded PAE-g-MPEG-

Chol micelles was investigated against HepG2 cells by the 

standard MTT assay.41–44 The cell culture of HepG2 cells was 

described in previous work.31 Various concentrations of free 

DOX and DOX-loaded micelles solution were prepared. After 

discarding the culture supernatants, fresh medium or sample 

solutions (200 µL) were added into every well and remained 

for 24 hours or 48 hours in the incubator, respectively. After 

the control and every experimental well was treated with 

fresh medium (100 µL) and MTT solution (20 µL, 5 mg/mL), 

respectively, the cells were incubated for another 4 hours. 

Finally, the used media were discarded and dimethyl sulfox-

ide (200 µL) was added in every hole. The absorbance of the 

plates was detected by a microplate reader (Multiskan Spec-

trum, Thermo Scientific, Finland) at 490 nm after 15 minutes 

of being shaken. The cell viability was defined as the ratio of 

the different absorbance of sample and blank and different 

absorbance of control and blank.

Statistical analysis
The experimental data were presented with average values 

expressed as the mean ± standard deviation. Statistical sig-

nificance was determined by Student’s t-test (Excel, 2007) 

and considered to be significant when the P-values were less 

than 0.05 (P0.05).

Results and discussion
Synthesis and characterization of the 
PAE-g-MPEG-Chol block copolymer
PAE-g-MPEG-Chol was synthesized via a Michael-type 

step polymerization and esterification reaction. As shown 
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in Figure 2, MPEG-OH was catalyzed with succinic anhy-

dride by DMAP and TEA to synthesize MPEG-COOH. 

Subsequently, AP and HDD were used to synthesize 

PAE monomer, and then PAE was grafted with MPEG by 

esterification reaction using DCC and DMAP as coupling 

agent and catalyst, respectively. Lastly, PAE-g-MPEG was 

conjugated with cholesterol segment. PAE, PAE-g-MPEG, 

and PAE-g-MPEG-Chol were synthesized and detected, as 

shown in Table 1. In the present study, MPEG was grafted 

as the water-soluble part by conjugating it to the PAE seg-

ment that exhibited pH sensitivity caused by the tertiary 

amines in the main chain. The polymer was also modified 

by cholesterol on the side chain introduced in order to 

increase the drug loading space and the biocompatibility.

The chemical structures of the obtained MPEG-COOH, 

PAE, and PAE-g-MPEG-Chol block copolymer were con-

firmed by FT-IR and 1H NMR. As shown in the FT-IR spectra 

(Figure 3A), the absorption peaks of C=O and –COO– with 

stretching and antisymmetric stretching vibration in MPEG-

COOH (red line) occurred at 1,735 cm-1  and 1,560 cm-1, 

respectively, which were not present in MPEG-OH (black 

line). With regard to 1H NMR spectra (Figure 3B), the 

characteristic MPEG peaks at 3.65 ppm (c) due to –OCH
2
–

CH
2
– protons could be found obviously. The signal at 

3.25 ppm (a) was ascribed to CH
3
–O– of MPEG-COOH unit. 

The signal at 4.35 ppm (d) was due to the –CH
2
–O–C=O unit. 

The characteristic MPEG-COOH peak at 2.63 ppm (b) was 

due to –C-H
2
–CH

2
–COOH. All these results demonstrated 

that MPEG-COOH was synthesized successfully.

Figure 4  shows the 1H NMR spectra of PAE, PAE-g-

MPEG, and PAE-g-MPEG-Chol polymers. As exhibited in 

Figure 4A (PAE segment), the signals at 1.40 ppm (a), 1.60 ppm  

(b), 4.00 ppm (c), 2.46 ppm (d), and 2.75 ppm (e) were, 

respectively, ascribed to the –COOCH
2
CH

2
CH

2
CH

2
CH

2 

CH
2
COO–, –COOCH

2
CH

2
CH

2
CH

2
CH

2
CH

2
COO–, 

–COOCH
2
CH

2
CH

2
CH

2
CH

2
CH

2
COO–, –COOCH

2
CH

2
N, and 

COOCH
2
CH

2
N of the HDD unit. The peaks of 2.55 ppm (f), 

3.70 ppm (h), and 1.55 ppm (g) were caused by –NCH
2
CH

2
CH

2 

OH, –NCH
2
CH

2
CH

2
OH, and –NCH

2
CH

2
CH

2
OH of the AP 

unit. After MPEG was grafted (Figure 4B), the characteristic 

peaks of MPEG, as described, 3.45 ppm (k) and 3.65 ppm 

(i) were due to the CH
3
–O– and –OCH

2
–CH

2
–. The percent 

grafting of MPEG was determined as 10.93% by being calcu-

lated from the area of the characteristic peaks. With regard to 

O O
O

O
NO O

y
O O

O

O

OH

O

O
N

m

OH

N p

O

O
H

H H
Cl

O O
O

O
NO O

p
O O

O

O O

O
N m

OH

N y

NO O O O

O

O

OH

O

O
N

OH

RT, 24 h
DMAP

NH2 O
O

O
O

HO

O

O

O

n–
1

O

O

O

O O OH

O O OH

O

O

O
DMAP
TEA

O

O

O

O

CH3

CH3

CH3

CH3

CH3

CH3H

H H
O

O

O

n–
1

O

O

n–1

n–1
+

y z

100°C 
5 h

DCC
DMAP

+

 PAE-g-MPEG-Chol

Figure 2 The synthetic route of poly(β-amino ester)-g-poly(ethylene glycol) methyl ether-cholesterol (PAE-g-MPEG-Chol).
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the cholesterol-modified PAE-g-MPEG polymer (Figure 4C),  

the signals at 0.69–2.00 ppm were the characteristic cho-

lesterol peaks, and it also had two peaks at 2.4  ppm (q) 

and 5.52 ppm (w). The percent grafting of cholesterol was 

received as 62.02%. Lastly, the segment ratios of block 

copolymers were confirmed, as shown in Table 1.

Characterization of pH-sensitive  
PAE segment
The sensitivity of the PAE was evaluated by an acid-base titration 

(Figure 5A) and by monitoring the dispersion in water (Figure 

5B). As seen in Figure 5A, beginning with NaOH solution 

addition, the value of the pH increased rapidly and then reached 

a plateau (5.5–6.5), attributed to the tertiary amine groups of 

ionized PAE. Then the pH increased quickly again with adding 

of NaOH solution. This proved that the pH-sensitive range of 

PAE was about 5.5–6.5, indicating the amine groups of PAE 

units could protonate in this range. The pK
b
 was about 6.3 when 

the pK
b
 value of the polymer was defined as the solution pH 

at 50% neutralization of tertiary amine groups.24 With regard 

to transmittance test (Figure 5B), at pH 5.5, PAE could be 

dissolved in water and formed a clear solution. As the solution 

pH increased, the transmittance decreased significantly and the 

solution suddenly became turbid (pH from 5.5 to 7.5). When 

the pH increased to 7.0, the transmittance was almost zero (as 

shown bottom left). All these results demonstrate that the pH 

sensitivity of the PAE was around 6.5.26

Micelle formation
The formation of the micelles from PAE-g-MPEG-Chol 

polymer was proved by studying the CMCs at different pH 

values (7.4 and 6.0). As the PAE-g-MPEG-Chol concentrations 

increased, the intensity increased gradually. It can be observed 

that the third peak of the lowest concentration was at 335 nm, 

and this peak of the highest concentration shifted to 338 nm. 

The I
338

/I
335

 ratios were plotted against the logarithm of poly-

mer concentrations. As shown in Figure 6, the CMC values of 

PAE-g-MPEG-Chol were about 6.92 mg/L and 15.14 mg/L, 

respectively, at pH of 7.4 and 6.0. This change was due to the 

conversion of ionized pH-sensitive segment to hydrophilic ones 

by protonation of amine groups in the PAE segment, leading to 

enhanced repulsive forces among longer hydrophilic segments, 

which indicated more difficulty with micelle formation.

Characterization of blank  
and DOX-loaded micelles
The properties of blank and drug-loaded micelles were 

further detected by some other methods. The results were 

Table 1 GPC and 1H NMR data of PAE-g-MPEG-Chol and its precursors

Sample Mn
a (g/mol) Mw/Mn

a Average value (calculated)b

p m y

PAE 3,380 2.5
PAE-g-MPEG 5,550 2.1 1.1
PAE-g-MPEG-Chol 8,790 1.9 1.1 0 10.1

Notes: aDetermined by GPC in THF. bDetermined by the integration ratio of 1H NMR spectra. p, m, and y mean the integration ratios of MPEG segment and cholesterol 
motif, respectively.
Abbreviations: GPC, gel permeation chromatography; 1H NMR, proton nuclear magnetic resonance; Mn, average molecular weight; Mw/Mn, polydispersity index;  
PAE-g-MPEG-Chol, poly(β-amino ester)-g-poly(ethylene glycol) methyl ether-cholesterol; THF, tetrahydrofuran.
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Figure 3 Fourier transform infrared spectra (A) of MPEG-OH and MPEG-COOH and proton nuclear magnetic resonance spectrum (B) of MPEG-COOH.
Abbreviations: MPEG-OH, methoxypoly(ethylene glycol)-hydroxyl; MPEG-COOH, methoxypoly(ethylene glycol)-carboxyl.
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Figure 4 Proton nuclear magnetic resonance spectra of PAE (A), PAE-g-MPEG (B), and PAE-g-MPEG-Chol (C) in deuterated chloroform.
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Figure 5 The potentiometric titration (A), and transmittance at 500 nm (B) of the poly(β-amino ester) (PAE) solutions dependent on the different pH values.

collected and are shown in Figure 7, Figure 8, and Table 2. 

As expected, in Figure 7, when the pH value decreased 

from 9.0  to 7.0, the particle sizes of the block copolymer 

were almost unchanged (about 125 nm). The reason may 

be that hardly any quantity of PAE protonated, leading to 

a compressed structure and isolated nanoparticle. With the 

pH values decreasing continuously (6.5–5.5), the micelle 

sizes increased obviously, from 125  nm to 165  nm. This 

could be explained by the tertiary amine groups of the PAE 

segment in the main chain being fully protonated, resulting 

in the transformation of hydrophobic to hydrophilic, which 

led to a loose and swollen structure. When the values of pH 

decreased continuously, the particle sizes almost reached a 

platform. With regard to zeta potential, Figure 7 and Table 2  

display the zeta potentials of the blank and DOX-loaded 

micelles as positive. Beginning with pH decreasing from 

9.0  to 7.0, zeta potential was almost unchanged and low 

(5  mV), resulting from absorption of hydroxyl on the 
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Figure 7 Particle size and zeta potential of polymeric micelles were dependent 
on the pH values.

surface. When pH dropped sequentially, zeta potential 

increased rapidly (around 40 mV), attributed to the full pro-

tonation of tertiary diamine groups. In addition, the increased 

high positive caused enhanced repulsive forces among out-

stretched hydrophilic chain, suggesting higher particle sizes. 

These results also demonstrate that drugs should be loaded 

above a pH of 7.0 in order to receive high LC. DOX was 

loaded into the polymeric micelles by membrane dialysis 

using deionized water. As the feed amount of DOX increased, 

the LC and EE also increased. The actual loading levels of 

DOX in the polymer were 9.5%, 28.3%, and 30.7%, depend-

ing on the different ratios of DOX/polymer, respectively. 

When the ratio of DOX/polymer was 20 mg/40 mg, the EE 

was the maximum (60%). When the ratio of DOX/polymer 

was 40/40 mg, the LC was slightly higher and the EE was 

moderately lower because of the limited drug loading space 

and aggregation of the drugs. The DOX-loaded micelles 

exhibited slightly larger than the blank ones, caused by the 

entrapped DOX in the micellar core and absorbed on the 

surface of the micelle. The other characteristic properties 

are showed in Table 2.

Figure 8 presents the TEM images of the blank PAE-g-

MPEG-Chol micelles in the buffer solution (PBS, pH 7.4).  

It could be seen that the micelles showed a spherical mor-

phology. Furthermore, the nanoparticles displayed a dark 

center and light periphery, indicating an obvious core/shell 

structure.

In vitro release of DOX from micelles
The PAE-g-MPEG-Chol micelles exhibited a pH-respon-

sive property. In vitro drug release performance of the 

micelles was finished under physiological conditions (PBS, 

pH 7.4) and in a slightly acidic environment (PBS, pH 6.0), 

as shown in Figure 9. It can be found obviously that the 

DOX release rates from the particles were significantly 

changed at different pH values. At the pH of 7.4, the PAE-

g-MPEG-Chol micelle was compact and the DOX release 

rate was slow. After 24 hours, the cumulative release was 

about 33% for the DOX/polymer system, which indicated 

that the drug was still in the micellar core. With regard to 

pH of 6.0, the DOX release rate was enhanced markedly, 

and the cumulative release was 35% after 3  hours and 

almost 95% after 24 hours for the drug-loaded systems, 

respectively, demonstrating controlled release depending 

on pH change and without obvious burst release. The reason 

could be that the looser micelle structure was caused by the 

stronger protonation of amino groups in PAE moieties at 

lower pH conditions. In addition, the stronger electrostatic 

repulsion between PAE units, because of increased charge 

density of the micelle surface, led to the loose micelle 

structure. This phenomenon was consistent with the afore-

mentioned characteristic results. In brief, the polymeric 

micelle can compress and protect DOX at a pH of 7.4 and 

release it at a pH of 6.0, indicating a well pH-controlled 

release behavior.

Cytotoxicity test
Cytotoxicity of novel polymer, free DOX, or DOX-

loaded PAE-g-MPEG-Chol micelles was studied against 

HepG2 cells by MTT assay. The novel synthesized polymer 

display and there was almost no cytotoxicity in HepG2 cells 

(data not shown). Figure 10 presents the results of cytotoxic-

ity tests treated with free DOX and DOX-loaded polymeric 

micelles for 24 hours and 48 hours, respectively. The values 
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500 nm 100 nm

Figure 8 Transmission electron microscopy micrographs of poly(β-amino ester)-g-poly(ethylene glycol) methyl ether-cholesterol micelles (pH=7.4).
Note: The right image is the magnified result of the left image.

Table 2 Characteristic properties of DOX-loaded PAE-g-MPEG-
Chol micelles

Polymer
(mg)

DOX
(mg)

LC
(%)

EE
(%)

Particle  
size (nm)

PDI Zeta potential  
(mV)

10 9.5 25.5 164 0.164 8.2
40 20 28.3 60 200 0.211 10.5

40 30.7 52.8 210 0.295 7.7

Abbreviations: PAE-g-MPEG-Chol, poly(β-amino ester)-g-poly(ethylene glycol) 
methyl ether-cholesterol; DOX, doxorubicin; LC, loading content; EE, entrapment 
efficiency; PDI, polydispersity index.

of IC50, defined as the DOX concentration when 50% of 

cells were killed, were 1.20  mg/L (24  hours), 0.45  mg/L 

(48 hours), 2.65 mg/L (24 hours), and 1.70 mg/L (48 hours) 

for free DOX and DOX-loaded micelles, respectively. The 

DOX-loaded micelles displayed lower cytotoxic effect than 

free DOX. As shown in the results, with regard to the highest 

concentration, the cell viability that was treated DOX-loaded 

micelles for 48  hours revealed similar (but still slightly 

less) killing capacity as free DOX treatment. This analysis 

indicated the drug could be controlled released according to 

the pH values, which was consistent with the results of the 

in vitro experiment.

Conclusion
The designed amphiphilic triblock pH-sensitive copolymer 

PAE-g-MPEG-Chol with MPEG and cholesterol segments 

modified structure was synthesized and applied for hydro-

phobic drug delivery (eg, DOX). The low CMC value of the 

copolymer in a normal environment could markedly improve 

micellar stability and extend the range of applications of 
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Figure 9 In vitro drug release profiles of doxorubicin-loaded poly(β-amino ester)-
g-poly(ethylene glycol) methyl ether-cholesterol micelles dependent on the pH 
values.

micelles in controlled drug delivery. The transmittance, par-

ticle size, and zeta potential changed regularly with the values 

of pH, demonstrating that this novel copolymer displayed 

pH sensitivity as well as the results of the potentiometric 

titration. The DOX loading capacity was enhanced by being 

modified with cholesterol. DOX release rates were controlled 

by pH value. The release of DOX from the micelles was 

significantly accelerated with pH decreasing from 7.4 to 6.0. 

Almost all loaded drug could be released in a weakly acidic 

environment. The cytotoxic effect of DOX-loaded micelles 

was similar to that of free DOX. These experimental results 

demonstrate that PAE-g-MPEG-Chol micelles could be a 

potential carrier in tumor therapy.
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