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Diblock copolymers (mPEG-b-PDPA), which were designed to possess pH-sensitivity as well as amphipathy, were used as an
intelligent lock in the liposomal membrane. The so-called pH-sensitive liposomes were prepared by simple mixing of the synthesized
mPEG-b-PDPA with phospholipids and cholesterol. Fluorescence polarization at pH 7.4 showed that the membrane stability of
the hybrid liposome was significantly increased compared with the pure liposome. Therefore, in the neutral environment, the
leakage of doxorubicin (DOX) was inhibited. However, when pH decreased to 6.0, DOX release rate increased by 60% due to the
escape of copolymer. The effects of the membrane composition and the PDPA segment length on bilayer membrane functions were
investigated. These results revealed that the synthesized copolymers increased the difference in DOX cumulative release between
pH 7.4 and 6.0, that is, improved the pH-controllability of the drug release from hybrid liposomes.

1. Introduction
There exists a long-term problem that is how to improve the
switch effect of drug carriers for the sake of preventing the
drug leakage during transport before reaching to the target
sites and stimulating the release of drugs at the appropriate
time [1, 2]. It is very important to design a kind of intelligent
carrier for delivering drugs to the target site accurately and
releasing drugs timely in a certain environment with the help
of the environmental stimulation. In recent years, researchers
have prepared pH-sensitive [3–5], thermosensitive [6–8],
and photosensitive [9, 10] vesicle for drug delivery system,
in response to the various physiological and pathological
environments.
For example, triblock copolymers poly(N-vinylcaprolactam)-poly(dimethylsiloxane)-poly(N-vinylcaprolactam)
(PVCL-PDMS-PVCL) with temperature sensitivity were
synthesized and used to deliver anticancer drugs in
physiological temperature range of 37–42∘ C [11]. Benzoyl
peroxide (BPO) had been incorporated into a pH-sensitive
mesoporous silica nanocomposite and the enhanced free
radical generation induced higher cytotoxicity at pH 6.5
than pH 7.4 [12]. Many pH-responsive copolymers had

been designed and synthesized for various applications
[13, 14]. For example, Arg-Gly-Asp-polycarboxybetaine
methacrylate-poly(2-(diisopropylamino)ethyl methacrylate)
(RGD-PCB-PDPA) triblock copolymers were prepared by
Huang and coworkers. Their in vitro and in vivo evaluation
findings showed that the multifunctional RGD-PCB-PDPA
nanoparticle was a flexible design approach, which indicated
a great potential for nanocarriers in tumor-targeted drug
delivery.
We are interested in designing and preparing liposomes
with various stimuli responsibilities. Liposome has attracted
much attention in the field of medicine as a drug carrier. Liposome, known as a phospholipid-based vesicle, is
composed of a closed vesicle with a structure of bilayer
constructed by self-assembly in the aqueous phase [15, 16].
We have synthesized a series pH-sensitive di- and triblock
copolymers and inserted it into liposome for pH-controlled
releasing [17]. In general, the drug release mechanism of pHsensitive nanocarriers is often based on the pH-triggered
protonation, or hydrolysis, or dissolution/degradation of the
polymers [18, 19]. The pH values of extracellular matrix of
tumor site, endosome, and lysosome are known to be in weak
acid. Then, poly(2-(diisopropylamino) methyl methacrylate)

2
(PDPA), whose triggered pH value (about 6.2) is appropriate
for physiological environment, was often selected to be the
pH-sensitive segment for various materials [20, 21].
We believe a diblock pH-sensitive copolymer might give
“lock” effect on lipid membrane fluidity and just need to
adjust the block size. In this paper, we synthesized pHsensitive diblock copolymers with various PDPA lengths. In
order to make the diblock copolymers act as a lock, the
PDPA lengths were selected to be similar to the thickness
of phospholipid bilayer. The synthesized diblock copolymers were inserted into liposome membrane, which was
composed of hydrogenated soybean phosphatidylcholine
(HSPC), 1,2-dioleoyl-sn-3-phosphocholine (DOPC) [22] and
DC-cholesterol. DC-cholesterol was selected for providing
positive charge to liposomes so that the liposomes could
keep from aggregating. The synthesized polymer is positively charged under neutral environment. At pH 7.4, the
interaction between DC-cholesterol and polymer should be
electroattraction, while at pH 6.0, the protonated polymers
become hydrophilic and escaped from liposomes. The electrorepulsion between PDPA blocks and liposomes should
help the escaping behavior. Then, the release behaviors of
these hybrid liposomes were comparatively studied under pH
7.4 and pH 6.0. This study confirmed that the DOX-loaded
liposome containing pH-responsive diblock copolymers was
able to inhibit drug release at pH 7.4 and gave a motivation to
release drug at pH 6.0. The synthesized copolymer played a
very good role to improve the biofunction of lipid bilayer.

2. Experimental
2.1. Materials. Methoxypolyethylene glycol (mPEG350),
2-(diisopropylamino) ethyl methacrylate (DPA, 97%),
and copper(I) bromide (CuBr; 99.99%) were purchased
from Sigma-Aldrich. 1,6-Diphenyl-1,3,5-hexatriene (DPH),
doxorubicin hydrochloride (DOX⋅HCl, 98%) and 2-bromo2-methylpropionyl bromide (98%) were obtained from J&K
Scientific.
N,N,N ,N ,N -Pentamethydieyhylenetriamine
(PMDETA, 98%) was provided by TCI. Tetrahydrofuran
(anhydrous) (THF, AR) and trichloromethane (AR) were
bought from Tianlian Company. Aluminium oxide used
for removal of the ATRP copper catalyst was of column
chromatography grades 100–200 list order from Tianlian
Company. 1-Palmitoyl-2-stearoyl-sn-glycero-3-phosphatidylcholine (HSPC > 98%), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC > 97%), and DC-cholesterol were
provided from Lipoid.
2.2. Characterizations
2.2.1. Proton Nuclear Magnetic Resonance (1 H NMR) and
Gel Permeation Chromatography (GPC) Characterization.
Molecular weight and polydispersity index (PDI) of mPEGb-PDPA copolymers were determined by gel permeation
chromatography (GPC) using a Waters 1515 instrument at
25∘ C. THF was used as an eluent with a flow rate of
1.0 mL/min and polystyrene was used as calibration standard. A Bruker 500 MHz NMR spectrometer instrument
was used to acquire the 1 H NMR spectra of mPEG-Br
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and mPEG-b-PDPA using CDCl3 as solvent. The block
copolymer compositions were determined by comparing
appropriate integrals assigned to the different comonomers.
2.2.2. Transmission Electron Microscopy (TEM). Transmission Electron Microscopy (TEM) images were performed on
a JEM-1400 electron microscope operated at 100 kv. To prepare TEM samples, the liposome suspension was deposited
on a carbon-coated copper grid and negatively stained
with the phosphotungstic acid solution. Excess solution was
absorbed and the samples were allowed to dry at ambient
temperature.
2.2.3. Dynamic Light Scattering (DLS). Dynamic light scattering (DLS) studies were carried out using a Zetasizer Nano
ZS Instrument. The influence of pH on zeta-potential of liposomes was investigated in the range of pH 2–9 [17, 20]. The
diblock copolymers were firstly dissolved in 0.01 M HCl to
prepare stock solution at final a concentration of 0.1 mg/mL.
The pH titration was carried out by adding small volume of
0.1 M NaOH solution under stirring. The change of pH values
was monitored by using PHS-2C precision acidity meter. The
average results were accepted as the final data measured at
least three times.
2.2.4. Turbidity. The aggregation behavior of the copolymer
was measured in a UV-Vis spectrophotometer (UV-2450, Shimadzu, Japan). The transmittance of the copolymer solution
was monitored in a quartz cuvette (1 cm width) under various
pH values.
2.2.5. Fluorescence Polarization. The fluorescence polarization (Pol) of liposome was measured by a LS55 fluorimeter
(Perkin Elmer) equipped with automated polarizer. Liposome suspensions were prepared: 75 𝜇L of liposome suspension and 200 𝜇L of DPH solution were added to the PBS buffer
solution to be further diluted to 4 mL. The concentration
of DPH was 2 mmol/L and lipid/DPH (w/w) was 800 : 1. In
order to make the probes to be incorporated, the samples
were shaken overnight at 37∘ C before measurements. The
Pol values were measured at an excitation slit of 10 nm and
emission slit of 5 nm and excitation and emission wavelengths
of 360 and 425 nm, respectively. Fluorescence polarization
was then calculated automatically by [23, 24]
Pol =

(𝐼VV − 𝐺𝐼Vℎ )
,
(𝐼VV + 𝐺𝐼Vℎ )

(1)

where Pol is the fluorescence polarization and 𝐼VV and 𝐼Vℎ
are the fluorescence intensities of the emitted light polarized
parallel and perpendicular to the exciting light, respectively.
𝐺 is the grating correction factor, which is equal to 𝐼ℎV /𝐼ℎℎ ,
obtained by measuring the vertically and horizontally polarized emission intensities after excitation with horizontally
polarized light.
2.3. Synthesis of mPEG-Br Macroinitiator. mPEG-Br macroinitiator was synthesized according to the literature method
[21, 25]. Typically, mPEG-OH (0.0086 mol) was dropped

International Journal of Polymer Science

3

Table 1: GPC, 1 H NMR, and triggering pH values of mPEG-b-PDPA diblock copolymers.
Copolymer
1
2
3

Composition
mPEG8 -b-PDPA10
mPEG8 -b-PDPA15
mPEG8 -b-PDPA22

𝑀𝑛,NMR (gmol−1 )
2632
3699
5192

into 50 mL of dichloromethane. The flask containing the
solution was placed in an ice bath, and trimethylamine (TEA)
(0.0216 mol) was added to the solution. Then, 2-bromo-2methylpropionyl bromide (0.0202 mol) was added dropwise
to the solution over 1 h under stirring and then the reaction
was continued for about 30 h at room temperature. The crude
solution was washed with saturated sodium chloride solution
and saturated sodium hydrogen carbonate solution for three
times followed by extracting with dichloromethane. After
that, anhydrous magnesium sulfate was added to the extract
liquor and then filtered to remove insoluble impurities and
concentrated by evaporation. The product was finally dried
under vacuum for about 12 h.
2.4. Synthesis of mPEG-b-PDPA Diblock Copolymer. The
diblock copolymer was synthesized by ATRP with mPEGBr as initiator [26, 27]. In a typical ATRP procedure, a
Schlenk flask with a magnetic stir bar and a rubber septum
was charged with DPA monomer (12.657 mmol), mPEGBr macroinitiator (0.8438 mmol), PMDETA (0.9282 mmol),
and anhydrous tetrahydrofuran (6.0 mL). This mixture was
deoxygenated by bubbling N2 for 0.5 h before adding CuI Br
catalyst (0.8438 mmol). The reactant mixture was degassed
by three freezing-thawing cycles. Afterwards, the polymerization reaction was carried out in an oil bath preheated at 55∘ C
for 12 h. Finally, the reaction solution was diluted by addition
of THF and then passed through a neutral alumina column to
remove the copper catalysts. The diblock copolymer was then
washed by Milli-Q water for at least 3 times and dried under
vacuum for 24 h.
2.5. Preparation of Liposomes. Liposomes were prepared by
a thin lipid film hydration method [28]. In brief, HSPC or
DOPC, DC-cholesterol, and different mole ratio of diblock
copolymer were dissolved in chloroform in a round bottom
flask. Then a film was formed by rotary evaporation of
the solvent at the temperature of 45∘ C and then organic
solvent was volatilized completely after 1 h. The lipid film was
hydrated with 5 mL of ammonium sulfate solution at 60∘ C
to achieve a final lipid concentration of 1 mg/mL. Following
hydration, uniform liposomes were obtained by extrusion at
60∘ C through 400 nm polycarbonate filter 11 times and then
200 nm filter 7 times by using a LiposoFast.
2.6. Drug Loading. The active transport method was used to
encapsulate DOX into liposome. The liposome suspension
was dialyzed against the 0.9% NaCl solution using dialysis
tubes (cutoff 𝑀𝑛 = 14000) to remove the free ammonium
sulfate acid. Then, the suspension was placed in a flask.
DOX solution (2.5 mg/mL) was mixed with the liposome

𝑀𝑛,GPC (gmol−1 )
4171
4037
7227

PDI (𝑀𝑤 /𝑀𝑛 )
1.37
1.22
1.19

Triggering pH
6.36
6.47
6.54

suspension at the molar ratio of 1 : 10 (DOX : lipids). The
unloaded free DOX was removed through a Sephadex G-50
column. The liposomes loaded with DOX were collected and
mixed with Triton X-100 for measuring encapsulated amount.
The total DOX amount 𝐴 1 and encapsulated DOX amount
𝐴 0 were determined by the absorbing intensity at 485 nm
(UV-2450, Shimadzu). The encapsulated efficiency (𝐸%) was
calculated based on [29]
𝐸% =

𝐴0
× 100%.
𝐴1

(2)

2.7. In Vitro DOX Release. In vitro DOX release was carried
under various pH values (pH 6.0 or 7.4). 1 mL of DOX-loaded
liposome suspension was moved to a dialysis tube (cutoff
𝑀𝑛 = 14000), which was exposed to 25 mL of PBS solution at
37∘ C. The cumulative release amount of DOX at different time
𝐴 𝑡 was measured and the release percentage was calculated:
Cumulative release% =

𝐴𝑡
× 100%.
𝐴0

(3)

3. Results and Discussions
3.1. Synthesis of mPEG-PDPA. The mPEG-b-PDPA diblock
copolymers with different block lengths were synthesized
[30]. Considering the thickness of the lipid bilayer, not very
long chains were selected for PDPA (𝑛 = 10, 15, and 22).
The properties of the copolymers, determined by GPC and
1
H NMR, were shown in Table 1 and Figure 1. These diblock
copolymers had a small polydispersity index (PDI), showing
that the distributions of mPEG-b-PDPA were narrow, uniform, and well controlled. Various degrees of polymerization
of the copolymers can be obtained by changing the feed
ratio of raw materials. GPC curves (not shown) revealed that
unimodal peak and no tailing in the low molecular weight
were observed. 1 H NMR spectra of mPEG-Br and mPEGb-PDPA with the relevant peaks were illustrated in Figure 1.
As shown in Figure 1(A), the peaks at 𝛿3.60 and 𝛿3.33 ppm
were assigned to protons of -CH2 -CH2 and -OCH3 groups of
the mPEG-Br, respectively. The peak at 𝛿1.96 ppm belonged
to -C(CH3 )2 - groups. Compared with the 1 H NMR spectrum
of mPEG-Br (Figure 1(A)), the characteristic peaks at 𝛿0.97
and 𝛿2.60 ppm appeared in the spectrum of mPEG-b-PDPA
(Figure 1(B)), which were assigned to -CH-(CH3 )2 - and
O-CH2 -CH2 -N- groups, indicating the presence of PDPA.
According to these results, the copolymers of the desired
structures were successfully synthesized.
3.2. pH-Sensitivity of mPEG-b-PDPA Diblock Copolymers.
The diblock copolymers responded to the change of
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Table 2: Compositions and properties of the liposomes (pH 7.4).
Composition of liposomea

Copolymer percentage

Diameter (nm)

PDI

Zeta-potential (mV)

HSPC
HSPC : polymer
(mPEG8 -b-PDPA10 )
HSPC : polymer
(mPEG8 -b-PDPA15 )
HSPC : polymer
(mPEG8 -b-PDPA22 )
HSPC : polymer
(mPEG8 -b-PDPA22 )
HSPC : polymer
(mPEG8 -b-PDPA22 )
HSPC : DOPC (1 : 1)
HSPC : DOPC (1 : 1) : polymer
(mPEG8 -b-PDPA10 )
HSPC : DOPC (1 : 1) : polymer
(mPEG8 -b-PDPA15 )
HSPC : DOPC (1 : 1) : polymer
(mPEG8 -b-PDPA22 )

0

139.3 ± 4.0

0.151

10.3 ± 0.8

5%

173.2 ± 8.0

0.229

13.6 ± 1.4

5%

183.7 ± 8.0

0.246

15.8 ± 1.4

2%

179.9 ± 8.0

0.219

15.7 ± 1.4

5%

198.8 ± 8.0

0.250

16.9 ± 1.4

10%

206.2 ± 8.0

0.334

18.7 ± 1.4

0

146.0 ± 4.0

0.178

11.6 ± 1.4

5%

163.5 ± 8.0

0.207

17.2 ± 1.4

5%

175.1 ± 8.0

0.210

16.1 ± 1.4

5%

187.3 ± 8.0

0.207

17.2 ± 1.4

Liposome
Lp1
Lp2
Lp3
Lp4
Lp5
Lp6
Lp7
Lp8
Lp9
Lp10
a

Cholesterol was contained in all liposomes and the molar ratio between lipid and cholesterol was 5 : 1.
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b
c
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Figure 1: 1 H NMR spectra (CDCl3 ) of mPEG-Br (A) and mPEG-bPDPA (B).

environmental pH. In order to obtain a better understanding
of the pH-sensitive mPEG-b-PDPA copolymers, the
properties of copolymers in a certain pH range had been
investigated. Figure 2(a) shows the zeta-potential of the
copolymers under different pH values. At low pH, the
tertiary amine groups of PDPA block were protonated, which
provided high positive zeta-potential. With increasing pH,
the tertiary amine groups of PDPA block were deprotonated
gradually, which induced a transition in charges from
positive to negative values. As shown in Figure 2(a), the
isoelectric points (IEP) of these copolymers were in a range
of pH 6.5–7.0. Thus, it clearly revealed that the property of
the diblock copolymers was significantly affected by pH of
the solution. The transmittances of copolymer solutions at
different pH values were measured and shown in Figure 2(b).

The triggering pH values of the diblock copolymers, which
could be determined at a certain pH value when the solution
suddenly became turbid, were listed in Table 1. It could be
seen that the triggering pH values increased slightly with the
increase of PDPA length. This might be due to the fact that
more tertiary amine groups need to be deprotonated when
the PDPA lengths increased.
3.3. The pH-Sensitivity of Hybrid Liposomes. The pHsensitive hybrid liposomes were prepared by incorporating
diblock copolymers into the liposome bilayer membranes
with different molar ratios. The physicochemical properties
of the liposomes were summarized in Table 2. In this work,
the molar ratio between phospholipids and cholesterol was
always 5 : 1.
As shown in Table 2, pH-sensitive hybrid liposomes
appeared to be larger than the pure liposome (Lp1) under pH
7.4, which may be due to the stretching PEG chains from the
bilayer. It could be seen that the sizes of Lp2, Lp3, and Lp5
were somewhat increased, which was thought to depend on
the increase of PDPA lengths. The sizes of hybrid liposomes
were found not to change when pH decreased from 7.4 to
6.0 as shown in Figure 3. Their zeta-potentials under pH 7.4
were also shown in Table 2, which were found to be the same
as their values under pH 6.0. The results revealed that the
vesicle structures of hybrid liposomes were not destroyed by
the stimulation of pH, which should relate to their positive
zeta-potentials and the PEG extending on the surface. The
morphology of liposome was examined by TEM (Figure 2,
inset). The TEM images showed round-shaped vesicles whose
sizes were found consistent with the diameters obtained by
DLS. TEM images also revealed that the vesicle structures of
liposomes still exist when the condition changed from neutral
to weak acid.
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Figure 2: The pH-sensitivity of diblock copolymers. Zeta-potential (a) and transmittance (b) of copolymers measured as a function of pH
(concentration of copolymer: 0.1 mg/mL).
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Figure 3: Size distributions and TEM images (inset, bar: 200 nm) of Lp1 (a) and Lp5 (b) under pH 6.0 and pH 7.4, separately. The concentration
of the liposome suspension was 1.0 mg/mL.

Then, Pol measurements were performed. DPH was used
as a fluorescence probe to investigate the membrane fluidity
of the liposomes [31, 32]. The behavior of fluorescence probe
in liposomal membranes was deemed to reflect the behavior
of lipids. The lower the value of the Pol, the higher the fluidity
(i.e., lower stability) of the liposomal membrane. The Pol
values of the liposome bilayer membrane were found almost
constant over time under pH 7.4. As shown in Figure 4(a),
the Pol values increased obviously when 5% of diblock
copolymers were incorporated (Lp3 and Lp5), compared with
pure liposome (Lp1). Except for Lp2, its Pol value had a slight
decrease, which may be due to the short length of PDPA

chain. A shorter PDPA (PDPA10 ) had a length similar to
the thickness of liposomal single-layer. Therefore, copolymer
1 (mPEG8 -b-PDPA10 ) could not reach the second layer of
the liposome and could not act as a lock to fix the bilayer.
The insertion of copolymer 1, on the contrary, led to a slight
decrease in membrane stability. The Pol values of Lp3 and
Lp5 significantly increased, suggesting that the copolymers
with longer PDPA could go across the whole lipid bilayer and
enhanced the membrane stability.
Figure 4(b) reveals the Pol values of various liposomes
measured as a function of time under pH 6.0. For pure
liposome (Lp1), when pH decreased from 7.4 to 6.0, the Pol
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Figure 4: (a) Polarization of pure and hybrid liposomes at pH 7.4; (b) polarization of liposomes at pH 6.0 measured as a function of time.
The molar ratio of copolymers was 5%.
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Figure 5: Cumulative release profiles of DOX from pure liposome
and hybrid liposomes inserted by copolymers with different PDPA
segment sizes. Solid symbol: pH 6.0. Open symbol: pH 7.4. The
molar ratio of copolymers was 5%.

values were found not to change over the whole time period,
indicating pH did not affect its membrane fluidity. However,
Pol values of Lp3 and Lp5 decreased obviously at pH 6.0. This
was thought to result from the escape of the copolymers from
liposomes. The copolymers became completely hydrophilic
and then could not stay in the lipid bilayer when the PDPA
block protonated. After about 18 h, their Pol values became
close to that of Lp1, suggesting a pure liposome state came
back again. Certainly, the Pol value of Lp2 also tended to
approach that of pure liposome.

3.4. Effect of PDPA Length on Release. In order to assess the
drug loading and releasing of the liposomes, DOX was used
as a model drug. DOX is a water-soluble anticancer drug in
its hydrochloride salt form. Herein, DOX was encapsulated
into liposomes using an active loading method and the drug
loading efficiency was over 80%. Experiment of DOX release
from liposome was performed in PBS solution with different
pH values (pH 6.0 and pH 7.4) at 37∘ C. Copolymers with
different lengths had been synthesized in this work to study
the effect of PDPA segment size on the release behavior. The
compositions and properties of the corresponding liposomes
(Lp2, Lp3, and Lp5) were summarized in Table 2. Their DOX
release profiles were investigated and shown in Figure 5.
For the pure liposome, no significant differences (about
26.5% and 24.4%) were observed in the drug release profiles
under both pH values, suggesting that pH itself did not affect
the membrane permeability. However, for liposomes incorporated with diblock copolymers, the drug release profiles
showed different behaviors depending on pH. Under pH 7.4,
the drug release from the hybrid liposomes (except for Lp2)
decreased to be 18.1% (Lp3) and 15.1% (Lp5) compared with
that of Lp1, indicating that drug leakage was inhibited. And
under pH 6.0, the drug releases of the three hybrid liposomes
obviously increased, which were 39.1% (Lp2), 43.3% (Lp3),
and 53.2% (Lp5). For Lp5, the difference in cumulative release
percentage between the two pH values increased by about
40%, which was most remarkable. The results highlighted
that copolymers with proper length of PDPA played an
important role, that is, acted as an intelligent lock in lipid
bilayer to inhibit the drug leakage under neutral environment
and enhance the release under weak acidic condition. The
enhanced release occurring at pH 6.0 was thought to result
from the escaping of copolymers from the liposomes [17].
From the results of polarization (Figure 4), the PDPA block of
copolymer was protonated gradually under pH 6.0. It could
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be thought that a polymer began to escape from liposomes
when the protonation is completed and at that time the
quick release could begin. From Figure 4(b), the first 6 h
was mainly a protonation process and after that it was an
escaping process. Comparing this with the behaviors of drug
release shown in Figure 5, it could be easy to understand
that the improvement in release rate of hybrid liposomes is
not very significant during the first 5-6 h comparing with
that of pure liposome. A quick release step was found to
continue till the copolymers have left completely. Copolymers
with longer PDPA should require more time to complete
the protonation and seemed to give the lipid bilayer more
long-time disturbance. The copolymer mPEG8 -b-PDPA22
was considered a candidate incorporated into liposomes for
the next studies.
3.5. Effect of Insertion Ratio on Release. The drug release
profiles of liposomes with 0 (Lp1), 2% (Lp4), 5% (Lp5), and
10% (Lp6) copolymer 3 and their liposomal fluorescence
polarization were shown in Figure 6. As shown in Figure 6(a),
compared with that of Lp1, the Pol values of Lp4–Lp6
increased, where the Lp5 improved most obviously. The
PDPA block of the copolymer 3 was thought to be long
enough to go across the whole lipid bilayer and then acted
as locks in the fluid membrane (as illustrated in Figure 6(b)).
Their release profiles were obtained under both pH values
as shown in Figure 6(c). With incorporating copolymers,
the drug release rate of hybrid liposomes decreased at pH
7.4 and increased at pH 6.0, compared with pure liposome.
The results suggested that the insertion of the copolymer
significantly enhanced the stability of liposome in neutral
condition, while the DOX release was stimulated when
exposed to weak acidic environment. For Lp5, it had the most
remarkable differences between the two pH values, and the

cumulative release percentage improved from 15.1% to 53.2%
when pH decreased from 7.4 to 6.0. However, beyond our
expectation, the Lp6, incorporating much more copolymer,
did not have the most significant pH-controlled effect on
release. Its accumulated release percentages were 18.5% and
54.7%, respectively. It was thought that too much copolymers
inserted into liposomes could impact the spatial structure
of vesicle. Here, the DOX leakage at pH 7.4 had somewhat
increased, which was consistent with the results of Pol. It was
well demonstrated that proper amount of diblock copolymers
incorporated into liposome was able to effectively decrease
the drug leakage at pH 7.4 and promote the drug release under
pH 6.0.
3.6. Effect of Lipid Composition on Release. To our knowledge,
the composition of liposome plays an important role in
the functions of liposome membrane, such as fluidity or
permeability [33]. The above results demonstrated that the
maximum release amount of DOX could only reach as high
as 55% even at pH 6.0. To improve the DOX release efficiency,
DOPC, a kind of phospholipids with unsaturated bond, was
added to liposome bilayer for adjusting membrane fluidity.
Here, HSPC to DOPC at molar ratio of 1 : 1 was selected.
The effect of liposome composition on DOX release was
also investigated and shown in Figure 7(a). As shown in
Figure 7(a) with increase of PDPA length, the values of
accumulated release amount were increased from 63.6% to
73.8%, 81.9%, and 93.4% at pH 6.0. The cumulative release
amount of liposomes with DOPC significantly improved,
in comparison with those of liposomes without DOPC (see
Figure 5). In addition, it was easy to find that the drug release
profiles of pure liposome with DOPC (Lp7) did almost the
same behavior under pH 6.0 and pH 7.4. Like the results
of Lp1 (Figure 5), the accumulated release amounts were
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almost the same, 66.7% and 63.6%, respectively. Among
hybrid liposomes, Lp10 showed the best pH-controlled effect
on DOX release, and the difference in release percentage
between pH 6.0 and pH 7.4 was about 60%. The maximum
amount of DOX release meant almost all cargos had been
released into solution at pH 6.0.
It was known that the insertion of DOPC could increase
the fluidity of lipid bilayer [22]. Then, the polarization of Lp7
and Lp10 was measured under two pH values as a function
of time. Firstly, as shown in Figure 7(b), the Pol values of
Lp7 and Lp10 were lower than those of liposomes without
DOPC (as shown in Figure 6(a)). Secondly, the Pol values
of Lp7 were almost constant under both pH values, which
was similar to Lp1. For Lp10, its Pol value under pH 7.4 was
found to be higher than that of Lp7 and almost did not change
over time. When pH decreased to 6.0, the Pol values of Lp10
reduced rapidly and almost reached the values of Lp7 after
13 h. The Pol results of liposomes seemed to be consistent
with the results of DOX release. Compared to the Pol of
liposomes with and without DOPC, we could find that the
time needed for the recovery of the polarization value to
that of pure liposome was not the same, which was 13 h and
20 h, respectively. It was thought that when the copolymers
escaped from liposome, the micropores left on the lipid
bilayer and induced a rapid release. The higher fluidity
membrane of the liposomes containing DOPC seemed to
make the micropores disappear more quickly. This induced
different release behaviors of Lp5 and Lp10.
From these results, the DOX release profile could be
separated into two steps: rapid and gradual release steps.
It was thought that the rapid drug release was dependent
on both permeation and diffusion through micropores left
by the escaping copolymers. After the copolymers escaped
completely, the micropores disappeared due to the fluidity of
lipid bilayer. Then, the release began to rely on the membrane
permeability resulting in a slow release process. The results
showed that the rapid release step of Lp5 and Lp10 needed
about 20 h and 13 h, respectively.

4. Conclusion
In summary, diblock copolymers with pH-sensitive PDPA
segments synthesized here had a pH triggering point at about
6.5. The pH-sensitive liposomes were prepared by inserting
the copolymers into general liposomes. Diblock copolymers
with different chain lengths and molar ratios had different
effects on the stability of liposomes. The PDPA segment
should be long enough to reach the second layer of the
liposome and could act as a lock to fix the bilayer. At pH 7.4,
the bilayer fluidity of pH-sensitive liposomes decreased due
to the incorporation of copolymers with longer PDPA. Thus,
the liposomes inhibited the leakage of DOX in comparison
with that of pure liposome. When pH decreased to 6.0, the
release efficiency of DOX had been improved because of
copolymer escaping. The membrane property was found to
give great impact on the pH-controllability. When DOPC
improved membrane fluidity of the liposome, the maximum
release amount reached over 90% and the difference in release
amount under two pH environments increased to be 60%.
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The optimization of the lipid compositions provided a superior controlled drug release behavior. These results suggest
that liposomes containing pH-sensitive diblock copolymer
possess a promising potential application in drug delivery
system.
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