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ABSTRACT: To improve the controllability of drug release from
liposome, a series of pH- and photosensitive block copolymers C7H15AZO-b-PDPAn-b-mPEG were designed and served as an on−oﬀ switch
in the liposome bilayer. The functional properties of liposomes were
studied by dynamic light scattering, ﬂuorophotometry, UV−vis
spectroscopy, and ﬂuorescence spectrophotometry. The liposomes
with or without copolymer were relatively uniform in size. Their
membrane stability was improved obviously after inserting copolymer
under pH 7.4, but it decreased in an acidic environment and caused a
large amount of drug release. Meanwhile, UV irradiation could also result in more drug release because of the
photoisomerization of the azobenzene (AZO) group. Furthermore, intermittent drug-release experiments showed that the
PDPA blocks could reversibly get in and out of the liposome bilayer and ultimately realized the complete drug release. All
results suggested that the designed copolymers could be inserted into liposome bilayer through self-assembly and could act as a
switch for controllable drug release.

■

INTRODUCTION
At present, light, temperature, pH, and ultrasound have all been
applied to control the release of drugs from various carriers.
Liposomes have good biocompatibility and degradability so that
they have broad application prospects in the ﬁeld of controlled
drug release and targeted delivery.1−6 One of the long-standing
problems, however, is how to increase the stability of the
liposomes to prevent the drug from leaking before delivery to the
sick tissue and improve drug release when needed.
Recently, pH-sensitive,7,8 heat-sensitive, and photosensitive
vesicles9−14 have been prepared for pharmaceutical carriers
corresponding to various physiological and pathological needs.
Yuba et al.15 studied a liposome modiﬁed by a pH-sensitive
copolymer, which could be eﬀectively used for immunotherapy
of cancer. These copolymer-modiﬁed liposomes remained stable
at neutral pH, but they became very unstable when pH
decreased. By liposome fusion or disruption of endosomal
stability, antigen molecules were eﬃciently released into the
cytoplasm, inducing an antigenic cellular immunity and antigentargeted cytotoxic lymphocyte immunity. Liu et al.16 inserted
azobenzene (AZO)-glycolipids (GlyAZOCns) into a liposome.
The AZO group17−19 had good photoresponsive properties,
which reversible photoisomerization could occur under the
stimulation of UV light (365 nm) and blue light (470 nm). They
prepared a series of light-sensitive liposomes for encapsulating
the anticancer drug and achieved an intermittent drug release by
controlling the illumination time. Furthermore, studies on
multisensitive liposomes have also been reported, such as pHand light-sensitive nanocarriers.20,21 Hu et al.22 synthesized a
novel supramolecular nanocarrier with dual light and pH
© 2019 American Chemical Society

responsiveness by water-soluble column aromatics (WP6) and
AZO derivatives. It could eﬀectively encapsulate the anticancer
drug and maintain good stability in the normal physiological
environment, while the loaded drug would be released
immediately in an acidic environment or when exposed to
external UV light.
In our lab, a pH-sensitive bola-type copolymer, which is
composed of poly(2 - (diisopropylamino) ethyl methacrylate)
(PDPA) and methoxy-poly(ethylene glycol) (mPEG), had been
designed and inserted into liposome as a “stability anchor” for
controllable drug release.23 As reported previously, the drug
leakage of the liposome was restrained in neutral condition but
increased substantially when pH decreased to 6.0. Insertion of
the bola-type copolymer into liposome bilayer had been proved
to have an obvious eﬀect on controlling drug release through
pH. However, it was found these “anchors” could not be used
repeatedly, and the maximum release amount of these liposomes
was only 80%.
Here, in order to realize more sustained and completed
release, a pH- and photosensitive block copolymer C7H15-AZOb-PDPAn-b-mPEG had also been designed for applying in
liposome bilayer. The length of the hydrophobic section of
copolymer was determined by the thickness of liposome bilayer.
The AZO group had a light-sensitive eﬀect. Under UV light, it
could undergo a transition from a trans conﬁguration to a cis
form and a decrease in hydrophobicity. The PDPA block had a
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Table 1. Compositions and Properties of Liposomes
molar ratio
Lipo.0
Lipo.1
Lipo.2
Lipo.3
Lipo.4
Lipo.5
Lipo.6
Lipo.7
Lipo.8

C7H15-AZOb- PDPA10-bmPEG

C7H15-AZOb- PDPA5-bmPEG
C7H15-AZOb- PDPA20-bmPEG

copolymer

HSPC

DOPC

cholesterol

size (d, nm)

0
1
0.5
1
2
4
1
2
2

20
20
20
20
20
20
20
20
20

20
20
20
20
20
20
20
20
20

8
4
8
8
8
8
16
8
8

122.4 ± 2.9
142.4 ± 3.8
152.6 ± 3.9
154.3 ± 2.6
156.1 ± 4.3
160.2 ± 2.4
162.4 ± 4.4
156.2 ± 3.3
152.6 ± 5.2

PDI

zeta potential (mV)

0.200 ± 0.024

26.3 ± 2.0
39.3 ± 0.2
52.1 ± 1.5
52.2 ± 4.0
53.3 ± 2.0
54.1 ± 1.4
56.8 ± 1.7
54.7 ± 0.5
54.3 ± 0.1

Figure 1. UV−vis spectrum (left) and the absorbance value at 340 nm (right) of C7H15-AZO-b-PDPAn-b-mPEG copolymers under the alternate
irradiation of UV and visible light in CHCl3 solution. (a), (b) n = 5; (c), (d) n = 10; (e), (f) n = 20. The trans form was achieved without irradiation or
upon blue light irradiation for 3 min; the cis form was achieved upon UV irradiation for 5 min.

groups of the copolymer were expected to get in and out of the
bilayer depending on the light/pH stimulus and realize more
controllability for drug release.

pH response and could undergo protonation and deprotonation,
resulting in being hydrophilic in weak acidic but hydrophobic in
neutral conditions. In brief, the AZO and PDPA groups would
provide the light and pH sensitivity. What’s more, the terminal
group C7H15 could make the copolymer ﬁx in the liposome
bilayer even when AZO and PDPA groups became hydrophilic
and got out of the bilayer. In this case, the AZO and PDPA

■

EXPERIMENTAL SECTION

Materials. 1-Palmitoyl-2-stearoyl-sn-glycero-3-phosphatidylcholine
(HSPC > 98%), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC >
5214
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Figure 2. Eﬀect of pH and UV irradiation on liposomes. (a) Particle size of liposome without copolymer insertion (Lipo.0); (b) Particle size liposome
with copolymer insertion (Lipo.4); (c) Pol value of liposomes under various conditions.
(600 mL) at 5 °C. The dialysis solution was replaced each hour. The
liposomes and DOX (0.3 mL, 2.5 mg/mL) were preheated to 67 °C
separately. Then the later was dropwise added to the former and
incubated at 67 °C for 45 min. Subsequently unloaded DOX was
removed by Sephadex G50 column.
When released from liposomes, the ﬂuorescence signal of DOX
could be monitored using a spectroﬂuorimeter (F-4500, Hitachi).
Excitation was ﬁxed at 480 nm, and the emission spectrum was
monitored at 555 nm. After irradiation with 365 nm UV light for 5 min,
200 μL of DOX loaded liposomes was added into 2800 μL of PB (pH
7.4, pH6.0) solution. The emission spectrum was measured over time.
While intermittent drug is released from liposomes with a change in pH,
1 mL of DOX-loaded liposomes was transferred into the dialysis and
then submerged into 15 mL of PB (pH 7.4, pH6.0) solution. The
accumulated release eﬃciency of liposomes was calculated as follows:

97%), and DC-cholesterol were provided from Lipoid. Doxorubicin
hydrochloride (DOX) and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
purchased from J&K. The mPEG (Mn = 350 g/mol, 98%) was
purchased from Sigma-Aldrich. All chemicals were used without further
puriﬁcation.
Synthesis of C7H15-AZO-b-PDPAn-b-mPEG. We designed a
series of pH- and photo- responsive block copolymers C7H15-AZO-bPDPAn-b-mPEG. The diblock copolymer C7H15-AZO-b-PDPA with
diﬀerent degrees of polymerization was synthesized by atom transfer
radical polymerization (ATRP) which used C7H15-AZO-Br as an
initiator. Their chemical structures and 1H NMR study were given in
Supporting Information (Figures S1−S12). The ﬁnal molecular weights
of C7H15-AZO-b-PDPA5-b-mPEG, C7H15-AZO-b-PDPA10-b-mPEG,
and C7H15-AZO-b-PDPA20-b-mPEG were 1781.07, 2846.92, and
4978.62 g/mol, respectively.
Liposome Preparation. The liposomes were prepared using the
thin-ﬁlm hydration method. In brief, HSPC, DOPC, cholesterol, and
block copolymers C7H15-AZO-b-PDPAn-b-mPEG were dissolved in the
mixture of chloroform (CHCl3) and methanol (CH3OH) and then
transferred into ﬂasks. The thin lipid ﬁlm formed on the bottom of the
ﬂask by evaporation at 45 °C for 45 min and was further dried under
vacuum for 1 h at room temperature. Then, the thin lipid ﬁlm was
hydrated at 67 °C in a water bath with 0.01 M PB (pH 7.4) solution and
sonicated for 5 min. The liposomes were then extruded through 200 nm
pore diameter polycarbonate ﬁlters for 9 cycles using an extruder
(LiposoFast, LF-1, Avestin). For the drug-release measurements, the
thin lipid ﬁlm was hydrated with 0.2 M ammonium sulfate solution.
The compositions of the liposomes were shown in Table 1. The ﬁnal
concentration of the liposomes was 1.5 mM (total molar concentration
of HSPC, DOPC, cholesterol, and C7H15-AZO-b-PDPAn-b-mPEG).
Their average sizes and zeta-potencial were determined by dynamic
light scattering (DLS, Malvern Zetasizer Nano ZS) at 25 °C. The
ﬂuorescence polarizations (Pol) of liposomes were measured at 37 °C
by a ﬂuorophotometer (PerkinElmer, LS55) using DPH as a
ﬂuorescence probe.
pH Sensitivity of Block Copolymers. The inﬂuence of pH on
zeta-potential of liposomes was investigated by using DLS. The block
copolymers were ﬁrst 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 a small volume of 2 M NaOH solution under stirring. The
change of pH values was monitored by using PHS-2C precision acidity
meter.
Photoisomerization of C7H15 -AZO-b-PDPA n-b-mPEG in
CHCl3 and Liposomal Bilayer. To determine the photosensitivity
of C7H15-AZO-b-PDPAn-b-mPEG, 0.1 M stocks of C7 H15-AZO-bPDPAn-b-mPEG both in CHCl3 solution and in liposome bilayer were
prepared. The isomerization process was recorded by using a UV−Vis
spectrophotometer (UV-2450, Shimadzu). The C7H15-AZO-b-PDPAnb-mPEG was irradiated with a 8 W Hg lamp (λ = 365 nm; WFH-204B,
He Qi, Shanghai, China) for the trans to cis isomerization and a 60 W
Hg lamp (λ = 470 nm, APV-6024, Hai Zhi Ling, Shanghai, China) to
relax back.
DOX Load and Release. The drug was loaded by using an active
transport method. The liposomes (8.0 mL) were transferred into
dialysis bag (Mn = 14 000 g/mol) and dialyzed in 0.9% NaCl solution

release (%) =

It − I 0
× 100
Iencapsulated − I0

where It was the ﬂuoresence intensity at time t, I0 was that initial
ﬂuorescence, and Iencapsulated was the data of liposomes treated with
Triton X-100.

■

RESULTS AND DISCUSSION
Properties of Block Copolymer. The zeta potential of the
C7H15-AZO-b-PDPAn-b-mPEG was measured by DLS under
various pH values. As shown in Figure S13, the triggering pH
value could be determined, which was 6.4−6.7 depending on the
size of PDPA.23−25
Observing the UV−vis absorption spectrum of the copolymer
in CHCl3 (Figure 1a,c,e), the absorption peaks were found to
decrease dramatically at 340 nm and increase a little at 440 nm
by irradiation with UV light (λ= 365 nm). Then, the peaks
returned to almost the original height when irradiated by the
blue light (λ = 470 nm). The repeat irradiation experiments
(Figure 1b,d,f) were also done by irradiation of UV−vis
alternately. These results suggested that the copolymers had
reversible photoisomerization when dispersed in CHCl3
solution. However, C7H15-AZO-b-PDPA20-b-mPEG; that is,
the copolymer with longest PDPA block showed a very narrow
variation range after UV−vis irradiation. This may be because
the PDPA block had an obstructive eﬀect on the isomerization of
the AZO group.26 What’s more, under the visible light
irradiation, the AZO group cannot be completely restored to
the trans form, and the initial absorption peak at λmax = 340 nm
was a little higher than those after repeated irradiation steps.
From the results, 3 min of irradiation by UV light was enough for
trans to cis isomerization, but the relax process under visible light
only needed 15 s.
Properties of Liposomes. In this experiment, 9 kinds of
liposomes were prepared, and their respective particle size and
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Figure 3. UV−vis absorption spectra of C7H15-AZO-b-PDPAn-b-mPEG in liposome bilayer at 37 °C under various pHs. (a), (b) n = 5; (c), (d):n = 10;
(e), (f) n = 20. Molar ratio of HSPC:DOPC:cholesterol:C7H15-AZO-b-PDPAn-b-mPEG = 20:20:8:2.

decreased from 7.4 to 6.0, the Pol value had an ignorable
decrease. For Lipo.0, UV light also showed no inﬂuence on
membrane property as well as on size. However, Lipo.4 had a
higher Pol value of 0.228, suggesting the insertion of copolymer
into liposome improve the stability of liposomal membrane as
expected. Then, an obvious decrease in membrane stability at
pH 6.0 could be found, which was resulted from the change of
arrange behavior of copolymer. As for the length of the
copolymer molecule, the copolymer should insert across the
liposomal bilayer. When the PDPA block was protonized under
pH6.0, it would come out and be exposed to the solution. From
previous study,23 it was easy to understand that the liposome
membrane should become more unstable under pH 6.0.
The isomerization of copolymers in liposome bilayer was
observed by the UV−vis absorption spectrum (Figure 3a−f).
Similar to those copolymers in CHCl3, reversible photoisomerization (Figure S14) occurred in the bilayer when
irradiated with 365 and 470 nm light separately, although the
degree of photoisomerization was reduced because of the
interference of the liposome bilayer.16 When the degree of
polymerization of PDPA increased, the photoisomerization of
AZO in the liposome was gradually suppressed,26 suggesting a

corresponding zeta potential were shown in Table 1. The
liposomes had a diameter of about 120 nm for blank liposome
and 150 nm in average for liposomes with copolymer
(dispersion coeﬃcient (PDI): 0.200), indicating that the
liposomes were relatively uniform in size. Their zeta potentials
were in the positive range of 25−60 mV, which were mainly
contributed by cholesterol.
The eﬀect of pH and UV on the size of the liposome was
studied by DLS. It was found that, after changing the pH and UV
light, the blank liposome (Figure 2a) had no change in size,
while the liposomes containing C7H15-AZO-b-PDPAn-b-mPEG
(Figure 2b) had a ﬂuctuation in size. When pH decreased from
7.4 to 6.0, the size of the liposome was reduced. This was
considered to result from the shift of the PDPA block which
caused the liposomes to be tightly packed. After UV irradiation,
the size of the liposomes increased under both pH values,
resulting from the isomerization of the AZO group, which made
the ﬁlm arrangement loose.
The mobility of the liposome membrane was studied by a
ﬂuorescence polarimeter. Higher Pol value means low mobility
(i.e., a more stable membrane). As shown in Figure 2c, the Pol
value of the blank liposome (Lipo.0) was about 0.212. When pH
5216
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Figure 4. DOX release kinetics from liposomes. (a) Lipo.0; (b) Lipo.3.

These results indicated that the insertion of the C7H15-AZOb-PDPA10-b-mPEG could restrain drug leakage at pH 7.4 and
increase the drug release at pH 6.0. When UV light was applied,
the release of the drug can be further increased, although the
diﬀerence in release amounts due to UV irradiation was not very
large. Thus, the prepared liposome had a better pH and lightsensitive eﬀect.
Eﬀect of Cholesterol Content. The eﬀect of cholesterol
content on drug release was investigated. As shown in Figure 6a,
the higher the cholesterol ratio, the higher the cumulative release
amount was found in this experiment condition. Liposomes have
a speciﬁc phase transition temperature Tm generally depending
on their compositions of phospholipids. Addition of cholesterol
has been reported to bring two diﬀerent eﬀects to the property of
the phospholipid membrane.27 Cholesterol can limit the methyl
movement of the fatty acid chain and reduce the ﬂuidity of the
membrane when the temperature is above Tm. However, below
Tm, cholesterol can increase the ﬂuidity of the membrane. In this
experiment, Tm was above 40 °C,23,25 and then at 37 °C,
cholesterol was found to increase the ﬂuidity of the membrane
and then resulted in the higher release amount.28
Eﬀect of Copolymer Content. Figure 6b showed the
inﬂuence of the insertion of copolymer on the drug release. The
percentage of copolymer at 2% (Lipo.3) showed a better pH
controllable eﬀect. At pH 7.4, the PDPA block was aligned with
the phospholipid molecules because of its hydrophobic
properties, and it was ﬁrmly inserted into the liposome bilayer
like a piston. When pH decreased to 6.0, the PDPA block
underwent protonation and its hydrophilicity increased. Then,
the PDPA block gradually came out of the bilayer and left a
microhole on the liposome surface for drug release. When
copolymer content increased under pH7.4, the release amount
decreased ﬁrst and then increased, indicating that a small
amount of the copolymer insertion could help to stabilize the
membrane and reduce drug leakage, but too much copolymer
would cause instability of the membrane structure. However,
diﬀerent from pH 7.4, at pH 6.0, the amount of drug release
always increased with the copolymer content, which was
considered to be relative to the pH sensitivity of PDPA block.
Under the weak acidic condition, the PDPA block would
become hydrophilic and could not stay in the liposome bilayer.
The block came out of the liposome and hung on the liposome
surface by the hydrophobic end (C7H15-AZO-) of copolymer.
Therefore, the doping of an appropriate amount of copolymer
could give the liposome a better sensitivity.25
Eﬀect of PDPA Block Length. It can be seen from Figure 7
that the increase in PDPA length could promote drug release,

massive body of copolymer seemed to hamper the AZO group to
stretch freely. What’s more, the photoisomerazation behavior
was found to be basically unaﬀected by pH from the results. It
meant that the AZO group still stayed in the lipid bilayer,
although the PDPA block might move out of membrane when it
became hydrophilic under pH6.0. Furthermore, we had
demonstrated that no copolymer escaped from liposomal
bilayer under various pHs and photo irradiation conditions (as
shown in Figure S15). In brief, under our experimental
conditions, the photoisomerization behavior of AZO was mainly
determined by the molecular structure of the copolymer AZO
that was grafted and the environment in which it was located.
Release Kinetics. The liposomes were drug loaded by
ammonium the sulfate gradient method, and the drug loading
amount reached above 80%. The release kinetics of DOX from
the liposomes were shown in Figure 4. It could be found that the
release behavior of the blank liposome (Lipo.0, Figure 4a) was
almost the same under various conditions, suggesting the
stimulus of pH and UV had little eﬀect on its release amount.
Their cumulative release amounts reached about 60%. After
inserting C7H15-AZO-b-PDPA10-b-mPEG into liposome, the
maximum release amount (Lipo.3) was found to decrease to
20% at pH 7.4 but increased to 70% or more at pH 6.0, as shown
in Figure 4b.
Then the photosensitive eﬀect was investigated under pH 6.0
by UV irradiation during the release process, as shown in Figure
5. The liposome (Lipo.4) was irradiated by UV light for 5 min at
the moment of 0 min, 40 min, 2 h, and 4 h. Compared with the
release without UV irradiation, the other ﬁnal release amounts
were found to reach the same value (90%). For liposomes
without UV irradiation, the maximum drug release only reached
80%.

Figure 5. DOX release kinetics of liposomes (Lipo.4) under pH 6.0
when UV light was applied after diﬀerent intervals.
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Figure 6. Eﬀect of cholesterol content (a) and copolymer content (b) on drug release.

Figure 7. Release kinetics of C7H15-AZO-b-PDPAn-b-mPEG copolymers with diﬀerent PDPA blocks. Below: the respective arranging behaviors of
copolymers in liposome bilayer.

Figure 8. Intermittent drug releases from liposomes with a change in pH. Solid lines: releases under intermittent pH between 7.4 and 6.0 (Blue area:
pH 7.4; Yellow area: pH 6.0). Dotted lines: Releases always under pH 7.4 (Blue) and pH 6.0 (Red) respectively.

(Figure 7b), the copolymer had long enough to span the double
phospholipid membrane for stabilizing the liposome membrane.
By decreasing the pH, the PDPA block came out of the

but when the length was too large, the drug release would be
reduced. Figure 7 showed the arranging behaviors of copolymers
in the liposome bilayer, respectively. For n = 10 PDPA block
5218
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Figure 9. (a) Particle size change of liposomes without copolymer (Lipo.0) as a function of pH; (b) Particle size change of liposomes with copolymer
(Lipo.4) as a function of pH. Insert: The size distribution spectrum.

that of Lipo.4 became a little smaller when pH changed from 7.4
to 6.0 (Lipo.4, Figure 9b), suggesting that the liposome bilayer
became more compact when the PDPA block went out of the
bilayer. The size changing was also found to be reversible and
determined by pH value, which was thought to be the important
key of the automatic piston.

phospholipid membrane causing the improvement of the
membrane ﬂuidity and drug release. For copolymer with short
PDPA (n = 5) (Figure 7a), the copolymer only penetrated the
outer layer of liposome bilayer and could not stabilize the
membrane. Finally, for very long PDPA (n = 20), as shown in
Figure 7c, the drug releases under both pH values were
suppressed. This may be because the long copolymer might
twine with phospholipids like “Z shape”, which decreased the
membrane ﬂuidity and not let the PDPA block go out of
liposome bilayer when it became hydrophilic after protonation.
Therefore, the liposomes with long copolymers could not
release the drug swimmingly under both stimuli.
However, all the above results showed the stimulation of UV
did not have a very obvious eﬀect on improving drug release.
The largest diﬀerence between the release amount with and
without UV was only 10% (Lipo.4). The AZO group was
expected to isomerize under UV light and stimulate drug release.
From these results, the UV eﬀect was not obvious, which was
thought to be relative to the weak isomerization of the AZO
group as mentioned in Figure 3.
pH-Switch Mode for Drug Release. The PDPA block of
C7H15-AZO-b-PDPAn-b-mPEG copolymer would undergo a
hydrophilic−hydrophobic reversible transition depending on
pH. Here, the release behavior of liposomes was studied by
changing pH intermittently between 6.0 and 7.4. As the solid
lines shown in Figure 8, the drugs were released rapidly at pH
6.0, but became slow at pH 7.4. Additionally, the intermittent
release could obtain a more ﬁnal release amount than release
under ﬁxed pH 6.0. The results indicated that these liposomes
had a better pH-controllable release behavior.
Among the three liposomes, Lipo.4 was found to have the best
intermittent release eﬀect, realizing a complete release, whose
release kinetics were illustrated in Figure 8, along with the other
two liposomes. C7H15-AZO-b-PDPA10-b-mPEG copolymers
could provide excellent stability to liposomes at pH 7.4 and
improve membrane ﬂuidity at pH 6.0. However, even under pH
6.0, the copolymers could not leave from liposome completely
because the hydrophobic C7H15-AZO existed. The copolymers
could hang on the liposome through C7H15-AZO groups. When
pH returned to 7.4, the PDPA block returned to be hydrophobic
state, resulting in being drown back into the liposome bilayer.
Then, the copolymer worked like an automatic piston in the
bilayer and acted as an on−oﬀ switch for drug release. The
repeated action of the piston depending on pH was veriﬁed by
DLS experiment. As shown in Figure 9, the sizes of blank
liposome (Lipo.0, Figure 9a) were constant under both pHs, but

■

CONCLUSIONS
In summary, the designed C7H15-AZO-b-PDPAn-b-mPEG block
copolymers were inserted into liposomes to prepare pH- and
photosensitive drug carriers. From the results, it was found that
the copolymer can stabilize the liposome at pH 7.4 and increase
the drug release at pH 6.0, and then further increase the drug
release when UV light is applied. Doping of an appropriate
amount of cholesterol and copolymer could give the liposome a
better sensitivity and decrease the side-eﬀect of an antitumor
drug. The intermittent drug release of liposomes showed good
pH-controllability and realized a complete drug release.
However, compared with pH-sensitivity, the UV stimulus
showed a weaker eﬀect on controlling the drug release. Results
suggested that the molecular structure of copolymer and
membrane properties should give ﬁnal inﬂuences on drug
release from liposomes. The study would have great signiﬁcance
for how to deliver drugs accurately in the ﬁeld of clinical tumor
treatment.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.langmuir.8b04094.
Synthetic methods of C7H15-AZO-PDPAn-mPEG (Figures S1−S12); the zeta potential of the C7H15-AZO-bPDPAn-b-mPEG copolymers as a function of pH (Figure
S13); the reversible photoisomerization of C7H15-AZO-bPDPAn-b-mPEG in bilayer (Figure S14) (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: xushouhong@ecust.edu.cn.
ORCID

Shouhong Xu: 0000-0002-6019-0585
Honglai Liu: 0000-0002-5682-2295
Notes

The authors declare no competing ﬁnancial interest.
5219

DOI: 10.1021/acs.langmuir.8b04094
Langmuir 2019, 35, 5213−5220

Article

Langmuir

■

(18) Beharry, A. A.; Woolley, G. A. Azobenzene photoswitches for
biomolecules. Chem. Soc. Rev. 2011, 40 (8), 4422−4437.
(19) Wang, G. J.; Zhang, J. Photoresponsive molecular switches for
biotechnology. J. Photochem. Photobiol., C 2012, 13 (4), 299−309.
(20) Li, J. G.; Yu, Z. Q.; Jiang, H.; Zou, G.; Zhang, Q. J. Photo and pH
dual-responsive polydiacetylene smart nanocontainer. Mater. Chem.
Phys. 2012, 136 (1), 219−224.
(21) Yang, Y.; Li, M. Y.; Li, Z. P.; Yu, F. L.; Li, B. Y.; Mei, X. G. Dualstimuli responsive nanoparticle system for enhanced and targeted
cancer therapy. J. Controlled Release 2017, 259, e166−e167.
(22) Hu, X. Y.; Jia, K. K.; Cao, Y.; Li, Y.; Qin, S.; Zhou, F.; Lin, C.;
Zhang, D. M.; Wang, L. Y. Dual Photo- and pH-Responsive
Supramolecular Nanocarriers Based on Water-Soluble Pillar 6 arene
and Different Azobenzene Derivatives for Intracellular Anticancer Drug
Delivery. Chem. - Eur. J. 2015, 21 (3), 1208−1220.
(23) Hao, W. J.; Han, X.; Shang, Y. Z.; Xu, S. H.; Liu, H. L. Insertion of
pH-sensitive bola-type copolymer into liposome as a ″stability anchor″
for control of drug release. Colloids Surf., B 2015, 136, 809−816.
(24) Hao, W. J.; Xia, T.; Shang, Y. Z.; Xu, S. H.; Liu, H. L.
Characterization and release kinetics of liposomes inserted by pHresponsive bola-polymer. Colloid Polym. Sci. 2016, 294 (7), 1107−
1116.
(25) Xia, T.; Hao, W. J.; Shang, Y. Z.; Xu, S. H.; Liu, H. L.
Incorporation of Amphipathic Diblock Copolymer in Lipid Bilayer for
Improving pH Responsiveness. Int. J. Polym. Sci. 2016, 2016, 10.
(26) Jin, M.; Lu, R.; Yang, Q. X.; Bao, C. Y.; Sheng, R.; Xu, T. H.;
Zhao, Y. Y. Preparation of side-on bisazobenzene-containing
homopolymers and block copolymers via ATRP and studies on their
photoisomerization and photoalignment behaviors. J. Polym. Sci., Part
A: Polym. Chem. 2007, 45 (15), 3460−3472.
(27) Cooper, R. A. Influence of increased membrane cholesterol on
membrane fluidity and cell function in human red blood cells. J.
Supramol. Struct. 1978, 8 (4), 413.
(28) Bisby, R. H.; Mead, C.; Morgan, C. C. Wavelength-programmed
solute release from photosensitive liposomes. Biochem. Biophys. Res.
Commun. 2000, 276 (1), 169−173.

ACKNOWLEDGMENTS
Financial support for this work was provided by the National
Natural Science Foundation of China (no. 21776071) and the
National Natural Science Foundation of China for Innovative
Research Groups (no. 51621002).

■

REFERENCES

(1) Allen, T. M.; Cullis, P. R. Liposomal drug delivery systems: From
concept to clinical applications. Adv. Drug Delivery Rev. 2013, 65 (1),
36.
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