
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 2
:5

4:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Facile preparatio
aDepartment of Polymeric Materials and Eng

Guangdong University of Technology, Guang

gdut.edu.cn; lizhang@gdut.edu.cn
bGuangdong Provincial Key Laboratory

Guangzhou 510006, China

† Electronic supplementary informa
10.1039/c7ra02770b

Cite this: RSC Adv., 2017, 7, 23114

Received 7th March 2017
Accepted 17th April 2017

DOI: 10.1039/c7ra02770b

rsc.li/rsc-advances

23114 | RSC Adv., 2017, 7, 23114–23121
n of hybrid vesicles loaded with
silica nanoparticles via aqueous photoinitiated
polymerization-induced self-assembly†
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Qin Xu,a Xueliang Lia and Li Zhang*ab

We report a room-temperature photoinitiated polymerization-induced self-assembly (photo-PISA) of 2-

hydroxypropyl methacrylate (HPMA) in the presence of silica nanoparticles using a poly(ethylene glycol)

methyl ether (mPEG) macromolecular chain transfer agent (macro-CTA). Hybrid vesicles loaded with

silica nanoparticles were obtained by this one-pot approach. The solids content of the polymer vesicles

can be up to 25% w/w. A control experiment was conducted to prove that free silica nanoparticles can

be removed via centrifugation-redispersion. Finally, CO2-responsive hybrid vesicles were prepared by

photo-PISA of HPMA and 2-(dimethylamino)ethyl methacrylate (DMAEMA). Silica nanoparticles were

subsequently released from the vesicles via CO2 bubbling at room temperature.
Introduction

Inorganic/organic hybrid vesicles with nanoparticles have
attracted continuing interest due to their broad applications in
UV screening, catalysis, cell targeting, imaging, and drug
delivery.1–4 One signicant advantage of inorganic/organic
hybrid vesicles is that they synergetically combine the
inherent properties of both inorganic nanoparticles and organic
vesicles.

The preparation of inorganic/organic hybrid vesicles is
usually achieved by a two-step procedure using polymer vesicles
as the template. In a typical procedure, polymer vesicles are
rstly prepared by solution self-assembly of block copolymers
and subsequently loaded with nanoparticles via in situ deposi-
tion. For example, Du et al.1 reported the synthesis of hybrid
polymer/titanium dioxide vesicles via selective deposition of
tetrabutyl titanate in the PDMAEMA shell. The obtained hybrid
vesicles exhibit excellent UV-screening efficacy due to the scat-
tering by vesicles. Ren et al.5 synthesized vesicles based on the
self-assembly of poly(ethylene oxide)-block-poly(tert-butyl acry-
late-stat-acrylic acid). Superparamagnetic iron oxide nano-
particles were then loaded in situ within the membrane of the
vesicles. The obtained hybrid vesicles can be further used for
MRI imaging and drug delivery. As an alternative, inorganic/
ineering, School of Materials and Energy,
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organic hybrid vesicles can also be prepared by self-assembly
of block copolymers and nanoparticles with nanoparticles
embedded into the vesicular membrane. Duan et al.3 reported
the preparation of plasmonic vesicular structures assembled
from gold nanoparticles with mixed polymer brush coatings.
The disruption of vesicles can be triggered by NIR irradiation,
which shows potential applications in drug delivery. Liu et al.6

developed a strategy to prepare hybrid vesicles with well-dened
morphology, shape, and surface pattern by coassembling of
block copolymer-coated inorganic nanoparticles and block
copolymers. Bian et al.7 reported a general UV-triggered method
for assembling thiol-capped inorganic nanoparticles (including
Au, Pt, Pd, and CdSe) into vesicles. The driving force of the
formation of vesicles is based on oxidation of thiol ligands upon
UV irradiation.

Despite the tremendous progress made in hybrid vesicles,
however, these techniques are typically only conducted in
dilution solution (<1%). Moreover, post-polymerization pro-
cessing (e.g. dialysis, pH switch) is usually required to obtain
diblock copolymer vesicles, which is difficult to implement on
a large scale. In contrast, the recent development of
polymerization-induced self-assembly (PISA) via reversible
addition-fragmentation chain transfer (RAFT)-mediated
dispersion polymerization enables diblock copolymer vesicles
to be prepared at up to 30% solids content without any post-
polymerization processing.8–16 Recently, the preparation of
hybrid vesicles via PISA has been explored by several groups. For
example, the Boyer group2 synthesized diblock copolymer vesi-
cles via alcoholic dispersion polymerization of styrene at 70 �C.
Gold nanoparticles were then attached to the vesicles via post
reduction. Zhou et al.17 reported the synthesis of poly(2-(ace-
toacetoxy)ethyl methacrylate)-based vesicles via alcoholic
This journal is © The Royal Society of Chemistry 2017
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View Article Online
dispersion polymerization, and silver nanoparticles were
formed aer complexation of Ag+ with the ketoester group.
Mable et al.18 reported the synthesis of silica-loaded polymer
vesicles via aqueous dispersion polymerization in the presence
of silica nanoparticles at 70 �C. Silica nanoparticles can be
released from the vesicles by decreasing the temperature to
0 �C. Very recently, Zheng et al.19 developed a surface-initiated
alcoholic PISA formulation of polymer-graed silica nano-
particles to prepare single-walled hybrid vesicles at 70 �C.
However, precipitation occurred at high monomer conversions
which may be ascribed to irregular particle aggregation.

Herein, we report a room-temperature strategy to prepare
hybrid polymer vesicles via aqueous photoinitiated RAFT
dispersion polymerization of HPMA. The solids content can be
up to 25% w/w. Water-dispersible silica nanoparticles (20 nm)
were added at the beginning of the reaction and encapsulated in
situ into the polymer vesicles. Finally, silica nanoparticles were
released from CO2-responsive polymer vesicles via CO2 trigger
under mild conditions.
Experimental section
Materials

2-Hydroxypropyl methacrylate (HPMA, Aladdin), poly(ethylene
glycol) methyl ether (Sigma Aldrich, mPEG113, Mn ¼ 5000 g
mol�1), poly(ethylene glycol) methyl ether methacrylate
(PEGMA, Mn ¼ 500 g mol�1), 2-(dimethylamino)ethyl methac-
rylate (DMAEMA, Aladdin), 1,3,5-trioxacyclohexane (Aladdin),
dicyclohexylcarbodiimide (DCC, Aladdin), 4-dimethylamino-
pyridine (DMAP, Aladdin), hydroquinone (Aladdin), 2,4,6-
trimethylbenzoyldi-phenylphosphinate (TPO-L, Tianjin Jiuri
Chemical Co., LTD), and LUDOX® AM colloidal silica (30 wt%
suspension in H2O, Sigma-Aldrich) were used without further
purication. 2,2-Azobisisobutyronitrile (AIBN, Aladdin) was
recrystallized from ethanol prior to storage under refrigeration
at 4 �C. Sodium phenyl-2,4,6-trimethylbenzoylphosphinate
(SPTP) was synthesized according to a literature procedure.20

4-Cyano-4-(ethylthiocarbonothioylthio) pentanoic acid (CEPA)
and 4-cyano-4-(dodecylsulfanylthiocarbonyl) sulfanylpentanoic
acid (CDPA) were synthesized according to literature.21
Synthesis of mPEG113-CEPA

A solution of CEPA (1.20 g, 4.40 mmol) in anhydrous dichloro-
methane (40 mL) was introduced in a dry ask under nitrogen
atmosphere containing mPEG113 (11.00 g, 2.20 mmol). Then
a solution of DCC (0.90 g, 4.40 mmol) and DMAP (0.054 g, 0.44
mmol) in anhydrous dichloromethane (10 mL) was added
dropwise to the reaction mixture at 0 �C. The esterication
reaction proceeded with stirring at room temperature for 48 h.
The product was collected by precipitation in cold diethyl ether,
and washed several times with additional diethyl ether. The
product was nally dried at 45 �C under vacuum to obtain
a yellow powder.
This journal is © The Royal Society of Chemistry 2017
Synthesis of PPEGMA14-CDPA

PEGMA (7.50 g, 15.00 mmol), CDPA (0.40 g, 1.00 mmol), AIBN
(0.033 g, 0.20 mmol), and 1,3,5-trioxacyclohexane (0.14 g, 1.50
mmol), and 1,4-dioxane (10.0 g) were added into a 50 mL round
bottom ask. The reaction mixture was purged with nitrogen,
sealed, and immersed into a preheated oil bath at 70 �C for 5 h
(monomer conversion ¼ 90% as determined by 1H NMR). The
reaction was quenched by immersion in ice/water and exposure
to air. The macro-RAFT agent was precipitated with cold diethyl
ether and washed several times with additional diethyl ether.
The product was dried at 45 �C under vacuum overnight.

Aqueous photoinitiated RAFT dispersion polymerization

A typical protocol for the synthesis of mPEG113-PHPMA365
vesicles is given below: HPMA (2.50 g, 0.017 mol), mPEG113-
CEPA (0.25 g, 0.048 mmol), SPTP (5.0 mg, 0.016 mmol), and
water (7.50 g) were added into a 25 mL round bottom ask. The
reaction mixture was purged with nitrogen for 20 min, sealed,
and irradiated by a LED lamp (405 nm, light intensity of 0.4 mW
cm�2) at room temperature for 1 h.

In situ encapsulation of silica nanoparticles into vesicles

A typical protocol for the synthesis of hybrid vesicles is given
below: HPMA (2.50 g, 0.017 mol), mPEG113-CEPA (0.25 g, 0.048
mmol), SPTP (5.0 mg, 0.016 mmol), silica sol (4.0 g, 30%) and
water (4.70 g) were added into a 25 mL round bottom ask. The
reaction mixture was purged with nitrogen for 20 min, sealed,
and irradiated by a LED lamp (405 nm, light intensity of 0.4 mW
cm�2) for 1 h. The obtained vesicles were diluted with water,
sedimented by centrifugation at 4000 rpm and resuspended in
water. This washing process was repeated 8 times to remove free
silica nanoparticles. It should be noted that the concentration
of HPMA in water was maintained at 25% w/w for all
formulations.

Synthesis of CO2-responsive hybrid vesicles

For the synthesis of mPEG113-P(HPMA365-co-DMAEMA40) hybrid
vesicles, HPMA (1.0 g, 6.9 mmol), mPEG113-CEPA (0.10 g, 0.019
mmol), SPTP (2.10 mg, 0.016 mmol), DMAEMA (0.13 g, 0.80
mmol), silica sol (1.60 g, 30%), and water (1.90 g) were added
into a 25 mL round bottom ask. The reaction mixture was
purged with nitrogen for 20 min, sealed, and irradiated by
a LED lamp (405 nm, light intensity of 0.4 mW cm�2) for 1 h.
The obtained vesicles were diluted with water, sedimented by
centrifugation at 4000 rpm and resuspended in water. This
washing process was repeated 8 times to remove free silica
nanoparticles.

Characterization

The products were diluted 100-fold with water. A drop of the
dispersion was placed on a copper grip for 1 min and then
blotted with lter paper to remove excess solution. Then a drop
of uranyl acetate solution (0.5% w/w) was soaked on the same
copper grid for 1.5 min, and then blotted using lter paper to
remove excess solution. Transmission electron microscopy
RSC Adv., 2017, 7, 23114–23121 | 23115
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Scheme 1 Synthesis of poly(ethylene glycol)-b-poly(2-hydroxypropyl
methacrylate) diblock copolymer nano-objects via aqueous photo-
initiated polymerization-induced self-assembly at 25 �C.
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(TEM) observations were carried out on a FEI Tecnai G2 Spirit
instrument operated at 120 kV or a ZEISS geminiSEM500
instrument operated at 22 kV. Scanning electron microscopy
(SEM) observations were carried out on a ZEISS geminiSEM500
instrument operated at 2 kV or lower.

Copolymer molecular weights and polydispersities were
determined by gel permeation chromatography (GPC) instru-
ment using a Waters 1515 instrument with tetrahydrofuran
(THF) as the mobile phase and Waters styragel HR1, HR4
columns. The ow rate of THF was 1.0 mL min�1. Calibration
was conducted using near-monodisperse poly(methyl methac-
rylate) standards.

1H NMR measurements were conducted in D2O or DMSO-d6
using a Bruker Advance III NMR spectrometer (400 MHz) at
25 �C.

Hydrodynamic diameters of the dispersions (0.1% v/v) were
conducted using Brookhaven nanoparticle size-zeta potential t
analyzers.

Thermogravimetric analysis (TGA) was performed using
a SDT 2960 Simultaneous DSC-TGA instrument under a stream
of nitrogen. The samples were heated from 50 to 700 �C at
a scan rate of 10 �C min�1.
Fig. 1 TEM images of mPEG113-PHPMAn diblock copolymer nano-
objects prepared via aqueous photo-PISA at different HPMA
concentrations: (a) n ¼ 200, 10% w/w HPMA, (b) n ¼ 100, 20% w/w
HPMA, (c) n ¼ 365, 25% w/w; (d) GPC traces of mPEG113 and mPEG113-
PHPMAn (n¼ 100, 200, 365) diblock copolymers prepared via aqueous
photo-PISA at different HPMA concentrations.
Results and discussion
Photoinitiated polymerization-induced self-assembly

Polymerization-induced self-assembly is typically conducted via
thermal initiation at 70 �C, which may limit the preparation of
thermo-sensitive or bio-related polymer nano-objects. Recently,
our group developed an aqueous photoinitiated polymerization-
induced self-assembly (photo-PISA) of HPMA at low tempera-
tures, and quantitative monomer conversions were achieved in
a short reaction time (<15 min).22–25 Globular proteins and silica
nanoparticles can be encapsulated in situ into vesicles via
photo-PISA. In the present work, we further investigate the
photo-PISA strategy for the preparation of hybrid vesicles by
adding silica nanoparticles at the beginning of the reaction.
This strategy provides a prototype to prepare vesicles with
different payloads. In particular, the low temperature property
of this method is benecial for encapsulating thermo-sensitive
payloads into the vesicles.

The macro-RAFT agent (mPEG113-CEPA) was synthesized by
esterication of mPEG113 and CEPA in anhydrous dichloro-
methane for 48 h at room temperature. mPEG113-CEPA was
subsequently chain extended to synthesize well-dened diblock
copolymer nano-objects via aqueous photo-PISA of HPMA at
25 �C under 405 nm visible light irradiation, as shown in
Scheme 1. A kinetic study of aqueous photo-PISA of HPMA
(target degree of polymerization (DP) of 200) was conducted at
room temperature with a HPMA concentration of 10% w/w
(Fig. S1†). The polymerization proceeded rapidly with 100%
monomer conversion (determined by 1H NMR of the disap-
pearance of vinyl signals) being reached within 15 min of
405 nm visible light irradiation. This can be attributed to the
fast decomposition of photoinitiator (SPTP in the present work)
under 405 nm visible light irradiation.
23116 | RSC Adv., 2017, 7, 23114–23121
One advantage of PISA is that the morphology of polymer
nano-objects (spheres, worms, and vesicles) can be controlled
by varying the DP of the core-forming block and monomer
concentration. Fig. 1 shows TEM images of mPEG113-PHPMAn

(n ¼ 100, 200, 365) diblock copolymer nano-objects prepared at
different monomer concentrations (10%, 20%, and 25%). Pure
spheres, worms, and vesicles were obtained by aqueous photo-
PISA. Fig. 1d shows GPC results for the corresponding mPEG113-
PHPMAn (n ¼ 100, 200, 365) diblock copolymers and mPEG113-
CEPA. It can be clearly seen that increasing the target DP of
PHPMA block leads to a monotonic increase in the GPC
molecular weight of the diblock copolymers. Narrow molecular
weight distributions (Mw/Mn < 1.30) were observed in all studied
This journal is © The Royal Society of Chemistry 2017
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formulations. These results indicated that good control was
maintained during the aqueous photo-PISA process. It should
be noted that the obtained diblock copolymers contained
modest levels of low molecular weight impurities according to
the GPC results. This can be attributed to the presence of
a small amount of non-functionalized mPEG113.
Fig. 2 TEM images of unpurified and purified mPEG113-PHPMA365

hybrid vesicles prepared via aqueous photo-PISA of HPMA by adding
different amounts of silica sol (30% in water): (a)–(c) 2.0 g; (d)–(f) 4.0 g;
(g)–(i) 6.0 g.
Synthesis and characterization of hybrid vesicles loaded with
silica nanoparticles

It is well-known that polymer vesicles are hollow spheres with
a hydrophobic membrane and hydrophilic interior that can
encapsulate both hydrophobic and hydrophilic payloads.26 We
then attempted to load silica nanoparticles into polymer vesi-
cles via aqueous photo-PISA. Commercial available silica sol
(containing 30% w/w silica nanoparticles in water, 20 nm) was
added at the beginning of aqueous photo-PISA and became
encapsulated in situ in the lumen of polymer vesicles as shown
in Scheme 2. Free silica nanoparticles can be removed via
a careful centrifugation-redispersion process. It should be
noted that the concentration of HPMA was maintained at 25%
w/w in all formulations with the consideration of additional
water content in the silica sol.

Milky white and highly viscous dispersions were obtained by
varying amounts of silica nanoparticle sol from 0 to 6.0 g. 1H
NMR measurement conrmed that high monomer conversions
(>98%) were achieved in all cases, suggesting that the presence
of silica nanoparticles did not disturb the aqueous photo-PISA
process. Fig. 2 shows TEM images of the silica/mPEG113-
PHPMA365 hybrid vesicles prepared via aqueous photo-PISA of
HPMA at room temperature before and aer centrifugation. It
can be clearly seen that silica-loaded hybrid vesicles were
contaminated with free silica nanoparticles before the
centrifugation-redispersion process (Fig. 2a, d and g), and
a large number of free silica nanoparticles were present when
the adding amount of silica sol was 6.0 g (see Fig. 2g). Aer nine
centrifugation-redispersion cycles (centrifuged at 4000 rpm),
TEM images conrmed that most free silica nanoparticles had
been removed and hybrid vesicles were obtained. Comparing
Fig. 2c and f, it is clear that more silica nanoparticles were
encapsulated into the vesicles as the adding amount of silica sol
increased from 2.0 to 4.0 g.

One may question these TEM observations are the result of
drying artifacts. We then conducted a control experiment to
ensure that silica nanoparticles are indeed encapsulated inside
the vesicles. Pure mPEG113-PHPMA365 vesicles were mixed with
a certain amount of silica nanoparticles (comparable with the
sample of Fig. 2d) under magnetic stirring for 1 h. Fig. 3a shows
Scheme 2 Preparation and purification of hybrid vesicles loaded with si

This journal is © The Royal Society of Chemistry 2017
the TEM image of the sample and vesicles contaminated with
a large number of free silica nanoparticles are observed. The
sample was then subjected to nine centrifugation-redispersion
cycles (centrifuged at 4000 rpm) to remove free silica nano-
particles. Fig. 3b shows that majority of silica nanoparticles
have been removed and only a few silica nanoparticles
contaminated with the vesicles (Fig. 3b). TGA measurement
further conrmed this conclusion (Fig. 3c). The hybrid vesicles
prepared with 4.0 g silica sol (Fig. 2d) were then characterized
by SEM as shown in Fig. 4a. It should be noted that the oper-
ating voltage should be lower than 2.0 kV to maintain the
morphology of hybrid vesicles under high vacuum conditions.
Fig. 4a shows the SEM image of the sample before centrifuga-
tion. A large number of silica nanoparticles were observed on
the surface of the vesicle. Aer nine centrifugation-redispersion
cycles, only a few silica nanoparticles were attached on the
surface of the vesicle (Fig. 4b), indicating that vast majority of
free silica nanoparticles have been removed. The same vesicle of
Fig. 4b was then characterized under STEMmode and the STEM
lica nanoparticles via aqueous photo-PISA of HPMA.

RSC Adv., 2017, 7, 23114–23121 | 23117

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02770b


Fig. 4 (a) SEM image of unpurified mPEG113-PHPMA365 hybrid vesicles prepared via aqueous photo-PISA of HPMA in the presence of 4.0 g silica
sol, (b) SEM image of purifiedmPEG113-PHPMA365 hybrid vesicles prepared via aqueous photo-PISA of HPMA in the presence of 4.0 g silica sol, (c)
STEM image of the same vesicle of (b).

Fig. 3 (a) TEM image of the mPEG113-PHPMA365 vesicles mixed with silica nanoparticles under magnetic stirring for 1 h, (b) the sample of (a) after
nine centrifugation-redispersion cycles, (c) TGA curve of sample (b).

Fig. 5 TGA data recorded for purified mPEG113-PHPMA365 diblock
copolymer vesicles prepared in the presence of increasing amounts of
silica sol. TGA curve for the dried silica nanoparticles was also
measured as a reference.

Fig. 6 (a) and (b) TEM images of PPEGMA14-PHPMA400 diblock
copolymer vesicles via aqueous photo-PISA (20% w/w HPMA); (c) and
(d) TEM images of PPEGMA14-PHPMA400 diblock copolymer nano-
objects via aquous photo-PISA with 4.0 g silica sol added at the

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 2
:5

4:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
image indicated that a large number of silica nanoparticles were
still encapsulated inside the vesicular lumen (Fig. 4c). TGA was
then utilized to characterize the puried hybrid vesicles as
shown in Fig. 5. The weight loss below 450 �C can be assigned to
the loss of PHPMA vesicles. No weight loss was observed at
above 450 �C, indicating the remaining of silica nanoparticles.
Higher percentage of weight remaining was observed as the
increase of adding amount of silica nanoparticles, indicating
more silica nanoparticles were encapsulated into the lumen of
vesicles.

A linear polymer was used as the macro-RAFT agent
(mPEG113-CEPA) in the above aqueous photo-PISA for the
preparation of hybrid vesicles. In order to gain further insight
into the formation process of hybrid vesicles, PPEGMA14-CDPA,
a brush-type macro-RAFT was then utilized to mediate the
23118 | RSC Adv., 2017, 7, 23114–23121
aqueous photo-PISA process. According to our previous work,24

pure vesicles can be obtained by aqueous photo-PISA of HPMA
at a monomer concentration of 20% w/w with the target DP of
400. Similar results were observed in the present work, as shown
in Fig. 6a and b. We then attempted to encapsulate silica
nanoparticles into these vesicles via aqueous photo-PISA using
beginning of the reaction.

This journal is © The Royal Society of Chemistry 2017
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Scheme 3 CO2-triggered release of silica nanoparticles from
mPEG113-P(HPMA365-co-DMAEMA40) hybrid vesicles.
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the brush-type macro-RAFT agent. 4.0 g silica sol was added to
the above formulation and the concentration of HPMA was
maintained at 20% w/w with the consideration of water content
in the silica sol. High monomer conversion (>99%) was
observed in this case, however, no hybrid vesicles were
observed. Fig. 6c shows the TEM image of the obtained sample
and only worm-like micelles were formed. The high magni-
cation TEM image (Fig. 6d) shows that a large number of silica
nanoparticles were contaminated with the worm-like micelles.
These results indicate that the presence of silica nanoparticles
limited the formation of higher order morphologies (vesicles in
this case) when a brush-type macro-RAFT agent was used in
Fig. 7 (a) TEM image of mPEG113-P(HPMA365-co-DMAEMA40) hybrid ves
image of sample (a) after bubbling with CO2, (c) digital photo of the dispe
DLS measurement of mPEG113-P(HPMA365-co-DMAEMA40) hybrid vesic

This journal is © The Royal Society of Chemistry 2017
aqueous photo-PISA. Qiao et al.27 reported that the adsorbed
amount of PPEGMA on silica surface at saturation (1.87 mg
m�2) is signicant higher than that of the linear PEO (around
0.4–0.8 mg m�2). Therefore, the adsorption of PPEGMA-CDPA
on silica nanoparticles increases the effective volume fraction
of the PPEGMA stabilizer block and hence lowers the packing
parameter, which restricts the formation of vesicles. In contrast,
the adsorption of mPEG-CEPA on the silica nanoparticles is
relatively low, which has little effect on the parameter of the
copolymer chains. Thus it is important to weaken the interac-
tion between the macro-RAFT agent and nanoparticles when
preparing hybrid vesicles via aqueous photo-PISA.
CO2-triggered release of silica nanoparticles

Release of inorganic nanoparticles from vesicles via environ-
mental stimulus has potential applications in self-healing
materials, catalysis, and drug delivery.3,28,29 In particular, CO2

responsiveness has attracted numerous attentions due to the
mild and green property, as well as the robust switchability.
Moreover, CO2 is an important metabolite for life and has good
membrane permeability and biocompatibility.30–33 Recently, our
group developed an aqueous photo-PISA formulation for the
preparation of CO2-responsive polymer vesicles by introducing
DMAEMA into the core-forming block. Bovine serum albumin
(BSA) can be encapsulated and subsequently released via CO2-
trigger under mild conditions.23
icles prepared by aqueous photo-PISA of HPMA and DMAEMA, (b) TEM
rsion of sample (a), (d) digital photo of the dispersion of sample (b), (e)
les before and after CO2 treatment.
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Herein, hybrid CO2-responsive vesicles were prepared by
aqueous photo-PISA of HPMA and DMAEMA by adding 4.0 g
silica sol at the beginning of the polymerization. The target
composition of the copolymer was mPEG113-P(HPMA365-co-
DMAEMA40) prepared with 25% w/w of HPMA. Silica nano-
particles can be released from the vesicles via CO2 trigger as
shown in Scheme 3. Fig. 7a shows that hybrid vesicles were
obtained with silica nanoparticles loading inside the lumen,
indicating that the presence of DMAEMA did not disturb the
formation of vesicular structure. The dispersion of hybrid
vesicles was then bubbling with CO2 for 2 min at room
temperature. It is apparent that silica nanoparticles were
released from the vesicles as conrmed by TEM (Fig. 7b). This
can be explained by the protonation of DMAEMA aer CO2

treatment, resulting in the enhanced hydrophilic of the core-
forming block and thus the dissociation of hybrid vesicles.
Visual appearance of the dispersions before and aer CO2

treatment further conrmed this conclusion. As shown in
Fig. 7c and d, the original dispersion was milky white and
changed to transparent aer CO2 treatment. DLS experiments
show that the intensity-average diameter of the sample
decreased from 235.8 nm (0.281) to 45.7 nm (0.276) aer CO2

bubbling, indicating the transformation of polymer vesicles to
dissolved copolymer chains and subsequently release of silica
nanoparticles. Similar results were observed by decreasing the
pH from 7.0 to 5.0 (Fig. S2†). It should be noted that the hybrid
vesicles could not regenerate aer the removal of CO2 via
purging with nitrogen. A control experiment was also carried
out by treating the silica/mPEG113-PHPMA365 hybrid vesicles via
CO2 bubbling. Fig. S3† shows that the vesicular morphology was
maintained aer CO2 treatment, conrming that DMAEMA is
important for the contribution of CO2 responsiveness.

Conclusion

In summary, we report a room-temperature strategy to prepare
silica/mPEG113-PHPMA365 hybrid vesicles via aqueous photo-
initiated RAFT dispersion polymerization of HPMA in the presence
of different amounts of silica nanoparticles. TEM measurement
conrms that hybrid vesicles are obtained with silica nanoparticle
encapsulated inside the lumen of vesicles. Pure mPEG113-
PHPMA365 vesicles were mixed with a certain amount of silica
nanoparticle and then puried by nine centrifugation-redispersion
cycles. These results suggest that free silica nanoparticles can be
removed via the centrifugation-redispersion process. PPEGMA14-
CDPA, a brush-typed macro-RAFT agent was attempted to prepare
hybrid vesicles, however, only worm-liked micelles were obtained.
Finally, CO2-responsive hybrid vesicles were prepared via aqueous
photo-PISA of HPMA and DMAEMA in the presence of silica
nanoparticles. Silica nanoparticles can be released via CO2 trigger
under mild conditions, which shows potential applications in
biological areas.
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