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ABSTRACT: Presented in this paper is a hybrid polymer/
titanium dioxide (TiO2) vesicle that has excellent UV-screening
efficacy and strong capacity to encapsulate antioxidant agents.
Poly(ethylene oxide)-block-poly(2-(dimethylamino)ethyl
methacrylate)-block-polystyrene (PEO-b-PDMAEMA-b-PS)
triblock terpolymer was synthesized by atom transfer radical
polymerization (ATRP) and then self-assembled into vesicles.
Those vesicles showed excellent UV-screening property due to
the scattering by vesicles and the absorption by PS vesicle
membrane. The selective deposition of solvophobic tetrabutyl titanate in the PDMAEMA shell and the PS membrane of the
vesicles led to the formation of polymer/TiO2 hybrid vesicles, resulting in an enhanced UV-screening property by further
reflecting and scattering UV radiation. The vesicles can effectively encapsulate antioxidant agents such as ferulic acid (up to 57%),
showing a rapid antioxidant capability (within 1 min) and a long-lasting antioxidant effect.
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1. INTRODUCTION

Exposure to UV rays may produce radicals, hurt human skin,
and even cause certain skin cancers.1−5 Therefore, UV-
screening and antioxidant agents are essential ingredients in
many skin care products. To effectively block UV radiation,
both organic and inorganic materials had been developed based
on different UV-screening mechanisms.6,7 Organic polystyrene
(PS) can absorb UV radiation, whereas inorganic TiO2 can
reflect and scatter UV light.8 For example, we recently reported
that the selective deposition of TiO2 nanoparticles into the shell
of a triblock terpolymer micelle provided a facile method for
preparing TiO2 nanoparticles with highly effective UV-screen-
ing activity but eliminated photocatalytic activity.9 However, it
is still an important challenge to develop a UV-screening
material that can rapidly eliminate radicals and is also capable of
long-time inhibition of radicals by retarded release of
antioxidant agents.
Usually, hollow TiO2 nanoparticles are obtained by sol−gel

reactions using a solid template, which can be subsequently
removed by either dissolution or calcinations.10 However, the
removal of the solid template is time- and cost-consuming.
Polymer vesicles are hollow spheres that have endless
applications in many fields.11−19 To the best of our knowledge,
using polymer vesicles as the template to prepare hollow TiO2
nanoparticles has not been reported. The following are
advantages of this strategy: (1) in situ formation of hollow
nanoparticles with TiO2 within the vesicle membrane, (2) no
need to use organic solvents to remove the vesicle template,
and (3) much less weight loss during the calcinations when
preparing purely inorganic hollow TiO2 nanoparticles.

In this paper, we first report the preparation of a triblock
terpolymer vesicle that has excellent UV-screening activity
(Scheme 1). Then, TiO2 nanoparticles are deposited in situ in
the vesicle membrane, forming hollow polymer/TiO2 hybrid
vesicles with enhanced UV-screening property (Scheme 1).
Moreover, the polymer vesicles can encapsulate antioxidant
agents such as ferulic acid (FA) with an ultrahigh loading
efficiency. The FA-loaded vesicles exhibit long-term inhibition
of radicals because of the sustained release of FA from the
vesicles. Compared with our previous UV-screening polymer/
TiO2 hybrid micelles based on PEO43-b-PDMAEMA19-b-PS62
triblock terpolymer,9 in this paper we will focus on the
elimination of radicals by vesicles prepared from PEO43-b-
PDMAEMA22-b-PS115 triblock terpolymer, which has a longer
PS block.

2. RESULTS AND DISCUSSION
As shown in Scheme 1, the polymer/TiO2 hybrid vesicles are
prepared on the basis of the self-assembly of a poly(ethylene
oxide)-block-poly(2-(dimethylamino)ethyl methacrylate)-block-
polystyrene triblock terpolymer (PEO43-b-PDMAEMA22-b-
PS115) to form vesicle templates and the subsequent in situ
sol−gel reactions. The polymer/TiO2 hybrid vesicles are
prepared in three steps: (1) PEO43-b-PDMAEMA22-b-PS115
triblock terpolymer is synthesized by atom transfer radical
polymerization (ATRP), where the subscripts denote the mean

Received: May 1, 2014
Accepted: July 25, 2014
Published: July 25, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 13535 dx.doi.org/10.1021/am502663j | ACS Appl. Mater. Interfaces 2014, 6, 13535−13541

www.acsami.org


degrees of polymerization of each block; (2) the triblock
terpolymer is dissolved in THF and then a specific volume of
methanol was added to induce the formation of polymer
vesicles, with the solvophobic PS forming the membrane, the
solvophilic PEO forming the outer corona, and the solvophilic
PDMAEMA forming the middle shell; (3) The solvophobic
tetrabutyl titanate (TBT) is added into the vesicles solution,
which can be enriched in the solvophobic PS membrane and
solvophilic PDMAEMA middle shell to form polymer/TiO2

hybrid vesicles by PDMAEMA-catalyzed in situ sol−gel
reactions. In addition, crystalline TiO2 vesicles can be obtained
by the subsequent calcinations of the hybrid vesicles.
2.1. Synthesis of PEO43-b-PDMAEMA22-b-PS115 Tri-

block Terpolymer. The PEO43-b-PDMAEMA22-b-PS115 tri-
block terpolymer was synthesized in two steps according to our
previous ATRP protocol (see Scheme S1 in the Supporting
Information).9 The mean block composition of PEO43-b-
PDMAEMA22-b-PS115 was determined by comparing the
integrated areas of peaks b (PEO), f, h (PDMAEMA), and k
(PS) in the 1H NMR spectrum (Figure S1 in the Supporting
Information). Both the 1H NMR study and the GPC analysis
(Mn = 21 000, Mw/Mn = 1.21, Figure S2 in the Supporting
Information) confirmed the successful synthesis of this triblock
terpolymer.
2.2. Self-Assembly of Triblock Terpolymer into

Vesicles. Well-defined vesicles were formed spontaneously
when methanol or water was added into the triblock terpolymer
in THF at room temperature. PEO and PDMAEMA are soluble
in methanol or water, while PS is insoluble. Thus, the PEO and
PDMAEMA chains form the outer corona and the middle shell,
while the insoluble PS chains form the membrane of the vesicle.
We studied the effects of the following three factors on the

size and polydispersity (PDI) of polymer vesicles during the
self-assembly: the volume ratio of the good solvent to the

nonsolvent for PS (i.e., VTHF to Vmethanol), the stirring rate, and
the types of nonsolvent for PS (e.g., methanol and water).
When the volume ratio of THF to methanol was 1:2, the

intensity-averaged hydrodynamic diameter (Dh) of vesicles was
277 nm with a very low PDI of 0.094, as determined by
dynamic light scattering (DLS, see curve a in Figure 1). The
size of vesicles increased to 303, 317, and 597 nm when more
methanol was added into the polymer solution [see Figures 1
and S3 (Supporting Information)].
The stirring rate affects the size of polymer vesicles when

either methanol (Figure 2) or water (Figure S4 in the
Supporting Information) is used as the nonsolvent. When the
stirring rates were 300, 450, and 600 rpm, the Dh values of

Scheme 1. Preparation of UV-Screening and Antioxidant Polymer/TiO2 Hybrid Vesiclesa

aPEO43-b-PDMAEMA22-b-PS115 triblock terpolymer self-assembles into vesicles in THF/methanol, which can effectively encapsulate antioxidant
agents such as ferulic acid (FA). Furthermore, the solvophobic tetrabutyl titanate (TBT) can be enriched within the PDMAEMA shell and the PS
membrane. Self-catalyzed fast sol−gel reaction in the PDMAEMA shell leads to a PDMAEMA/TiO2 layer covered on the PS membrane, where
subsequent slower sol−gel reaction leads to a PDMAEMA/PS/TiO2 hybrid membrane. The hybrid vesicles possess enhanced UV-screening activity
and can be further transformed to crystalline TiO2 vesicles by calcinations. The hybrid vesicles can also encapsulate antioxidant FA with a very high
loading efficiency.

Figure 1. Intensity-averaged size distribution of polymer vesicles
prepared at different volume ratios of THF/methanol. The stirring rate
is fixed at 450 rpm. The DLS studies were performed in pure water
(10 μL of vesicle solution was poured into 2 mL deionized water).
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polymer vesicles self-assembled in the mixture of THF/
methanol were 348, 303, and 279 nm, respectively (Figure
2). The minimum size was obtained at 600 rpm, which was
further confirmed by using water as the nonsolvent (Figure S4
in the Supporting Information).
At the same stirring rate and initial terpolymer concentration

(2.0 mg/mL), more polar nonsolvent for PS such as water
(compared with methanol) favors the formation of smaller
vesicles. For example, at 450 rpm, the Dh values of polymer
vesicles are 303 and 149 nm when using methanol and water as
the nonsolvents, respectively. Moreover, the PDI in water is
much less than that in methanol, indicating that the triblock
terpolymer can form more uniform vesicles in water than in
methanol. However, methanol is a much better solvent than
water for the subsequent deposition of TiO2 in the vesicle
membrane, which will be discussed later.
2.3. Polymer/TiO2 Hybrid Vesicles. The preparation

conditions and DLS studies of the polymer/TiO2 hybrid
vesicles were summarized in Table S1 in the Supporting
Information. DLS studies (curves b, c, d, and e in Figure 3)
revealed that the Dh values of the hybrid vesicles were 310, 308,

287, and 300 nm by intensity (250, 273, 261, and 265 nm by
number; Figure S5 in the Supporting Information) with very
low PDIs when the molar ratios of DMAEMA:TBT was 1:0.5,
1:1, 1:1.5, and 1:2, respectively. Compared with the Dh of
polymer vesicles without TiO2, the addition of TBT did not
change the structure of the precursor polymer vesicles. In
addition, those polymer/TiO2 hybrid vesicles can be redis-
persed in water for DLS characterizations and further
applications (Figure S6 in the Supporting Information).
The rate of sol−gel reactions of TBT to TiO2 is faster in the

PDMAEMA shell than that in the PS membrane because of the
self-catalysis,9 leading to a PDMAEMA/TiO2 hybrid layer,
which confined the unreacted solvophobic TBT molecules in
the solvophobic PS membrane and then turned into titania
upon further sol−gel reactions or calcinations.9 As shown in the
TEM images in Figure 4A,B, the number-averaged diameter in

the TEM image is 230 ± 16 nm, which is reasonably slightly
less than that by DLS (261 nm by number). More TEM images
of the polymer/TiO2 hybrid vesicles are shown in Figure S7 in
the Supporting Information.
In order to determine the stability of polymer/TiO2 hybrid

vesicles in various environments, the hybrid vesicles were
redispersed in pure water at different pH values and evaluated
by DLS (Figure S6 in the Supporting Information). At pH 2.0,
4.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0, the intensity-averaged Dh
values are 233, 254, 231, 177, 209, 206, 216, and 210 nm,
respectively. The corresponding number-averaged diameters
are 173, 220, 195, 137, 176, 155, 164, and 165 nm with low
PDI’s, respectively. In general, this is consistent with the
protonation at lower pH and deprotonation at higher pH of
tertiary amine in the PDMAEMA shell of the vesicles, which
has been further confirmed by the pH-dependent ζ-potential
study (Figure S8, Supporting Information). Moreover, the

Figure 2. Intensity-averaged size distribution of vesicles at different
stirring rates in THF/methanol (1:3). The DLS studies were
performed in pure water.

Figure 3. Intensity-averaged size distribution of triblock terpolymer
vesicles at 0.5 mg/mL in methanol/THF by DLS before (a) and after
(b−e) tetrabutyl titanate (TBT) deposition to form polymer/TiO2
hybrid vesicles. The molar ratios of the DMAEMA unit to the TBT are
(a) 1:0 (without TiO2); (b) 1:0.5; (c) 1:1.0; (d) 1:1.5 and (e) 1:2.0,
respectively. The DLS studies were performed in pure water.

Figure 4. TEM images. (A and B) Polymer/TiO2 hybrid vesicles
before calcinations (DMAEMA/TBT is 1/1.5, n/n) with a diameter of
230 ± 16 nm. The thin dark layer (∼25 nm) is PDMAEMA/PS/TiO2
hybrid structure. (C and D) TiO2 vesicles after calcinations with a
diameter of 210 ± 20 nm.
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above results reveal that the TiO2/polymer hybrid vesicles are
stable at different pH values.
2.4. Hollow TiO2 Vesicles. As shown in Figure 4C,D, TEM

study confirmed the formation of TiO2 vesicles after
calcinations. TGA revealed 11% of solid residue (Figure S9 in
the Supporting Information), coinciding with the theoretical
value of 9.4%.
The number-averaged diameter of TiO2 vesicles in the TEM

image is 210 ± 20 nm, which is slightly smaller than the
precursor hybrid vesicles, suggesting that the calcination of
TiO2/polymer hybrid vesicles leads to a slight shrinkage of
vesicles. The thickness of the polymer/TiO2 hybrid vesicles and
inorganic TiO2 vesicles is 25 ± 4 and 26 ± 3 nm, respectively.
More importantly, the size of the TiO2 vesicles can be tuned by
controlling the sizes of the precursor polymer vesicles.
X-ray diffraction (XRD) pattern of inorganic TiO2 vesicles in

Figure 4C,D is shown in Figure 5. The sharp diffraction peaks

indicated the majority as rutile phase and a small amount of
anatase phase of TiO2. In particular, the diffraction peaks at 2θ
= 27.3°, 36.0°, 39.1°, 41.1°, 44.0°, 54.2°, 56.6°, 62.7°, 64.0°,
and 69.0° are related to the (110), (101), (200), (111), (210),
(211), (220), (002), (310), and (112) reticular planes of
rutile.20 The diffraction peaks at 2θ = 25.3° and 37.8° are
related to the (101) and (004) reticular planes of anatase.21

To reveal the surface area and the porosity of TiO2 vesicles,
the nitrogen adsorption/desorption measurement was carried
out by Brunauer−Emmett−Teller (BET) analysis, as shown in
Figure 6. The isotherm was classified as type-IV and displayed a
type-H3 hysteresis loop (IUPAC 13.2). The plot of pore size
distribution was determined by the Barrett−Joyner−Halenda
(BJH) method from the desorption branch of the isotherm,
indicating the presence of mesoporous structure with an
average diameter of 15.9 nm.9 The specific surface area is 15.2
m2 g−1 measured by BET. Nevertheless, the very low surface
area suggests the poor photocatalytic activity of the TiO2
vesicles.9

2.5. Comparison of ζ-Potentials among Purely
Organic Polymer Vesicles, Polymer/TiO2 Hybrid
Vesicles, and TiO2 Vesicles. In water, the ζ-potentials of
the triblock terpolymer vesicles, polymer/TiO2 hybrid vesicles
(DMAEMA: TBT = 1:1.5, n/n), and TiO2 nanoparticles, are
+12.9, +7.88 and −27.5 mV, respectively. The positive charge

(+12.9 mV) confirms the polymer vesicles having PEO coronas
and PDMAEMA shells. The ζ-potential of polymer/TiO2
hybrid vesicles was slightly decreased to +7.88 mV as a result
of the electrostatic interaction and the hydrogen bonding
formed between negatively charged TiO2 vesicles and positively
charged inner PDMAEMA shells. Also, it confirms the confined
sol−gel reactions in the PDMAEMA shells and PS membranes,
rather than the hydrophilic PEO coronas. Otherwise, a negative
ζ-potential would be expected due to the surface-coated TiO2.
Actually, a negative charge (−27.5 mV) of TiO2 vesicles is
revealed as a result of calcinations, where the organic
composition is burned off.

2.6. UV−Screening Property of Organic Polymer
Vesicles and Organic/Inorganic Hybrid Vesicles. As
shown in Figure 7, at the same concentration, the UV-
transmittance at 245 nm of commercially available P25 TiO2
(as control) reaches to 44.46, while the UV-transmittance of
the organic polymer vesicles is as low as 1.358, indicating
excellent UV-screening property of purely organic polymer
vesicles. It is noteworthy that this is much better than that of

Figure 5. XRD pattern of rutile TiO2 vesicles with a small amount of
anatase.

Figure 6. Nitrogen adsorption/desorption isotherm and correspond-
ing pore size distribution curves of the TiO2 vesicles.

Figure 7. UV-transmittance spectra of polymer/TiO2 hybrid vesicles
(a−d) and commercially available P25 TiO2 at 0.01 mg/mL (∼10
ppm, e) and 0.03 mg/mL (f) in methanol. The molar ratios of the
DMAEMA unit to TBT are (a) 1:0 (without TBT), (b) 1:1.0, (c)
1:1.5, and (d) 1:2.0, respectively.
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our previously reported polymer micelles9 because the bigger
polymer vesicles can scatter more UV light than small micelles.
The UV-transmittance of hybrid vesicles at 230−265 nm

wavelengths decreases with the feeding TBT, which is
consistent with the excellent UVC (200−280 nm) shielding
property of TiO2.

22,23 Compared with the purely organic
polymer vesicle, the UV-transmittance (e.g., at 245 nm)
decreases by 30.0%, 55.2%, and 65.8% when the DMAEMA
to TBT ratios are 1:1.0, 1:1.5, and 1:2.0, respectively, indicating
the enhanced UV protection property of polymer/TiO2 hybrid
vesicles. The enhancement in the UV screening behavior is due
to the strong reflection and scattering capability of TiO2
nanoparticles against UV radiations. The overall UV-screening
performance of hybrid vesicles is better than that of our
previously reported hybrid micelles.9

2.7. Encapsulation of FA into Vesicles. The FA loading
content (LC) of polymer vesicles is 25.6%.24−32 The FA
loading efficiency (LE) of this polymer vesicle is 51.9%, which
is much higher than most of reported values for FA
encapsulation.18,33−38 For polymer/TiO2 hybrid vesicles, the
LC and LE are 28.7% and 57.4%, respectively.
The high loading content and loading efficiency of FA in the

presence of vesicles (both before and after TBT deposition) are
related to the poor solubility of FA in cold water. In the
presence of vesicles, those FA molecules prefers to be
accumulated into the hydrophobic vesicle membrane. More-
over, the electrostatic interaction between the amino groups in
the vesicle shell and the carboxyl groups of FA molecules
facilitates the encapsulation of FA. The ζ-potential of FA-
loaded triblock terpolymer vesicles (without TBT deposition)
is +18.6 mV, which is higher than that of the vesicles before FA
loading (+12.9 mV), indicating the higher protonation degree
of DMAEMA segments induced by FA.
2.8. Evaluation of the Antioxidant Effect of FA-

Loaded Vesicles. The water-soluble 2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
radical is widely used in the evaluation of antioxidant effects.
Figure 8 illustrates the relationship between the inhibition rates
of FA at various concentrations against ABTS radical cation,
confirming that the reaction between FA and ABTS radical
cation is completed within 1 min. This is because some FA
molecules adsorbed in the DMAEMA layer can react with
ABTS radical cation immediately. Furthermore, more ABTS

encapsulated in the cavity of the vesicles (ABTS “reservoir”)
can be diffused out through the vesicle membrane, resulting in a
long time radical termination effect.
When the concentration of FA reaches 2.5 μg/mL, the real

time inhibition rate attains 90%, indicating the high antioxidant
efficiency of FA-loaded vesicles (Figure 8). The relationship
between the concentration of FA in the vesicle solutions and
the real time inhibition rate of the ABTS radical cation is shown
in Figure S10 in the Supporting Information.
Although ABTS radical cation is stable in aqueous solution

(Figure 9b), it can be quickly inhibited by FA-encapsulated

vesicles. For example, when mixed with a tiny amount of FA-
loaded vesicles (1.0 μg/mL of FA), the inhibition rate was
increased by 40% compared with the inhibition rate at the end
of 1 min (Figure 9a). This also suggests the long-time and
effective inhibition capacity of FA-loaded vesicles.

3. EXPERIMENTAL SECTION
3.1. Materials. Poly(ethylene oxide) methyl ether (MeO−PEO−

OH; Mn ca. 1900; Mw/Mn = 1.10) was purchased from Alfa Aesar and
dried azeotropically using anhydrous toluene to remove traces of
water. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) was
purchased from Sinopharm Chemical Reagent Co., Ltd. and passed
through a silica gel column to remove inhibitor. 2-Bromoisobutyryl
bromide, copper(I) bromide (CuBr, 99.999%), N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA, 98%), triethylamine,
titanate precursor tetrabutyl titanate (TBT), Rhodamine B, p-xylene,
ferulic acid (FA), tetrahydrofuran (THF), anhydrous ethanol, ABTS,
anhydrous methanol (>99%, Beijing Chemical Reagent Co.), and
other reagents were purchased from Aladdin Chemistry, Co. and used
as received.

3.2. Characterization. The GPC, 1H NMR, TEM, XRD, TGA,
DLS, and BET analyses are performed under conditions similar to
those of our previous work.9

ζ-Potential studies were conducted at 25 °C using a Zetasizer Nano
ZS90 instrument (Malvern Instruments). The polymer/TiO2 hybrid
vesicles and inorganic TiO2 vesicles were dispersed in deionized water
at pH 6.05 and 6.14, respectively. No background electrolyte was
added.

UV−vis studies were conducted using a UV−vis spectrophotometer
(Shanghai Precision & Scientific Instrument Co., Ltd., UV759S) with a
scan speed of 300 nm/min. The absorbance and transmittance spectra
of the hybrid vesicles in the range of 200−265 nm wavelengths were
recorded. The absorbance spectrum of the FA-loaded vesicles in the

Figure 8. Relationship between the real time inhibition rates of ABTS
radical cation at various FA concentrations.

Figure 9. Long-time antioxidant activity of FA-loaded vesicles: (a) FA-
loaded vesicles (1.0 μg/mL of FA) were mixed with ABTS radical
cation and (b) only ABST radical cation.
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range of 200−400 nm wavelengths was recorded, in which the
absorbance at 323 nm was concerned. The antioxidant experiments
were carried out by recording the absorbance at 734 nm of the mixed
solution of the ABTS radical and FA-loaded vesicles.
3.3. Synthesis. The syntheses of PEO43−Br macroinitiator and

PEO43-b-PDMAEMA22-b-PS115 triblock terpolymer are similar to those
of our previously published paper,9 except that the polymerization
time of styrene is 24 h and the yield of the terpolymer is 75% in this
work.
3.4. Self-Assembly of Triblock Terpolymer into Vesicles.

PEO43-b-PDMAEMA22-b-PS115 triblock terpolymer (10.0 mg) was
dissolved in THF (5.0 mL). Different volumes of methanol (10.0, 15.0,
20.0, and 25.0 mL) were added dropwise at a constant stirring rate,
respectively. Methanol or water (15 mL) was added dropwise at
various stirring rates (300, 450, and 600 rpm), respectively.
3.5. Preparation of Polymer/TiO2 Hybrid Vesicles and

Inorganic TiO2 Vesicles. The titanate precursor TBT (1.0 g) was
first diluted in ethanol (10.0 g). In ample terpolymer vesicle solution
(5.0 mL), TBT/ethanol with various molar ratios of DMAEMA to
TBT was added under vigorous stirring for at least 24 h at room
temperature. The initial concentration of polymer vesicles before the
addition of TBT was 0.5 mg/mL in THF/methanol (1/3, v/v). The
organic solvents were then removed by dialysis. The solution pH was
adjusted by aqueous NaOH or HCl solution.
The inorganic TiO2 vesicles were obtained by calcinations of the

dried polymer/TiO2 hybrid vesicles at 800 °C in a muffle for 3 h in air.
3.6. FA Loading of Vesicles. The triblock terpolymer (10.0 mg)

and FA (5.0 mg) were dissolved in THF (5.0 mL). Deionized water
(15 mL) was added dropwise in 50 min under continuous stirring. The
unloaded FA was removed by dialysis against 2000 mL of deionized
water at 25 °C for 2.5 h.18 The water was renewed every 0.5 h.
The FA loading efficiency in the dialyzed vesicle solution was

determined by a UV−vis spectrophotometer (UV-759S, Q/YXL270),
comparing the absorbance of this solution at 323 nm with a calibration
curve of the aqueous FA solution with known concentrations (Figure
S11 in the Supporting Information). The final absorbance was
calculated by subtracting the absorbance of the polymer at 323 nm at
the same concentration. The FA loading content (LC) and FA loading
efficiency (LE) were calculated according to the following eqs 1 and
2.19

=

×

= × ×

=

LC (%) (weight of FA encapsulated in vesicles)

/(weight of polymer) 100%

(0.1124 mg/mL 23.1 mL)/10.0 mg 100%

25.6% (1)

=

×

= × ×

=

LE (%) (weight of FA encapsulated in vesicles)

/(weight of FA in feed) 100%

(0.1124 mg/mL 23.1 mL)/5.0 mg 100%

51.9% (2)

3.7. Evaluation of the Scavenging Effect of FA-Loaded
Vesicles on ABTS Radical Cation. The scavenging activity of FA-
loaded vesicles against ABTS radical cation was evaluated according to
published methods.39,40 ABTS was dissolved in water (7.00 mM) and
the radical cation solution was produced by reacting ABTS stock
solution with potassium persulfate (2.45 mM of final concentration).
The mixture was allowed to stand in the dark at room temperature for
12−16 h before use, resulting in the incomplete oxidation of ABTS
because ABTS and potassium persulfate react stoichiometrically at a
ratio of 1:0.5. After 6 h of oxidation, the absorbance of the solution
reaches the maximum. The final concentration of the resulting green
ABTS radical cation solution was adjusted to an absorbance of 0.900 ±
0.02 at 734 nm. The radical was stable in this form for more than 2
days when stored away from light at ambient temperature.
Then specific volumes of the FA-loaded vesicle solutions were

mixed with 2.0 mL of ABTS radical cation solution obtained before,

adjusting the whole volume to 3.0 mL with deionized water. The final
FA concentrations were 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, and 2.5 μg/mL,
respectively. The absorbance at 734 nm of the mixture was recorded at
the end of every minute within 6 min. The inhibition rate of FA
radicals was calculated according to eq 3:

= − ×A A Ainhibition rate (%) ( )/ 100%0 1 0 (3)

where A0 is the absorbance of ABTS solution and A1 is the absorbance
of the mixture.

3.8. Deposition of TBT into FA-Loaded Polymer Vesicles.
The main procedure is the same as that in section 3.6. The molar ratio
of TBT/DMAEMA is 1:2 and the TBT was added under vigorous
stirring for at least 24 h at room temperature.

4. CONCLUSIONS
In conclusion, PEO43-b-PDMAEMA22-b-PS115 triblock terpol-
ymer has been synthesized by ATRP and then self-assembled
into vesicles with excellent UV-screening activity. Furthermore,
the polymer vesicles have been used to mediate the formation
of well-defined polymer/TiO2 hybrid vesicles with better UV-
screening property. Inorganic TiO2 vesicles can be also
prepared upon calcinations. Both organic and organic/
inorganic hybrid vesicles can encapsulate antioxidant agents
such as FA with very high loading content and loading
efficiency. Moreover, the FA-loaded vesicles show a rapid
antioxidant capability (within 1 min) and a long-lasting
antioxidant effect. Overall, we have exploited a new strategy
for preparing highly effective UV-screening polymer vesicles
and polymer/TiO2 hybrid vesicles with excellent antioxidant
activity.
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