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Stimulus-responsive vesicles have broad applications in a variety of areas. Herein, oxidation-responsive
framboidal triblock copolymer vesicles are prepared by photoinitiated RAFT seeded emulsion polymer-
ization of a thioether-functionalized monomer using diblock copolymer vesicles as seeds. The obtained
framboidal vesicles can transform into worms or spheres in the presence of reactive oxygen species,

which can be further used for controlled release of cargos (e.g., silica nanoparticles).
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Polymer vesicles comprise a polymeric bilayer membrane have
attracted increasing attentions due to their potential applications
in biomineralization, drug delivery, theranostics, catalysis, nanore-
actors and so on [1-5]. It is well-known that amphiphilic block
copolymers can self-assemble in water to form vesicles with
suitable volume fractions of each block [6]. However, this post-
polymerization processing method is usually conducted in a highly
dilute solution (<1% w/w solids), which is difficult to implement
on an industrial scale.

Recently, polymerization-induced self-assembly (PISA) com-
bined with reversible addition-fragmentation chain transfer (RAFT)
polymerization has provided a versatile platform to prepare con-
centrated polymer vesicles (10%—45%, w/w) in different sol-
vents such as water, alcohol, non-polar solvents [7-16]. More-
over, the rich RAFT reactive groups embedded inside the vesic-
ular membrane enable one to further tune the composition
and morphology of vesicles via further chain extension [17-
19]. For example, Armes group [19] reported the first prepara-
tion of triblock copolymer vesicles with a framboidal morphol-
ogy by introducing nanoscale phase separation into vesicular mem-
brane of poly(glycerol monomethacrylate)-b-poly(2-hydroxypropyl
methacrylate) (PGMA-PHPMA) vesicles via RAFT seeded emulsion
polymerization. These framboidal vesicles could be used as effi-
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cient emulsifiers for Pickering emulsions [20], substrates for the
preparation of inorganic/organic nanocomposites [21] or carriers
for gene delivery [22]. Despite some progresses have been made in
framboidal vesicles, the preparation of stimulus-responsive fram-
boidal vesicles by RAFT-mediated PISA has rarely been reported.
To the best of our knowledge, only recently pH-responsive tri-
block copolymer framboidal vesicles have been prepared by using
poly(2-(diisopropylamino)ethyl methacrylate) (PDPA) as the third
block [23]. Given the unique morphology and potential applica-
tions of framboidal vesicles, it is highly desirable to expand the
scope of stimulus-responsive framboidal vesicles prepared by PISA.

In this communication, we reported the first preparation
of oxidation-responsive framboidal triblock copolymer vesicles
by photoinitiated RAFT seeded emulsion polymerization of
2-(methylthio)ethyl methacrylate (MTEMA) at room tempera-
ture using PHPMA-based vesicles as seeds. As shown in
Scheme 1, 4-cyano-4-(ethylthiocarbonothioylthio)pentanoic acid
(CEPA) modified monomethoxy poly(ethylene glycol) (mPEGq3,
M, =5000g/mol) was employed to mediate photoinitiated RAFT
dispersion polymerization of HPMA (20% w/w, target degree
of polymerization (DP) of 400) in water at room tempera-
ture. The polymerization was performed under purple light ir-
radiation (A =405nm, 0.50 mW/cm?) using sodium phenyl 2,4,6-
trimethylbenzoylphosphinate (SPTP) as the photoinitaitor. Similar
to our previous research [24], pure vesicles were obtained for the
mMPEGq13-PHPMA4q¢ formulation. The obtained mPEG1;3-PHPMA4oq
vesicles were further used as seeds for photoinitiated RAFT seeded
polymerization of MTEMA at room temperature to prepare fram-
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Scheme 1. Schematic illustration for the preparation of mPEG;;3-PHPMA,qo Vesicles by aqueous photoinitiated RAFT dispersion polymerization of HPMA using mPEG1;3-CEPA
and framboidal mPEG;3-PHPMA49o-PMTEMA, vesicles by photoinitiated RAFT seeded emulsion polymerization of MTEMA using mPEGq;3-PHPMA4qo vesicles as seeds.
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Fig. 1. (a) Polymerization kinetics of photoinitiated RAFT seeded emulsion polymer-
ization of MTEMA (target DP of 300) using mPEG;3-PHPMA4qo vesicles as seeds.
(b) Plots of In([M]o/[M]) vs. irradiation time derived from the data of Fig. 1a. (c)
TEM image of mPEG13-PHPMA,q, vesicles prepared by aqueous photoinitiated RAFT
dispersion polymerization. TEM images of mPEGy;3-PHPMA4oo-PMTEMA, vesicles
prepared by photoinitiated RAFT seeded emulsion polymerization of MTEMA: (d)
n=100, (e) n=200, (f) n=300.

boidal triblock copolymer vesicles. Since MTEMA is a hydrophobic
monomer, the polymerization should proceed under seeded emul-
sion polymerization conditions.

Fig. 1a shows polymerization kinetics of the photoinitiated
RAFT seeded emulsion polymerization of MTEMA (target DP of
300). The polymerization exhibited an ultrafast polymerization be-
havior, with 91.4% and 99.0% monomer conversion being achieved
within 6 and 15min of light irradiation, respectively. This can
be attributed to the relatively short half-life of SPTP under pur-
ple light irradiation [25]. Moreover, corresponded In([M]y/[M]) in-
creased linearly with irradiation time <10min (Fig. 1b), suggest-

ing a controlled/“living” polymerization mechanism. When the ir-
radiation time was >10min, the monomer conversion was high
(>97%) and In([M]p/[M]) did not fit the linear relationship. Sam-
ples of mPEG;13-PHPMA4p9-PMTEMA, (n=0, 100, 200, 300) were
characterized by transmission electron microscopy (TEM) (Figs. 1¢c-
f). It was found that vesicular morphology was maintained in each
case. Moreover, after the chain extension of PMTEMA, the surface
of vesicles becomes increasingly rough and individual globules of
~40nm was observed when the DP of PMTEMA reached 200. This
result reveals that nanoscale phase separation occurs within the
vesicular membrane during the polymerization of MTEMA due to
the incompatibility between the weakly hydrophobic PHPMA block
and the strongly hydrophobic PMTEMA. As the DP of PMTEMA was
increased from 200 to 300, the globules in the vesicles grew both
in prominence and size.

As reported by Armes group and our group [20,21], framboidal
vesicles prepared by RAFT seeded emulsion polymerization can be
used as efficient emulsifiers for Pickering emulsion. The framboidal
mMPEG13-PHPMA 499-PMTEMA,, (n= 100, 200, 300) triblock copoly-
mer vesicles and the mPEGy3-PHPMA,qo diblock copolymer vesi-
cles were further evaluated as Pickering emulsifiers for the sta-
bilization of hexane-in-water emulsions. Aqueous dispersions of
these vesicles (0.1% to 2.0%, w/w) were homogenized with an equal
volume of hexane at 12,000rpm for 2min to form stable Picker-
ing emulsions (Figs. S4-S7 in Supporting information). Mean di-
ameters of the resulting emulsions were determined by optical
microscopy. Fig. 2 shows optical microscopy images of emulsions
as stabilized with different concentrations of mPEG;;3-PHPMA,qg
diblock copolymer vesicles (Figs. 2a-d) and framboidal mPEG3-
PHPMA 49o-PMTEMA3qq triblock copolymer vesicles (Figs. 2e-h). It
was found that emulsions stabilized with mPEG{;3-PHPMAyqo di-
block copolymer vesicles were clearly larger than those stabilized
with framboidal mPEG;3-PHPMA490-PMTEMA3qg triblock copoly-
mer vesicles. Fig. 2i shows the concentration dependence of mean
diameters of the resulting emulsions, which is typically observed
in Pickering emulsion. Moreover, it was found that increasing the
DP of PMTEMA led to lower limiting concentrations of vesicles as
well as emulsions with smaller sizes. These results suggest that
MPEG13-PHPMA 490-PMTEMA, (n=0, 100, 200, 300) vesicles with
higher DP of PMTEMA are more efficient emulsifier, since less vesi-
cles were required to stabilize hexane droplets. This can be at-
tributed to the increased surface roughness and hydrophobicity of
framboidal mPEG{;3-PHPMA4go-PMTEMA,, triblock copolymer vesi-
cles with increasing PMTEMA fraction [20].

It is well-known that thioether moiety can transform into cor-
responding sulfoxide or sulfone moiety via the oxidation by re-
active oxygen species (ROS) (e.g., hydrogen peroxide (H,0,)) [26].
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Fig. 2. Optical microscopy images of emulsions stabilized with different concentrations of (a-d) mPEG;3-PHPMA4oo vesicles and (e-h) framboidal mPEG;;3-PHPMA4g0-
PMTEMA3q, vesicles. (i) Evolution of diameter of emulsions with the concentration of mPEG;3-PHPMA4oo-PMTEMA, (n=0, 100, 200, 300) vesicles for hexane-in-water

Pickering emulsion.

Therefore, thioether-functionalized polymers can be used to reg-
ulate ROS in some diseases such as cancer, diabetes [27]. More-
over, hydrophobic thioether-functionalized polymers can be used
to construct oxidation-responsive vesicles due to the change of
the hydrophobic thioether moiety to the hydrophilic sulfoxide via
oxidation [28,29]. We hypothesized that the obtained framboidal
mPEG1;3-PHPMA49o-PMTEMA,, vesicles could exhibit oxidation-
responsive behavior due to the increased hydrophilicity of the
formed sulfoxide-functionalized block (poly(methylsulfinyl)ethyl
methacrylate, PMSEMA). To test this hypothesis, a certain volume
of aqueous solution of H,0, (30 wt%) was added into an aque-
ous solution of framboidal mPEGy3-PHPMA4go-PMTEMA3q, vesi-
cles and the kinetics of oxidation was followed by 'H NMR spec-
troscopy. As shown in Figs. S8 and S9 (Supporting information),
thioether moieties of the PMTEMA block can completely transform
into sulfoxide moieties after treating with H,0, for 9h. To fur-
ther evaluate the change of morphologies of framboidal mPEG3-
PHPMA,4o-PMTEMA,, vesicles after oxidation, these vesicles were
treated with H,0, for 24h and characterized by TEM and dy-
namic light scattering (DLS). When the DP of PMTEMA was 100,
the vesicular morphology was retained after treating with H,0,
(Fig. 3a). DLS results showed that the hydrodynamic diameter of
vesicles was almost the same before and after H,O, treatment
(Fig. 3b). This is because the enhanced hydrophilic character gained
by the PMSEMA as a result of oxidation of PMTEMA is not suf-
ficient to induce a morphological transition. In contrast, target-
ing higher PMTEMA DPs of either 200 or 300 enables access
for the morphological transition from framboidal vesicles to ei-
ther branched worms (Fig. 3c) or spheres mixed with branched
worms (Fig. 3e). In the case of the framboidal mPEG{;3-PHPMA4qq-
PMTEMA,;q, vesicles, a significant increase in the intensity-average
diameter from 323.6nm to 466.6nm is observed after the H,0,
treatment (Fig. 3d), which provides good evidence for a vesicle-to-
branched worm transition. A different trend was observed for the
case of framboidal mPEG;3-PHPMA4q9-PMTEMA3q vesicles, which
undergoes a vesicle-to-sphere transition with a reduction in hy-
drodynamic diameter from 519.3 to 187.5 nm after H,0, treatment
(Fig. 3f).

Polymer vesicles that can release cargos from the lumen have
potential to be smart carriers or nanoreactors for various ap-
plications [30,31]. The framboidal mPEG{;3-PHPMA4qo-PMTEMA,
(n=200, 300) vesicles prepared by photoinitiated RAFT seeded
emulsion polymerization can undergo vesicle-to-worm or vesicle-
to-sphere transition via oxidation, which can be employed to
trigger the on-demand release of cargos loaded inside vesicles.
Herein, silica nanoparticles with a diameter of 20nm were used
as model cargos to investigate the oxidation-responsive release be-
havior of the framboidal vesicles (Fig. 4a). According to our previ-
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Fig. 3. (a, ¢, e) TEM images of mPEGy;3-PHPMA,po-PMTEMA, (n=100, 200, 300)
vesicles after treating with H,0, for 24h and (b, d, f) DLS particle size distribu-
tions of MPEGy;3-PHPMA40-PMTEMA, (n=100, 200, 300) vesicles before and after
treating with H,0, for 24 h: (a, b) n=100, (¢, d) n=200, (e, f) n=300.

ous research [32], silica nanoparticles-loaded vesicles could be pre-
pared by aqueous photoinitiated RAFT dispersion polymerization of
HPMA (20% w/w, target DP of 400) with silica nanoparticles added
at the beginning of the polymerization (Fig. 4b). After the com-
plete conversion of HPMA, additional amounts of MTEMA, SPTP,
and water were added into the reaction mixture for further chain
extension under RAFT seeded emulsion polymerization conditions
(targe DP of PMTEMA of 300). The obtained samples were purified
by several centrifugation-redispersion cycles to remove unloaded
silica nanoparticles. TEM and thermogravimetric analyzer (TGA)
characterizations confirmed the formation of silica nanoparticles-
loaded framboidal triblock copolymer vesicles (Fig. 4c and Fig. S10
in Supporting information). For silica nanoparticles-loaded fram-
boidal triblock copolymer vesicles, the loaded silica nanoparticles
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Fig. 4. (a) Schematic illustration for the preparation of silica nanoparticles-
loaded framboidal vesicles and the subsequent release of silica nanoparticles with
the addition of H,0,. (b) TEM image of silica nanoparticles-loaded mPEGq3-
PHPMA, vesicles. (c) TEM image of silica nanoparticles-loaded framboidal
mMPEG13-PHPMA40-PMTEMA3 vesicles. (d) TEM image of the sample after treat-
ing silica nanoparticles-loaded framboidal mPEG1;3-PHPMA4qo-PMTEMA3q, vesicles
with H,0, for 24 h. (e) Digital images of aqueous dispersions of silica nanoparticles-
loaded framboidal mPEGq;3-PHPMA400-PMTEMA3q, vesicles after the addition of
H,0, at different times.

were fully released after 24 h in the presence of H,0, due to the
transformation of vesicles into worms (Fig. 4d). The original disper-
sion of silica nanoparticles-loaded framboidal vesicles became less
turbid after the addition of H,0, as a result of the vesicle-to-worm
transition (Fig. 4e).

In summary, we demonstrate the preparation of oxidation-
responsive framboidal triblock copolymer vesicles by photoini-
tiated RAFT seeded emulsion polymerization of MTEMA using
mPEG;;3-PHPMA,g, vesicles as seeds. The obtained framboidal
vesicles could serve as efficient emulsifiers for Pickering emulsion.
Moreover, these framboidal vesicles exhibited oxidation-responsive
properties and could transform into worms or spheres in the pres-
ence of H,0, for controlled release of silica nanoparticles.
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