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A series of novel shell cross-linked nanocapsules were facilely fabricated in an inverse miniemulsion
reversible addition—fragmentation chain transfer (RAFT) system, in which poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA) acted as a stabilizer and macroinitiator. The as-prepared
nanocapsules with PDMAEMA cores and poly(methylacrylic acid) (PMAA) shells, had a size of 220
nm and can be used as a carrier for the encapsulation of hydrophilic components such as inorganic

salts.

1. Introduction

Great attention has been paid to the fabrication of nanocapsules
due to their potential applications in diverse fields, such as in
sensors, catalysis or pharmaceutics.’” In addition, the majority
of these applications greatly depend on the void space within the
hollow structure of the nanocapsules, which can act as a “store-
house” for catalysts, drugs, cosmetics, ezc.® Thus, there has been
considerable scope for the development of nanocapsules over the
past decades.”'® One representative approach is to take advan-
tage of sacrificial core templates.®™* In this approach, nano-
capsules are usually synthesized by two steps: the core particles
are first modified by single/multi polymeric shell(s), and then
eliminated by a physical or chemical processes. The other
promising method used to prepare nanocapsules appeals to soft
temples including emulsion droplets'>'* or vesicles,'>'® which are
stabilized by large amounts of surfactants. As for this approach,
precursors are usually synthesized by polymerization in situ on
the surface of the soft temples, then the liquid cores are removed
by evaporation to produce nanocapsules. Though it is conve-
nient to conduct these two approaches, relatively low prepara-
tion efficiency and tedious procedures to purify the resulting
products have become a crucial issue to overcome in order to
expand their practical applications. Fortunately, miniemulsion
polymerization can circumvent these aforementioned limitations
and can be easily scaled up to prepare nanocapsules.'”!®
However, miniemulsion polymerization cannot sufficiently
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incorporate hydrophilic substances into the core of nanocapsules
at the beginning of the capsule formation process. Thus, it is
urgent to instead use inverse miniemulsion polymerization,
where the dispersed phase is a polar (water-soluble) monomer,
which can greatly enhance the variety of applicable metal salts as
well as the amount of the inorganic compound encapsulated.'®
For instance, Luo and coworkers prepared temperature sensitive
nanocapsules which entrapped sodium sulfate by simply con-
ducting inverse miniemulsion reversible addition—fragmentation
chain transfer (RAFT) polymerization with poly(ethylene
oxide)-MacroRAFT (PEO-RAFT).*®

In practical applications, the stability of nanocapsules is a great
challenge. One technique to achieve this goal is to cross-link the
shells. However, the reported cross linkers are usually not cleav-
able #2723 Thus, if the cross linker is environment sensitive and
cleavable, it would be more attractive. Matyjaszewski et al
reported the fabrication of redox sensitive shell cross-linked
nanocapsules by means of electron transfer atom transfer radical
polymerization (AGET ATRP) in a miniemulsion system.?*?
Furthermore, to the best of our knowledge, there is not yet
a report on the preparation of redox sensitive and shell cross-
linked nanocapusles by inverse miniemulsion RAFT polymeri-
zation. The aim of the present work was to report a novel kind of
shell cross-linked poly(2-(dimethylamino) ethyl methacrylate)-b-
poly(methylacrylic acid) (PDMAEMA-b-PMAA) nanocapsules
prepared using this methodology (Scheme 1). Then, these nano-
capsules were used as a carrier to encapsulate sodium chloride.

2. [Experimental
2.1 Materials

Ammonium persulfate (APS) and methylacrylic acid (MAA)
were supplied by Tianjin Kermel Chemical Reagent Co., Ltd.
(Tianjin, China) and used without further purification. Bis
(acryloyloxyethyl) disulfide (BAEDS)***” and poly(2-(dimethy-
lamino)ethyl methacrylate) (PDMAEMA)*® were prepared
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Scheme 1 A schematic representation of the fabrication of shell cross-
linked PDMAEMA-b-PMAA nanocapsules via inverse miniemulsion
RAFT polymerization.

according to literature procedures. Dithiothreitol (DTT), sorbi-
tan monooleate (Span 80) and cyclohexane were used as received
from Aladdin Reagent Co., Ltd. (Shanghai, China). MilliQ
Water (18.2 MQ cm™') generated from a Millipore MilliQ
Academic Water Purification System was used throughout the
experiments. All other reagents and solvents were of analytical
grade and used as received without further purification.

2.2 Synthesis of shell cross-linked PDMAEMA-b-PMAA
nanocapsules via inverse miniemulsion RAFT polymerization

Shell cross-linked PDMAEMA-b-PMAA nanocapsules (SCL
nanocapsules) were fabricated by a one-pot method via inverse
miniemulsion RAFT polymerization using PDMAEMA as the
macroinitiator and stabilizing agent. A typical polymerization
procedure is described as follows: a continuous phase comprised
of an amount of cyclohexane, Span 80 (5 wt% relative to cyclo-
hexane) and BAEDS (0.0524 g, 0.2 mmol) was vigorously
stirred for 30 min and transferred to a dry flask. Meanwhile,
PDMAEMA (0.0104 g, 0.01 mmol), APS (0.1369 g, 0.0006 mol),
and MAA (0.25 mL, 2.2 mmol) were added to MilliQ Water
(0.544 mL, 0.030 mol) to prepare the dispersed phase. After these
two phases were mixed together, the reaction mixture was pre-
emulsified at room temperature for 10 min, and sonicated for 180
s at 70% amplitude by an ultrasonic homogenizer (KQ-400KDE,
Kunshan Ultrasonic Instrument Co., Ltd., China) in an ice-water
bath to prevent the polymerization and evaporation of cyclo-
hexane. Then, the prepared inverse miniemulsion was degassed
by three cycles of freeze-pump-thaw procedure and flame-sealed
under vacuum. Finally, the reaction was allowed to proceed in
a pre-heated oil-bath at 60 °C for 24 h. Nanocapsules with non
cross-linked shells have also been synthesized under the same
condition except that the cross-linker, BAEDS, was not added
into the reaction mixture.

After being cooled to the room temperature, an amount of the
resulting solution was taken and centrifuged at a rate of 6000
rpm (TGL-16C, Shanghai Anting Scientific Instrument Factory,
China), then washed with cyclohexane and water three times to
remove any impurities. The obtained solid was lyophilized for
2-3 days before measurements were taken.

2.3 Cleavage of the SCL nanocapsules by DTT

The dried SCL nanocapsule powder (0.1 g) was dissolved in 10 mL
DMF and transferred to a dry flask. Then, DTT (0.1 g, 0.154 mmol)
was added. After being degassed by three cycles of freeze-pump-
thaw procedure, the flask was immersed in an oil bath pre-heated to
50 °C, and the mixture was allowed to stir overnight. The colloid
solution became clear, which means that the cross-linked structures
were degraded into diblock copolymers after the addition of DTT.
After dialysis of the solution for 1 day using a dialysis membrane
with a molecular weight cutoff of 3500, the final degraded powder
(PDMAEMA-b-PMAA-DTT) was obtained by lyophilization.

2.4 Encapsulation of sodium chloride into SCL nanocapsules
via inverse miniemulsion RAFT polymerization

SCL nanocapsules containing sodium chloride (NaCl) were
synthesized by adding various amounts of NaCl into the dispersed
phase prior to the pre-emulsification of both phases. The amount
of NaCl added to the dispersed phase was 0.01 g, 0.03 g, 0.05 g or
0.1 g. The rest of the procedures were the same as mentioned above.

2.5 Characterization

The "H NMR spectra were recorded on an AVANCE AV 400MHz
Digital FT-NMR spectrometer operating at 400 MHz using
deuterated DMSO-d; as the solvent. Gel permeation chromato-
graphic (GPC) analysis was carried out at 40 °C. An Agilent 1100
series GPC system equipped with an LC pump, PL gel MIXED-C
column, and RI detector was used. The column was calibrated with
polystyrene standards of narrow molecular weight distribution.
HPLC grade DMF was used as a mobile phase and the flow rate
was 1.0 mL min~'. The sizes and morphologies of the resultant
samples were characterized by JSM-2100 transmission electron
microscopy (TEM) equipped with an energy dispersive X-ray
spectrum (EDXA, Inca Energy-200) at an accelerating voltage of
200 kV, whereby a small drop of sample solution was deposited
onto a carbon-coated copper EM grid (200 mesh) and dried at
room temperature at atmospheric pressure. Dynamic light scat-
tering (DLS) measurements were performed in aqueous solution
using a HORIBA Zetasizer apparatus (LB-550 V) equipped with
a 5.0 mW laserdiode operating at 650 nm at room temperature.
The measurements were conducted in quintuplicate. The results
presented are the average of the data. In order to make each
measurement comparable with another, the supernatant fluid of
NaCl-containing SCL nanocapsules was taken for measurements.
The supernatant fluid was prepared by allowing the reaction
mixture to precipitate by gravity for 2-3 days. Thermogravimetric
analysis (TGA) was performed on a Pyris Diamond 1 instrument
(America) at a heating rate of 20 °C min~' or 5°C min~' from 25 to
700 °C in a flow of nitrogen. Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet 5700 spectrophotometer using
an ATR cell or KBr pellets for samples.

3. Results and discussion

3.1 Synthesis of shell cross-linked PDMAEMA-b-PMAA
nanocapsules via inverse miniemulsion RAFT polymerization

Inverse miniemulsion polymerization is a relatively new tech-
nique and has not been well studied. In addition, inverse
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miniemulsion RAFT polymerization is an even more recent
technique.?*?* By combining RAFT polymerization with inverse
miniemulsion, inverse miniemulsion RAFT polymerization is
considered a powerful technique to synthesize unique or well-
defined structured water-soluble copolymers or colloids such as
nanocapsules.?*?*3! As illustrated in Scheme 1, shell cross-linked
PDMAEMA-b-PMAA nanocapsules can be facilely prepared by
inverse miniemulsion RAFT polymerization in a one-pot
method, using PDMAEMA as the macroinitiator and stabilizing
agent. The mechanism is depicted in Scheme S17.

GPC was used to investigate the molecular weight (M) and
molecular weight distribution (M,/M,) of the polymers. The
results are listed in Table 1. Compared to the M, of the
PDMAEMA sample, PDMAEMA-b-PMAA has a M, of
37 459, indicating the successful chain extension of PDMAEMA.
After being degraded by DTT, the PDMAEMA-b-PMAA-DTT
has a molecular weight of 48 374. '"H NMR was then used to
characterize the structures of the polymers. In the case of
PDMAEMA-b-PMAA, the peak at & = 2.29 ppm is assigned to
the methyl group connected to the nitrogen (N-CHj3). Mean-
while, the proton peak at 8 = 11.5-12.5 ppm is attributed to the
carboxyl groups of the PMAA blocks, which implies that
PDMAEMA-b-PMAA has been successfully fabricated. As for
the SCL nanocapsules, the peak ascribed to PDMAEMA
disappears and the strength of the carboxyl groups peak
decreases significantly, indicating that the shell of the nano-
capsules has been fixed by BAEDS and the core is comprised by
PDMEAMA. If the shell cross-linking was unsuccessful, disso-
ciation into individual copolymer chains would be expected since
DMSO-dg was a good solvent for the PDMAEMA and PMAA
blocks, whose proton peaks could be observed (Fig. 1).

The compositions and thermal properties of the resultant
nanocapsules were studied by Fourier transform infrared
(FT-IR) and thermogravimetric analysis (TGA) (Fig. S1 and
S2+). Both measurements show that PDMAEMA-b-PMAA
nanocapsules have been successfully fixed by BAEDS. In order
to obtain the size distributions of the nanocapsules, DLS
measurements conducted in a cyclohexane dispersion were
employed. As shown in Fig. 2, PDMAEMA-b-PMAA nano-
capsules have an average hydrodynamic diameter of about 200
nm with a broad distribution range from 100 to 300 nm.
Compared to the uncrosslinked nanocapsules, SCL nano-
capsules have a slight larger average size, 224 nm with a low Span
value which is used to characterize the size distribution of the
samples. The calculated equation is shown in the ESIf. It can
also be concluded from Fig. 2 that the proportion of nano-
capsules with a size around 200 nm is higher than that of uncross-
linked ones, indicating that the shell cross-linked reaction may
have a positive influence on the size distribution of the
nanocapsules.

T T T T /’/ L R
12 11 4 3 2 1 0
Chemical shift (ppm)

Fig.1 'H NMR spectra of PDMAEMA (a), PDMAEMA-h-PMAA (b)
and the SCL nanocapsules (c) in DMSO-d.

TEM was further used to investigate the morphology of the
resultant nanocapsules. As shown in Fig. 3, the as-prepared
samples consist of spherical nanocapsules and well-defined
core-shell structures can be clearly observed. In the case of
PDMAEMA-b-PMAA nanocapsules, the size is around 200 nm
which is consistent with the DLS results and the thickness of the
shell is around 30 nm. However, a great number of small frag-
ments possibly derived from unstable nanocapsules can also be
observed, which would give an undesirable contribution to the
broad size distribution (Fig. 3a and b). As for the SCL nano-
capsules, the diameter is about 220 nm, which is again in accord
with the DLS results. Moreover, it can also be found from Fig. 3,
that the as-prepared nanocapusles have preserved their spherical
structure even after the drying process before the TEM
measurement (Fig. 3c and d). The reasons for the above two
phenomena are as follows: (i) the continuous phase, consisting of

20 4—®— Standard sample
J PDI=0.727 n
18 |~ PDMAEMA-b-PMAA = |
1 PDI=0.927 [\
16 4 SCL nanocapsules ;' »
1 PDI=0.748 [ | e
7 =,
12 39
—_ i
e 1 [ |
&40 |
7 8] = 4
4 ‘I‘l . \I‘
6 1 [ ,‘
4] a1
2 ] S \ .o
] . =
O -T= EEEEEELrnen
T T T T
100 1000

Table 1 Molecular weight and molecular weight distribution of
polymers determined by GPC

M,/ g mol™! PDI
PDMAEMA 13 267
PDMAEMA-b-PMAA 37459
PDMAEMA-b-PMAA-DTT 48 374

Diameter (nm)

Fig. 2 Hydrodynamic diameter distributions of a standard sample, the
PDMAEMA-b-PMAA nanocapsules and the SCL nanocapsules in
dispersed in cyclohexane at 25 °C. The concentration of the samples is 1
mg mL~".
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Fig. 3 TEM images of PDMAEMA-b-PMAA nanocapsules (a and b)
and the SCL nanocapsules (c and d). All scale bars are 100 nm. The
concentration of the samples is | mg mL~".

cyclohexane and Span 80, are not good solvents for the PMAA
shells. So the chains of PMAA tend to collapse easily on the
surface of the PDMAEMA cores. That is, the DLS results would
not reflect the contribution from the interaction between the
PMAA shells and the aqueous dispersion. (ii) The impermeable
shells of the nanocapsules also play an important role in the
shape of the final capsules obtained by TEM. The less permeable
the shells, the more difficult it is for the aqueous liquid to
evaporate from the cores, and the easier it is for the shape to be
preserved for the measurements. That the nanocapsules have
impermeable shells is also confirmed by the FT-IR and TG
results (Fig. S1 and S27). In Fig. S17, there is a broad shoulder
peak between 3500 cm~! and 3000 cm ', which can be assigned to
the water entrapped in the nanocapsules. TGA curves also show
that the resultant nanocapsules contain some water even after
lyophilizing for 2-3 days before the measurement (Fig. S27).
Finally, the cross-linked networks also enhance the imperme-
ability and rigidity of the shells,?* which is good for the shape
preservation.

3.2 Synthesis of NaCl-containing SCL nanocapsules via inverse
miniemulsion RAFT polymerization

In order to provide evidence for one of the potential applications
of the nanocapsules, NaCl as a model for the hydrophilic
component was encapsulated into the nanocapsules. The
morphology of the final colloids and the encapsulated inorganic
salts were observed via TEM images and electrical diffraction,
respectively. Spherical nanocapsules with a size of 200-300 nm
can be observed in Fig. 4a—c and the void space within nano-
capsules decreases as the amount of NaCl increases (more images
are displayed in Fig. S3t). Moreover, it seems that when the
amount of NaCl presented in the dispersed phase is at a larger
scale, it’s more difficult for the resultant nanocapsules to aggre-
gate. This may be attributed to the function of NaCl which acts
as co-stabilizer to reduce interfacial tension.’ That is, the oil
droplets would have better stability due to the presence of NaCl
and do not easily aggregate or coalesce with others. The variation
of Span values decreases also confirms that NaCl can improve
the stability of the oil droplets (Fig. S4bt). Besides, a great

Fig. 4 Representative TEM images and electrical diffraction of sodium
chloride-containing shell cross-linked PDMAEMA-b-PMAA nano-
capsules. (d) is the corresponding electrical diffraction of (c). The
concentration of the samples is 1 mg mL~'. The amount of NaCl added
into the dispersed phase is 0.03 g (a), 0.05 g (b) and 0.1 g (c).

number of seed-like dots can be found in void space of the SCL
nanocapsules. These dots are confirmed to be crystalline struc-
tures from the electrical diffraction pattern as shown in Fig. 4d.
In the present system, NaCl added into the dispersed phase
should be the only thing present that could form crystals.
Therefore, the encapsulated seed-like dots should be NaCl,
which was salted out from the aqueous phase during the prepa-
ration of the TEM samples. The nature of the NaCl crystals were
also confirmed by EDXA data, which is shown in Fig. S5t.
Furthermore, as displayed in Fig. 4, the degree of crystallisation
relies on the amount of NaCl added into the dispersed phase (the
color of dots turns from colorless to black). This can be attrib-
uted to following reasons: when raising the amount of NaCl, the
chance for each nanocaspsule to entrap inorganic salts increases
and less water would be present in the void space. So it would be
easier for NaCl to salt out during the TEM sample preparation
process. Another reason may be attributed to the impermeable
shells, which prevent the water evaporating from the cores and
influence the degree of crystallisation. The electrical diffraction
of NaCl with low crystal degree is displayed in Fig. S6+.

As reported, nanocapsules have extensively participated in
drug delivery and control release systems, nevertheless, the
controlled release of the molecules to a targeted area is the ulti-
mate goal.’*3* By introducing specific cleavable linkers to the
shell of the nanocapsules, it should help to control the delivery of
the encapsulated substances. For this purpose, BAEDS was
chosen as the cross-linker, since the disulfide group can be
cleaved to the corresponding thiols in the presence of reducing
agents, such as tri(n-butyl) phosphine (BusP),** dithiothreitol
(DTT),>** and glutathione.?” In our case, the colloid solution of
the SCL nanocapsules becomes clear under reductive conditions,
indicating that the cross-linked structures were degraded (images
inserted in Fig. 5). Furthermore, the successful cleavage of the
disulfide linkages were also confirmed by the DLS results. As
shown in Fig. 5, the diameter of the SCL nanocapsules in DMF is
around 260 nm before degradation, which is larger than that in
cyclohexane. This can be attributed to the fact that DMF is
a good solvent for both PDMAEMA and PMAA, so the SCL
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—&— SCL nanocapsules before degradation in cyclohexane
22 4 —=&— SCL nanocapsules before degradation in DMF
SCL nanocapsules after degradation in DMF
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Fig. 5 Hydrodynamic diameter distributions and images of the SCL
nanocapsule solution before and after adding DTT.

nanocapsules would swell spontaneously, resulting in an increase
of the diameter. After degradation, the diameter decreases to
14.9 nm, indicating that the disulfide linkages have been cleaved
sufficiently by DTT. This phenomenon is also reported by other
research groups.?**>3* Related experiments of these SCL nano-
capsules on drug delivery are now in progress, and the results will
be presented in a separated paper.

4. Conclusion

A series of shell cross-linked PDMAEMA-b-PMAA nano-
capsules were successfully fabricated via inverse miniemulsion
RAFT polymerization at the interface between the oil droplets
and water phase for the first time. The as-prepared shell cross-
linked capsules have a size of 220 nm with a relatively narrow size
distribution and can be used as a carrier to encapsulate the
hydrophilic components including hydrophilic pigments, drugs
or cosmetics, efc. The use of a cross-linker can improve the
stability and impermeability of the final capsules through the
formation of the cross-linked shells. In addition, it will also
enhance the properties of controlled drug delivery because of its
intrinsic redox responsiveness.
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