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ABSTRACT: We report herein the versatility of inverse
miniemulsion periphery RAFT polymerization (IMEPP) and
postpolymerization reaction in producing pH-responsive nano-
capsules with different functionalities. The robustness of the
polymeric nanocapsules was confirmed by their ability to undergo
reactions, be dried, and be redispersed in various solvents without
any changes in size and core−shell morphology. Nanocapsules
bearing carboxylic acid (COOH) functionalities were produced
via hydrolysis, while nanocapsules bearing tertiary-amine (N-X3)
functionalities were synthesized via aminolysis. The responsive
behavior of the nanocapsules was tested in aqueous solution with
pHs ranging from 3 to 12. Nanocapsules with COOH
functionalities were found to swell under basic conditions due
to the deprotonated carboxylate ions. In contrast, nanocapsule
with tertiary amine functionalities underwent swelling in acidic conditions.

Polymeric nano- and microcapsules responsive to stimuli
such as temperature,1,2 pH,3−5 magnetic field,6,7 and redox

agents5,8,9 constitute a growing field of research over the years
as they are able to protect and release various molecules on
demand. Incorporation of pH-responsive functionalities into
linear and complex macromolecules has been explored
extensively,10−12 with the resulting products having potential
usage in various fields such as drug delivery,13,14 sensors,15,16

and water treatment.17,18

Nanocapsules obtained from vesicles are well-documented,
which includes the preparation of pH-responsive vesicles.19,20

Both Chen and co-workers21 and Song and co-workers22 have
reported the successful self-assembly of amphiphilic copolymers
to produce pH responsive vesicles. However, self-assembled
nanoparticles are prone to disintegration and structural change
upon application in a different environment and, hence, the
necessity to incorporate an extra cross-linking step.23,24

Moreover, the synthesis via self-assembly is generally lacking
in control over the size, porosity, and thickness of the shell.
The use of sacrificial templates to obtain nanocapsules is very

common. For example, van Herk and co-workers utilized
vesicular templates and RAFT polymerization to produce pH-
responsive nanocapsules.25 The use of inorganic sacrificial
templates to generate pH responsive polymeric nanocapsules
has been frequently reported. This synthetic approach is
typically combined with the layer-by-layer (LbL) technique.
The resulting polymeric shells are charged and, hence, pH-
responsive.26,27 In contrast to vesicular systems, these nano-

capsules are considered to be more stable due to the presence
of electrostatic attraction between different layers in solution.
Such nanocapsules have also been used as a drug delivery
system.28,29 The pH responsiveness of the shell has also been
exploited to not only control the release, but also to achieve
efficient encapsulation of guest molecules.27,30 The most
significant limitation of this approach, however, is the
complexity of the synthetic steps involved.
Notably absent from the literature are, however, simple self-

assembled structures that show simultaneously high structural
integrity. Miniemulsion polymerization can be described as a
process whereby polymerization is conducted within 50−500
nm droplets dispersed in a continuous phase. It utilizes
dispersed liquid droplets as templates for the production of
nanocapsules. This method has been used extensively to
produce polymeric particles (nanospheres) and more recently,
to produce polymeric nanocapsules. One way to produce
polymeric nanocapsules is induced-phase separation, whereby
the migration of polymers to the interface is promoted by
external stimuli. Another approach is through interfacially
confined polymerization, such as controlled/living radical
polymerization (CLRP),31,32 polyaddition,33,34 and click
reactions.35,36 Although the miniemulsion approach offers
simplicity, versatility, and control over the size of nanocapsules,
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currently available methods are still showing issues concerning
the generation of solid nanoparticles, lack of control over the
shell thickness and reactions (i.e., the polymerization)
occurring within the core environment.
To our knowledge, there has only been one report on the

production of pH-responsive nanocapsules via the inverse
miniemulsion approach. Cao and co-workers37 performed
radical polymerization of N-isopropylacrylamide (NIPAM)
and 4-vinylpyridine (4-VP, cationic) within the aqueous
droplets to produce hydrophobic copolymers, which would
then migrate to form the polymeric shell. However, a mixture
of nanocapsules and solid nanoparticles were produced.
Moreover, the applicability of the method is limited only to
water-soluble monomers yielding water insoluble polymers.
This was demonstrated when acrylic acid (AA, anionic) was
used as the pH responsive group, leading to the generation of
solid nanoparticles due to the hydrophilicity of PAA.37

We recently reported a method based on the miniemulsion
approach referred to as inverse miniemulsion periphery RAFT
polymerization (IMEPP) for synthesis of polymeric nano-
capsules.38,39 In this method, amphiphilic block copolymers are
used as both stabilizer and macroRAFT agent of a w/o
miniemulsion. The self-assembled layer around the water
droplets is then stabilized by further chain extension of the
diblock copolymer using a divinyl cross-linker. Reported herein
is the utilization of IMEPP to produce cationic and anionic pH
responsive nanocapsules. This can be achieved by employing
amphiphilic block copolymers that can be converted into fully
hydrophilic and pH-responsive nanocapsule shells after
polymerization (Scheme 1)
Two different macroRAFT stabilizers were used to

synthesize pH-responsive nanocapsules. Poly(N-(2-
hydroxyproyl)methacrylamide) (PHPMA) was chosen as the
hydrophilic segment due to its excellent hydrophilicity in

addition to its insolubility in the continuous (toluene) phase.
The polymerization conversion was 38% from 1H NMR,
yielding 16 repeating units. Subsequently, the macroRAFT
agent was chain extended separately with two different
monomers. Chain extension with t-BMA yielded P(tBMA)
segment with 105 repeating units. Similarly, chain extension
with pentafluorophenyl methacrylate (PFPMA) resulted in a
P(PFPMA) block with 36 repeating units as determined from
19F NMR (see Supporting Information (SI) for details).
The resulting block copolymers were analyzed using SEC.

The resulting traces (SI, Figure S1) showed monomodal
distributions for the macroRAFT agent and the block
copolymers. The experimentally determined molecular weights
from SEC analysis were in good agreement with the
theoretically calculated molecular weight (SI, Table S1). The
hydrophilic−lipophilic balance (HLB) value of the macroRAFT
stabilizers was determined to be suitable for stabilization of an
inverse miniemulsion according to the equation described
elsewhere38

The syntheses of polymeric nanocapsules were conducted via
IMEPP, which has been developed by our group.38,39 Inverse
miniemulsions comprising toluene as the continuous phase,
water as the dispersed phase, and NaCl as the lipophobe were
prepared, with the previously synthesized block copolymers as
sole stabilizers (separately). The block copolymers also act as
macroRAFT agents for the subsequent interfacial RAFT
polymerization. Relevant reactants for the RAFT polymer-
ization were incorporated into the continuous phase (SI, Table
S2). RAFT polymerization was then initiated on the outer
periphery of the droplets (with the droplets acting as the
template), thus, creating polymeric shells that grow outward
into the continuous phase. This leaves the droplets interior
reaction free, making it potentially useful to encapsulate
chemically fragile guest molecules.
To demonstrate the versatility of IMEPP, polymeric

nanocapsules with two different shell functionalities were
synthesized (Scheme 1). Subsequently, these nanocapsules
would undergo different postpolymerization reactions to
produce two types of pH-responsive nanocapsules with
different responsive behavior over the pH range of 3−12.
The first set of polymeric nanocapsules utilized PHPMA-b-
PtBMA stabilizer to produce nanocapsules with PtBMA shell
(denoted NC-tBMA). The second set used PHPMA-b-
PPFPMA stabilizer to produce nanocapsules with PPFPMA
shell (NC-PFPMA) (Scheme 1). Upon sonication, an emulsion
with milky appearance was obtained for both systems. The
inverse miniemulsions were stable for days as no phase
separation was observed. Visual inspection of the inverse
miniemulsion droplets was conducted using cryo-TEM. Under
cryogenic conditions, the droplets were preserved in their
dispersion state, hence, eliminating the disintegration of the
morphology that would be experienced under normal TEM
conditions. The average diameter of the droplets was in the
range of 168−194 nm for NC-PFPMA and 118−149 nm for
NC-tBMA (Figure 1 and SI, Figure S2). From the micrographs,
the thickness of the hydrophobic segment of the stabilizers was
estimated to be 6 nm for PPFPMA and 10 nm for PtBMA.
From DLS analysis, the droplet diameters (Z-avg.) were

established to be 206 and 167 nm for NC-PFPMA and NC-
tBMA, respectively, comparable to the cryo-TEM results (Table
1). Both systems were also confirmed to have relatively low
polydispersity (0.06 and 0.05 for NC-PFPMA and NC-tBMA,
respectively). The subsequent IMEPP reaction was able to

Scheme 1. Schematic Pathway for the Synthesis of Two
Different Types of pH-Responsive Nanocapsules via IMEPP
and Post-Polymerization Reaction
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preserve the low polydispersity of the systems, as shown by the
DLS results of the raw emulsion (IMEPP; Table 1). After
purification, the nanocapsules were redispersed in toluene and
DMAc. Redispersion in toluene revealed the presence of
nanocapsules with similar sizes to that of the raw emulsion, Z-
avg. = 234 nm and 241 (NC-tBMA and NC-PFPMA,
respectively). These results confirmed that the synthesized
shells were able to preserve the original size of the droplet
templates. The relatively low polydispersity values demon-
strated the stability of the synthesized nanocapsules, even after
drying and redispersion in various solvents.
The purified nanocapsules were also redispersed in DMAc to

confirm the integrity of the polymeric shells. DMAc was chosen
as it is a common solvent for both the hydrophilic and the
hydrophobic segment of the block copolymers. In this case, if
the polymeric shell was not cross-linked, it would disintegrate
into the individual polymeric chains. The results showed
nanocapsules with similar sizes to that from the redispersion in
toluene, with the small discrepancies attributed to the
polymeric chains behavior in different solvent. The absence
of any peaks that represent unimolecularly dissolved polymeric
chains, together with the low PDI value of the systems,
confirmed the success of the cross-linking reaction. All DLS
results also revealed monomodal distributions (SI, Figure S3),
which further iterate the efficacy of the IMEPP process.
TEM micrographs of both nanocapsules showed the

distinctive hollow core (light) and spherical polymeric shell
(dark) morphology. From the micrographs (Figure 1 and SI,

Figure S4), the measured diameters of NC-tBMA and NC-
PFPMA were 191 and 210 nm, respectively. The shell
thicknesses were measured to be 21 and 31 nm, respectively.
These results are comparable to the calculated shell thicknesses
from DLS (Z-avg.) of 26 and 30 nm, respectively (shell
thickness = (Z-avg.IMEPP − Z-avg.initial miniemulsion)/2). The shell
thicknesses were also theoretically calculated according to the
method described elsewhere.39 The measured shell thicknesses
were confirmed to be well within the theoretically calculated
range of between 9 and 50 nm for NC-tBMA and 17 and 36 nm
for NC-PFPMA. The small variations of the results between
different analysis techniques are attributed to the flexibility
characteristic of the polymeric shells depending on the
surrounding environment.
Two different pathways were used to produce pH-responsive

nanocapsules (Scheme 1). For the modification NC-tBMA (to
produce NC−COOH), acid hydrolysis of the tert-butyl
protective group was conducted with TFA at room temper-
ature. The completeness of the reaction was analyzed by 1H
NMR by monitoring the disappearance of the tert-butyl signal
1.5 ppm (SI, Figure S5). A shift of the methyl signal on the
backbone was also observable on the deprotected nanocapsules
due to the presence of carboxylic acid functionality (SI, Figure
S5). In contrast, pH-responsive nanocapsules bearing amine
functionality (NC-amine) were obtained via aminolysis of the
activated ester group with DMAPA. The completion of the
reaction was confirmed by 19F NNR by monitoring the
disappearance of the PPFPMA signal from the polymer and the
appearance of the pentafluorophenol signal as the byproduct
(SI, Figure S6). In addition, 1H NMR reveals the presence of
the appropriate alkyl functionalities confirming complete
functionalization (SI, Figure S7).

Figure 1. Cryo-TEM micrographs of the initial (before polymer-
ization) inverse miniemulsions stabilized by PHPMA-b-PtBMA (A) or
PHPMA-b-PPFPMA (B). TEM micrographs of NC-PFPMA (C) and
NC-tBMA (D) synthesized via IMEPP; TEM micrographs of the
modified nanocapsules, NC−COOH (E) and NC-amine (F). Scale
bar is 200 nm.

Table 1. DLS Results for Both NC-tBMA and NC-PFPMA
Showing the Diameters and the PDI of the Initial Droplets
(Initial Miniemulsion), Final Product Prior to Purification
(IMEPP), Redispersion of the Purified Nanocapsules in
Toluene (in Toluene) and in DMAc (in DMAc), and the
Redispersion of the Modified Nanocapsules in Water
(Modified Capsules)

sample name
Z-avg.a

(nm)
dn
b

(nm)
di
c

(nm)
dv
d

(nm) PDIe

initial
miniemulsion

NC-
tBMA

167 151 177 184 0.05

NC-
PFPMA

206 193 220 238 0.06

IMEPP NC-
tBMA

219 196 242 272 0.09

NC-
PFPMA

265 259 304 333 0.06

in toluene NC-
tBMA

234 189 268 298 0.12

NC-
PFPMA

241 211 280 328 0.17

in DMAc NC-
tBMA

208 185 224 241 0.06

NC-
PFPMA

211 185 224 253 0.10

modified capsules
in water

NC-
COOH

258 224 241 250 0.21

NC-
amine

213 166 240 259 0.11

aZ-average diameter. bNumber-average diameter. cIntensity average
diameter. dVolume average diameter. ePolydispersity index.
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DLS analyses of the modified nanocapsules were carried out
in water. The nanocapsules were found to be readily dispersed
in water. This was in contrast to the initial nanocapsules, which
were only dispersible in nonpolar solvents and would aggregate
and precipitate in water. For both types of nanocapsules, there
was no change in the stability of the nanocapsules, as evidenced
by the monomodal distribution and the low PDI values from
the DLS analysis (SI, Figure S3). From the TEM micrographs
obtained (Figure 1 and SI, Figure S8), both nanocapsules were
confirmed to retain their core−shell morphology.
From the DLS results, an increase in nanocapsule diameter

was observed when NC-tBMA (Z-Avg. = 208 nm) was
hydrolyzed into NC-COOH (Z-Avg. = 258 nm). This trend
was also observed from the TEM micrographs. The measured
diameter of NC-COOH was 238 nm, with a shell thickness of
44 nm, larger than diameter (191 nm) and the shell thickness
(21 nm) of the initial NC-tBMA. In contrast, the resulting NC-
amine (Z-avg. = 213 nm) showed no significant changes on the
size when compared to the initial NC-PFPMA (Z-Avg. = 211
nm). TEM analysis showed nanocapsules with a diameter of
222 nm, comparable to the DLS result. The shell thickness was
measured to be 36 nm which is very similar to the measured
thickness of 31 nm on NC-PFPMA. The different behaviors
observed further confirmed successful modification of the
polymeric shells and gave an early indication of their responsive
behavior. Both the DLS and the TEM results confirmed that
the postpolymerization reactions proceed efficiently and did
not have any impact on the morphology and the stability of the
nanocapsules, while the observed change in size is correlated to
the successful introduction of responsive functionalities into the
shell.
Controlled release of encapsulated agents through a change

in pH has been well documented and exploited. Herein, we
report the efficient production of two different types of pH-
responsive nanocapsules which display opposite behavior when
dispersed in acidic or basic aqueous solutions. The change in
size was analyzed via DLS and the Z-average values were used
to give a close representation of the trend (Table S3).
NC-COOH experienced an increase in size as the pH of the

solution was increased (Figure 2). This is attributed to the

deprotonation of the carboxylic acid groups, which promote the
electrorepulsive forces between the carboxylate ions within the
chains. The surface charge of NC-COOH at neutral pH was
confirmed to be negative due to the deprotonation of the
carboxylic acid groups. As the pH increased, the zeta-potential
decreased further until the most negative zeta-potential was
reached between 7 and 10, coinciding with the full
deprotonation. Once this pH regime has been reached, no
further increase in particle size was observed (Figure 2). As

expected, protonation occurred as the pH was decreased,
represented by the increase in zeta potential and reaching a
positive value (+13 mV) at pH 3.
NC-amine showed the opposite behavior to that of NC-

COOH. In this case, the nanocapsule diameter was found to
decrease as the pH was increased due to the protonation of the
amine functionality at low pH. As a result, repulsive forces
between the positive charges cause the polymeric shell to swell.
At neutral pH, the surface was found to be slightly positive (+8
mV) due to slight protonation, which was expected considering
the pKa value of the tertiary amine at 7.7.

40 Protonation led not
only to the increase of the zeta potential (up to +51 mV at pH
3), but also the increase in particle size due to repulsive forces.
Negative zeta potential values were recorded when the pH of
the solution was adjusted to 12. This could be attributed to
other functionalities present within the shell, such as the
hydroxyl from the PHPMA chain. However, the contribution of
this to the size of the nanocapsules was confirmed to be
insignificant. For both NC-COOH and NC-amine, the PDI
values decreased with an increasing level of charge (i.e., with
increasing absolute value of the zeta potential). This is
attributed to electrostatic repulsive forces leading to improved
colloidal stabilization and, thus, less aggregation. The presented
behavior of these nanocapsules could thus be exploited to
selectively control the release rate of encapsulated molecules;
an expanded, less dense shell would be anticipated to result in a
higher release rate due to lower diffusion resistance.
Two different types of pH-responsive nanocapsules have

been successfully synthesized through IMEPP and postpolyme-
rization reactions. IMEPP of both tBMA and PFPMA were
performed initially to produce polymeric nanocapsules. For
polymeric nanocapsules having tBMA shell (NC-tBMA), acid-
catalyzed hydrolysis was conducted to yield polymeric nano-
capsules with anionic, pH-responsive, methacrylic acid shells
(NC-COOH). In contrast, polymeric nanocapsules with
PFPMA (NC-PFPMA) shell underwent aminolysis to generate
cationic N-[3-(dimethylamino)propyl] methacrylamide shells
(NC-amine). The IMEPP reaction and the postpolymerization
reaction were both confirmed to have no influence on the size
and the stability of droplets/nanocapsules.
The pH responsiveness of the nanocapsules was confirmed

over the pH range from 3 to 12. For NC-COOH, the shell
swelled under basic conditions due to the deprotonation of the
carboxylic acid functionality. This was also confirmed by the
negative zeta-potential value representing the negatively
charged carboxylate ion. In contrast, NC-amine shell swelled
under acidic conditions due to the protonation of the amine
functionality confirmed by the positive zeta-potential value. It is
envisaged that the tunable degree of swelling of the shells can
be exploited for control of the release rates of encapsulated
drugs. Furthermore, with the current report on the versatility of
IMEPP and postpolymerization reaction, we believe that this
methodology can be exploited further to introduce various
functionalities to suit particular applications.
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Figure 2. Plots correlating the change in zeta-potential (A) and Z-
average size (B) with the change in pH of NC-amine (square) and
NC-COOH (circle).
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