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ABSTRACT: Star polyelectrolytes (poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)) with dual (temperature and pH) responsive
properties were utilized to fabricate multiresponsive microcapsules via
layer-by-layer (LbL) assembly. The LbL microcapsules are very robust and
uniform, with higher stability and diﬀerent internal structure compared with
conventional microcapsules based on linear polyelectrolytes. Ionic strength in
the polyelectrolyte solution during the microcapsule assembly process has a
signiﬁcant inﬂuence on the thickness and permeability of microcapsules. With
increasing pH, the permeability of microcapsules decreases, and the transition
from “open” to “closed” state for target molecules can be achieved within a
narrow pH range (from pH 7 to 8). On the other hand, the overall size and
permeability of the microcapsules decrease with increasing temperature (with
a shrinkage of 54% in diameter at 60 °C compared with room temperature),
thus allowing to reversibly load and unload the microcapsules with high
eﬃciency. The organization and interaction of star polyelectrolytes within conﬁned multilayer structure are the main driving
forces for the responsiveness to external stimuli. The multiresponsive LbL microcapsules represent a novel category of smart
microstructures as compared to traditional LbL microcapsules with “one-dimensional” response to a single stimulus, and they
also have the potential to mimic the complex responsive microstructures found in nature and ﬁnd applications in drug delivery,
smart coatings, microreactors, and biosensors.

1. INTRODUCTION
Stimuli-responsive polymeric structures have attracted much
attention in recent years due to their diverse range of potential
applications.1 There are many diﬀerent categories of responsive
polymeric structures, such as brushes,2 thin ﬁlms,3 micro- and
nanogels,4 micelles,5,6 hybrid particles,7,8 nanotubes,9 microcapsules,10 biomaterial sheets,11 and thin shells for cells.12,13
Among these diﬀerent materials, responsive microcapsules have
their unique and superior properties, such as easy fabrication,
high stability, high loading capacity, and controlled release of
cargo molecules.10,14 During the past decade, layer-by-layer
(LbL) assembly has emerged to be an important tool to
fabricate microcapsules because of its many advantages, such as
high versatility, uniformity, broad choice of materials, and facile
incorporation of multiple functionalities.15−18
LbL microcapsules and shells with stimuli-responsive properties have been studied intensively in recent years due to their
emerging applications in drug delivery, tissue engineering,
implantation, coatings, and biosensors.19 Traditional stimuli
used to modulate the structure and properties of LbL
microcapsules include pH and ionic strength20,21usually for
microcapsules composed of weak polyelectrolytes, because the
charge density and electrostatic interaction within the shell
© 2014 American Chemical Society

change with pH value, rendering their structure and
permeability pH-responsive.22 Because of the charge screening
eﬀect with the increasing ionic strength, the electrostatic
interaction between oppositely charged polyelectrolytes
decreases,23 which leads to an increased permeability of the
microcapsules with a polyelectrolyte multilayer shell.24
Besides pH and ionic strength, other environmental stimuli
such as light,25−27 magnetic or electric ﬁelds,28,29 chemical
stimuli,30 ultrasound,31 and temperature32 are also highly
attractive.33 Generally, these stimuli can be remotely controlled
and require only mild changes in the environment, making
them more desirable in certain applications. Most of the
previous work in this ﬁeld is focused on responsiveness to a
speciﬁc type of stimulus;34 the integration of responsiveness to
the novel stimuli with that to traditional stimuli (pH, ionic
strength) has received little attention so far. On the other hand,
in order to satisfy the requirements of some more demanding
tasks,35 and to have smart systems that can react to diﬀerent
stimuli at the desired location, condition, and time, the
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Scheme 1. (a) Chemical Structure of PDMAEMA Star Polymers and (b) Assembly of (PSS/PDMAEMA18)n LbL Microcapsules

stars to multivalent salt, the permeability of the microcapsules
can be reversibly tuned by the counterion valency and UV
irradiation. However, those previous studies on microcapsules
with star polymer components have not demonstrated multiple
responsive behaviors.
Herein, we utilize PDMAEMA star polyelectrolytes with dual
response to pH and temperature to fabricate LbL microcapsules. PDMAEMA is a well-known water-soluble and
stimuli-responsive polyelectrolyte with a wide range of
applications.46 As a weak polyelectrolyte, its charge density
depends on the solution pH. With decreasing pH value, the
ionization degree of the amino groups is higher; therefore, the
polymer has a higher charge density, and previous studies
showed that the (PDMAEMA170)18 star polyelectrolyte has a
pK a of 5.8. 47 The prepared microcapsules based on
PDMAEMA stars are very robust, and their structure and
permeability are readily responsive to external stimuli such as
pH, temperature, and ionic strength. The pH-controlled
permeable−impermeable transition occurs in a very narrow
pH range, which is superior to most previous reports.48,49
Taking advantage of the thermoresponsive properties, a highly
eﬃcient and reversible loading−unloading patter under crosscorrelated stimuli can be achieved.

integration of multiresponsive properties into one single type of
microcapsule is a very attractive option.36 Moreover, in many
practical applications the change in environment is often
includes several interrelated factors, and a change in one factor
often induces the variation of others. Therefore, the ability to
respond to several external stimuli simultaneously or in
orthogonal way is of signiﬁcant interest.
Several previous reports describe multiresponsive microcapsules. For instance, Chu et al.37 reported the temperature−
magnetic ﬁeld dual responsive microcapsules that rely on the
incorporation of magnetic nanoparticles. Gao et al.38 showed
that by using the host−guest interaction, LbL microcapsules
can possess multiresponsiveness to pH, ionic strength, and
selectively binding molecules, but such host−guest interaction
can only apply to limited speciﬁc molecules. Pich et al.39
reported composite microcapsules with responsive microgel
particles embedded in the shell, which respond to temperature
and solvent concentration, but the responses take a long time.
Despite the great potential of multiresponsive microcapsules,
there are still many fundamental and practical issues to be
addressed: for example, the role of polymer architecture in the
responsiveness of polymeric microcapsules, the eﬀects of
organization and interaction of the building blocks within the
microcapsule shell on their responsive properties, the potential
interaction or crosstalk among diﬀerent external stimuli, and
precise morphological changes, which accompany apparent
microcapsule variations.
For the purpose of fabricating multifunctional or multiresponsive microstructures, star polymers stand out as an
excellent candidate material because they have the advantages
of having multiple functionalities,40 ﬂexible compositions,41 and
unique responses caused by well-deﬁned macromolecular
segments.42 Because of the unique branched architecture and
peculiar intermolecular interactions of star polymers,43 they can
bring unique internal structure and signiﬁcantly diﬀerent
physical properties to the fabricated microstructures including
microcapsules.44 For example, star-shaped polystyrene-blockpoly(2-pyridine) (PSnP2VPn) block copolymers have been used
to fabricate LbL microcapsules;45 the prepared microcapsules
have a multicompartmental shell structure with densely packed
hydrophobic domains within the hydrophilic matrix. Poly{[2(methacryloyloxy)ethyl]trimethylammonium iodide} (PMETAI) star polyelectrolytes have also been used in LbL assembly
of microcapsules,27 and due to the unique response of PMETAI

2. RESULTS AND DISCUSSION
Fabrication of LbL Microcapsules. The star architecture
provides many unique properties compared with the linear
counterparts, and for the sake of comparison, both star and
linear PDMAEMA were used as the polycations and poly(sodium 4-styrenesulfonate) (PSS) was used as the polyanion
to fabricate LbL microcapsules via electrostatic interaction
(Scheme 1). The LbL microcapsules are named (PSS/
PDMAEMA18)n or (PSS/PDMAEMA1)n, where the subscript
18 refers to the PDMAEMA star with 18 arms, while the
subscript 1 refers to linear PDMAEMA, and n indicates the
number of bilayers.
The LbL assembly of PSS and PDMAEMA stars was
conducted at pH 5 condition, since at this condition the
PDMAEMA stars have higher charge content and the
electrostatic interaction with anionic PSS is stronger, which is
beneﬁcial to the assembly process. The two polyelectrolyte
components were dissolved in 0.1 M NaCl solution; due to the
presence of salt, the charge on the polyelectrolyte backbones
was partially screened, which has signiﬁcant inﬂuence on the
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structure and permeability of the resulting hollow microcapsules, as will be discussed later.
Electrophoresis experiments were conducted to monitor the
LbL growth of PSS and PDMAEMA star polyelectrolytes
(Figure 1). The ζ-potential of bare silica particle at pH 5 buﬀer

Figure 1. ζ-potential as a function of number of layers during LbL
assembly on silica microparticles with alternating (PSS/PDMAEMA18)
bilayers.

Figure 2. SEM images of (PSS/PDMAEMA18)n microcapsules with
diﬀerent number of bilayers: (a, b) 5, (c, d) 8, (e, f) 11.

was around −9.8 mV. A ζ-potential of ca. −52.0 mV was
obtained for microcapsules when PSS was the outmost layer of
ﬁlm on silica core. On the other hand, a ζ-potential of ca. +42.7
mV was observed when PDMAEMA18 star polyelectrolyte was
the outmost layer. Overall, the alternating surface charge of
coated silica particles serves as strong evidence that consistent
assembly of anionic PSS and cationic PDMAEMA components
took place during the fabrication process.50,51
Morphology of (PSS/PDMAEMA)n LbL Microcapsules.
From the scanning electron microscope (SEM) images in
Figure 2, it can be seen that the hollow microcapsules collapse
after drying with formation of random wrinkles. With the
increase of number of bilayers, the contact area of the collapsed
microcapsules with the substrate decreases and wrinkles on the
surface also become larger. Figure 3 shows representative
transmission electron microscopy (TEM) images of (PSS/
PDMAEMA18)11 microcapsules, where it can be seen clearly
that the microcapsules are hollow without any residual core
materials inside.
Further surface analysis was conducted using atomic force
microscopy (AFM), as shown in Figure 4. The left column
images show the whole microcapsules with increasing number
of bilayer. From a smaller area scan depicted in the right
column of Figure 4, it can be seen that the surface possesses a
highly dense granular morphology, where the average size of
individual granules (30−40 nm) matches dimensions of
PDMAEMA stars (Figure S1).
The data on thickness of the microcapsules in dry state are
summarized in Figure 4g. The thickness of the microcapsules
increases signiﬁcantly from 5 bilayers to 8 and 11 bilayers. In
contrast, microcapsules from linear PDMAEMA and PSS have
signiﬁcantly thinner shell. It can also been seen from Figure 4
that with the increase of bilayer number, the number of
wrinkles on the dried microcapsules decreases, while the

Figure 3. TEM images of (PSS/PDMAEMA18)11 microcapsules. The
scale bar is 2 μm in (a) and 500 nm in (b).

wrinkles become larger; some of them cover almost half of the
whole collapsed microcapsules.
The main reason for thicker shell of (PSS/PDMAEMA18)n
microcapsule is that star PDMAEMA has more abundant
functional groups and chain ends; therefore, their electrostatic
interaction with PSS is stronger, and the amount of adsorbed
polyelectrolytes in each layer on the silica core is more than
that of microcapsules from linear PDMAEMA. On the other
hand, the thicker shell of the star PDMAEMA-based microcapsules leads to better mechanical stability; the shell becomes
more rigid and less easy to deform, which allows the
microcapsules to be persistent against local capillary forces
during the drying process.45 As a result, the microcapsules only
partially collapse, with a large wrinkle on the surface (Figure
4c,e). On the contrary, (PSS/PDMAEMA1)n microcapsules
with lower mechanical stability collapse completely on the
substrate, and the contact area of the microcapsules remains
almost the same for diﬀerent bilayer numbers (Figure S2).
Eﬀects of Ionic Strength and Polymer Architecture on
Microcapsule Behavior. We found a signiﬁcant inﬂuence of
the ionic strength of the solution used to prepare the
microcapsules on their properties. To study this eﬀect, we
used two diﬀerent polyelectrolyte solutions: one with 0.2 mg/
mL polyelectrolytes dissolved in 0.1 M NaCl solution with
7860
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Tris-HCl buﬀer with adjusted pH. If the pore size of the
microcapsules shell is larger than the size of the ﬂuorescent
probe, then the ﬂuorescent intensity would be almost the same
for the interior and exterior of the microcapsules; otherwise, the
interior would be dark and the background appears bright. The
(PSS/PDMAEMA18) microcapsules have quite low permeability; as shown in Figure 5, FITC-dextran with Mw of 4 kDa

Figure 5. CLSM images of (PSS/PDMAEMA18)n microcapsules
prepared from salt solution with 5 bilayers (a), 8 bilayers (b), and 11
bilayers (c). (PSS/PDMAEMA18)5 prepared from water solution (d)
exposed to FITC-dextran with Mw of 4 kDa at pH 5. Scale bar in each
panel is 5 μm.

cannot permeate into the microcapsules, while FITC molecules
are able to go through the shell at pH ≤ 7 condition.
Considering the hydrodynamic diameter of FITC-dextran (4K)
is approximately 2.8 nm, and that of FITC is 1.1 nm,52 the
average pore size of the (PSS/PDMAEMA) microcapsules is
estimated to be between these two values (around 2 nm). This
result is in accordance with a previous study,24 which also
showed that for microcapsules fabricated from salt solution
with relatively thicker shells, the mesh size is on the order of a
few nanometers.
On the other hand, the (PSS/PDMAEMA18)5 microcapsules
prepared from pure water solution have much higher
permeability; as shown in Figure 5, FITC-dextran with Mw
up to 250 kDa (hydrodynamic diameter: 22.9 nm) can still
diﬀuse inside (Figure S3), which means the pore size is in the
range of 20−30 nm, which is around 10 times higher than those
prepared from 0.1 M NaCl solution. Because of the screening
of charges and more compact chain conformation in salt
solution, the LbL shell would be thicker and more condensed
with smaller mesh size. While in aqueous solution without salt,
the polyelectrolytes should assume a stretched conformation
due to the electrostatic repulsion between charged arms, thus
forming a highly porous interpenetrating network with irregular
pores distributed through the entire shell. Another important
consequence is that the microcapsules prepared from water
solution tend to aggregate easily (Figure 5d), while those from
salt solution are well dispersed.

Figure 4. AFM images of (PSS/PDMAEMA18)n microcapsule with 5
bilayers (a, b), 8 bilayers (c, d), and 11 bilayers (e, f). The Z range is
1500 nm (a, c, e) and 50 nm (b, d, f); scale bar is 1 μm (a, c, e) and
100 nm (b, d, f). (g) Thickness comparison of microcapsules with
diﬀerent bilayer numbers.

adjusted pH and the other with 0.2 mg/mL polyelectrolytes
dissolved in pure water with adjusted pH. It is worth to
mention that all microcapsules, regardless of which solution was
used for their preparation, were dialyzed in pure water after
core dissolution. This procedure should remove almost all of
the excess ions even from the LBL multilayers, leading to a
“frozen” structure of the shell, which is cross-linked by
electrostatic interaction and remains stable when exposed to
salt-free condition afterward.
The microcapsule permeability was measured by using
ﬂuorescein isothiocyanate (FITC) or FITC-labeled dextrans
of various molecular weights as ﬂuorescent probes in 0.01 M
7861
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Moreover, the average size of the hollow (PSS/PDMAEMA18)5 microcapsules prepared from water solution (2.66 ±
0.11 μm) is signiﬁcantly smaller than those prepared from salt
solution (3.65 ± 0.13 μm), which can also be attributed to
more rigid chain conformation in the multilayer shell; there are
much stronger unbalanced stress within the shell during core
dissolution, which would lead to shrinkage of the overall size.
The ability to tune the permeability of microcapsules several
micrometers in size down to the nanometer scale makes the
more robust (PSS/PDMAEMA18) microcapsules interesting
candidates for many potential applications. Therefore, in the
rest of the paper, the microcapsules are all prepared from 0.1 M
NaCl polyelectrolyte solution unless speciﬁcally stated.
To further investigate the eﬀect of the star architecture on
the assembly process, we also measured the thickness and
surface morphology of the analogous LbL ﬁlms on planar
substrates (Figure 6). The LbL ﬁlms from star and linear

Figure 7. CLSM images of (PSS/PDMAEMA18)8 (a) and (PSS/
PDMAEMA1)8 microcapsules (b) exposed to 0.5 M NaCl solution at
pH = 5 and FITC added. Permeability of (PSS/PDMAEMA18)8
microcapsules in buﬀer (c) and in 0.5 M NaCl solution (d) to 4
kDa FITC-dextran. The insets are the representative ﬂuorescent
intensity proﬁle over the microcapsule. Scale bar in each panel is 5 μm.

microcapsules tend to aggregate and be deformed, which
happens to a higher extent with the increase of salt
concentration. We suggest that due to the abundance of
charged sites on star PDMAEMA chains, they can maintain a
relatively highly charged state in spite of the shielding eﬀect
compared with the linear counterpart; therefore, the (PSS/
PDMAEMA18)n microcapsules are less likely to aggregate.57 On
the other hand, the salt induces polyelectrolyte rearrangements
which can result in the formation of local defects on the shell,62
and the exposure to high salt concentration would lead to an
osmotic pressure induced compression. As a result, a signiﬁcant
portion of (PSS/PDMAEMA1)8 microcapsules are deformed to
crescent shape in 0.5 M NaCl solution. Star PDMAEMA has
more cross-linking sites with PSS, and the microcapsules have a
thicker and stable shell, which makes them more resistant to
such kind of deformation.
Ionic strength can also be used to tune the permeability of
the star PDMAEMA based microcapsules, as shown in Figure
7c,d. FITC-dextran with 4 kDa is impermeable to (PSS/
PDMAEMA18)8 microcapsules in 0.01 M Tris-HCl buﬀer with
pH 5, but when the microcapsules were exposed to 0.5 M NaCl
solution, they became much more permeable. The reason for
which is also due to the salt induced polyelectrolyte
rearrangements; the chains become more mobile and local
defects can be generated. Because of the higher stability of the
star PDMAEMA based LbL microcapsules, in the following
study we focus on the (PSS/PDMAEMA18)n microcapsules.
pH Response of (PSS/PDMAEMA18) LbL Microcapsules. Taking advantage of the pH-dependent behavior of
PDMAEMA, the structure and permeability of the corresponding LbL microcapsules are also expected to change with pH.
Indeed, as shown in Figure 8, at pH ≤ 7 conditions, the FITC
is able to diﬀuse into the (PSS/PDMAEMA18) microcapsules;

Figure 6. Thickness of PSS/PDMAEMA LbL ﬁlms as a function of
number of bilayers. The dotted lines are ﬁtting from the linear or
exponential model.

PDMAEMA in salt solution have very diﬀerent growth modes:
the PSS/PDMAEMA18 LbL ﬁlm exhibits nonlinear growth in
thickness, while PSS/PDMAEMA1 LbL ﬁlm shows conventional linear growth. The nonlinear growth can be attributed to
subsurface diﬀusion, resulting in the increase of ﬁlm surface
roughness with the number of deposited layers.53 Indeed, AFM
images show that the surface of PSS/PDMAEMA18 LbL ﬁlm is
highly grainy but uniform without any vermiculate pattern, and
the root-mean-square (RMS) roughness is 4.0 nm in a 4 μm2
area (Figure S4).54 For PSS/PDMAEMA1 LbL ﬁlm, the surface
is much smoother with RMS roughness of 1.8 nm in a 4 μm2
area, which indicates the conventional buildup process with
alternate overcompensation of the surface charge after each
deposition.55 On the other hand, the LbL ﬁlms prepared from
water solution have linear growth pattern for both star and
linear PDMAEMA, and their thickness is much smaller
compared with those prepared from salt solution. The absence
of charge screening and more stretched conformation prevent
the excessive buildup process.
Finally, the (PSS/PDMAEMA18)8 and (PSS/PDMAEMA1)8
microcapsules were exposed to FITC solution at pH 5 with
diﬀerent concentration of NaCl, as shown in Figure 7a,b. It can
be seen that (PSS/PDMAEMA18)8 microcapsules are stable in
high ionic strength condition, while (PSS/PDMAEMA1)8
7862
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Figure 8. CLSM images of (PSS/PDMAEMA18)n microcapsules with 5 bilayers (a, b, c), 8 bilayers (d, e, f), and 11 bilayers (g, h, i) exposed to FITC
solutions at diﬀerent pH conditions as labeled on each column. The inset in (a) and (c) is the representative ﬂuorescent intensity proﬁle over the
microcapsule. Scale bar in each panel is 5 μm.

reorganization process has been found to lead to reversible pore
opening or closing in certain weak polyelectrolyte multilayer
ﬁlms.57 At low pH value, the majority of the free amino groups
on PDMAEMA chains are charged, which would cause the
chains to extend due to the electrostatic repulsion. As a result,
the spacing between the chains in the multilayer system is
larger; in other words, the microcapsules have higher
permeability, which allows the facile diﬀusion of FITC.57 The
(PSS/PDMAEMA18)n microcapsules are very stable at acid
condition down to pH 1 (Figure S6).
With the increase of pH value, the charge density on
PDMAEMA chain dimensions decrease. As a result, the
electrostatic repulsion force decreases, which leads to the
contraction of the ﬂexible chains. Since the PSS chains are
closely bound to PDMAEMA, the contraction of PDMAEMA
chains would also force the whole multilayer shell to contract,
which results in a denser shell and lower permeability as
depicted in Scheme 2.
On the other hand, the density of ionic cross-links also
decreases with increasing pH, leading to a more ﬂexible
membrane, and possible defects in the microcapsule shell are
ﬁlled by the more dynamic chains. The critical value for the
permeation of FITC molecules is in between pH 8 or 9
depending on the shell thickness (Figure 8). The overall size of
the microcapsule also gradually decreases with increasing pH;
for example, the average size of (PSS/PDMAEMA 18 ) 8
microcapsules decreases from 3.65 μm (±0.10) at pH 7 to

however, as the pH increases, the permeability of the
microcapsules decreases. For (PSS/PDMAEMA18)5 microcapsules, the transition from permeable to impermeable state
happens at pH 9. While for (PSS/PDMAEMA18)11 microcapsules, due to the increased shell thickness, the transition
already happens at pH 8 for (PSS/PDMAEMA18)8 and (PSS/
PDMAEMA18)11.
The permeability test results are summarized in Table 1. For
the sake of comparison, we also studied the responsiveness of
Table 1. Permeability of (PSS/PDMAEMA18)n and (PSS/
PDMAEMA1)n Microcapsules to FITC at Diﬀerent pH
Conditions (+: Permeable; −: Not Permeable)
sample

pH = 3

pH = 5

pH = 7

pH = 8

pH = 9

(PSS/PDMAEMA18)5
(PSS/PDMAEMA18)8
(PSS/PDMAEMA18)11

+
+
+

+
+
+

+
+
+

+
−
−

−
−
−

microcapsules based on linear PDMAEMA. As shown in Figure
S5, the (PSS/PDMAEMA1)n microcapsules show a similar
trend of permeability changes with increasing pH.
As known, the electrostatic cross-links within the polyelectrolyte multilayer shell are dynamic and sensitive to pH and
electrostatic screening, which allows the chains to undergo
certain reorganization due to the breaking and re-forming of
ionic cross-links that hold the multilayer shell together.56 This
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the shell, and at pH 9 the shell is not visible, which means
FITC cannot attach to the shell. FITC is negatively charged in
the pH range used for our study, so that they can bind with
PDMAEMA chains through electrostatic interaction. When the
charge density of PDMAEMA decreases with increasing pH
value, the interaction between FITC and PDMAEMA also
decreases, resulting in a reduced FTIC absorption.
Taking advantage of the pH responsive permeability of
(PSS/PDMAEMA18)n microcapsules, we also performed
encapsulation and release of FITC molecules in solution
(Figure 10). By exposing the (PSS/PDMAEMA18)8 micro-

Scheme 2. Structural Changes of the (PSS/PDMAEMA18)
Microcapsules in Response to Diﬀerent External Stimuli
Including Ionic Strength, pH, and Temperature

3.33 μm (±0.12) at pH 9, as measured by CLSM in solution
state. The morphology of the microcapsules in dry state from
their suspension with diﬀerent pH values provides additional
evidence to the dimensional changes.
As shown in Figure 9, (PSS/PDMAEMA18)11 microcapsules
have relatively thin shell and ﬂat surface at pH 5, and the shell
gradually become denser with large wrinkles forming on the
surface at pH 7. Eventually, the microcapsules have thick and
rigid shell which tends not to collapse during drying, so that the
spherical shape is largely retained and the shells are partially
broken during drying. At the same time, the size of the
microcapsules in dry state also decreases with increasing pH.
If the pH value further increases to above 9, the shell
integrity would be compromised and FITC can permeate
through the damaged region into the microcapsules. As can be
seen from Figure S7, at pH 10 condition about half of the
(PSS/PDMAEMA18)8 microcapsules are broken and FITC can
diﬀuse inside. With further increase of pH to 11, most of the
microcapsules are damaged, and almost no intact spherical
microcapsules can be found. The PSS/PDMAEMA18 microcapsules have higher stability in such extreme pH conditions
compared with (PSS/PDMAEMA1)8 microcapsules (Figure
S7).
Another interesting phenomenon observed in this study is
that not only the permeability of target molecules inside the
microcapsules can be controlled by pH, but also the
incorporation of target molecules into the shell is inﬂuenced
by pH conditions. It can be seen from Figure 8 that at pH 7 the
FITC molecules can be readily absorbed on the shell, which
show higher ﬂuorescence intensity than the background. When
the pH value increases to 8, less FITC molecules are bound to

Figure 10. (PSS/PDMAEMA18)8 microcapsules encapsulation of
FITC at pH 9 (a) and release at pH 7 (b); the second cycle of
encapsulation and release (c, d). Scale bar is 5 μm in all images.

capsules to FITC solution at pH 7, the dye molecules can
readily permeate inside; then after collecting the microcapsules
through centrifugation and replacing the supernatant with pH 9
buﬀer, the permeability of the microcapsules decreases so that
the FITC can be encapsulated with the background dye
removed. The encapsulated FITC can be quickly released by
exposing the microcapsules to pH 7 buﬀer again. The
encapsulation and release are completely reversible and can
be done multiple times with high eﬃciency (Figure 10).
Temperature Response of (PSS/PDMAEMA18) Microcapsules. PDMAEMA is a well-studied water-soluble
thermoresponsive polyelectrolyte, and the cloud points of
PDMAEMA solutions strongly decrease with increasing

Figure 9. SEM images of (PSS/PDMAEMA18)11 microcapsules with diﬀerent pH conditions: (a) pH = 5, (b) pH = 7, and (c) pH = 9.
7864
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pH.47,58 With the increase of temperature, water becomes a bad
solvent for PDMAEMA, the hydrogen bonding between
PDMAEMA chains and water weakens, and the hydrophobic
interaction increases,59 so that the arms of PDMAEMA stars
shrink to a more collapsed conformation,60 which leads to
changes in the structure and permeability of the microcapsule.
As shown in the previous section, the transition of (PSS/
PDMAEMA18) microcapsules from being permeable to being
impermeable to FITC molecules occurs between pH 8 and 9.
Therefore, for following study, we chose pH 7 as the condition
to load FITC dye molecules inside the microcapsules. The
encapsulation was done by incubating the microcapsules in
solution containing FITC dye at room temperature. The
solution was then transferred to a dialysis tube in pH 7 buﬀer
bath at a preset temperature of 45 °C with constant stirring.
Dialysis at 45 °C was continued until the concentration of
FITC in the buﬀer was very low and remained unchanged, as
monitored by a ﬂuorophotometer.
Then the whole system was cooled down to a series of preset
temperatures (40, 35, 30, 25, and 20 °C) consecutively; at each
preset temperature the buﬀer bath was equilibrated for 15 min,
and then the ﬂuorescence intensity of the bath which contains
the FITC molecules permeate from the microcapsules was
measured. The results are shown in Figure 11a; it can be seen
that the intensity of the FITC emission peak of (518 nm)
increases as the cooling proceeds.
The results give strong indication that FITC dye was
successfully encapsulated and retained inside the microcapsules
at 45 °C but can be subsequently released by decreasing the
temperature (Figure 11). With the decrease of temperature, the
PDMAEMA stars can recover from their collapsed state;
therefore, the shell of microcapsules also become more swollen
and permeable for FITC. The thermoresponsive encapsulation
and release is also completely reversible, as shown in Figure
11b. FITC molecules can be encapsulated inside the microcapsules at 45 °C and be released at 20 °C with high eﬃciency
in a cyclical fashion. Such temperature-induced loading−
unloading cycling can be repeated numerous (more than 10)
times.
Moreover, it has been found that pH conditions also aﬀect
the thermoresponsive behavior of microcapsules, proving direct
cross-correlation of two independent stimuli. As shown in
Figure S8, when the encapsulation and release are performed at
a lower pH condition (pH 6), the encapsulation eﬃciency
somewhat decreases, as indicated by the relative ﬂuorescent
intensity changes during cooling at the same condition. The
reason for this can be related to the earlier pH responsiveness
discussion; basically, at lower pH condition the permeability of
PSS/PDMAEMA18 microcapsules is higher, so that less amount
of FITC molecules can be encapsulated at the same
temperature.
The thermoresponsiveness has also been proved by the
changes in size and morphology of the microcapsules as
measured by AFM. From Figure 12 it can be seen that the
average overall size of the dried microcapsules shrink from 4.47
(±0.31) μm at 20 °C, to 3.42 (±0.18) μm at 40 °C, and 2.07
(±0.16) μm at 60 °C. At the same time, the average thickness
of the microcapsules increases from 24.8 (±1.1) nm at 20 °C,
to 29.4 (±2.6) nm at 40 °C, and 76.0 (±7.9) nm at 60 °C. The
signiﬁcant size reduction and densiﬁcation of shell caused by
changing hydrophobic−hydrophilic balance corroborate the
permeability changes of the microcapsules with increasing
temperature.

Figure 11. (a) Fluorescence intensity of the dialysis bath which
contains the FITC molecules permeate from the microcapsules, during
the cooling of (PSS/PDMAEMA18)8 microcapsules from 45 to 20 °C.
(b) Reversibility of the thermoresponsive encapsulation and release as
indicated by ﬂuorescence intensity of the dialysis bath.

Our results of the thermoresponsiveness of microcapsules
based on responsive PDMAEMA star polyelectrolyte are
unique and superior in certain aspects compared with previous
studies on conventional LbL microcapsules. A study on PSS/
PAH microcapsules61 indicates that the capsule size decreases
when heated; the density and volume of the microcapsules shell
remained approximately constant. But the magnitude of the
observed decrease in the former case is much lower compared
with our results. In another study the annealing at high
temperature (40 °C) even led to the swelling of the
microcapsules.62

3. CONCLUSIONS
In conclusion, responsive PDMAEMA star polyelectrolytes (to
pH and temperature) were successfully used as main
component to fabricate LbL microcapsules. The microcapsules
are able to respond to multiple external stimuli, such as ionic
strength, pH, and temperature. With increasing pH, the
permeability of microcapsules decreases, and the transition
from “open” to “closed” state for target molecules can be
accurately tuned within a narrow pH range. Furthermore, due
to the thermoresponsiveness of PDMAEMA stars, the overall
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Figure 12. Size and morphology changes of (PSS/PDMAEMA18)5 microcapsules with increase of temperature as shown by AFM images. Scale bar is
3 μm for top row and 1 μm for bottom row. Z range is 500 nm for 20 and 40 °C images and 2000 nm for 60 °C images.
Synthesis of PDMAEMA Star Polyelectrolytes. PDMAEMA
star polymers were synthesized by atom transfer radical polymerization
of 2-(N,N-dimethylamino)ethyl methacrylate employing a core-ﬁrst
route with functionalized polyhedral oligomeric silsesquioxane (POSS)
core as described earlier64 (Scheme 1). Silsesquioxane nanoparticles
were used as multifunctional initiators; the rather low eﬃciency of the
initiation sites (30−75%) leads to a moderate arm number distribution
of the prepared polyelectrolyte stars. Here, we used PDMAEMA star
polymers with 18 arms, with the number-average degree of
polymerization (DP) per arm of 170, Mn of 910 kDa, and a
(polydispersity index) PDI of 1.2. The linear PDMAEMA used in this
study for comparative purposes has a DP of 450, Mn of 28.8 kDa, and a
PDI of 1.98.
Preparation of LbL Microcapsules and Films. PSS and
PDMAEMA star polyelectrolyte were each dissolved in 0.1 M NaCl
solution with the concentration of 0.2 mg/mL. PEI solution (1.0 mg/
mL) in Nanopure water was used to deposit the prelayer. The
preparation of LbL (PSS/PDMAEMA)n microcapsules is shown in
Scheme 1b: the bare, negatively charged silica particles with average
diameter of 4.0 μm were ﬁrst coated with a PEI prelayer by incubating
in 1.5 mL of PEI solution (1.0 mg/mL) for 15 min, followed by two
centrifugation (3000 rpm for 3 min)/wash cycles. Subsequently, the
silica particles were incubated in 1.5 mL PSS solution (0.2 mg/mL) for
15 min, followed by two centrifugation (3000 rpm for 3 min)/wash
cycles. 1.5 mL of PDMAEMA star polyelectrolyte solution was then
added, and 15 min was allowed for adsorption, also followed by two
centrifugation/wash cycles. The adsorption steps were repeated until
the desired number of layers was built on silica particles. Hollow
microcapsules were ﬁnally obtained by dissolving silica cores in 1% HF
solution for 2 h, followed by dialysis in Nanopure water for 2 days with
repeated change of water. The LbL ﬁlms were prepared by the dipassisted LbL method: the silicon substrate was alternately immersed in
PSS and PDMAEMA polyelectrolyte solution for 15 min, followed by
two times rinsing with water or 0.01 M Tris-HCl buﬀer.
Atomic Force Microscopy (AFM). AFM images were obtained
using a Dimension-3000 (Digital Instruments) microscope in the
“light” tapping mode according to the well-established procedure.65
Silicon wafers were cleaned with piranha solution (3:1 concentrated
sulfuric acid and hydrogen peroxide mixture; caution: strong oxidizer!)
according to the known procedure.66 Then wafers were rinsed

size and permeability of the microcapsules decrease with
increasing temperature; a reversible encapsulation and release
of cargo molecules by temperature changes can be achieved.
The organization and interaction of star polyelectrolytes within
conﬁned multilayer structure are the main driving forces for the
multiple responsive behaviors.
This study is the ﬁrst demonstration of multiresponsive
microcapsules from branched macromolecules and provides
insights to the interaction and assembly of star polyelectrolytes
in multilayered systems. The microcapsules based on
responsive star polyelectrolytes provide a robust and smart
platform to enable the controlled loading and unloading of
target molecules under multiple stimuli. For example, the star
polyelectrolytes can serve as nanocarriers for target molecule I,
and target molecule II can be encapsulated in the hollow core
region of microcapsules; then by applying diﬀerent stimuli
simultaneously or consecutively, the target molecules can be
released in a controlled and logic way, which is superior to most
conventional polyelectrolyte microcapsules. Moreover, the
ability of the LbL microstructure to translate multiple external
stimuli into physical response has the potential to be used as
multi-input logic gates and polymer memory devices,63 which
was demonstrated mostly for small molecules or polymers
before.

4. EXPERIMENTAL SECTION
Materials. Poly(ethylene imine) (PEI) was purchased from
Polysciences. Poly(sodium 4-styrenesulfonate) (PSS, Mw = 70 000
kg/mol) was purchased from Sigma-Aldrich. All commercial
polyelectrolytes were used without further puriﬁcation. Silica particles
with a diameter of 4.0 ± 0.2 μm and 10% dispersion in water were
obtained from Polysciences. Hydroﬂuoric acid (48−51%) was
purchased from BDH Aristar. Nanopure water (Nanopure system,
Barnstead) with a resistivity of 18.2 MΩ cm was used in all
experiments. Tris-HCl (1.0 M) was purchased from Rockland and was
diluted to 0.01 M in ultrapure pure water with pH adjusted by HCl or
NaOH for use.
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thoroughly with Nanopure water and dried with a nitrogen stream. For
sample preparation, a drop of microcapsule suspension was placed
onto a precleaned silicon wafer and dried in air prior to AFM imaging.
Thickness of the microcapsules was determined as half of the height of
the collapsed ﬂat regions of dried microcapsules from height
histograms by NanoScope software.67
Scanning Electron Microscopy (SEM). SEM imaging of hollow
microcapsules was performed on a Hitachi S-3400-II scanning electron
microscope with electric current of 10 kV in a vacuum (<1 Pa).
Microcapsules were air-dried on silicon wafers and sputter-coated with
gold before imaging.
Transmission Electron Microscopy (TEM). TEM was done
using a JEOL 100CX operated at 100 kV with samples drop-cast on
carbon−Formvar-coated copper grids (Ted Pella, Inc.).
Zeta-Potential Measurements. Surface potentials of bare and
coated silica particles were measured from aqueous solutions on
Zetasizer Nano-ZS equipment (Malvern), and the ζ-potential was
obtained using the Smoluchowski relation. Each value of the zetapotential was obtained at ambient conditions by averaging three
independent measurements of 35 subruns each.
Confocal Laser Scanning Microscopy (CLSM). Confocal images
of microcapsules were obtained with an LSM 510 UV Vis laser
scanning microscope (Zeiss, Germany) equipped with C-Apochromat
63× oil immersion objective. The excitation/emission wavelengths
were 488/515 nm. Microcapsules were visualized through addition of
ﬂuorescein isothiocyanate (FITC) to the solution. A drop of hollow
microcapsule suspension was added to Lab-Tek chamber (Electron
Microscopy Sciences), which was then ﬁlled with water or buﬀer with
microcapsules allowed to settle down.
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Matsumoto, Y.; Miyazaki, K.; Hanisch, A.; Schacher, F. H.; Kishimura,
A.; Nishiyama, N.; Müller, A. H. E.; Kataoka, K. ACS Nano 2014, 8,
1161−1172.
7867

dx.doi.org/10.1021/ma501853c | Macromolecules 2014, 47, 7858−7868

Macromolecules

Article

(39) Berger, S.; Zhang, H.; Pich, A. Adv. Funct. Mater. 2009, 19, 554−
559.
(40) Gao, H.; Matyjaszewski, K. Prog. Polym. Sci. 2009, 34, 317−392.
(41) Peleshanko, S.; Tsukruk, V. V. J. Polym. Sci., Part B: Polym. Phys.
2012, 50, 83−100.
(42) Peleshanko, S.; Tsukruk, V. V. Prog. Polym. Sci. 2008, 33, 523−
580.
(43) Jia, P. T.; Argun, A. A.; Xu, J. W.; Xiong, S. X.; Ma, J.;
Hammond, P. T.; Lu, X. H. Chem. Mater. 2010, 22, 6085−6091.
(44) Kim, B. S.; Gao, H. F.; Argun, A. A.; Matyjaszewski, K.;
Hammond, P. T. Macromolecules 2009, 42, 368−375.
(45) Choi, I.; Malak, S. T.; Xu, W.; Heller, W. T.; Tsitsilianis, C.;
Tsukruk, V. V. Macromolecules 2013, 46, 1425−1436.
(46) Majewski, A. P.; Stahlschmidt, U.; Jérôme, V.; Freitag, R.;
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