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ABSTRACT: We present the layer-by-layer (LbL) assembly of
amphiphilic heteroarm pH-sensitive star-shaped polystyrene-poly(2pyridine) (PSnP2VPn) block copolymers to fabricate porous and
multicompartmental microcapsules. Pyridine-containing star molecules
forming a hydrophobic core/hydrophilic corona unimolecular micelle in
acidic solution (pH 3) were alternately deposited with oppositely charged
linear sulfonated polystyrene (PSS), yielding microcapsules with LbL
shells containing hydrophobic micelles. The surface morphology and
internal nanopore structure of the hollow microcapsules were
comparatively investigated for shells formed from star polymers with a
diﬀerent numbers of arms (9 versus 22) and varied shell thickness (5, 8, and 11 bilayers). The successful integration of star
unimers into the LbL shells was demonstrated by probing their buildup, surface segregation behavior, and porosity. The larger
arm star copolymer (22 arms) with stretched conformation showed a higher increment in shell thickness due to the eﬀective
ionic complexation whereas a compact, uniform grainy morphology was observed regardless of the number of deposition cycles
and arm numbers. Small-angle neutron scattering (SANS) revealed that microcapsules with hydrophobic domains showed
diﬀerent fractal properties depending upon the number of bilayers with a surface fractal morphology observed for the thinnest
shells and a mass fractal morphology for the completed shells formed with the larger number of bilayers. Moreover, SANS
provides support for the presence of relatively large pores (about 25 nm across) for the thinnest shells as suggested from
permeability experiments. The formation of robust microcapsules with nanoporous shells composed of a hydrophilic
polyelectrolyte with a densely packed hydrophobic core based on star amphiphiles represents an intriguing and novel case of
compartmentalized microcapsules with an ability to simultaneously store diﬀerent hydrophilic, charged, and hydrophobic
components within shells.

■

INTRODUCTION
Amphiphilic star block copolymers can be of great interest for
use as a nanoscale container, catalyst, and template.1−5 In
particular, star polymers bearing polyelectrolyte arms might act
as colloidal nanoparticles and oﬀer a rich phase behavior under
various environments.6,7 The charged arms on the polyelectrolyte stars show stretched or retracted conﬁguration depending upon an interplay of long-range electrostatic repulsion
between arms and osmotic pressure induced by conﬁned
counterions. Such an eﬀective interaction of soft-sphere colloids
leads to dynamic response (e.g., arm collective relaxation and
self-diﬀusion) by deformation and interdigitation.8−11 At the
surfaces and interfaces, highly branched star polymers adapt
diﬀerent conformations (e.g., spreading and extending) due to
the steric repulsion between crowded chains.12−14
Typically, star polymers are comprised of multiple polymeric
arms chemically grafted onto one core.15 Star architecture
including spherical topology, multiple valence of charge, and a
terminal functional end group can be easily tailored by
advanced synthetic methods.16−29 The molecular organization
© 2013 American Chemical Society

of star polymers is similar to a spherical micelle of block
copolymers with a thermodynamically frozen core, a polymer
brush grafted onto spherical colloids, and hierarchical
dendrimers. Star polymers are known to have a small
aggregation number and a high critical micelle concentration
(cmc) compared to corresponding linear analogues. The
thermodynamically enhanced stability stemming from steric
repulsion between crowding arms enables colloidal star
polymers to exist in the form of a single molecule, so-called,
“unimolecular micelle”. Star block amphiphiles with pH-tunable
multipolyelectrolyte arms have been shown to be a promising
building component for responsive ultrathin ﬁlms.30−36 The
sequential surface assembly of star polymers can oﬀer a versatile
strategy to fabricate nanoﬁlms with well-deﬁned composition
and stratiﬁed compartments.37,38
Layer-by-layer (LbL) assembly using a planar or colloidal
template substrate has been a useful means for preparing
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Table 1. Molecular Characteristics of Heteroarm PSnP2VPn Star Block Copolymers
no. of arms

a

PSarm

P2VParm

chemical structures

n

total

Mw

NPS

Mw

NP2VP

ΦP2VPa

Mw,tot

PSnP2VPn

9
22

18
44

3400
3500

33
34

13 200
14 300

126
136

0.80
0.80

149 000
386 000

Weight fraction of P2VP.

domains distributed in polyelectrolyte matrix facilitate the
unique compartmental nature of these microcapsules that may
enable controlled multicargo loading.

tunable functional multilayer nanoﬁlms, coatings, and membranes.39 In particular, LbL hollow microcapsules assembled via
electrostatic and/or hydrogen interactions create an alternately
assembled multilayered shell wall and a hollow interior as a
cargo carrier.40,41 The permeability and pore structure of the
microcapsules can be eﬀectively tuned with a nanometer level
accuracy by controlling the number of deposited layers and by
an external ﬁeld (e.g., pH, salinity, and temperature) due to the
dynamically responsive and adaptive molecular transformations.
The dendrimers and linear block copolymers have been
recently considered attractive building blocks for fabrication of
functional LbL multilayer ﬁlm and hollow microcapsules.42 The
ultrathin multilayers constructed from dendrimers have drawn a
great deal of attention in drug delivery and sensor applications
due to the polyvalency and controllable physicochemical
properties of dendritic units.43−45 The incorporation of
dendrimers into multilayer shell wall can aﬀect the capsule
stability, permeability, and elasticity as compared to linear
architecture polyelectrolytes. Khodade et al. reported high yield
hollow capsules based on poly(amidoamine) dendrimers.46,47
Kim et al. probed the mechanical property of phosphorus
dendrimer/polyelectrolyte microcapsules and demonstrated
softening and the enhanced permeability.48,49
On the other hand, the use of polymeric micelles based on
amphiphilic linear block copolymers for the construction of
hollow microcapsules has been reported.50−57 For instance, Ma
et al. prepared LbL microcapsules from polymer micelles and
demonstrated the ability of loading−unloading behavior.58,59
Biggs et al. presented a novel strategy to assemble micelle−
micelle ﬁlms and microcapsules using zwitterionic diblocks.60,61
Hong et al. found that hairy micelles with long hydrophilic arms
can be used to fabricate stable microcapsules.62 The multiarm
star polymers with their well-deﬁned periphery arms can thus
be considered as a promising candidate for the fabrication of
functional microcapsules owing to their well-deﬁned hierarchical characteristics.63,64
Here, we report on LbL microcapsules containing both pores
and hydrophobic compartments in polyelectrolyte shells
constructed from star-shaped heteroarm amphiphilic polystyrene-poly(2-pyridine) (PSnP2VPn) block copolymers (the
subscript n denotes the number of arms (9 and 22 arms)).
Speciﬁcally, the amphiphilic star coplymers with a high level of
ionizable pyridine groups (ΦP2VP = 80 wt %) were dispersed in
an acidic aqueous environment, allowing for the formation of
core/corona micelles. The core/corona star copolymers with
protonated pyridine units, which are positively charged at pH 3,
can be successfully assembled with negatively charged linear
poly(styrenesulfonate) (PSS) to form stable microcapsules.
The surface morphology of collapsed microcapsules clearly
reveals that the star copolymers remain as a unimolecular
micelle within the shell. Moreover, the combination of confocal
laser scanning microscopy and small-angle neutron scattering
(SANS) conﬁrmed high porosity and fractal nature of these
shells. Their enhanced colloidal stability and complex
morphology of shells with nanopores and hydrophobic

■

EXPERIMENTAL SECTION

Materials. Linear PSS (Mw = 70 kDa) and PEI (Mn = 10 kDa)
from Aldrich were used as-received. 1.0 M TRIS HCl was purchased
from Rockland and was diluted to 0.01 M in ultrapure pure water
(Nanopure water with a resistivity of 18.2 MΩ cm) for use. 0.1 M HCl
(99.5% purity) and 0.1 M NaOH (99.5%) solutions were utilized to
adjust the pH of polyelectrolyte solutions. Fluorescence isothiocyanate
(FITC) and FITC dextrans with diﬀerent molecular weights were
purchased from Sigma-Aldrich.
Synthesis of Star Block Copolymers. The amphiphilic
heteroarm PSnP2VPn star block copolymers were synthesized by the
“in−out method” via a multistep, one pot, and sequential anionic living
polymerization route.65,66 The ﬁrst generation of PS arms was formed
in the ﬁrst step by using initiator, secondary butyl lithium (sec-BuLi) in
tetrahydrofuran medium. Subsequently, these “living” linear PS chains
were used to initiate the polymerization of divinylbenzene (DVB)
acting as a multireactive cross-linker. A living PS star-shaped polymer
was formed bearing an equal number of active sites within its polyDVB
core with its PS arms followed by growth of the second generation of
arms from the core upon the addition of 2-vinylpyridine (2VP). The
conversion was monitored by sampling out the polymer solution.
PSnP2VPn star copolymer was isolated and characterized. All samples
were characterized by a combination of gel permeation chromatography, 1H NMR, and light scattering in accordance with the approach
published elsewhere and the results are summarized in Table 1.66
Substrate Preparation. Freshly cut silicon substrates with
dimensions 1 cm × 2 cm and [100] orientation (Semiconductor
Processing) and a native silicon dioxide layer having a 1.6 nm
thickness were cleaned with piranha solution (3:1 concentrated
sulfuric acid and hydrogen peroxide mixture) in accordance with usual
procedure.67 Subsequently, they were abundantly rinsed with Nanopure water and dried with a dry nitrogen stream. Pretreated substrates
served as a hydrophilic planar substrate for ﬁlm deposition.
Preparation of LbL Planar Film and Hollow Microcapsules.
As summarized in Table 1, amphiphilic heteroarm PSnP2VPn star
block copolymers with diﬀerent number of arms (9 versus 22 arms)
and molecular weights (149 000 versus 386 000 Da) were employed to
fabricate LbL ﬁlms. All monolayer and multilayer ﬁlms and
microcapsules were obtained by a dip-assisted LbL method. PSnP2VPn
heteroarm star block copolymers were dispersed in 0.2 mg/mL
concentration mixed solution (4.0 vol % of dimethyformamide (DMF)
and 96 vol % of 0.01 M TrisHCl buﬀer solution) at pH 3 under
sonication. The monolayer of PSnP2VPn star copolymer monolayer
was deposited on a silicon substrate without a prelayer by a 15 min
dipping followed by a 2 min washing in the same buﬀer solution. The
PEI adhesive prelayer was used for all multilayer ﬁlms. A polyanionic
PSS layer was deposited ﬁrst followed by polycationic PSnP2VPn star
copolymer. The deposition cycle was repeated until the desired
number of layers was obtained. The silicon substrate was placed in
each polymer solution for 15 min followed by washing for 2 min in the
same pH buﬀer solution. The monolayer and multilayer ﬁlms were
dried under mild nitrogen ﬂow for ellipsometry and AFM measurement.
The PSnP2VPn/PSS LbL hollow microcapsules were prepared using
silica microsphere core (4.0 ± 0.2 μm in diameter, 10% dispersions in
water, Polyscience, Inc.) as a sacriﬁcial template as illustrated in Figure
1426
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Figure 1. (a) Molecular structure and composition of amphiphilic heteroarm PSnP2VPn star block copolymers (left) and their core/corona
unimolecular micelles (right); (b) fabrication procedure and (c) multilayer structure of an assembled star polymer hollow microcapsule (left) and its
corresponding porous shell morphology (right).
modes in air and ﬂuid with nanometer resolution using a Dimension
3000 (Veeco Inc., Santa Barbara, CA). For quantitative analysis of
surface topography and roughness, AFM images were obtained in the
“light” tapping mode with an amplitude ratio within 0.90−1.00 to
avoid surface damage and ﬁlm deformation.70,71 The AFM cantilevers
had spring constants in the range of 40−60 N/m. Scanning rates were
between 1.0 and 2.0 Hz, depending on the scan area which ranged
from 10 μm × 10 μm to 1 μm × 1 μm.72
Confocal images of LbL hollow microcapsules were acquired by a
LSM 510 VLS META inverted confocal laser scanning microscope
equipped with a 63 × 1.4 oil immersion objective lens (Zeiss).
Excitation/emission wavelengths of 488/515 nm were used. A small
volume of a dispersion of hollow capsules were placed into Lab-Tek
chambers (Electron Microscopy Sciences) and then analyzed after
they settled. To investigate capsule permeability to FITC-dextrans,
hollow capsules were added to several Lab-Tek chambers, which were
then half-ﬁlled and mixed with FITC-dextran solutions. To conﬁrm
the alternating assembly of polymer pairs on the silica core, the surface
potentials were monitored on Zetasizer Nano-ZS equipment
(Malvern). Each value of the zeta-potential was obtained at ambient
conditions by averaging three independent measurements of 35
subruns each.
SANS Measurements. All samples were measured in D2O to
minimize the incoherent backscattering and increase contrast for
hydrogenated shells.73 For the 22-arm star polymer, the microcapsules

1b.68,69 The silica cores were alternately immersed in 0.2 mg/mL
polymer solution at pH 3 via repeated deposition cycles. The assembly
of each polymer layer was conducted for 15 min with constant shaking.
The microcapsules were precipitated by centrifugation at 2000 rpm for
2 min to separate solid and supernatant, and then the collected
capsules were rinsed three times with 0.01 M TrisHCl buﬀer solution
at the same pH. The assembly/washing cycle was repeated until a
desirable thickness of the capsule was obtained. The silica cores were
removed using diluted 0.2 M hydroﬂuoric acid (HF) at pH 3. To
obtain hollow capsules, the core dissolution process was repeated three
times to ensure that the silica core was completely removed. The
capsules were isolated by centrifugation at 7000 rpm for 10 min,
followed by three thorough washings with the same buﬀer solution.
The core dissolution was conﬁrmed by confocal microscopy and AFM.
Characterization of LbL Planar Film and Hollow Microcapsules. Measurement of ﬁlm thicknesses and refractive indices were
made with a Woollam M2000U (J.A. Woollam Co, Inc., Lincoln, NE)
multiangle spectroscopic ellipsometer at three incident angles 65°, 70°,
and 75°. The Ψ (polarized angle) and Δ (phase) values were
measured and used in conjunction with a Cauchy model (WVASE32
analysis software) to determine the thickness of the LbL ﬁlms and
their optical constants n and k over the wavelength range 245−1000
nm.
The morphological properties of the LbL ﬁlm and capsule surface
were probed under ambient conditions in the tapping and phase
1427
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Figure 2. AFM topography image (left) and cross-sectional analysis (right) of PSnP2VPn star block copolymer monolayer on planar silicon substrate
in dry state obtained by dip-assisted deposition method at pH 3. (a) PS9P2VP9 in 4% DMF mixed aqueous solution. (b) PS22P2VP22 in 4% DMF
mixed aqueous solution. (c) PS22P2VP22 in 4% acetone mixed aqueous solution. The z-scale of all AFM images is 10 nm.
with diﬀerent shell thickness (5, 8, and 11 bilayers) in hydrogenated
water were treated with deuterated water (D2O) that was adjusted to
pH 3 using 0.1 M HCl. To minimize the mixing of H2O, the D2O
exchange was repeated three times using the centrifugation method.
The ﬁnal capsule concentration was suﬃciently dilute to minimize
capsule−capsule scattering eﬀects. This reduces the complexity of data
ﬁtting by eliminating the eﬀects of a structure factor (i.e., S(q) ≈ 1).
Samples were loaded into 1 mm path length “banjo” style quartz
cuvettes (Hellma USA, Plainview, NY). All SANS measurements were
made at room temperature (22 °C) on the extended-Q small-angle
neutron scattering (EQ-SANS) instrument of the Spallation Source at
Oak Ridge National Lab (ORNL).74
The time-of-ﬂight instrument was operated in 30 Hz (frameskipping) mode using a minimum wavelength, λ, of 2.5 Å, yielding two
bands of neutrons (2.5−6.1 and 9.4−13.4 Å). A sample-to-detector
distance of 4 m was used, resulting in a q-range of approximately
0.0035−0.45 Å−1, where “q” is the momentum transfer vector deﬁned
as q = (4π/λ) sin(θ/2) and θ is the scattering angle, which probes
dimensions on the order of 10−1500 Å (distance = 2π/q). Data
correction for proton charge normalization, wavelength-dependent ﬂux

and sample transmission, background, detector sensitivity, and
instrument dark current (cosmic radiation and electronic noise)
followed the standard procedures implemented in MantidPlot.
Azimuthally averaged intensity proﬁles from the two neutron bands
employed were merged using the routine implemented in MantidPlot.
To convert the data into absolute units (1/cm), an absolute intensity
calibration was conducted using a calibrated standard, which in this
case was Porasil B in a 1 mm path length quartz cuvette.75 Nonlinear
ﬁtting of experimental data was conducted using SANSView.

■

RESULTS AND DISCUSSION

Chemical Composition and Unimolecular Micelles.
The heteroarm star block amphiphiles employed in this study
are comprised of hydrophobic PS blocks and pH-sensitive
ionizable P2VP blocks that both emanate from a common
single junction (Figure 1). Because of the pH-induced
ionization of pyridine moieties on the P2VP block arms (80
wt %), star copolymers can exist in the form of a core/corona
state in acidic aqueous solution, analogous to the amphiphilic
1428
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from the high-resolution AFM image in Figure 3. It is apparent
that the size of aggregates depends on the number arms and the

linear block copolymers with a thermodynamically frozen core.
The dispersion of amphiphilic star copolymers in the aqueous
environment was achieved by employing a DMF/water solvent
mixture where the pH value was adjusted to be acidic (pH 3).
The use of polar DMF, which is a good solvent for both PS and
P2VP segments, allows star amphiphiles to be solubilized with a
corona/corona chain conformation.
The transparency of the solution was maintained, indicating
that there is no distinct large-scale aggregation due to the
increased solubility of the protonated pyridine groups of P2VP
segments at suﬃciently lower pH (pKa,P2VP ∼ 4.3).76 Since the
value of pKa is deﬁned as the pH when 50% neutralization of
total ionic monomer units occurs in a titration curve, the extent
of ionization can be estimated to be around 25% at pH 3
according to the literature.50,64 Above pH 4.5 the solution
becomes dramatically clouded because of the loss of hydrophilicity of pyridine units induced by their deprotonation. The
solubility parameter (9.9 (cal/cm3)1/2) of P2VP at a un-ionized
state is close to organic solvents such as chloroform (9.33) and
tetrahydrofuran (9.51).77
Zeta-potential measurements show the apparent reduction in
the electric potential of the polymer solution to be near pH 4.5,
which is in good agreement with the observed change in the
transparency at the same pH condition (Figure S1). However,
the zeta-potential of star copolymer micelles shows the
maximum positive value at pH 2, which could be presumably
due to diﬀerent surface charge contribution from the outer and
inner ionic groups along the star polymer branch arms in
contrast to solid nanoparticles. Since the zeta-potential is
measured from the electrophoretic mobility and depends on
the charges on the particle surface as well as the particle radius
through, it is not easy to correlate the zeta-potential with the
degree of ionization (pKa). The colloidal stability of star
polymer dispersant remains without pronounced precipitation
over the long term. The multiarm molecular conformation of
star polymers provides a favorable colloidal stability owing to
the steric repulsion of a dense chain structure. Therefore, the
dispersed star copolymers take the form of a collapsed
hydrophobic PS core which is screened by a positively charged
stretched P2VP corona (Figure 1a).63,77
The association of amphiphilic heteroarm star copolymers
with long chain polyelectrolyte depends on the preparation
method, the number of arms, the hydrophobic content, and the
concentration (cmc). A PS(3K)20P2VP(23K)20 star prepared
from a common good solvent forms unimolecular micelles in
acidic aqueous solution due to the stabilization eﬃciency of the
20 polyelectrolyte arms.64 Similarly, a PS(20K)7P2VP(56.5K)7
star with higher hydrophobic content was shown to exist as a
unimer in very dilute solutions while it forms multimolecular
micelles of low aggregation number (3−4) at higher
concentration.63 For the PS9P2VP9, which is similar to
PS(3K)20P2VP(23K)20, some association that could lead to
micelles comprising few stars (ca. 2 or 3) cannot be excluded.
However, because the PS9P2VP9 poses much less hydrophobic
content with respect to PS(20K)7P2VP(56.5K)7, we assume
that this star mainly stays as unimer micelles. These
assumptions are corroborated from the fact that no turbidity
or bluish tint (evidence of association) was observed after the
slow addition of acidic water.
Planar Film Morphology. The planar LbL ﬁlms possess a
discrete spherical domain structure displaying collapsed circular
molecular conformation in the dried state (Figure 2). A densely
packed monolayer with a uniform size distribution is revealed

Figure 3. High-resolution AFM topography (left) and phase (right)
image of PS22P2VP22 star block copolymer unimolecular micelles on
planar silicon substrate in dry state deposited by the dip-assisted LbL
method at pH 3. The z-scale is 10 nm (topography) and 60° (phase).

solvent, as illustrated by domain dimension results by AFM
sectional analysis (Table 2). The 22-arm star polymers show
Table 2. Domain Height and Width of Star Copolymer
Monolayer Filmsa
system

domain height (nm)

domain width (nm)

9 arms, DMF
22 arms, DMF
22 arms, acetone

1.5 ± 0.5
2.4 ± 0.6
3.3 ± 0.6

49.5 ± 6.0
54.0 ± 5.7
67.7 ± 5.6

a

All data were determined from cross-section analysis of AFM
topography images (2 μm × 2 μm) for dried samples. Tip dilation
eﬀect is responsible for excessive domain width with actual values
being approximately 50% lower.

larger domain height (2.4 ± 0.6 nm) than the 9-arm star
polymer (1.5 ± 0.5 nm). A similar trend is observed with the
domain width results (9 arms: 49.5 ± 6.0; 22 arms: 54.0 ± 5.7
nm). Moreover, such aggregation appears to depend on the
solvent as seen from the diﬀerent domain height for acetone
and DMF, where the acetone mixture leads to slightly more
swollen aggregation. This result is presumably due to the lower
solubility of PS segments in acetone, leading to a larger
aggregation number. In addition, the aggregation dimensional
analysis and the uniform surface morphology of the monolayer
suggest that star polymers remain as a unimicellar state. This is
particularly true for the star polymer with 22 arms owing to the
enhanced steric stabilization eﬀect, even at relatively high
concentration (0.3 mg/mL).77
The growth behavior of LbL multiayers on a planar substrate
was investigated using a dip-assisted LbL method to examine
the ﬁrst (Figure 4). Both 9-arm and 22-arm star copolymers
were found to build up uniform ﬁlms with the increase in the
number of bilayers (1, 3, 5, 8, and 11 bilayers) when
sequentially assembled with PSS at pH 3. This linear growth
behavior is an indication of strong electrostatic attraction of
positively charged pyridium groups on P2VP with oppositely
charged sulfonate groups on PSS.78 Table S1 shows the average
bilayer thickness for LbL ﬁlms, in particular that the bilayer
thickness is 5.0 ± 0.4 nm in the case of 9 arms while 5.8 ± 0.2
nm for 22 arms. The 22-arm star polymer appears to enable
faster growth of multilayer LbL ﬁlms than the 9-arm star
polymer. This result is likely due to the diﬀerence in domain
size for diﬀerent arm numbers, as demonstrated by the arm
dependency on their monolayer structure (Figure 2). The
1429
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spherical aggregate structure is clearly observed for ﬁlms with
diﬀerent numbers of layers, where an increase in the number of
bilayers appears to lead to larger size aggregates. In the case of
the 9-arm star copolymer, the domain size is observed to be
similar to that of the 22-arm star copolymer. The multiarm star
copolymers seem likely to maintain stable micellar structures
inside LbL multilayers after multiple deposition cycles. This
observation implies the possibility to create a robust
homogeneous multilayer assembly with discrete domain
compartments based on star block copolymers.
Hollow Microcapsule Assembly and Shell Characteristics. The zeta-potential measurement displayed in Figure 6
Figure 4. Buildup of PSnP2VPn/PSS LbL ﬁlm on planar silicon
substrate (9 arms (■) and 22 arms (□)).

greater number of arms appears to have an advantage to form
ionic bonds, which can be attributed to more stretched chain
conformation of the arms due to the steric constrains. Further,
the polyvalent binding of the multiarm star architecture with
higher number of arms is likely due to the large molecular
weight, which is similarly to the case of larger molecular weight
linear polyelectroytes.79
To probe the ﬁne morphology of LbL ﬁlms, high-resolution
AFM topography images were collected for a varying number
of bilayers (5, 8, and 11 bilayers), as displayed in Figure 5. The
Figure 6. Zeta-potential measurements of PS22P2VP22/PSS LbL
assemblies deposited on SiO2 template core at pH 3.

proves that the polyelectrolyte pair undergoes a successive
charge reversal and overcompensation during sequential
multilayer buildup, thus indicating regular assembly on silica
microparticles.
Upon core dissolution intact hollow microcapsule can be
successfully obtained as demonstrated by the CLSM microscopy images (Figure S2 and Figure 7). Distinct size reduction
of whole microcapsules after dissolution of cores was observed
regardless number of arms. For ﬁve bilayer shells, the capsule
shrinkage appears prominent (50% reduction in diameter) with
several wrinkles becoming visible (Figure S3). However, with
increase in the number of bilayers (up to 50 nm in shell
thickness), the microcapsule diameter is stabilized (less than
15% reduction) because of uniform shells are formed.
Indeed, for 5 and 8 bilayers, the microcapsules were found to
have a prominent buckled wall structure, which appears to be
similar to the deformation of PSS/PDADMAC shells.80 The
degree of buckling appears to be decreased for thicker shells
(Figure S2 and Figure 7). This tendency of buckling is
analogous to thin ﬁlm on the patterned substrates and on
cores.81−83 The possible driving force of the shrinkage of
hollow capsules is the increased hydrophobic interaction in
predominantly hydrophilic shells.84,85 Upon compensation of
cationically charged ionized pyridium on P2VP with anionic
PSS counterpart, uncharged P2VP seems to no longer
contribute for the solubilization of star polymers. Such
additional hydrophobic interactions can lead to the reduced
surface tension at water/polyelectrolyte interface.
In order to further elucidate the shell morphology, the AFM
images were collected for collapsed microcapsule walls (Figure
8). For both 9-arm and 22-arm star polymers, the number of

Figure 5. (a) AFM topography images of PSnP2VPn/PSS LbL
multilayer ﬁlm as a function of number of bilayers (5 (a, d), 8 (b, e),
and 11 (c, f) bilayers) on planar silicon substrate in dry state (n = 9
arms (a−c) and 22 arms (d−f)). The z-scale is 120 nm.
1430
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Figure 7. CLSM images (lower resolution (a−c) and higher resolution
(d−f)) of PS22P2VP22/PSS microcapsules as a function of number of
bilayers (5 (a, d), 8 (b, e), and 11 (c, f)).

Figure 8. AFM topography images of PSnP2VPn/PSS microcapsules (9
arms (a−c) and 22 arms (d−f)) as a function of number of bilayers (5
(a, d), 8 (b, e), and 11 (c, f) bilayers) on silicon substrate in the dry
state. The z-scale of all images is 600 nm.

wrinkles appears to be reduced, whereas more pronounced
folded structures were observed as the ﬁlm thickness increases.
These results suggest that the increased shell thickness leads to
the formation of more rigid ﬁlms and, thus, allows for being
persistent against capillary deformation during the drying
process. The stable microcapsules were obtained irrespective of
number of arms, but a similar trend in the folding phenomena
was observed as illustrated in Figure S4. However, the
microcapsules composed of 9-arm star copolymer showed
thinner shells as expected due to the diﬀerence in molecular
weights as discussed above for planar ﬁlms (Figure 9a and
Table S1).79 The thickness of microcapsules was found to be
lower than that of planar ﬁlm, which is attributable to
fabrication process during the capsule assembling.86 The overall
morphology of microcapsules is relatively smooth and indicates
modest aggregation (microroughness of 3−8 nm) (Figure 9b).
The high-resolution AFM topography images (1 × 1 μm) of
the microcapsules composed of 22-arm star block copolymer
show the uniform surface morphology of shells with compact
spherical domains (Figure 10). Regardless of change in the
number of deposition layers, the similar grainy morphology as
that typically seen in the dried collapsed LbL microcapsules
with weak interaction of components.79,87,88 The aggregate
dimensions remain to be close to the ones of the unimolecular
star copolymer monolayers (Figure S5). These results conﬁrm
that star polymers can exist as a single molecular micelle
without undergoing large-scale microphase separation. This
enhanced colloidal stability of multiarm star polymers can be

ascribed to the multivalent arms in contrast to the case of
dendrimers or conventional micelles.47,60,62,89
Figure 11 shows the thickness change and surface
morphology for rehydrated microcapsules composed of 22arm star block copolymers. The liquid AFM scan was
performed to probe shell swelling properties. The swelling
ratio was determined from measuring the diﬀerence in
thickness between dried and rehydrated capsule shells. The
rehydrated microcapsules under liquid cell setup with ﬁlled with
the pH 3 Tris buﬀer solutions of 0.01 M concentration are
found to swell up to on average 8% and reveal that the smooth
surface morphology due to the highly hydrated surface in
contrast to the granular texture of the dry shell. Notably, the
low increment in the shell thickness in the wet state suggests
that the capsules assembled from strong electrolyte at low ionic
strength (0.01 M) stay neutral due to the high charge
compensation and strong ionic bonding, leading to hydrophobic shell with the low level of free ionic groups.90−92
Porosity of LbL Shells. In order to probe the porous
structure of the microcapsules as a function of deposited
number of bilayers, measurements of the permeability were
conducted using ﬂuorescence dye labeled dextran with varying
molecular weights, which correspond to the pore size of the
shell.93 Figure 12 depicts the CLSM images of microcapsules
placed in solutions with diﬀerent dextrans labeled with FITC
dye. High contrast (no interior ﬂuorescence) indicates
nonpermeable shell state and permeation results in uniform
ﬂuorescence. Table 3 summarizes the permeability behavior
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Figure 10. High-resolution AFM images (topography (left) and phase
(right)) of PS22P2VP22/PSS microcapsules as a function of number of
bilayers (5 (a), 8 (b), and 11 (c) bilayers) on silicon substrate in dry
state. The z-scale of all images is 120 nm (topography) and 30°
(phase).

Figure 9. (a) Thickness and (b) rms roughness of dried shell wall of
PSnP2VPn/PSS microcapsules for diﬀerent bilayers (5, 8, and 11
bilayers) compared to those of corresponding ﬁlms on planar silicon
substrate.

since the microcapsules from the 9-arm star copolymer do not
show a high enough contrast for these experiments.
A signiﬁcant increase in neutron scattering was observed for
all microcapsules in a q-range of 0.04−0.5 nm−1 (Figure 13a).
The scattering intensity increases with an increase in the
number of bilayers, indicating that the scattering is directly
related to the volume fraction of shells in the deuterated
solution. The crossover between the 8- and 11-bilayer
scattering curves at 0.07 nm−1 could be due to a general
decrease in the 11-bilayer scattering intensity due to the
solution having a lower concentration than the 5- and 8-bilayer
microcapsule solutions. This reduction in intensity does not
aﬀect the data ﬁtting since it aﬀects the entire scattering curve
and is simply a scale factor for the intensity.
It is important to note that the q-range for the scattering
eﬀects in this experiment corresponds to distances of 1−100
nm, which includes all the characteristic dimensions of several
important structural features of our microcapsules known from
independent measurements: total thickness of shells within
30−50 nm, domains size within 20−30 nm, and pore
dimensions around 20 nm. However, considering the diﬀerences in scattering densities and the fact that deuterated water
can readily diﬀuse into hydrogenated shells, we can suggest that
the scattering contrast is highest between pores ﬁlled with
deuterated water and the hydrogenated shell material while the
contrast within hydrogenated material is much lower. Therefore, we suggest that the scattering in this region is likely

found for the 22-arm star copolymer microcapsules and
demonstrates the ability to tailor its permeability by varying
the number of deposition layers. Either permeable or
nonpermeable state for dextrans with diﬀerent molecular
weights can be achieved by changing the shell thickness. The
ﬁve bilayer microcapsules appear to be a complete permeable
while the microcapsule show reduced permeability against the
larger molecular weight dextran (Table 3). In striking contrast,
the 9-arm star copolymer microcapsules are highly permeable
regardless of the number of deposition layers which indicates
less dense, open porous structure with larger pore dimensions
even for thicker shells.
The pore dimensions estimated from hydrodynamic
diameter of permeating dextran macromolecules correspond
to the value of around 23 nm for thicker shells.94 The pores
stay larger than 35 nm for the thinnest shells and for all
microcapsules fabricated from 9-arm star copolymer. However,
although the estimation of the pore dimensions from
permeability experiments is popular, in fact, it is coarse and
does not provide comprehensive information on true pore
shapes, their distribution, and intrinsic morphology.
Therefore, in order to elucidate the porous morphology of
the shells, SANS measurements were conducted for the
deuterated water (D2O) solutions. Here, we report SANS
results on microcapsules made from the 22-arm star copolymer
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Table 3. Permeability of PS22P2VP22/PSS Microcapsulesa
dextran
system
PEI(PSS/
PS22P2VP22)5
PEI(PSS/
PS22P2VP22)8
PEI(PSS/
PS22P2VP22)11

20 kDa

150 kDa

250 kDa

500 kDa

2000 kDa

+

+

+

+

+

+

+

±

−

−

+

+

±

−

−

a
Fluorescein isothiocyanate (FITC)-labeled dextrans with diﬀerent
molecular weights (kDa). “+” permeable, “±” partially permeable, and
“−” nonpermeable.

Figure 11. (top) Shell thickness and swelling ratio and (bottom) AFM
images of rehydrated PS22P2VP22/PSS LbL hollow microcapsules as a
function of number of bilayers (5 (a), 8 (b), and 11 (c) bilayers) and
(d) high-resolution image of the surface of capsule (c) using liquid cell
scan under pH 3 Tris buﬀer of 0.01 M. The z-scale of the images is
600 nm for (a−c) and 120 nm for (d).

Figure 13. SANS data of fully hydrated PS22P2VP22/PSS microcapsules with (a) (square) 5 bilayers, (circle) 8 bilayers, and (triangle)
11 bilayers in D2O solution that have been ﬁtted with a power law
model to determine the evolution of the fractal dimension and (b) the
5-bilayer sample with a DAB ﬁt.

dominated by the pores with the lower q contribution coming
also from the shell thickness.
Nonlinear ﬁtting analysis was applied to the scattering data to
conﬁrm the trends observed for capsule thickness and the pore
size dimensions as measured independently. In order to analyze
scattering data, ﬁrst, we suggested that the pores could be
represented by individual objects with the scattering contrast
determined by the hydrogenated polymer media and the pure
deuterated water in the pores. In this analysis we varied the
pore shape, their dimensions, and their polydispersity in
attempts to ﬁt experimental data. However, no such model
provided satisfactory data ﬁts. Therefore, the model of shell

Figure 12. CLSM images of PS22P2VP22/PSS microcapsules (11
bilayers) using FITC-labeled dextran with varying molecular weights
(Da): (a) 20 000, (b) 150 000, (c) 500 000, and (d) 2 000 000.
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describe the data from the thicker shell capsules, which
presumably have smaller pore dimensions and denser shells
contributing to the scattering in this q-range, likely because the
assumptions regarding random pore sizes, shapes, and
distributions are less accurate. Although these ﬁtting results
are preliminary and do not provide speciﬁc geometrical
information on the capsule pores, they have provided an initial
foundation for additional studies. Future investigation of pore
geometries in these star polymer LBL microcapsules will be
targeted toward capsules that have a large diﬀerence in size
between microcapsule wall thickness and pore size. This design
will make it possible to clearly isolate the scattering from each
of these structures which will allow for more reliable ﬁtting with
the shape-dependent models.

morphologies with distributed, individual, and well-deﬁned
closed pores can be excluded from further consideration.
Second, two shape-independent models which are based
upon the representation of scattering media as highly
randomized interconnected morphologies with diﬀuse contributions of weakly contrasted inhomogeneities at multiple
length scales were applied to determine general trends. Initially,
the scattering data were ﬁtted with a power law model to
determine the fractal dimension of randomized, network-like
morphologies (Figure 13a).95,96 In contrast to the model of
individual scattering elements, the power law model yielded a
good ﬁt for the data sets over their entire q-range for all
microcapsules studied here (Figure 13a). The fractal
dimensions for each system determined from this analysis are
shown in the inset of Figure 13a.
Importantly, signiﬁcant diﬀerences in power law ﬁts were
observed for microcapsules with diﬀerent shell thickness. The
5-bilayer microcapsules show a fractal dimension of 3.2, which
strongly suggests a surface fractal morphology, i.e., a rough and
highly folded uneven surface. This fractal distribution correlates
well with the models of polymer distribution under modestly
favorable adsorption conditions for LbL ﬁlms with a limited
number of layers as has been directly observed in AFM
studies.97 In contrast, the shells with an increased number of
bilayers (8 and 11 bilayers) have a signiﬁcantly reduced fractal
dimension of 2.5 and 2.2, respectively, which suggests a mass
fractal structure. Such a model corresponds to a network-like
porous morphology with network elements randomly distributed within the shell (Figure 1c). This combination is likely
indicative of a denser system which can be approximated by a
randomly clustered network with major elements of high
contrast formed by the swollen hydrogenated polyelectrolyte
matrix and the nanopores ﬁlled with deuterated water.
Such a transition from the surface fractal to the mass fractal
for shell thickness increasing from 5 to 8 bilayers revealed here
corresponds to general trends in morphological changes with
the increasing number of layers as suggested based upon
microscopic observations.97−99 The gradual ﬁlling of the initial
two-dimensional network by subsequent polymer layers results
in the formation of more uniform ﬁlms with diminishing
through-pores and decreasing pore dimensions. The occurrence
of such reorganization is also supported by the results from
ﬂuorescence microscopy and AFM that are discussed above
which demonstrate a densiﬁcation of the surface morphology
and a consistent decrease in the permeability. Moreover,
signiﬁcant shrinkage of microcapsules with only a few bilayers
can be naturally related to the initial open surface network
formation followed by collapse during core removal.
Finally, another model for multilength scale random
morphologies, the Debye−Anderson−Brumberger (DAB)
model, was also used to determine a correlation length in
spatial distribution of density inhomogeneities within the shells
(Figure 13b).100 The DAB model assumes that the scattering
objects have random sizes and shapes and show an
exponentially decaying correlation in their spatial distribution.101 Initial results show that the DAB model ﬁts the 5bilayer data quite well over the entire q-range and provides a
correlation length of about 25 nm which can be interpreted as
the characteristic dimension of density inhomogeneities
represented by pores. It is worth it to note that this value is
very close to that estimated from the dextran permeability
measurements that additionally facilitate our interpretation of
the SANS data. However, the DAB model does not properly

■

CONCLUSIONS
In summary, we have demonstrated that the star copolymer
unimolecular micelles can be successfully utilized to form
unique multicompartamental LbL microcapsules with shells of
coexisted network-like morphology of hydrophobic domains,
hydrophilic polyelectrolyte matrix, and nanoscale water-ﬁlled
pores. Such a unique shell morphology of thin-shell microcapsules might facilitate the ability for concurrent storage of
hydrophobic, hydrophilic, and charged species in diﬀerent
compartments of shells based upon highly branched block
copolymer macromolecules. The buildup of such microcapsules
is controlled by star copolymer architecture with the enhanced
hydrophobic characteristics and is eﬃcient for star copolymers
with a larger number of arms. We suggest that highly branched
star copolymers maintain a core/shell unimolecular micelle
within the shell with a granular morphology while eﬀectively
contributing to the buildup of stable multilayer shells with a
complex network-like morphology. The polyvalent strong
electrostatic interaction of core/corona multiarm architecture
enables spherical star micelles to be incorporated into
microcapsules with the ability to control shell morphology
and the porous network structure.
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