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ABSTRACT: Polymeric systems that self-assemble through
strong noncovalent bonds form structures that are highly
dependent on the spatiotemporal sequence of cues that trigger
self-assembly. Here, we prepared capsules with a semi-
permeable alginate−chitosan polyelectrolyte membrane that
encapsulates a solution of the pH-responsive self-assembling
aminopolysaccharide chitosan. Immersion of these capsules in
a basic solution triggers gelation of the capsule contents, and
the details of the gel-inducing treatment dramatically affect the
final structure of the gelled compartment. Specifically, we show
that the sequential transfer of the capsules between the base and water can generate multilayer hydrogel structures, with the
thickness of each layer being controlled by the base concentration and immersion times. We further demonstrate that these
multilayer hydrogels can serve as templates for the synthesis of iron oxide particles with a complex internal structure (i.e., with a
multilayer internal structure). This work demonstrates the ability to enlist the stimulus-responsive self-assembling properties of
biological polymers to create materials with complex structures.
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■ INTRODUCTION

Polymers possess considerable conformational freedom and can
undergo transitions (e.g., coil to globule) that allow them to
display diverse structures and properties. However, this
conformational freedom makes de novo design and prediction
challenging.1 For instance, a globular protein tends to fold into
a single thermodynamically preferred conformation, yet we
have limited capabilities to predict this “native” conformation
from the amino acid sequence. This limitation in predictive
ability is exacerbated when multiple polymer chains undergo
hierarchical self-assembly to generate specific material proper-
ties.2

While the protein folding problem illustrates the limitations
of our predictive abilities, it also illustrates that biological
polymers often contain the requisite information to self-
assemble into useful structures without our complete under-
standing.3,4 Interestingly, when self-assembly results in the
formation of strong noncovalent bonds, then the final structure
and properties are controlled not only by thermodynamics but
also by the spatiotemporal sequence of cues that trigger self-
assembly.5−7 Here, we demonstrate that complex structures can
be generated by spatially localizing biopolymer self-assembly
and temporally controlling the cues that trigger self-assembly.
Scheme 1 illustrates our experimental system. We start by

dropping a solution of the aminopolysaccharide chitosan into a
solution containing the acidic polysaccharide alginate. A stable

polyelectrolyte membrane (PEM) forms at the interface
between these two aqueous solutions.8 This PEM serves as a
semipermeable barrier that spatially localizes (i.e., compartmen-
talizes) chitosan while allowing diffusion of permeable species
across the membrane. As illustrated in Scheme 1, chitosan is
capable of pH-responsive self-assembly.9 At low pH, chitosan’s
primary amines are protonated, making it a water-soluble
cationic polyelectrolyte. At high pH, chitosan’s amines are
deprotonated and the neutral form can self-assemble into a
three-dimensional hydrogel with noncovalent cross-links
formed from crystalline network junctions.10 Because chitosan’s
gelation involves the formation of strong noncovalent bonds,
the structure and properties of the resulting gel significantly
depend on the spatiotemporal sequence of cues that are
imposed to trigger its self-assembly (i.e., to induce its sol−gel
transition). Here, we induce gelation of the capsule contents by
the addition of base to the external solution and demonstrate
that the conditions used to induce this gelation dramatically
affect the internal structure of the emergent chitosan hydrogel.
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■ RESULTS

Polyelectrolyte Membrane. We first provide chemical
evidence of the formation of a PEM between chitosan and
alginate. For this, we added a single drop of a chitosan solution
[4% (w/v), pH 4.0] to an alginate solution (2%) and incubated
the capsule for 4 h (the solution was not stirred to ensure the
spherical capsule was not deformed). After incubation, the
capsule was removed from the alginate solution and rinsed with
water. Visually, a thin transparent membrane was observed to
encapsulate the fluid-filled capsule. The capsule was then

pierced to release the contents, and the membrane was
collected, rinsed, and dried for further analysis.
The alginate−chitosan PEM was first analyzed by Fourier

transform infrared spectroscopy (FT-IR) as shown in Figure 1a.
A chitosan control membrane was prepared by vacuum drying a
chitosan solution (dissolved in 2% acetic acid). The spectrum
for this control shows two adjacent peaks at 1635 and 1550
cm−1, which demonstrates partial protonation of amine groups
in the chitosan membrane.11 An alginate control membrane was
prepared by vacuum drying an aqueous solution of sodium
alginate. The spectrum of the alginate membrane shows two
strong peaks at 1636 and 1419 cm−1 that can be assigned to the

Scheme 1. Formation of a Capsule That Can Respond to Externally Imposed Stimulia

aAn alginate−chitosan polyelectrolyte membrane (PEM) is formed to compartmentalize the chitosan solution, which can be triggered to undergo gel
formation in response to externally imposed stimuli (i.e., base).

Figure 1. Characterization of an alginate−chitosan polyelectrolyte membrane (PEM). (a) FT-IR spectra of chitosan, alginate, and the PEM. (b) XPS
N 1s narrow scans of chitosan, alginate, and the PEM. (c) Scanning electron microscopy images of the PEM. (d) Optical images show the chitosan-
containing capsules swell when the NaCl concentration is decreased.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am405544r | ACS Appl. Mater. Interfaces 2014, 6, 2948−29572949



antisymmetric and symmetric stretches, respectively, of -CO2
−

groups.12 The absence of the peak at 1710 cm−1 also suggests
the carboxylate groups are deprotonated. The spectrum from
the alginate−chitosan PEM shows an overlap of carboxylate
and -NH3

+ in the range of 1400−1650 cm−1 as well as a -CH3

band at 1384 cm−1. These FT-IR results provide chemical
evidence that both chitosan and alginate are present in the
capsule PEM.
The PEM was further examined by X-ray photoelectron

spectroscopy (XPS). Figure 1b shows N 1s narrow scans for the
PEM and comparable controls from chitosan and alginate
membranes. Because alginate lacks elemental N, there is little to
no signal in this region of the spectrum for the alginate control.
The N 1s spectrum for the chitosan control displays a peak at
399.5 eV, which is assigned to the primary amine that indicates
that the amine groups are deprotonated during the drying
process (e.g., acetic acid is evaporated). The shift in this peak to
440.1 eV for the PEM indicates that some of chitosan’s amines
are protonated presumably because of interactions with the
deprotonated carboxylate groups of alginate. These XPS results
provide chemical evidence that the PEM was formed by
electrostatic interactions between chitosan and alginate.
The micromorphology of the capsule membrane was

observed using scanning electron microscopy (SEM). The
SEM images in Figure 1c reveal that the membrane has a
smooth outer surface (alginate-facing), while the inner surface
(chitosan-facing) is rough. Interestingly, this microstructure
appears similar to layers and interfaces generated with
polysaccharide−peptide systems.13,14 The thickness of the
capsule membrane is estimated to be 10 μm.

Next we demonstrate that the alginate−chitosan membrane
possesses semipermeable properties. For this, we dissolved
dextran blue in the chitosan to provide a high-molecular mass
(2 × 106 Da) and readily observable marker. Capsules were
prepared by dropping this aqueous dextran−chitosan mixture
into a sodium alginate solution. After incubation, the capsules
were removed and then immersed in solutions containing
varying concentrations of NaCl for 8 h. The photograph at the
top left in Figure 1d shows that incubation in 10% NaCl
resulted in a small capsule with a bright blue color. This
indicates that the dextran blue was retained within the capsule
with little blue appearing in the surrounding salt solution (note
that the photo shows both the capsule and surrounding
transparent NaCl solution). The remaining photographs in
Figure 1d show that incubation in lower concentrations of salt
resulted in swelling of the capsules. Despite the swelling, a large
proportion of the dextran blue was retained within the capsule
over this 8 h incubation. These results indicate that the
alginate−chitosan PEM is semipermeable as water can pass into
the membrane (for swelling), while the high-molecular mass
dextran blue is retained within the capsule. We should note that
more extensive studies would be required to thoroughly
characterize the membrane’s semipermeability and to deter-
mine how these properties depend on the conditions used to
prepare the capsules as well as the extent of swelling.

Gelation of the Capsule Contents. We next demonstrate
that base added to the external environment can induce the
chitosan solution compartmentalized within the capsule to
undergo gelation. Experimentally, we prepared capsules by
dropping the chitosan solution (4% chitosan dissolved in 2%
acetic acid) into an alginate solution (2%) and incubated these

Figure 2. Evidence that externally imposed stimuli can induce the localized gelation of chitosan within the capsule. (a) Gelation of the internal
contents confers opacity and elasticity to the capsule. (b) Mechanical measurements show the gelled capsules are stronger (as measured by hardness
using a texture analyzer). (c) The size of the gelled capsules depends on the processing pathway. The capsule at the left was gelled prior to
immersion in water, while the capsule on the right was gelled after immersion in water to allow swelling. (d) The shape of the gelled capsule can be
altered by imposing deforming forces at the time that gelation is induced.
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capsules for 4 h to allow the PEM to harden. After being rinsed
with water, one capsule was immersed in base (5% NaOH) for
10 min to induce gelation of the contents. The top photograph
in Figure 2a shows that the base treatment resulted in the
capsule becoming opaque compared to the untreated control
capsule that was not incubated in base. The bottom photograph
in Figure 2a indicates that the base treatment also resulted in a
more rigid capsule that was not deformed by the weight of the
glass slide. Both observations are consistent with the
explanation that an external pH change triggers a localized
sol−gel transition of the capsule contents.
To provide a more quantitative comparison, we used a

texture analyzer to measure the mechanical properties of gelled
and untreated capsules. Experimentally, individual gelled or
untreated capsules were compressed (2 mm/s) to a final
deformation of 90%, and the force of deformation was
measured. During this deformation, both the gelled and
untreated capsules were observed to break. As indicated by
the curves in Figure 2b, stronger forces were required to
deform the gelled capsules. The maximal force during
deformation is defined as the hardness (typically reported in
units of grams), and these values are shown in the inset of
Figure 2b. These values further indicate that the gelled capsules
are considerably stronger than the untreated capsules
containing a liquid core. These measurments show that the
external pH change hardens the capsules, consistent with a pH-
induced gelation of the capsule contents.
In a separate study, we compared the response of capsules to

swelling and gelling conditions when they were applied in a
different sequence. In this experiment, we created capsules as
described above and exposed one to gel-inducing conditions as
illustrated by the top photograph in Figure 2c. Both the gelled
and ungelled capsules were then transferred to water and
incubated for 10 min. During this water incubation, the
ungelled capsule was observed to swell considerably. After 10
min, the external water solution was carefully replaced with a
base solution, and the contents of the swollen capsule were
allowed to undergo gelation for 10 min. The bottom
photograph in Figure 2c compares the two gelled capsules
from this experiment. The first conclusion from this experiment
is that despite the extensive swelling of the membrane, chitosan
is retained within the capsule and can undergo subsequent
gelation. The second conclusion is that the obvious difference
in the shapes of the two gelled capsules is consistent with
gelation resulting from strong noncovalent bonds. Despite both
capsules being exposed to the same final conditions, the initially

gelled capsule did not swell (i.e., the pathway taken to gelation,
and not thermodynamics, controlled the size and shape of the
gelled capsules).
In the previous experiment, we induced gelation of the

capsule compartment after it had been deformed by internal
swelling forces. Gelation could also be performed in
combination with externally applied deforming forces to obtain
gel particles with user-defined shapes. This capability is
illustrated in Figure 2d, which shows various shapes were
generated by applying deforming forces at the same time that
gelation was induced.
In summary, the results in Figure 2 demonstrate several

points. First, the semipermeable PEM retains the high-
molecular mass chitosan within the capsule but allows
externally imposed stimuli to be transmitted into this
compartment to induce chitosan’s spatially localized self-
assembly. Second, the localized sol−gel transition yields
capsules with altered mechanical (i.e., elastic) properties.
Third, the results are consistent with the gels being the result
of strong noncovalent interactions: the size and shape of the
gelled capsules depend on the forces exerted on the capsule at
the time that gelation is induced.

Creating Complex Internal Structure. Previous inves-
tigators have shown that complex multilayer structures can be
generated when gel-inducing stimuli are applied intermittently
(e.g., to interrupt the gelation process).15−18 Here, we
examined if a sequence of externally imposed stimuli could
generate complex internal structures within the capsule.
Specifically, we prepared capsules containing chitosan solutions
and exposed these capsules to a sequence of gel-inducing (5%
NaOH) and noninducing (water) conditions as illustrated in
Figure 3. During each step, we collected photomicrographs to
show the structure emerging within the capsule.
The initial image at the left in Figure 3 is for the initial fluid-

filled capsule. This capsule was then immersed in base for 30 s
to induce gelation of the encapsulated chitosan solution. As
illustrated by the second image in Figure 3, a chitosan gel layer
began growing from the membrane’s inner surface into the
capsule interior. Importantly, this image indicates that
chitosan’s gelation does not occur homogeneously throughout
the capsule but appears to be localized to the outer region of
the capsule. This observation is consistent with previous
investigations that show chitosan’s gelation occurs as a front
and this gelation front is colocalized with the pH neutralization
front.19,20 Presumably, the base that diffuses from the external

Figure 3. In situ observations of multilayer structure generation. The top panel shows the schematic illustrating that transfer steps between water and
base or base and water generate an interface that demarcates the individual layers. The bottom panel shows photomicrographs obtained during the
individual steps in the gel-forming process.
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solution through the capsule membrane rapidly neutralizes
chitosan and induces this polysaccharide’s gelation.
After this initial base incubation, the partially gelled capsule

was transferred to water for 30 s, and an image was collected
during this incubation. The third image in Figure 3 shows a
second chitosan gel layer began forming during this water
incubation. This observation is somewhat surprising; presum-
ably, some base had been retained in the initial chitosan gel
layer and diffuses into the capsule to induce gelation of this
second layer. The partially gelled capsule with two layers was
returned to the base solution and incubated for an additional 30
s. The next image in Figure 3 indicates that a third gel layer had
formed during this base treatment. Two further treatments, one
with water and one with base, yielded additional chitosan gel
layers.
In summary, the in situ observations during the gel-forming

sequence shown in Figure 3 demonstrate that a complex
internal multilayer structure can be generated in response to a
sequence of externally imposed stimuli. As noted, others have
observed that stimulus-responsive gel-forming biopolymers can
form multilayer structures, although this phenomenon in not
completely understood.15−18

To assess how the gel-inducing sequence affects the
microstructure of the gelled compartment, we prepared
capsules, gelled them under different conditions, freeze-dried
the gelled capsules, and then examined their cross-sectional
structures using SEM. The structure in Figure 4a was obtained
from a capsule that was gelled in 5% NaOH for 10 min. This
condition led to the formation of a single gel layer inside the
capsule. The capsule in Figure 4b was gelled by alternatively

incubating it in 5% NaOH (for 2 min) and water (for 2 min)
and then repeating this sequence for a total of three cycles (a
total of six incubation steps). The cross section of this gelled
capsule shows six separate gel layers. A third capsule was gelled
by alternatively incubating it in 2.5% NaOH (for 1 min) and
water (for 1 min) for a total of eight cycles (16 incubations).
Figure 4c shows that this sequential treatment leads to well-
defined multilayer structures within the capsule. A final capsule
was gelled using lower base concentrations in a sequence of
incubations in 0.5% NaOH (for 1 min) and water (for 1 min)
for a total of 15 cycles (30 incubations). Figure 4d shows thin
multilayers were formed in response to this gel-inducing
sequence.

Controlling Multilayer Structure. The previous figures
demonstrate that multilayers can be generated within the
capsule by imposing a sequence of external stimuli that induce
gelation. While the mechanistic details of this phenomenon
may be unclear, we examined the ability to control multilayer
structure by controlling the imposed stimuli. The schematic in
Figure 5a illustrates our experimental approach. We began by
forming a capsule and induced multilayer formation by
sequentially transferring it to a base and then to water. One
variable changed in the experiment was the time that the
capsule was incubated in each solution (Timesoak; within an
individual experiment, this time was the same for every step in
the sequence). The second variable that changed was the
concentration of base NaOH. After each capsule had been fully
gelled, the internal structure was imaged using a stereo-
microscope, the number of layers was counted, and the layer
thicknesses were measured.
The results in Figure 3 indicate that each transfer step

(between base and water or water and base) yields a gel layer;
thus, two layers are expected for each cycle shown in Figure 5a.
The results in Figure 5b demonstrate such a linear increase in
the number of multilayers formed until the contents of the
capsule have been completely gelled (illustrated by the dashed
lines in Figure 5b). After the capsule has been fully gelled,
further transfers do not have an obvious effect on the internal
structure (i.e., the number of layers and their thickness do not
change). Importantly, Figure 5b shows that this procedure
allows a large number of multilayers to be generated within the
capsule compartment.
Because gel formation results from the diffusion of base into

the capsule, two additional expectations can be envisioned for
this experiment. First, if the soaking time is extended to allow
more time for base diffusion, then the gel layers would be
expected to become thicker. Figure 5c demonstrates this
expectation. The second expectation is that if the base
concentration is increased, its diffusion should be accelerated
and the individual gel layers should be thicker. Figure 5d
demonstrates this second expectation.
In summary, the results in Figure 5 demonstrate that the

number of multilayers and their thickness can be controlled by
the sequence of external stimuli used to trigger gel formation.

Multilayer as a Template for Hard Matter. To illustrate
the potential utility of the multilayer hydrogel structure, we
examined its ability to serve as a structurally complex template
using the sequence of steps outlined in Figure 6a. As indicated,
multilayer hydrogel templates were created and then incubated
for 24 h in a 1:1 (by volume) ethanol/water solution containing
FeCl2 (final concentration of 0.5 M). Visually, these templates
were observed to become brownish during this step. After the
FeCl2 incubation, the templates were then transferred to a basic

Figure 4. Cross-sectional microstructure of gelled capsules observed
by SEM. (a) Gelation induced by a single step, immersion in 5%
NaOH for 10 min. (b) Gelation induced by a sequence of three cycles
in which each cycle involved immersion in 5% NaOH for 2 min and
then in water for 2 min. (c) Gelation induced by a sequence of eight
cycles in which each cycle involved immersion in 2.5% NaOH for 1
min and then in water for 1 min. (d) Gelation induced by a sequence
of 15 cycles in which each cycle involved immersion in 0.5% NaOH
for 1 min and then in water for 1 min.
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solution (2 M NaOH) and incubated for 20 min, at which time
they became black presumably because of the formation of iron
hydroxide. The template particles were then collected and
freeze-dried (−30 °C for 8 h), after which they were observed
to be considerably harder and somewhat brittle. Some of these
template particles were purposefully broken to reveal the
underlying structure as shown by the representative images in
Figure 6b.
Freeze-dried template particles were then placed in a tube

furnace, and the temperature was increased at a rate of 2 °C/
min to a final temperature of 600 °C, where it was held for 4 h
and then allowed to cool overnight. The images in Figure 6c
show the intact particles formed from this calcination

treatment. After heat treatment, the particles were very brittle
and could be easily broken to reveal their internal structure.
The photos in Figure 6d show that a multilayer structure had
been templated into the iron oxide particles.
In addition to the multilayer hydrogel template, we prepared

two controls for this study. One control template was an
ungelled capsule (i.e., a chitosan solution was in the capsule
core). The other control template was a gelled capsule with a
single gelled layer in the core. Both control templates were
processed using the steps in Figure 6a. The photographs in
Figure 6e show that the iron oxide particles generated from
these control templates lack the complex internal structure

Figure 5. Controlling multilayer structure by controlling the sequence of externally imposed cues. (a) Schematic illustrating multilayer formation in
response to the repetitive transfer of the capsule between water and base. (b) Results indicate that each transfer step yields a layer (note there are
two transfer steps per cycle) until the capsule has been completely gelled (the dashed horizontal lines indicate when the capsules have been
completely gelled for the different conditions). (c) Results indicate that the thickness of each gel layer is increased by the incubation time for each
step (i.e., Timesoak). (d) Results indicate that the thickness of each gel layer is increased by the concentration of base. Note that insets in panels c and
d are photomicrographs of multilayer gels.
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compared to the particles generated from the multilayer
template.
The iron oxide particles were characterized by three different

techniques. First, the morphology of the oxide particles was
observed by a field emission scanning electron microscope (FE-
SEM). The images in Figure 7a show that the oxide particles
have a plate shape with a diameter of 30−50 nm and a
thickness of 5−10 nm. The shapes of these oxide particles differ
from those of nanoparticles prepared from commonly used
coprecipitation methods in which the oxide particles possess a

needle shape.21,22 Presumably, the multilayer hydrogel provides
accommodations for the nanoplates to grow.
Second, the crystal type of the iron oxide particles was

examined by X-ray diffraction (XRD). Figure 7b shows a typical
X-ray diffraction of iron oxide particles. It is evident that all of
the diffraction peaks are in good agreement with the reference
JCPDS Card 33-0664. No diffraction peaks are evident for
Fe3O4, β-Fe2O3, or other iron precursors. The sharp diffraction
peaks indicate that the iron oxide particles are highly
crystallized α-Fe2O3.

Figure 6. Soft templates for creating hard particles with a complex internal structure. (a) Schematic illustrating the iron oxide templating procedure.
(b) Photographs of multimembrane templates before calcination. (c) Photographs of intact iron oxide particles generated from the multimembrane
template. (d) Photographs revealing the internal structure of iron oxide particles generated from the multimembrane template. (e) Photographs of
structure generated from the control templates that lacked the multimembrane structure.
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Finally, the magnetic properties of α-Fe2O3 particles were
characterized by magnetic hysteresis measurements. As shown
in Figure 7c, the plate-shaped iron oxide particles exhibit weak
ferromagnetic behaviors with a small hysteresis loop and
coercivity. Potentially, the ability to fabricate α-Fe2O3 nano-
plates may be useful for various applications of α-Fe2O3 in
biotechnology, catalysis, and batteries.23−26 Importantly, the
results from this study indicate that the templated synthesis
method allows these nanomaterials to be organized into
complex macroscale structures.

■ DISCUSSION
In this study, we first localize the pH-responsive amino-
polysaccharide chitosan within a membranous capsule formed
by complexation of the weak polyelectrolytes chitosan and
alginate. Polymer membranes generated by either electro-
static13,14,27 or hydrogen bond28,29 complexation are simple to
form and versatile and can be further modified to confer various
additional capabilities. Currently, there is considerable effort to
create capsules30 with greater internal complexity (e.g., multiple
compartments)31−34 and/or with stimulus-responsive mem-
branes (e.g., for controlled release).35−42 In this study, our
polyelectrolyte membrane (PEM) is used to compartmentalize
contents that are stimulus-responsive and can respond to
external stimuli to generate complex internal structure (i.e.,
multilayers).
The chitosan within our capsule is triggered to undergo a

localized sol−gel transition in response to an externally
imposed increase in pH. This sol−gel transition can be viewed
as a self-assembling process involving strong noncovalent
interactions5,43 or a stimulus-triggered manipulation of polymer
structure.44 In either case, this transition converts the contents
of the capsule from a solution to a gel with an associated change
in mechanical properties (i.e., the contents undergo a transition
to a soft solid). As such, this system possesses the character-
istics of a chemomechanical sensor−actuator system in which
the external chemical cues induce a localized change in
mechanical properties.45,46

It is believed that chitosan’s physical (i.e., noncovalent) gel
results from the hydrogen bonds and hydrophobic interactions
associated with the crystalline network junctions that serve as
the noncovalent cross-links.47,48 Presumably, these crystalline
network junctions are composed of a large number of such
weak interactions that cumulatively yield a strong noncovalent
bond. Once the chitosan hydrogel is formed, its shape and
structure are “locked” in place and the gel does not
spontaneously “anneal” to a thermodynamically more stable
state within the typical laboratory time scale (i.e., weeks).
Because gels are formed from such strong noncovalent
interactions, it is possible to impose a shape by exerting
deforming forces on the capsule at the same time that gelation
is induced by the pH increase. This approach to imposing
shape to soft particles offers an alternative to existing methods
of imposing shape by using a template (e.g., for layer-by-layer
self-assembly)49,50 or by top-down methods (e.g., mold-
ing).14,51 Obviously, more work is required to evaluate how,
and if, appropriate deforming forces could be imposed on these
capsules to impart structure at the microscales (e.g., by applying
forces through microfluidics or AFM). We should also note that
by using biological polymers that undergo reversible sol−gel
transitions, the imposed shape and/or structure can be “erased”
(e.g., by lowering the pH and redissolving the chitosan).
We believe the most impressive observation of this study is

that an externally imposed sequence of stimuli can generate a
particle with a complex internal structure (i.e., Figures 3 and 4).
This internal multilayer structure can be controlled as
evidenced by Figure 5. Polysaccharide hydrogel multilayer
structures have been observed previously52,53 and in our case
result from an interruption in the gelation process, although the
underlying mechanism of how such an interruption in the gel-
inducing stimuli leads to multilayer structure remains
unclear.15−18 We show that this multimembrane particle can
serve as a template for the generation of hard matter with a
complex internal structure (Figure 6). Interestingly, the use of a
soft matter template to organize hard matter can be juxtaposed
with the more common use of hard matter to template soft

Figure 7. Characterization of the templated iron oxide. (a) FE-SEM images of iron oxide nanoparticles with different magnifications. (b) XRD
pattern of iron oxide particles with comparison to the reference JCPDS Card. (c) Magnetic hysteresis loops of iron oxide particles.
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matter (e.g., the use of silica38,54−56 or carbonate31,33 particles
as templates for layer-by-layer self-assembly).
Finally, we should note that our methods for creating the

complex shape and/or structure rely on the smart properties of
biopolymers and controlling the cues that trigger their self-
assembly; thus, our methods are simple, rapid, and reagentless
(except for the base). Because both chitosan and alginate are
commonly ingested, it is expected that these materials should
be safe and potentially even edible. Importantly, chitosan and
alginate are not unique, and a variety of common biological
polymers (e.g., gelatin, agarose, and pectin) can undergo
reversible sol−gel transitions; these may provide alternative
materials for biofabricating soft matter with complex shapes and
internal structures.

■ EXPERIMENTAL SECTION
Chitosan from crab shells (85% deacetylation and 200 kDa, as
reported by the supplier) was purchased from Sigma-Aldrich. Alginate
sodium (viscosity of 10 g/L above 0.02 Pa s−1) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dextran
Blue (2000 kDa) was purchased from Biosharp. Iron chloride
tetrahydrate (FeCl2·4H2O) was purchased from DaMao Chemical
Reagent Co. All other reagents were of analytical grade and were used
without further purification.
Capsules were prepared using two solutions: chitosan (4%)

dissolved in 2% acetic acid and alginate sodium (2%) dissolved in
water. Capsules were formed by dropping the chitosan solution into
the alginate solution and then incubating the mixture for 4 h to allow
the PEM to form. Capsules were removed from the alginate solution
and rinsed with water. To facilitate visualization, some capsules were
prepared by adding dextran blue (0.1%) to the chitosan solution prior
to forming the PEM.
Capsules containing chitosan solutions were gelled by immersion in

base solutions. The multilayer chitosan hydrogels were formed by
sequentially immersing the PEM capsule in a NaOH solution and
water. The concentration of NaOH was varied from 0.1 to 10%, and
the time for each incubation was also varied from 30 s to 2 min. The
formation of the layer was observed using a stereomicroscope
(SZM45, Shunyu, Jiangsu, China). The number of layers was counted
and their thickness measured from the optical image by using Nano
Measurer software (http://nano-measurer.software.informer.com/).
Chemical analyses were performed using FT-IR (Nicolet 5700),
XRD (X’Pert Pro, PANalytical), and XPS (KRATOS XSAM800).
Mechanical measurements were taken in triplicate using a Texture
Analyzer (Stable Micro Systems, UK, with the Texture Expert
software) at a compression speed of 2 mm/s to 90% stain.
A multilayer gelled capsule was used as a template for iron oxide

particles by incubating the multilayer gelled capsule in a 50% ethanol/
water solution containing 0.5 M FeCl2 for 24 h. After the FeCl2
incubation, the multilayer hydrogels were then transferred to a basic
solution (2 M NaOH) and incubated for 20 min. The template
hydrogels were then collected and freeze-dried (−30 °C for 8 h). The
cross section and surface of hydrogels were observed with a
stereomicroscope. To remove the template hydrogel, the freeze-
dried template particles were placed in a tube furnace and the
temperature was increased at a rate of 2 °C/min to a final temperature
of 600 °C and held for 4 h. The morphologies of the iron oxide
particles were observed by a field emission scanning electronic
microscope (ULTRA PLUS, Carl Zeiss AG). The crystal type of the
iron oxide particles was examined by a XRD diffractometer (X’Pert
Pro, PANalytical). The patterns with Cu Kα radiation were recorded
in the region of 2θ from 10° to 80° at a rate of 4°/min. Magnetic
properties were investigated using a Physical Property Measurement
System (9T, Quantum Design).
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