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ABSTRACT: We demonstrated a novel approach for the
fabrication of anisotropic capsules with liquid content using
biomimetic self-folding thermoresponsive polymer films. The
behavior of self-folding films is very similar to actuation in
plants, where nonhomogenous swelling results in complex
movements such as twisting, bending, or folding. This
approach allows the design of anisotropic liquid capsules
with rodlike and dumbbell-like morphologies. We found that
these capsules are able to assemble into different complex
structures, such as nematic-like one and 3D network
depending on their morphology.
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■ INTRODUCTION

Development of the methods for microencapsulation of liquids
is a very important strategy for the design of self-healing
materials,1 regenerative medicine,2 food industry,3 etc. There
are plenty of reports describing preparation of capsules4,5 and
particles with spherical shape. The anisotropic or elongated
capsules are of a special interest, because the shape anisotropy
gives them a number of advantages. For example, anisotropic
capsules are particularly attractive for energy storage,6 design of
self-healing materials.7 Anisotropy of delivery carriers is also a
very desirable feature for pulmonary drug delivery because
elongated carriers possess the same aerodynamic diameter as an
equivalent spherical carrier, allowing at the same time for
delivery of a larger amount of cargo.8 Preparation of anisotropic
liquid capsules is a far more challenging task, than synthesis of
spherical capsules. Indeed, one needs to act against surface
forces, which always compel liquid droplets to adopt spherical
shape. There are several reports describing synthesis of
aspherical capsules. For example, capsules with cubic and
pyramid shapes were prepared using aspherical particles as a
template that was covered by a polymer. Removal of the core
led to a formation of an empty polymer shell with the shape
defined by the template.9−11 Anisotropic particles were also
prepared using microfluidic nozzle system.12 Recently,
patterned surfaces were also applied for design of anisotropic
capsules.13

One possible approach for the encapsulation is based on the
use of self-folding films. Self-folding films are thin bilayers,
which fold spontaneously in response to external stimuli in
order to release internal stress14−21 or external force.22 The
behavior of self-folding films is very similar to actuation in
plants, where nonhomogenous swelling results in complex
movements such as twisting, bending, or folding.23,24 Such
folding results in a transformation of 2D shapes into 3D

objects, wherein the shape of the final object depends on many
factors including the shape of the initial layout, the composition
and thickness of the film, and the presence of hinges.15,17,25−27

Recently, self-folding films were successfully applied for the
encapsulation of solid hard and soft microobjects such as
particles and cells.14,28−30 In this paper, we report the
fabrication of tubular capsules with liquid content using
stimuli-responsive self-folding films.

■ EXPERIMENTAL SECTION
Materials. Oleic acid (Fluka), cyclohexane 99.5% (Sigma-Aldrich),

and rhodamine B (Sigma) were used as received. N-Isopropylacryla-
mide 97% (Aldrich), was recrystallized from hexane, methyl
methacrylate 99% (Alrich) was purified by filtration through basic or
neutral Al2O3 column before polymerization. Random copolymer of
methyl methacrylate (MMA) and 4-acryloylbenzophenone (ABP),
poly(methyl methacrylate-co-4-acryloyloxybenzophenone (1.6 mol
%)) or p(MMA-ABP), was synthesized using free radical polymer-
ization as described in ref 31. Random copolymer of N-
isopropylacrylamide (NIPAM) and 4-acryloylbenzophenone (ABP),
poly(N-isopropylacrylamide-co-4-acryloyloxybenzophenone ((1 mol
%)) or p(NIPAM-ABP)), was synthesized using free radical
polymerization as described in ref 29. Deionized (DI) water was
obtained using TKA ultrapurification system (Germany), conductivity
0.055 μS/cm.

Fabrication of Polymer Bilayers. The bilayer films were
fabricated by sequential deposition of P(NIPAM-ABP) and p(MMA-
ABP) layers on a silicon substrate using dip-coating from ethanol and
toluene solutions of the polymers, respectively. The thickness of
polymer layers was 690 nm for PNIPAM-co-polymer and 70 nm for
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PMMA-copolymer. The polymer bilayers were patterned using contact
photolithography. Samples were illuminated for 75 min using hand
lamp (NH-15, Herolab, Germany) with the wavelengths of 254 nm.
Irradiance at the sample to the lamp distance of 3 cm was ∼330 μW/
cm2. The irradiation was performed through a photomask (Toppan
Photomasks Inc., Germany) with rectangular patterns of the 126 μm ×
1327 μm size. The irradiated film was rinsed with chloroform in order
to remove non-cross-linked polymers leaving rectangular bilayer
patterns.
Deposition of Oleic Acid. Oleic acid was deposited on the top of

the patterned polymer bilayer using dip-coating. In order to adjust the
thickness of the oil layer, mixtures of oleic acid with cyclohexane of the
following volume ratios were used: 1:4, 1:3, 1:1, 3:1, and undiluted
oleic acid. The thickness of the formed oil layer was estimated using
the following equation

ρ
=

−
H

m m
a

( )
oleic acid

2 1

where m1 and m2 are the masses of the sample before and after oil
deposition, respectively, a is the area of the sample, and ρ is the
density of the oleic acid.
Tube Formation and Oil Encapsulation. Patterned bilayers

were exposed in DI water at elevated temperature that was above
LCST of PNIPAM-co-polymer (28 °C). Decreasing the temperature
below LCST resulted in a formation of the tubes within 1−5 min and
in a simultaneous encapsulation of the oil deposited on the top of the
polymer bilayer.

■ RESULTS AND DISCUSSION
In our approach for oil encapsulation, we used self-folding
bilayers consisting of an active thermoresponsive poly(N-
isopropylacrylamide)-copolymer (p(NIPAM-ABP)), and a
passive hydrophobic poly(methyl methacrylate)-copolymer
(p(MMA-ABP)). The photo-cross-linkable polymers contain-
ing benzophenone derivatives were sequentially deposited on a
silica wafer using dip-coating from selective solvents, whereby
active and passive polymers formed bottom and top layers,
respectively (Figure 1a). The polymers were cross-linked by
irradiation with UV light through a photomask. Finally, non-

cross-linked polymers were removed by washing in a common
solvent. As a result, an array of rectangular bilayer films was
formed on the surface of the silicon wafer.
Oleic acid was deposited on the top of the patterned polymer

bilayer using dip-coating from the mixtures of the oil with
cyclohexane (Figure 1b). The dilution of oleic acid by the
volatile solvent was performed in order to adjust the thickness
of the deposited oil layer and, therefore, to vary the amount of
the encapsulated oil. After deposition and evaporation of
cyclohexane, oleic acid formed continuous film on the surface
of the patterned bilayer. The oil film was stable in air at least for
several minutes, but immediately started to dewet when
immersed in water (Figure 2a, b). The oil left hydrophilic
substrate areas between the bilayer patterns and covered the
polymer areas because of the more favorable interaction with
the top layer of the hydrophobic p(MMA-ABP). The
thermoresponsive p(NIPAM-ABP) layer swelled when the
temperature was decreased below the LCST of an active
polymer that resulted in a folding of the polymer bilayer and in
a formation of the tubular capsules with encapsulated oil
(Figure 2c). The capsules could easily leave the surface of the
wafer and go into an aqueous phase. Since the density of oleic
acid (0.8 g/cm3) is less than the density of water (1 g/cm3),
one can expect that oil droplets can separate from the polymer
surface and float on the water surface. Interestingly, we didn’t
observe this effect, most probably because the buoyancy acting
on oil droplet (F = ρwaterVoleicacidg = 1 × 10−7 N) is much
smaller than surface forces (F ≈ lpattern + wpattern)γoleicacid ≈ 1 ×
10−5 to 1 × 10−4 N.
The swelling of the p(NIPAM-BA) films is a reversible

process and the cycles of swelling and shrinking can be
repeated many times in a reproducible manner, influencing the
rolling behavior of the bilayer films. Indeed, empty self-rolled
tubes, based on this polymer, demonstrate clear reversibility of
folding in response to the temperature.29 Interestingly, we
observed almost no thermoresponsive behavior of the
PNIPAM-based tubes with encapsulated oleic acid. In this

Figure 1. Scheme of the encapsulation of oily liquid into self-rolled polymer tubes in aqueous media: (a) prepared bilayer; (b) bilayer with deposited
oil; (c) rolled bilayer tube with oil inside.

Figure 2. Time-resolved process of the encapsulation of oil inside self-rolled tubes: after (a) 20 s, (b) 80 s, and (c) 180 s of incubation in water at
room temperature.
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case, tubes slightly decrease and increase their diameter upon
cooling and heating, respectively, but no unfolding of the tubes
occurs at the temperatures above the LCST of the PNIPAM-
copolymer. The difference in responsive behavior between
empty and oil-filled tubes can be explained by considering the
acting forces: unfolding of the oil-filled tube would require an
increase in the contact area between oleic acid and water that is
energetically unfavorable. Surface force acting on droplet with
the size of bilayer pattern is of order of magnitude F ≈ (lpattern +
wpattern)γoleicacid ≈ 1 × 10−5 to 1 × 10−4 N. Force generated
during unfolding of the film was estimated in consideration that
rolling of the bilayer occurs along its long side and the moment
of inertia of the bilayer (Ibilayer = lpatternh

3
bilayer/12 ≈ 1 × 10−22

m4 is independent of the width of the bilayer. In the order of
magnitude of this force F ≈ dtubeEI bilayer/w

3
pattern ≈ (1 × 10−5

(m))(1 × 10−22 (m4))(1 × 108 (N/m2))/(1 × 10−12 (m3)) ≈ 1
× 10−4 N is comparable with the surface forces or slightly
exceed them.
One can assume that the final diameter of the tube must be

dependent on the amount of deposited oleic acid if surface
tension forces dominate. On the other hand, the experimental
observations demonstrate that the diameter of the tubes is
independent of the thickness of deposited oleic acid and
remains ca. 10 μm (Figures 3 and 4). Moreover, rolling expels
oleic acid from the inner of the tube that results in a formation
of droplets. These observations indicate domination of the
forces generated by the swelling of the active hydrogel. We also

investigated the effect of oleic acid on the tube formation by
observing films with deposited oleic acid and without it (Figure
3). It was found that rolling without oleic acid is slower and
inhomogenous, i.e., narrow tubes are formed along the
perimeter of the film, whereas its center remains undeformed.
The rolling of the films with oleic acid is faster (diameter of
tubes decreases faster) and more homogeneous, i.e., periphery
of the film and its central part deform simultaneously. Since the
rolling in the presence of oleic acid is faster, we can assume that
surface tension affects folding behavior. Thus, experimental
observations indicate that surface tension, forces generated by
the swelling hydrogel and elastic force generated by the PMMA
layer play considerable role during the folding. In multilayer
films, there are other forces such as adhesion of the
thermoresponsive layer to the substrate and adhesion of the
polymer layers to each other when multilayer films are formed.
The last force, for example, prevents unrolling of the films.29

This diversity of the forces acting on the films makes
elucidation of the contribution of each of them very difficult.
We found that morphology of the formed capsules was

determined by the amount of oleic acid deposited on the
bilayer. The thickness of the film formed by oleic acid after
evaporation of the solvent decreased with the increase in the
dilution degree (Figure 4a). We observed that all available oil
was encapsulated entirely within the inner volume of the tubes
and no droplets outside (dumbbell-like shapes) were formed
when the thinnest layer of oleic acid was used (Figure 4b).

Figure 3. Optical microscopy snapshots of rolling of polymer bilayers with oleic acid and without it after (a) 10 s and (b) 20 s of rolling.

Figure 4. Tubular self-rolled capsules with encapsulated oleic acid: (a) thickness of the film of oleic acid on the surface of patterned bilayer
depending on the volume ratio of oleic acid and cyclohexane; (b−f) optical microscopy images of capsules with oleic acid obtained by rolling of
polymer bilayer with different thickness of oleic acid, which is determined by ratio between oleic acid and cyclohexane (ch).
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Increase in the thickness of the oil layer led to its excess
compared to the available volume of the capsules. As a result,
excess of the oil formed the droplets at both ends of the tubes,
i.e., dumbbell-like capsules were formed. The size of these
droplets increased with the increase of the excess of the oil
(Figure 4c−e). Finally, use of undiluted oleic acid for the
deposition resulted in a formation of three droplets along the
capsule: two at the ends of the tube and one in the center
(Figure 4f). Transition from a two-droplet case to a three-
droplet case is not completely clear. In fact, formation of one
droplet instead of two or three is always more energetically
favorable because of lower interfacial energy. Therefore, we
assume that formation of three droplets has kinetic character
and is due to the high viscosity of oil that does not have
sufficient time to move to one of the ends during rolling.
The obtained microcapsules (Figure 4d, e) consist of a

cylindrical part, which is polymer bilayer tube with encapsu-
lated oil, two droplets at the ends of the tube. These droplets
are liquid but their surface can potentially be solidified by using
surface polymerization initiated in water phase that is very close
to the approach used for the preparation of spherical capsules
for self-healing materials.32 In fact, capsules with liquid content
are widely used for the design of self-healing materials. The
disadvantage of spherical particles is that they can be used only
once. More promising is the use of vascular networks, which
provide a permanent supply of healing agents even to the place
that was already healed many times.33 Tubes with liquid
content could be the elements of such networks.
We found that crystallization of oleic acid (Tm = 13−14 °C)

in the capsules is inhomogeneous: molten oleic acid (Figure
5a) crystallizes first in the side droplets (Figure 4b) and then

inside the tubes (Figure 5c). Contrary, melting of the
crystallized oleic acid occurs simultaneously in the side droplets
and inside the tube (Figure 5d). We believe that the reason for
delayed crystallization inside the tubes is the confinement
effectwalls of the tubes restrict growth of crystals of oleic
acid. The walls do not, however, affect melting of the crystals
and the melting occurs simultaneously inside the tubes and in
side droplets.

Finally, we investigated interactions between oil-filled
capsules. The capsules that had large side droplets sponta-
neously stuck to each other because of the merging of the side
oil droplets (Figure 6a−d). The merging oil droplets formed

larger ones until very large oil droplets with tubes inside were
formed (Figure 6d). The assembly of the capsules, which
contained oil only inside, occurred slowly when tubes were
rinsed from the substrate into a glass vial and mechanical
agitation was applied. Under these conditions, tubes started to
stick to each other because of a small leakage of oil. The
capsules thus formed tight bundles where capsules were
oriented in one direction (Figure 6g,h). The orientation of
capsules in such aggregate is similar to the structure of nematic
liquid crystals. Interactions of the capsules having the side oil
droplets of the moderate size had a particularly interesting

Figure 5. Optical dark-field microscopy images of crystallization and
melting of oleic acid inside the folded capsules: (a) molten oleic acid
(T = 20 °C); (b) after start of crystallization in side droplets (T = 11
°C); (c) after start of crystallization in tubes (T = 11 °C); (d) after
melting of crystallized oleic acid (T = 20 °C).

Figure 6. Self-assembly of oil-filled tubes in water depending on the
amount of encapsulated oil. Volume fraction of oleic acid during
deposition, f(OA) = Voleicacid:(Voleicacid + Vcyclohexane): (a)
f(OA) = 0.75, 7 s after rolling; (b) f(OA) = 0.75, 20 s after rolling; (c)
f(OA) = 0.75, 30 s after rolling; (d) f(OA) = 0.75, 60 s after rolling; (e,
f) f(OA) = 0.5; (g, h) f(OA) = 0.2, after assembly of the tubes in
aqueous media upon mechanical agitation (green fluorescence is due
to Rhodamine B dissolved in oleic acid).
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character. (Figure 6e, f). In this case, the capsules assembled in
a complex way and formed chains and network knots that is
very similar to behavior of rods, which can stick to each other
by their ends.34 The capsules stick to each other by their oily
heads forming long agglomerates, which finally build a 3D
network.

■ CONCLUSIONS

In this paper, we demonstrated a novel approach for the
fabrication of anisotropic capsules with liquid content using
self-folding films. This approach allows the design of
anisotropic capsules with different morphology such as rodlike
and dumbbell-like. We found that these capsules are able to
assemble into different complex nematic-like structures and 3D
networks. There are several reports describing fabrication of
macroscopic self-folded capsules using capillary forces
generated by encapsulated droplets.22,35,36 Such capsules form
when a droplet is deposited in onthe film and unfold when the
droplet evaporates. In our approach, the smaller capsules are
formed due to the swelling of one of the components of the
film and remain folded even if the encapsulated material is
removed. We foresee great potential of the demonstrated
approach for the design of microfluidic networks, self-healing
materials, and drug delivery.
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