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Control superstructure of rigid polyelectrolytes
in oppositely charged hydrogels via programmed
internal stress
Riku Takahashi1,*, Zi Liang Wu2,*,w, Md Arifuzzaman2, Takayuki Nonoyama2, Tasuku Nakajima2,

Takayuki Kurokawa2 & Jian Ping Gong2

Biomacromolecules usually form complex superstructures in natural biotissues, such as

different alignments of collagen fibres in articular cartilages, for multifunctionalities. Inspired

by nature, there are efforts towards developing multiscale ordered structures in hydrogels

(recognized as one of the best candidates of soft biotissues). However, creating complex

superstructures in gels are hardly realized because of the absence of effective approaches to

control the localized molecular orientation. Here we introduce a method to create various

superstructures of rigid polyanions in polycationic hydrogels. The control of localized

orientation of rigid molecules, which are sensitive to the internal stress field of the gel, is

achieved by tuning the swelling mismatch between masked and unmasked regions of the

photolithographic patterned gel. Furthermore, we develop a double network structure to

toughen the hydrogels with programmed superstructures, which deform reversibly under

large strain. This work presents a promising pathway to develop superstructures in hydrogels

and should shed light on designing biomimetic materials with intricate molecular alignments.
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H
ydrogels are a class of soft and water-containing material.
Recent developments of tough hydrogels1–3 have greatly
expanded the applications of this material in various

fields, including soft actuators, artificial organs, regenerative
medicine, and so on4–9. Beyond the toughness, one of the
next challenges is how to introduce macroscale superstructures
into isotropic and amorphous hydrogels. Many specific functions
of biological tissues are strongly related to the superstructures of
rigid, fibre-forming molecules. For example, collagen fibres in the
articular cartilage align parallel to the sliding surface but
perpendicular to the interface with bone10–12. These
superstructures of collagen fibres are considered important for
the functions of cartilages, including low sliding friction and
strong bonding to the bone13–15. These natural systems with
spatially intricate superstructures provide us elegant paradigms in
designing new biomimetic materials with specific functions and
promising applications. However, developing programmable
macroscale superstructure in hydrogels is a non-trivial aim
because the bottom-up approach of self-assembly no longer
works. Many efforts have been made to induce uniaxial
polymer orientation in hydrogels, for example, by shear,
electric or magnetic fields16–21. These methods are not straight-
forwardly applicable to develop complicated macroscale
superstructure in the hydrogels, and alternative strategies are
definitely required.

Herein, we report a novel strategy to develop hydrogels with
macroscale superstructures from rigid fibre-forming molecules by

playing with programmed internal stress. When a soft hydrogel
has a swelling mismatching in different regions, an internal stress
develops. The internal stress can direct orientation of rigid fibre-
forming molecules. In this work, we applied photolithographic
technology to induce programmed swelling mismatching in the
positively charged hydrogel (Fig. 1a)22,23. Considering a slab of
hydrogel with alternative stripes of different swellings, the large
swelling region experiences a compression from the less swelling
region. Oppositely, the less swelling region experiences an
extension from the large swelling region. If rigid rod-like
molecules are embedded in the hydrogel matrix, they intend to
orient along the tensile direction while they orient perpendicular
to the compressive direction (Fig. 1b). This internal-stress-
directed orientation of rigid molecules inside the hydrogels has
recently been demonstrated24–26. When both of the embedded
rigid macromolecules and the hydrogels are polyelectrolytes but
carry opposite charges, the orientation can be ‘memorized’ by
polyion complex formation by the dialysis of their
counterions25,26. Therefore, various superstructures of rigid
polyelectrolytes could be developed in oppositely charged
polymeric hydrogels by harnessing internal-stress-directed
orientation of rigid macromolecules. By using double network
concept1, we further developed tough double network hydrogels
with programmed superstructures. This work gives a pathway to
synthesize tough hydrogels with complex superstructure and
should merit designing other biomimetic materials towards
specific functions.
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Figure 1 | Photolithographic patterned hydrogels with controllable swelling mismatch and resulting internal-stress-directed orientation of rigid

macromolecules. (a) Experimental set-up for synthesis of programmed superstructure in the hydrogels using photolithographic method. As an example,

two identical photo masks of stripe pattern are placed in phase on two surfaces of the reaction cell containing precursor solution of gel (i). The width of

masked regions (black) and unmasked regions (white) is 2 and 0.6mm, respectively. UV was irradiated from both sides of the cell to initiate

polymerization. After gelation, the as-prepared gel shows morphology characteristic to the mask pattern (ii). (b) Schematic to show the built-up of internal

stress because of the swelling mismatch, and the resultant superstructure of rigid molecules in the photolithographic patterned gels. In the gel, composition

gradient between the masked and unmasked regions leads to swelling mismatch. For stripe-patterned hydrogel, as shown in a, the large swelling

region experiences a compression from the less swelling region. Rigid molecules embedded in the gel intend to orient along the tensile direction while they

orient perpendicularly to the compressive direction. Thus, the patterned swelling mismatch induces programmed internal stress, which directs the

orientation of the rigid macromolecules. Using oppositely charged rigid molecules and polymer network, the structure is memorized by polyion complex

formation after dialysis of their counterions.
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Results
Superstructure formation in hydrogel. We use poly(2,20-dis-
ulfonyl-4,40-benzidine terephthalamide) (PBDT), a polyanion,
as the rigid macromolecule, and chemically crosslinked poly(N-
[3-(N,N-dimethylamino)propyl] acrylamide methyl chloride
quaternary) (PDMAPAA-Q), a polycation network, as the
hydrogel. The chemical structures of these two polymers are
shown in Fig. 2.

The gel with superstructure was synthesized by polymerizing
the precursor aqueous solution containing prescribed amount of
the rigid polyanion PBDT, cationic monomer DMAPAA-Q,
chemical cross-linker and photo initiator (see Methods). Two
identical photo masks of stripe pattern were placed in phase on
the surfaces of the reaction cell, composed of two pieces of glass
plates separated by a silicone spacer of 1mm in thickness, to

guide the photo-initiated polymerization and gelation process,
which built a composition gradient in the gel (Fig. 1a). It took
7.5 h to finish the gelation in both the masked and unmasked
regions and to obtain an integrated piece of gel strong enough for
handling.

The as-prepared gel was transparent with a periodical groove
pattern of thickness undulation, where thin parts were located in
the middle of masked regions, as shown in Fig. 3a (top view) and
Fig. 3b (side view). The boundary of the thin parts and thick parts
did not coincide with that of the mask, but inside the masked
region, 0.7mm from the masking boundary, because of the non-
parallel irradiation of the UV light and the diffusion of reactive
species during the reaction (see Supplementary Fig. 1 and
Supplementary Table 1). For simplicity, however, we called the
thin part as the masked region and the thick part as the
unmasked region in the later text. Under polarizing optical
microscope (POM), the sample showed strong birefringence in
masked regions, as observed from top of the sample (Fig. 3aii).
However, when observed from cross-section of the sample, the
central layer of unmasked regions showed birefringence
(Fig. 3bii). The birefringence of the gel comes from both PBDT
that has a positive birefringence and PDMAPAA-Q that has a
negative birefringence. Previous study has shown that PBDT has
a much stronger birefringence than PDMAPAA-Q, and the net
birefringence observed here is related to the orientation of the
rigid PBDT molecules25–27. From the birefringence colour
observed with 530-nm-sensitive tint plate (Fig. 3aiii, biii), we
identified that PBDT aligns parallel to the stripes in the masked
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Figure 2 | Chemical structure of components. (a) The rigid anionic

polyelectrolyte, PBDT, which is embedded in hydrogel matrix. (b) The

flexible cationic polyelectrolyte, PDMAPAA-Q, which forms a hydrogel

network by chemically crosslinking.
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Figure 3 | Characterization of superstructure formed in patterned hydrogels. Observation of superstructure of PBDT in patterned PDMAPAA-Q

hydrogels at as-prepared (a,b) and swollen (c,d) states. The gels were observed under POM from top (a,c) and side (b,d) directions. The thickness of the

observation direction from side was unified into B2mm. The images in column (i) were observed under the parallel polarizers, columns (ii) and

(iii) were observed under the crossed polarizers without and with 530-nm tint plate, respectively. The column (iv) is a schematic illustration of the

orientation of PBDTmolecules within the gel, where the green bars represent PBDTs with weak orientation, the green circles represent PBDTs orientation of

vertical direction to the sheet, the orange and blue bars represent highly ordered PBDTs. A: Analyzer; P: Polarizer; X0: fast axis of the tint plate;

Z0: slow axis of the tint plate. Scale bar, 1mm.
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regions (Fig. 3aiv) and aligns parallel to the gel surface, yet
without in-plane directional preference in the central layer of
unmasked regions (Fig. 3biv). As the gel was synthesized at a
PBDT concentration (1 wt%) lower than its critical liquid
crystalline concentration (CLC*¼ 2.8 wt%), this result indicates
that internal stress built during the gelation directs the orientation
of PBDT. During the synthesis of sheet-shape gel by
photopolymerization, both surface layers of the sample have a
faster reaction speed, resulting in composition gradient in the gel
thickness direction. The gelation at the central layer is relatively
slow to freeze the complexation process, which leads to localized
volume contraction to some extent. As a result, the central layer
of the gel is stretched by the surface layers, and PBDTs align
along with the stretching stress, that is, parallel to the gel surface.

After swelling, the masked regions had a higher swelling ability
than the unmasked region. Both the regions showed strong
birefringence, yet with different colours, indicating the different
orientations of PBDT, as illustrated in Fig. 3c. The PBDT in the
masked regions oriented vertical to the stripes’ direction while it
oriented parallel to the stripes’ direction in the unmasked regions.
The alignment of PBDT was also confirmed by side view of the
samples (Fig. 3d and Supplementary Fig. 2).

We should notice that the birefringence of masked regions
changed from blue of as-prepared gel to orange of the swollen gel
(Fig. 3a,c), indicating a reversion of PBDT alignments. This
reversion of PBDT orientation is related to the change of the
internal stress field by the swelling. Before swelling, the
thicknesses of the masked and unmasked regions of the as-
prepared gels were 0.7 and 0.9mm, respectively. Thus, the
masked regions, having a low swelling ability, experience a
tension from the unmasked regions (Fig. 3b). As a result, the
PBDT molecules in the masked regions aligned parallel to the
boundary. However, after swelling, the masked regions have a
higher swelling ability than the unmasked region (Fig. 3d).
Therefore, this region receives a compression along the boundary
and PBDT molecules convert the orientation to the direction
perpendicular to the boundary. On the other hand, the unmasked
region, which has less swelling ability, receives a tension along the
boundary that directs the PBDT molecules to align with this
tensile direction. The gel shows a global anisotropic swelling, with
slightly large swelling in the direction vertical to the stripes.

The swelling of the hydrogel in pure water removes the paired
small counterions of the oppositely charged polyelectrolytes from
the gel matrix (dialysis effect), and, therefore, the orientation of
PBDT directed by internal stress in the hydrogel was ‘memorized’
by polyion complex formation. As the polymer matrix is in excess
of its mass than that of the PBDT, a large ionic osmotic pressure
still exists to swell the gel substantially. We confirmed that the
superstructure was maintained even after releasing of the internal
stress by slicing the masked and unmasked regions into separate
stripes (Supplementary Fig. 3).

In addition to the POM observation, we also characterized the
localized molecular alignments in the gels using linear dichroism
measurements; PBDT alignments extracted from the LD results
matched well with those from POM (Supplementary Fig. 4). We
should note that, although the patterned gels showed strong
birefringence, PBDT only possesses weak orientation, as revealed
by the small linear dichroic ratio (Supplementary Fig. 4). For
simplicity and better understanding the proposed mechanism,
however, we drawn the PBDT in perfect alignments in the
schematic figures.

The swelling mismatching depends on many factors, such as
the dimension of mask, the polymerization kinetics, the
formulation of the precursor solution of gel, and so on. In the
present system, the swelling mismatching boundary was not
sharply coincident with the mask boundary but located inside the

mask region, 0.7mm from the boundary. Therefore, when the
width of the masked region was decreased below a value of
1.5mm, strong swelling mismatching could not be formed, and
we observed a decrease in the birefringence of unmasked regions.
The detailed relationship between the swelling mismatching and
experimental conditions should be reported in a forthcoming
paper.

Universality for creating complex superstructures. Following
the above concept, hydrogels with more complex superstructures
could be developed by designing different masks to control the
swelling mismatching (Fig. 4). We used three basic shapes, stripe,
dot and branch as masked regions (black) to build five mask
patterns with different features. Besides the periodical straight
stripes (mask I) as already shown in Fig. 1, concentric circle
stripes (mask II), periodical cubic dots (mask III), hexagonal dots
(mask IV) and periodical honey-comb networks (mask V) were
designed (Fig. 4, top). These mask patterns can be classified into
three types: (A) line symmetric (I), (B) circular symmetric (II)
and (C) periodical (III, IV, V).

The as-prepared gels with these masks also showed grooves or
wells in the masked regions (Fig. 4a). After the gels were swelled
in water, the masked regions showed higher swelling ratio than
the unmasked regions. The swelling mismatch led to pro-
grammed strong internal stress and PBDT alignments, which
were confirmed by observation under circular polarizing light
(Fig. 4b). The alignments of PBDTs identified by POM images
with tint plate (Fig. 4d) for swollen gels are illustrated in Fig. 4c,e.

Type (A) has been discussed in the previous text; here we
consider type (B). The mask of circular stripes produces circular
orientation of PBDT in the unmasked region that experiences a
tension because of less swelling, and radial orientation in the
masked region that experiences a compression due to more
swelling (Fig. 4, Column II), similar to the effect of the straight
stripe mask (Fig. 4, Column I). The gel also showed a global
saddle-like deformation, indicating that the outer region of the gel
swells more than that of the inner region, and a net internal stress
leads to the deformation of the gel28. Then, we consider type (C).
The dot mask (cubic dots and hexagonal dots) produces dot-like
high swelling regions (Fig. 4, Columns III, IV). In these cases, the
unmasked regions between two nearest dots experience
compression in the direction of line that connects the two dots.
As a result, the PBDT molecules in this region oriented
perpendicular to the line that connects the two dots. Since the
stress in the centre of the cubic or hexagonal patterns is cancelled,
PBDT has no preferential orientation in the central region. The
honey-comb mask produces network-like high swelling regions
(Fig. 4, Column V). Since these network arms are under
compression, PBDT molecules oriented perpendicular to the
network arms. PBDT has no preferential orientation in the
central region of the network, indicating that there is no net stress
in this region. Thus, all the gels of type (C) share the common
feature that the internal stress is cancelled in the centre of
unmasked region to give amorphous structure in this region.
These gels, having no net stress globally, were flat after swelling.
These results demonstrate that by designing proper masks, very
complicated liquid crystal domains are possible to be obtained.

Toughening the superstructure hydrogels. As common poly-
electrolyte hydrogels, these superstructure hydrogels were
mechanically weak. Taking advantage of their polyelectrolyte
nature, we further toughen these gels by introducing a second
neutral network, based on the double network concept1,29

(Supplementary Fig. 5). The superstructures were preserved
even after inducing the second network of polyacrylamide
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Figure 4 | Controlling of superstructure in hydrogels by using different masks. (a) Images of the as-prepared gels taken by digital camera to show the

gel appearances and patterns. The masks used for photolithography are shown in the top of each column, where the masked regions are black and

unmasked regions are white. Scale bar, 5mm. (b) Images of swollen gels observed under circular polarized light. The oriented domains show strong

birefringence. Scale bar, 1 cm. (d) The yellow rectangle regions shown in row (b) were observed by crossed polarizers with 530-nm tint plate to determine

the molecular orientation. Scale bar, 1mm. c,e Schematic illustrations of the orientation of PBDT molecules within the swollen gel, where the orange,

blue and green bars represent highly ordered orientation. The grey regions in e correspond to the regions of masks, where the central parts of gels have

high swelling. Size of mask patterns: (I) width of masked stripes and distance between stripes are 1.5 and 0.5mm, respectively. (II) Width of masked

stripes and distance between stripes are 2.0 and 0.6mm, respectively. (III,IV) Diameter of dots and distance between dots are 2.0 and 0.6mm,

respectively. (V) Width and length of branch line are 1.5 and 4.0mm, respectively.
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Figure 5 | Toughening double network hydrogels with superstructures. (a,b) Birefringence patterns showing the reversible change in the stripe

superstructures of double network (DN) gel during stretching in the direction parallel (a) and vertical (b) to the strip direction. Images in rows (ai) and (bi)

were observed under the crossed polarizers. Images in rows (aii) and (bii) were observed under the crossed polarizers with 530-nm tint plate. Double-headed

arrow shows the tensile direction. Tensile strain, e, is defined as (L� L0)/L0, in which L0 and L are the lengths of the gel before and during elongation,

respectively. Scale bar, 2mm. (c) Stress–strain curves of DN gels stretched in the directions parallel (blue) and vertical (red) to the stripe direction.
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(Fig. 5a,b). The obtained double network gel was much tougher
than its single network, sustaining large tensile deformation.
Accompanying with the deformation, the superstructure
deformed reversibly without rupture (Fig. 5a,b). The tensile
stress–strain curves are anisotropic, showing higher fracture
stress and strain along the strip direction than those of the vertical
direction (Fig. 5c). These anisotropic mechanical properties
should be attributed to the patterned gel structure itself, not to
the PBDT superstructure. The movie and detailed structure
change during the deformation are shown in the Supplementary
Information (Supplementary Movies 1 and 2).

Discussion
In conclusion, we have developed macroscale superstructure
hydrogels with alignments of rigid polyelectrolyte molecules by
tuning the internal stress field. By photolithographic patterning,
we can programme the swelling mismatch of the gels, which
induces large internal stress. This internal stress directs
orientation of rigid macromolecules, which are frozen by the
strong polyion complexation between the two oppositely charged
polyelectrolytes. By using the double network concept, these
superstructure gels can be developed into tough double network
gels. At the moment, we could only prepare the superstructure
gels containing low concentration of PBDT (several wt%) because
of its high-viscosity limitation. Accordingly, we did not observe
distinct mechanical property or swelling property originated from
this superstructure. In future, we will apply this idea to rigid
biomolecules with relatively low molecular weight at high
concentration for creation of specific functions. For example, by
controlling the orientation of rigid collagen molecules in tough
double network hydrogels, we are able to develop hydrogels with
anisotropic mechanical properties similar to cartilages.

Structural biomacromolecules, such as F-actin, microtubule
and collagen, are all negatively charged rigid molecules. During
tissue growth, different growth rates will build internal stress that
may also play a role in directing the orientation of these structural
biomacromolecules. This work should give insight in under-
standing the structure formations of these biomacromolecules in
living cells and soft tissues.

Methods
Synthesis of hydrogels with programmed swelling mismatching. To synthesize
hydrogel film with programmed swelling mismatching, photolithographic techni-
que was adopted. The reaction cells were prepared by sandwiching the square
frame of a silicone spacer (thickness: 1mm) between two parallel glass plates. Then,
two photo masks with the same pattern prepared by colour-laser printing on
Overhead projector films (OHP films;KOKUYO Co., Ltd., Japan) were gripped on
two sides of the reaction cell in phase, to guide the progress of photo poly-
merization at specific regions (Fig. 1c). The aqueous precursor solutions contained
1.0 wt% of the rigid anionic polymer, PBDT (average molecular weight,
Mw,¼ 200,000 gmol� 1, see Supplementary Fig. 6), 2.0M of the cationic monomer,
DMAPAA-Q, 2.0 mol% of the chemical cross-linker, N,N 0-methylenebis(acryla-
mide) (MBAA) and 0.15 mol% of the photoinitiator, 2-oxoglutaric acid (OA). The
amount in mol% was relative to the cationic monomer concentration. After proper
mixing, the precursor solution was injected into the reaction cells. As-prepared gels
were obtained after UV irradiation from the both sides of the reaction cell (UV
light intensity was 3.9mWcm� 2) for 7.5 h under an argon atmosphere at room
temperature. By using masks with different patterns described in Fig. 4, gels with
different programmed swelling mismatching were obtained. The as-prepared gels
were swelled in a large amount of water for several days to achieve the equilibrium
state.

Synthesis of tough double network gels with superstructures. The PBDT-
containing PDMAPAA-Q gel was used as the first network, and polyacrylamide
was used as the second network. The as-prepared PBDT-containing PDMAPAA-Q
gel was immersed in precursor solution of the second network (4M acrylamide
monomer, 0.01mol% MBAA and 0.01mol% OA) for 2 days until reaching equi-
librium. Then the second network was formed using UV irradiation for 10 h (ref.
29). The as-prepared double network gels were swelled in water for several days to
achieve the equilibrium state.

Optical observation of superstructure. The surface morphology and the bire-
fringence of the gels in the as-prepared state and the equilibrium swelling state
were observed under a POM (Nikon, Eclipse, LV100POL) in the parallel and
crossed polarization modes, respectively, at room temperature. Sample gels were
placed on glass slides and observed from the top (Fig. 3a,c) or side (Fig. 3b,d). All
the samples of PBDT-containing PDMAPAA-Q gel exhibited a first-order white-
grey birefringence colour. To identify the molecular orientation direction, a 530-
nm-sensitive tint plate was inserted25–27. PBDT has a positive birefringence and
PDMAPAA-Q has a negative birefringence. At the prescribed condition in this
study, the birefringence intensity of PBDT surpasses that of PDMAPAA-Q24,25.
Therefore, the birefringence colour observed is governed by the PBDT orientation.

The birefringence patterns of gels in the equilibrium swelling state were also
observed under optical microscope (OLYMPUS, SZX12) with circular polarizer
plate (MeCan Imageing Inc., Saitama, Japan) at room temperature. Sample gels
were sandwiched between clockwise and counterclockwise circularly polarizing
plates and observed from the top (Fig. 4b). The highly oriented parts in the
patterned gel exhibited a white-grey birefringence colour regardless of the
orientation direction30,31.

Other experimental details are described in Supplementary Methods.
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6. Liberski, A. R., Delaney, J. T., Schäfer, H., Perelaer, J. & Schubert, U. S. Organ

weaving: woven threads and sheets as a step towards a new strategy for artificial
organ development. Macromol. Biosci. 11, 1491–1498 (2011).

7. Hoffman, A. S. Hydrogels for biomedical applications. Adv. Drug Deliver Rev.
64, 18–23 (2012).

8. Slaughter, B. V., Khurshid, S. S., Fisher, O. Z., Khademhosseini, A. & Peppas, N.
A. Hydrogels in regenerative medicine. Adv. Mater. 21, 3307–3329 (2009).

9. Qiu, Y. & Park, K. Environment-sensitive hydrogels for drug delivery. Adv.
Drug Deliver Rev. 64, 49–60 (2012).

10. Jeffery, A. K., Blunn, G. W., Archer, C. W. & Bentley, G. Three-dimensional
collagen architecture in bovine articular cartilage. J. Bone Joint Surg. Br. 73-B,
795–801 (1991).

11. Wang, Y. et al. The predominant role of collagen in the nucleation, growth,
structure and orientation of bone apatite. Nat. Mater. 11, 724–733 (2012).

12. Newman, A. P. Articular cartilage repair. Am. J. Sports Med. 26, 309–324
(1998).

13. Chen, Q. Z. et al. Strengthening mechanisms of bone bonding to crystalline
hydroxyapatite in vivo. Biomaterials 25, 4243–4254 (2004).

14. Kiviranta, P. et al. Collagen network primarily controls Poisson’s ratio of
bovine articular cartilage in compression. J. Orthop. Res. 24, 690–699 (2006).

15. Aspden, R. Fibre reinforcing by collagen in cartilage and soft connective tissues.
Proc. R. Soc. B 258, 195–200 (1994).

16. Loizou, E., Porcar, L., Schexnailder, P., Schmidt, G. & Butler, P. Shear-induced
nanometer and micrometer structural responses in nanocomposite hydrogels.
Macromolecules 43, 1041–1049 (2010).

17. McClendon, M. T. & Stupp, S. I. Tubular hydrogels of circumferentially aligned
nanofibers to encapsulate and orient vascular cells. Biomaterials 33, 5713–5722
(2012).

18. Paineau, E. et al. Tailoring highly oriented and micropatterned clay/polymer
nanocomposites by applying an a.c. electric field. ACS Appl. Mater. Interfaces 4,
4296–4301 (2012).

19. Maggini, L., Liu, M., Ishida, Y. & Bonifazi, D. Anisotropically luminescent
hydrogels containing magnetically-aligned MWCNTs-Eu(III) hybrids. Adv.
Mater. 25, 2462–2467 (2013).

20. Firestone, M. A., Tiede, D. M. & Seifert, S. Magnetic field-induced ordering of a
polymer-grafted biomembrane–mimetic hydrogel. J. Phys. Chem. B 104, 2433–
2438 (2000).

21. Zhang, S. et al. A self-assembly pathway to aligned monodomain gels. Nat.
Mater. 9, 594–601 (2010).

22. Kim, J., Hanna, J. A., Byun, M., Santangelo, C. D. & Hayward, R. C. Designing
responsive buckled surfaces by halftone gel lithography. Science 335, 1201–1205
(2012).

23. Wu, Z. L. et al. Three-dimensional shape transformations of hydrogel sheets
induced by small-scale modulation of internal stresses. Nat. Commun. 4, 1586
(2013).

24. Islam, M. F., Nobili, M., Ye, F., Lubensky, T. C. & Yodn, A. G. Cracks and
topological defects in lyotropic nematic gels. Phys. Rev. Lett. 95, 148301 (2005).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5490

6 NATURE COMMUNICATIONS | 5:4490 | DOI: 10.1038/ncomms5490 |www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


25. Arifuzzaman, M. d., Wu, Z. L., Kurokawa, T., Kakugo, A. & Gong, J. P.
Swelling-induced long-range ordered structure formation in polyelectrolyte
hydrogel. Soft Matter 8, 8060–8066 (2012).

26. Arifuzzaman, Md. et al. Geometric and edge effects on swelling-induced
ordered structure formation in polyelectrolyte hydrogels. Macromolecules 46,
9083–9090 (2013).

27. Wu, Z. L., Kurokawa, T., Liang, S. M., Furukawa, H. & Gong, J. P.
Hydrogels with cylindrically symmetric structure at macroscopic scale by self-
assembly of semi-rigid polyion complex. J. Am. Chem. Soc. 132, 10064–10069
(2010).

28. Klein, Y., Efrati, E. & Sharon, E. Shaping of elastic sheets by prescription of
non-Euclidean metrics. Science 315, 1116–1120 (2007).

29. Gong, J. P., Katsuyama, Y., Kurokawa, T. & Osada, Y. Double-network
hydrogels with extremely high mechanical strength. Adv. Mater. 15, 1155–1158
(2003).

30. Frohlich, M. W. Birefringent objects visualized by circular polarization
microscopy. Biotech. Histochem. 61, 139–143 (1986).

31. Whittaker, P., Kloner, R. A., Boughner, D. R. & Pickering, J. G. Quantitative
assessment of myocardial collagen with picrosirius red staining and circularly
polarized light. Basic Res. Cardiol. 89, 397–410 (1994).

Acknowledgements
This research was financially supported by a Grant-in-Aid for Scientific Research (S)
(No. 124225006) from Japan Society for the Promotion of Science (JSPS).

Author contributions
R.T. and Md.A. designed this work. R.T. performed the experiment, Z.L.W., T.No., T.Na.,
T.K. and J.P.G. supervised this research. R.T., Z.L.W. and J.P.G. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Takahashi, R. et al. Control superstructure of rigid
polyelectrolytes in oppositely charged hydrogels via programmed internal stress.
Nat. Commun. 5:4490 doi: 10.1038/ncomms5490 (2014).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5490 ARTICLE

NATURE COMMUNICATIONS | 5:4490 |DOI: 10.1038/ncomms5490 |www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Control superstructure of rigid polyelectrolytes in oppositely charged hydrogels via programmed internal stress
	Introduction
	Results
	Superstructure formation in hydrogel
	Universality for creating complex superstructures
	Toughening the superstructure hydrogels

	Discussion
	Methods
	Synthesis of hydrogels with programmed swelling mismatching
	Synthesis of tough double network gels with superstructures
	Optical observation of superstructure

	Additional information
	Acknowledgements
	References




