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Biomimetic and bioinspired materials are receiving increasing 
attention because of their robust functionality and potential 
applications as artifi cial tissue [1,2]. For natural materials, a high 

degree of sophistication is achieved through self-organization of the 
various components into ordered and hierarchical structures following 
a well-defi ned pattern  [2-4]. Biological tissue possesses these ordered 
structures, endowing the living organisms with mechanical toughness 
and functionality, as exemplifi ed by tissues such as bone and cartilage. 
Th erefore, eff orts should be made to introduce ordered and hierarchi-
cal structure into soft, and also hard, synthetic materials. Among the 
strategies developed to date, self-assembly is a convenient and powerful 
method for producing ordered structures [5].

Self-assembly, the spontaneous organization of discrete components 
into organized structures, is widespread in nature, such as in protein 
folding and hybridization of the DNA double helix [3–6]. Self-assembled 
structures usually incorporate additional functionalities. For example, 
phospholipids form a lipid bilayer arou  nd the cell as a barrier to   the dif-
fusion of ions and proteins, and tropocollagens self-assemble into fi brils 
collagens that are closely packed in parallel arrays in the tendon, endowing 
it with excellent mechanical properties [3]. Inspired by nature, molecular 
self-assembly that is directed through weak, noncovalent interactions 
has received tremendous attention for the development of systems with 
ordered structures and resultant functions  [1,2,6,7]. Th ese eff orts have 
resulted in various functional materials based on self-assembled structures 
including solutions, elastomers, gels and hard materials [1,2,7–9].

Gels as a functional system is an emerging fi eld in themselves, pos-
sessing a responsiveness to external stimuli such as stress, light, tempera-
ture, pH and ionic strength  [10]. Gels with molecular assemblies can 
be produced in organic solvent (organogels) or aqueous solvent (hydro-
gels). In this review, we focus primarily on functional hydrogels with 
self-assembled structures. Functional organogels produced by molecular 
self-assembly have been covered in several excellent reviews [11–14].

Hydrogels as a functional material have their own advantages over 
organogels. Th e aqueous medium makes hydrogels an ideal candidate 

for soft biotissue, mimicking its functions for applications such as 
scaff olds for cell culturing  [15,16]. However, producing structured 
hydrogels is not easy because the ordered structure formation and 
water content (which introduces fl uctuation) work in opposite direc-
tions. Th e typical kinds of molecules capable of forming self-assembled 
structures in aqueous media are amphiphile, block-copolymer and 
liquid-crystalline (LC) molecules. Under certain conditions, the ordered 
structures formed by molecular self-assembly can be frozen in physically 
or chemically crosslinked hydrogels with additional functionalities, such 
as anisotropic optical and mechanical properties. Th is review considers 
the close relationship between molecular self-assembly and the resultant 
specifi c functions. We highlight the functional LC hydrogels because 
they possess excellent mechanical, optical and electrical properties but 
are rarely reviewed in the literature.

Structured hydrogels with 
biomacromolecular assemblies

Biomacromolecules such as DNA, fi lamentous actin (F-actin) and 
microtubules with rigid or semi-rigid structures and negative charge 
are signifi cant in the formation of versatile self-assembled structures via 
noncovalent interaction. It is well known that many cationic proteins, 
liposomes and multivalent cations are involved in the self-organization 
of negatively charged semi-rigid biomacromolecules through pro-
cesses such as cytoskeleton organization and gene packaging [17–19]. 
Th erefore, biomacromolecules are usually extracted and used to synthe-
size hydrogels via molecular self-assembly. Natural or modifi ed gelatin, 
ch  itosan, cellulose, DNA, F-actin, alginate and othe  r biomacromol-
ecules can be triggered to self-assemble by cooling or the addition of 
salts, bases, polycations or enzymes to form an extended network as a 
gel state [20–24]. For example, gelatin aqueous solution transitions to 
a physical gel via cooling to ~30 °C, in which gelatin molecules form 
triple helical sequences and aggregates as network junction zones to 
connect the residual peptide sequences in a random conformation. 
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Th ese biopolymer hydrogels usually have good biocompatibility and 
biodegradability, and can be used as scaff olds for cell culturing and 
drug delivery. Regenerated cellulose hydrogel membranes are also 
strong enough to be used for dialysis in water.

Dobashi and coworkers [25-28] successfully developed a facile dialysis 
method for fabricating physical biopolymer hydrogels with macroscopic 
ordered structures. Th ey immersed an aqueous solution of DNA or 
curdlan inside a semipermeable t  ube in a multivalent cation solution, 
such as Ca2+ and Co2+. Biomacromolecules with a semi-rigid structure 
and negative charge then formed by complexation with the multivalent 
cations. Th e cationic diff usion induces and controls the molecular orienta-
tion and physical gelation to form radial structures up to the size of several 
centimeters (Figure  1). Th ese biopolymer molecular self-assembly and 
gelation systems formed by a dialysis process generally belong to the class 
of diff usion-limited reaction systems  [29]. Th e macroscopically ordered 
gels, despite being slightly turbid, show strong birefringence under polar-
izing microscopy and could be used in optical devices.

In addition to using natural biopolymers to produce functional 
hydrogels via molecular self-assembly, biopolymers are often modifi ed 
to precisely tailor the functional group and intermolecular interaction 
toward a specifi c chemical reaction for controllable molecular self-
assembly, such as by adding a vinyl group or hydrophilic tail [30–32]. 
Kopecek et al. [31] assembled a hybrid hydrogel from synthetic polymers 
to produce a structure with a protein-folding motif (coiled coil) that 
displays temperature-controlled volume shrinkage (Figure  2). Th ey 
used a linear hydrophilic copolymer as the primary chains with radical 
polymerization of N-(2-hydroxypropyl)-methacrylamide (HPMA) and 
a metal-chelating monomer N-(N', N'-dicarboxymethylaminopropyl) 
methacrylamide, where the iminodiacetate-Ni2+ and the terminal hi  s-
tidine residues of the coiled coils anchored as pendant meta  l-chelating 
ligands to form metal complexes, as shown in Figure  2(a). Hybrid 
hydrogels were self-assembled by mixing the coiled-coil proteins and 
the chelating copolymer of HPMA charged with Ni2+. Th e gel exhibits 
temperature-dependent volume change: upon increasing the tem-
perature, the gel suddenly collapses to 10% of its equilibrium volume 
at 25 °C with a transition temperature of ~39 °C, consistent with the 
melting temperature of the main coiled-coil region (Figure 2(b)). As the 
temperature increases and the protein unfolds (thermal unfolding), the 
hydrodynamic radius of the individual pendant protein should decrease 
from the initial elongated rods of coiled coils to random coils, leading to 
the collapse of the gel. A hybrid gel with temperature-tunable local junc-
tions formed by molecular self-assembly could be used as a temperature 
sensor or for therapeutic protein delivery.

Hydrogels with ordered structures produced by self-
assembly of synthetic molecules

Inspired by natural biopolymers that self-assemble to form functional 
hydrogels, various synthetic molecules with preprogrammed groups 
and intermolecular interactions have been designed in order to direct 
the molecular self-assembly to form ordered hydrogel structures with 
additional functionalities. Th e molecules that can form self-assembled 
structures in aqueous media are of three general types: amphiphiles, 
block copolymers   and LC molecules [33]. Th e self-assembly of amphi-
philes and block copolymers generally leads to physical hydrogels that 
are responsive to environmental change and broadly applicable in drug 
delivery and cell culturing. Liquid-crystal molecules are usually incorpo-
rated into hydrogels by copolymerization or as a dopant in polymeriza-
tion. Th ese gels show good optical and mechanical properties and are 
ideal soft actuators.

Self-assembled supramolecular hydrogels
Th e physical gelation that forms supramolecular gels is a balance 
between crystallization and solubilization, and thus the gelator molecule 
requires functionality that provides both in order to gel a given solvent. 
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Figure 2. A stimuli-sensitive hybrid hydrogel assembled from synthetic polymers 

and coiled-coil protein domains. (a) Structural representation of the hybrid hydrogel 

primary chains and the attachment of terminal histidine residue-tagged coiled-coil 

proteins. (b) Eff ect of temperature on gel swelling behavior. Q/Q25 is the ratio of the 

equilibrium volume swelling ratio of gels at an elevated temperature to that at 25 °C 

in the same buff er. The fi lled and open circles denote data for hybrid hydrogels 

containing proteins with long or short coiled-coil structures, respectively. Adapted 

from Ref. 31 (© 1999 NPG).

Figure 1. A liquid-crystalline DNA gel observed perpendicular to the long axis of a 

dialysis tube under crossed polarizers. From Ref. 27 (© 2007 ACS).

© 2011 Tokyo Institute of Technology



Hydrogels with self-assembling ordered structures and their functions REVIEW ARTICLE

NPG ASIA MATERIALS | VOL 3 | JUNE 2011 | www.natureasia.com/asia-materials 59

Th erefore, amphiphilic molecules with hydrophobic groups to promote 
aggregation and hydrophilic groups to support solubility seem to be 
competent hydrogelators [34,35]. Th ere has been much excellent work 
on the design of specifi c amphiphiles to form functional hydrogels, in 
which molecular self-assembly and gelation (formation of branched 
or entangled fi bril networks) are triggered by temperature, pH, ionic 
strength or an additive such as enzymes or multivalent cations [34–37]. 
For example, Kimizuka et al. [36] designed cationic L-glutamate deri-
vates as self-assembling receptors that bind anionic fl uorescent dyes by 
moderate   electrostatic and van der Waals interactions. Hydrogels were 
spontaneously formed after mixing the two components. Th e fl uores-
cent molecules accumulated on the fi brous nanoassemblies, resulting 
in gels with light-harvesting supramolecular networks. Xu and cowork-
ers  [38,39] developed several kinds of supramolecular hydrogels by 
enzyme-tr  iggered molecular self-assembly. Phosphatase and β-lactamase 
were used to control the dephosphorylation and hydrolysis and thus the 
molecular self-assembly, forming nanofi bers and supramolecular hydro-
gels. Th ese gels show good capacity for the delivery of drugs, detecting 
the activity of enzymes and controlling the fate of cells.

We introduce here one particular type of amphiphiles, artifi cial 
proteins and carbohydrates, and the resultant supramolecular hydrogels 
that have been studied intensively. Several research groups are active 
in designing peptides of charged groups of various lengths as hydro-
philic heads and hydrophobic tails  [40–44]. After speci  fi c stimuli 
triggers, peptides self-assemble to form a secondary structural motif, 
such as an α-helix, β-hairpin or even extended fi brils of hydrogels. 
Pochan et al. [41] designed de novo a peptide with a 20 amino acid-long 
sequence (without a hydrophobic tail) that folded into a β-hairpin upon 
heating. Th ese β-hairpin peptides self-assembled further leading to fi bril 
formation and ultimately hydrogelation. Zhang and coworkers  [44] 

developed a class of amphiphilic peptide hydrogels with high water 
content that can be used to control the release of functional proteins 
and the diff erentiation of cultured cells. Recently, Stupp  et  al.  [45] 
reported aligned monodomain hydrogels by the molecular self-assembly 
of peptide-based small molecules on cooling. Th e molecules in water 
formed lamellar plaques with a fi lamentous texture after heat treat-
ment for the spontaneous templated long-range alignment of bundled 
nanofi bers (Figure 3). Th e designed peptide amphiphiles contained an 
alkyl tail at the peptide’s N-terminus (Figure 3(a)), and self-assembled 
into high-aspect-ratio nanofi bers to form gels with the trigger of ions 
that screen the charged amino-acid residues  [46]. Noodle-like strings 
could be formed by manually drawing the peptide amphiphile solution 
after heat treatment (80 °C for 30  min then cooling to room tem-
perature) into a salty medium (Figures  3(b,c)). Strong birefringence 
was observed along the strings, suggesting the macroscopic alignment 
of molecules (Figure  3(d)). Th e oriented structures were confi rmed 
by scanning electron microscopy (Figure  3(e)), which revealed that 
the strings contained extraordinarily long arrays of aligned nanofi ber 
bundles. Th e unheated peptide amphiphile solutions, on the other 
hand, formed matrices of randomly entangled nanofi bers. Th ese strings 
of aligned nanofi bers were used to direct the orientation of cells in three-
dimensional environments, in which human mesenchymal stem cells 
(hMSCs) were dispersed in preheated solutions (Figure 3(f )). Both the 
cell bodies and fi lopodia were aligned with the nanofi ber bundles in the 
extracellular space. Th e eff ects on hMSC orientation possibly resulted 
from the contact guidance along the preferentially oriented matrix. Th is 
work on cellular wires tailed by peptide supramolecular hydrogels shows 
strong potential for application in regenerative medicine.

Similar to peptide amphiphiles, artifi cial carbohydrates are also a 
promising class of hydrogelators. Hamachi and coworkers  [47–49] 
designed a low-molecular-weight gelator containing a glycosylated 
amino-acid scaff old that directed ordered noncovalent interactions. 
Th in fi bers including extensive hydrophobic domains in their core and 
an oriented saccharide interface formed via molecular self-assembly and 
entangled to immobilize water. Th ese gels have been applied in molecu-
lar recognition and release, such as for the detection of enzyme activity 
using semi-wet peptide/protein gel arrays.

Block-copolymer structured hydrogels
Block copolymers have b  een widely investigated with the use of aqueous 
media to form versatile molecular assemblies, including lamellar, 
micellar, hexagonal cylindrical and bicontinuous gyroid structures, 
through the diff erent hydrophilicities of the constituent polymers [50]. 
Under specifi c conditions, the molecular self-assembly of block copo-
lymers results in extended entangled bundles or condensed junctions 
that fi x the solvent water. Some aqueous solutions of amphiphilic block 
copolymers exhibit a reversible sol–gel transition if the concentra-
tions are higher than a critical value. Th ese hydrogels usually respond 
reversibly to changes in temperature, pH or ionic strength, and are 
thus useful vehicles for drug delivery and as scaff olds for cell cultur-
ing  [33,51–56]. For example, the triblock copolymer poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO–PPO–PEO; 
Pluronic) self-assembles into a physical hydrogel with a packed micellar 
structure at temperatures above 20 °C  [52]. Lemmers and cowork-
ers [56] reported multiresponsive hydrogels based on the charge-driven 
co-assembly of a triblock copolymer of PEO and poly(3-sulfopropyl-
methacrylate potassium salt (PSMA), PSPMA28–PEO230–PSPMA28, 
having two charged end blocks with an oppositely charged homopoly-
mer of poly(allylamine hydrochloride)160. When the polymer concentra-
tions are above a critical gel concentration, the triblock copolymer will 
bridge between two diff erent connected micellar cores, leading to the 
formation of gels. Th e reversible gels respond to changes in temperature, 
ionic strength and pH. Kaneko et al. [57] fabricated a thin hydrogel fi lm 
by molecular self-assembly of a triblock copolymer of long hydrophilic 
PEO blocks and poly(γ-benzyl L-aspartate) (PBLA). Th e PBLA-b-PEO-
b-PBLA triblock copolymer fi lm cast from methylene chloride was then 
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Figure 3. Monodomain gels with long aligned fi laments of bundled nanofi bers 

via the self-assembly of peptide amphiphiles. (a) Chemical structure of the peptide 

amphiphile used. (b,c) A peptide amphiphile solution colored with trypan blue 

injected into phosphate-buff ered saline after heat treatment. (d) Optical polarizing 

micrograph of two stripe hydrogels. (e) Scanning electron micrograph of aligned 

nanofi ber bundles in macroscopic strings. (f ) Fluorescence micrograph of aligned 

calcein-labeled cells cultured on string. Adapted from Ref. 45 (© 2010 NPG).
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immersed in pure water to form hydrogel membranes with a thickness 
of 100–200 μm. Th ese hydrogels contained millimeter-scale spherulitic 
crystalline domains due to segregation of the hydrophobic PBLA and 
α-helix-β-strand transformation. Th e giant crystalline domains in trans-
parent hydrogel membranes endowed the gel with mechanical toughness 
and good optical properties.

Lamellar structure formed by block copolymers can also be used to 
fabricate photonic hydrogels after being frozen by chemical crosslinking. 
Th omas et al. [58,59] developed a photonic hydrogel with broad tunable 
wavelength range using polystyrene (PS) and quaternized poly(2-vinyl 
pyridine) (QP2VP) (Figure  4(a)). Th e block copolymer formed a 
lamellar structure, and the P2VP b  locks were subsequently quaternized 
and crosslinked to form PS-b-QP2VP. Th e synthesized gel possessed a 
well-ordered structure with parallel layers, a microdomain periodicity 
of 100 nm and approximately equal layer spacing (Figure 4(b)). After 
swelling the synthesized gels in an aqueous fl uid reservoir, the glassy 
hydrophobic layer of PS prohibited swelling in the direction parallel to 
the lamellar layers, thus forcing expansion of the hydrophilic layer of 
P2VP along the layer normal, leading to extremely large optical tun-
ability through changes in both layer spacing and refractive index. Th ese 
one-dimensional Bragg stacks refl ect incident light from the ultraviolet–
visible region to the near-infrared (350–1,600 nm). Multicolor patterns 
were formed by the sequential coating and crosslinking of the gel fi lms 
(Figure 4(c)). Th ese photonic gels show promise for applications involv-
ing colorimetric sensors, tunable optically pumped lasers, photonic 
switches and multiband fi lters.

We mention here another kind of copolymer hydrogel, although 
it does not belong to the class of block copolymers. Long alkyl side 
chains are anchored on the primary chains by the copolymerization 
of alkyl acrylates and another hydrophilic monomer. In early studies, 
hydrogels with crystalline domains were synthesized by copolymerizing 
acrylic acid (AA) and stearyl acrylate (SA) or acryloylhexadecanoic acid 
(AHA) [60,61]. Th e poly(SA-co-AA) and poly(AHA-co-AA) hydrogels 
show strong birefringence because of th  e aggregation and crystallization 
of side chains. Interestingly, the poly(SA-co-AA) hydrogel has shape 
memory due to the temperature-driven order-disorder transitions of 
SA-rich domains in water. Firestone and coworkers [62] designed and 
polymerized a methylimidazolium-based ionic liquid that incorporated 
an acryloyl moiety at the terminus of a C8 alkyl chain. Th e ionic liquid 
monomer weakly self-assembled to form a lamellar structure upon 
addition of water and oligomerized on mild heating to be frozen by the 
subsequent chemically crosslinking reaction. Th e lamellar spacing could 
be tuned by adjusting the water content of the gels.

Liquid-crystalline hydrogels
Th e examples mentioned above are almost all of physical hydrogels 
(except the photonic block copolymer gel), in which gelation occurs 
simultaneously with the molecular self-assembly process by creating 
extended, branched or entangled networks to immobile water mol-
ecules. Th ese gels are responsive to external stimuli (e.g. temperature, 
ionic strength, and pH) and good for cell culture and drug delivery. 
However, their poor mechanical toughness limits their applications 
in other situations such as soft robotics (  chemomechanical systems). 
Liquid-crystalline molecules and their assemblies have excellent optical, 
electric and magnetic properties and can be incorporated in physical and 
chemical hydrogels as a monomer or dopant during the polymerization. 
Th ese gels have relatively good mechanical properties and are widely 
used in developing chemomechanical actuators, such as mechano-opti-
cal sensors. Several examples are given below to illustrate the promising 
prospects of LC hydrogels as functional materials.

Liquid-crystalline monomers can be polymerized individually or 
copolymerized with other monomers to form chemically or physically 
crosslinked hydrogels (with or without crosslinker), in which mesogens 
can be nested on the primary polymer chains or anchored on primary 
chains as pendants. In our previous work, water-swollen LC hydrogels 
were synthesized by copolymerization of AA and an LC monomer 

11-(4'-cyanobiphenyloxy)undecyl acrylate (11CBA) in dimethylfor-
mamide solution [63–66]. Th e states of poly(11CBA-co-AA) after being 
swollen in water depended on the monomer compositions and water 
content, displaying multiphase behavior (Figure  5(a))  [64]. At room 
temperature, the copolymers dissolved in water when the molar fraction 
of 11CBA (F11CBA) was below 0.18. At F11CBA >  0.26, the copolymers 
swelled to form hydrogels due to the hydrophobic interaction between 
mesogenic side chains, resulting in the formation of a physical crosslink-
ing junction. Th e hydrogels showed a smectic A (SmA) structure at low 
water content (wH2O) and F11CBA > 0.26, in which the side chains formed 
bilayers aligned perpendicularly to the main-chain axis. However, at 
F11CBA = 0.26 and wH2O = 70 wt%, the SmA structure was transformed 
into an amorphous state. Th e gels exhibited a smetic I (SmI) structure, 
with side chains tilted to the n  ormal direction of the main chains, in a 
narrow range where F11C  BA > 0.29   and wH2O > 13 wt%. Furthermore, the 
SmI structure of the hydrogels (at F11CBA = 0.37) could be transitioned 
backward to the SmA phase by mechanical elongation at 25 °C accom-
panied by necking [65,66]. Th is SmI gel structure induced by mechani-
cal stretching was not stable at high temperature. Upon heating, the 
stretched gel fi ber changed its structure from SmI to SmA with a tran-
sition temperature of 40 °C, corresponding to the smectic mesophase 
transition of the poly(11CBA-co-AA) (Figure  5(b)). Simultaneously, 
the stretched hydrogel fi ber dramatically shrank during this transition, 
possibly because it increased the molecular mobility in the hydropho-
bic junctions and relaxed the residual internal stress (Figure  5(c)). 
Structured gels that show anisotropic shrinkage in one direction with 
increasing temperature are promising for use as soft actuators.

  In addition to the physical LC hydrogels, LC molecules can be 
introduced into chemical hydrogels by copolymerization with other 
monomers or as a dopant. In recent years, we have focused on the 
synthesis of LC hydrogels using a semi-rigid polyanion poly(2,2'-disul-
fonyl-4,4'-benzidine terephthalamide) (PBDT) as a dopant  [67–75]. 
PBDT has high molecular weight, negative charge and a semi-rigid struc-
ture, similar to natural biopolymers, and aqueous solutions of PBDT 
show a nematic LC state above a signifi cantly low critical concentration 
(CLC*) of 2–2.8 wt%. We found that the viscosity of PBDT solutions 
increases dramatically when the concentrations are above the overlap 

Figure 4. (a) Schematic diagram of the structure of a photonic gel fi lm and the 

tuning mechanism. The photonic gel fi lm was prepared by self-assembly of a diblock 

copolymer (PS-b-QP2VP). The QP2VP gel layers swell or deswell (blue) in response 

to changes in aqueous solvent to tune the domain spacing, the refractive-index 

contrast and thus the wavelengths of light refl ected by the stop band. (b) Scanning 

electron micrograph of a dry PS-b-QP2VP lamellar photonic fi lm deposited on a 

silicon wafer. (c) Photograph of the photonic gel fi lm immersed in water. Adapted 

from Ref. 58 (© 2007 NPG).
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concentration of 0.2–0.3 wt% due to chain entanglement  [67,70]. 
PBDT is an optically positive liquid crystal; it shows blue and orange 
colors under crossed polarizers when oriented in the southwest and 
northwest directions, respectively. If we polymerize a cationic monomer 
and chemical crosslinker in the presence of PBDT as a dopant, the 
synthesized polycations will interact with the oppositely charged PBDT 
to form a semi-rigid polyion complex and self-assemble into ordered 
structures that are frozen in the hydrogels. Th e two structured PBDT-
containing hydrogels mentioned below are based on the formation and 
self-assembly of such a semi-rigid polyion complex.

Th e chemical structures of PBDT and the cationic monomer N-[3-
(N,N-dimethylamino)propyl] acrylamide methyl chloride quaternary 
(DMAPAA-Q) are shown in Figure 6(a) [68]. Th e PBDT used here has 
a molecular weight of 1.8×106 g mol–1 and CLC* of 2.2 wt%. DMAPAA-Q 
will form a fl exible polycation after polymerization. Th e hydrogels were 
synthesized by photo-initiated polymerization at room temperature 
with diff erent monomer concentrations (CQ) and PBDT concentra-
tions (CP) while keeping the chemical crosslinker concentration at 
2 mol% and photoinitiator concentration at 0.15 mol% (both relative 
to the monomer). Th e precursor aqueous solutions were transparent 
and optically isotropic at CP < CLC*. However, the hydrogels synthesized 
with relatively low CQ (CQ < 1.5 M) were turbid, becoming transparent 
at relatively high CQ (CQ  ≥  2 M) (Figure  6(b)). Th e transparent gels 
exhibited strong birefringence (Δn  >  10–5) with anisotropic domains 
of 1–3 mm in size at CQ > 1.75 M and CP > 0.5 wt% (Figure 6(d)). On 
the other hand, the turbid gels, indicating the occurrence of phase 
separation, possessed a unique well-ordered network-like structure of 
micrometer size, despite exhibiting weak birefringence (Figure  6(c)). 
Both the anisotropic and network-like structures could be maintained 
after swelling the gels in pure water.

We elucidate the structure formation mechanism of gels as 
follows [68,69]. When polymerization starts, the generated polycation 
interacts with the semi-rigid anionic PBDT to form a polyion complex 
that self-assembles into small anisotropic aggregates with high viscos-
ity. When the reacted solution has low ionic strength (CQ ≤ 1.5 M), the 
polyion complexes are unstable and phase separation occurs. Th e phase 
separation rapidly develops into viscoelastic phase separation owing to 
the dynamical asymmetry, forming a network-like structure of ~40 μm in 
size, which is permanently frozen by the subsequent chemical crosslink-
ing reaction. On the other hand, if the solution has high ionic strength 
(CQ ≥ 2 M), no severe phase separation will occur. Th e small polyion 

complex aggregates self-assemble further to form macroscopically aniso-
tropic domains of 1–3 mm in size that are frozen by subsequent gelation 
to form anisotropic hydrogels. Th ese hydrogels with a micrometer-scale 
network-like structure and millimeter-scale anisotropic domains are 
novel and are expected to play a crucial role in materials science, such as 
in bionics and optical devices.

As suggested by the fi ndings above regarding PBDT-containing 
hydrogels with millimeter-scale anisotropic domains, if we could 
control the self-assembly direction of the polyion complex, it would be 
possible to develop a hydrogel with a macroscopically ordered structure. 
A strategy we have taken [74] is to polymerize the precursor solution 
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by ultraviolet irradiation from all sides, as shown in Figure 7(a). Th e 
reaction should proceed from the outer region to the central region that 
controls the self-assembly direction, and could result in macroscopically 
structured hydrogels. In the experiments, the precursor solutions were 
poured into a glass tube placed vertically in the center of a square arrange-
ment of four ultraviolet lamps. After polymerization, the as-prepared 
gel was transparent and swelled in 1 M sodium chloride solution (used 
to prevent over-swelling). Th e precursor solution showed no birefrin-
gence. However, the as-prepared gel exhibited strong birefringence that 
was maintained upon swelling. A thin disc of the gel cut from the bulk 
cylinder showed a huge Maltese cross that did not change while rotating 
the sample, indicating that PBDT molecules had formed a cylindrical 
symmetric structure during polymerization. We further characterized 
the microstructure of PBDT and its polyion complex in the cylindrical 
hydrogels by polarizing microscopy with a 530 nm tint plate, and by 
small-angle X-ray scattering. Th e proposed structure model is shown 
in Figure 7(b). PBDT and its polyion complex self-assembled into a 
radial structure in the outer region of the cylinder gels, whereas in the 
inner region, they formed a concentric structure and aligned parallel 
with the axial direction. We demonstrated that the radial (homeotropic) 
orientation of the semi-rigid polyion complex in the outer region of 
the gel was due to interfacial interaction with the glass wall. In the 
inner region, the complex was oriented in concentric and axial direc-
tions due to heterogeneous polymerization (through light absorbance 
by the PBDT), which led to monomer diff usion and orientation of the 
polyion complexes perpendicular to the diff usion direction.

Th ese gels with complex ordered structures exhibit a sensitive response 
to external forces. We observed the birefringence change of the cylinder 
and disc gels under compression in the radial direction, as shown in 
Figure 7(c). Th e swollen cylindrical gel (CQ = 2.5 M, CP = 1 wt%) showed 
strong birefringence before compression, and the birefringence color 
with the tint plate inserted indicated that the axial alignment of PBDT 
predominated in observations from the radial direction. With applied 
compression, the birefringence color of the central region changed 
from blue to orange, indicating that the preferential axial alignment 
was overwhelmed by that in the concentric direction. Th is is attributed 
to compressional enhancement of the concentric directional alignment 
of PBDT due to lateral stretch and a shortening of axial length as a 
result of a reduction in thickness. Furthermore, the birefringence of the 
disc gels was observed to change under compression from both sides. 

Micrographs of the disc gels showed a circular symmetric Maltese cross 
and a black ring before compression. With applied compression force, 
the intensity and range of blue birefringence in the inner region gradu-
ally decreased, and those of the orange birefringence increased. Th e 
compression promoted the alignment of PBDT perpendicular to the 
force direction due to lateral stretching, causing the concentric align-
ment in the inner region of the disc gel to gradually change from circular 
to elliptic. Structured gels showing sensitive response to external force 
through changes in birefringence color are expected to fi nd applications 
in mechano-optical sensors and open avenues in the development of 
biomimetic hydrogels with intricate, complex structures.

Another PBDT-containing hydrogel with macroscopic anisotro-
pic structure and excellent extensibility was developed by a two-step 
approach [71]. A physical anisotropic hydrogel was synthesized by con-
trolling the diff usion of Ca2+ in PBDT aqueous solutions. Th e physical 
gel was then immersed in an acrylamide (AAm) precursor solution and 
polymerized to form a second fl exible network with high entanglement. 
Th e double-network hydrogels possess both optical anisotropy and 
mechanical toughness.

In the LC hydrogels described above, ordered molecular assemblies 
were formed during polymerization, in which the coupling between 
molecular self-assembly and gelation was important for producing the 
fi nal ordered structure and resultant functions. Additionally, lyotropic 
LC molecules with oriented assemblies such as lamellar and hexagonal 
columns can be employed as templates to fabricate structured hydro-
gels  [76,77]. After removing the template, such hydrogels possess an 
ordered porous structure and good permeability, and therefore act as 
good scaff olds for cell culturing.

Recently, we reported a multifunctional anisotropic hydrogel con-
taining a membrane-like lamellar bilayer structure with unidirectional 
alignment  [78]. Lipid-like bilayers of an LC surfactant were immo-
bilized in polyacrylamide (PAAm) hydrogels with high anisotropic 
swelling ratio and elastic modulus, and mechanically tunable structural 
color. A system consisting of a polymeric surfactant, dodecylglyceryl 
itaconate (DGI), and PAAm was initially developed by Tsujii and col-
leagues  [79,80]. Th e DGI monomers self-assembled into periodically 
stacked bilayers displaying behavior similar to that of lamellar liquid 
crystal in water or in the precursor solution containing AAm, cross-
linker and initiator. After polymerization, the lamellar structure of the 
polymeric-DGI (PDGI) was immobilized inside the PAAm network 
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structure. However, the self-assembled lamellar domains were randomly 
dispersed in the precursor solutions and the synthesized gels were isotro-
pic on a macroscopic level.

We developed a method to successfully form a macroscopic single-
domain lamellar structure of DGI by applying a shear fl ow to the 
precursor solution between two parallel glass walls prior to polymer-
ization [78]. Th e as-prepared plate-like bulk hydrogel with a thickness 
of ~1 mm, containing about 4,000 PDGI bilayers with unidirectional 
alignment (Figure 8(a)), showed perfect anisotropic swelling behavior: 
the gel only swelled in the direction perpendicular to the lamellar 
bilayers. Th e gel also possessed strong mechanical anisotropy with a 
Young’s modulus in the direction of the lamellar layers ten times higher 
than that in the perpendicular direction. Moreover, the hydrogel exhib-
ited excellent visible coloration due to Bragg refl ection on the multilayer 
planes of PDGI (Figure 8(b)). Th e high mechanical strength of the gels 
permitted their structural color to be reversibly fi ne-tuned over a large 
spectral range by controlling the mechanical stress/strain. Th e color as 
well as the refl ection peak shifted from the red to blue wavelength region 
with increasing induced strain and hence decreasing lamellar distance. 
Th e wavelength maximum decreased from ~600 nm to ~415 nm as the 
strain of the gel increased from 0 to 0.64 (Figure 8(c)). Since the gel had 
a structure comprised of two alternating layers with large diff erence in 
elastic modulus, almost all the compressive deformation was imposed 
on the soft PAAm layers, resulting in a decrease in the lamellar distance 
and no compressive deformation of the hard PDGI lamellar bilayers 
except lateral expansion.

Due to this widely tunable structural color, these gels could be poten-
tially used as mechano-optical actuators such as stress/strain sensors 
and deformation-based color displays. For example, when the gel was 

compressed on a hard, uneven or engraved substrate, the localized gel 
showed diff erent colors depending on the appearance of the substrate 
and the induced compressive strain of the gel. As shown in Figure 8(d), 
this behavior allows the characters ‘LSW’ to be produced distinctly in 
the gel in a diff erent color by compressing the gel on a rubber stamp 
bearing those letters. Th e compressive strain in this case was exerted only 
in the engraved regions, and the color in the deformed portion of the gel 
shifted to blue as the strain increased.

Conclusions

Th e development of functional hydrogels with ordered molecular 
assemblies is an emerging research fi eld. Various novel structured hydro-
gels with distinct properties have been developed, giving rise to specifi c 
applications. Empirically, physical supramolecular hydrogels formed by 
molecular self-assembly are responsive (undergo a sol–gel transition) to 
external stimuli such as temperature, pH and ionic strength, yet are gen-
erally mechanically weak. Th ese gels draw attention for applications as 
vehicles for drug delivery, molecular control and release, and as scaff olds 
for cell culturing. On the other hand, chemically crosslinked hydrogels 
embedded with ordered LC assemblies possess particular optical and 
electric properties. Specially, the relatively good mechanical properties 
of such LC hydrogels permits their use in chemomechanical systems and 
soft actuators. As more self-assembling systems are developed toward 
achieving specifi c functionalities, we believe that structured hydrogels 
will attract more intensive attention as functional materials, especially 
for soft actuators mimicking biotissue and as three-dimensional hier-
archical scaff olds for guiding cell culturing and diff erentiation to form 
living organisms.
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