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Abstract Several strategies have been developed in the past decade for the fabri-
cation of self-healing or self-recovery hydrogels. Because self-healing and mechan-
ical strength are two antagonistic features, this chapter tries to answer the question
“How to design both mechanically strong and self-healable hydrogels?”. Here, I
show that although autonomic self-healing could not be achieved in high-strength
hydrogels, a significant reversible hard-to-soft or first-order transition in cross-link
domains induced by an external trigger creates self-healing function in such
hydrogels. I mainly focus on the physical hydrogels prepared via hydrogen-bonding
and hydrophobic interactions. High-strength H-bonded hydrogels prepared via self-
complementary dual or multiple H-binding interactions between hydrophilic poly-
mer chains having hydrophobic moieties exhibit self-healing capability at elevated
temperatures. Hydrophobic interactions between hydrophobically modified hydro-
philic polymers lead to physical hydrogels containing hydrophobic associations and
crystalline domains acting as weak and strong cross-links, respectively. Semicrys-
talline self-healing hydrogels exhibit the highest mechanical strength reported so far
and a high self-healing efficiency induced by heating above the melting temperature
of the alkyl crystals. Research in the field of self-healing hydrogels provided several
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important findings not only in the field of self-healing but also in other applications,
such as injectable gels and smart inks for 3D or 4D printing.

Keywords Hydrogels · Hydrogen-bonding interactions · Hydrophobic
associations · Mechanical properties · Self-healing · Semicrystalline hydrogels

Abbreviations

βo CTAB/AAc molar ratio in the gelation solution
ηo Zero-shear viscosity
ε Strain
εf Fracture strain
_ε Strain rate
λ Deformation ratio
λbiax,max Maximum biaxial extension ratio
λmax Maximum deformation ratio
νe

dry Cross-link density
ξH Hydrodynamic correlation length
σf Fracture stress
σnom Nominal stress
ω Frequency
AAc Acrylic acid
AAm Acrylamide
AMPS 2-Acrylamido-2-methyl-1-propanesulfonic acid
BAAm N,N0-Methylenebis(acrylamide)
C12M Dodecyl methacrylate
C17.3M Stearyl methacrylate
C18A N-Octadecyl acrylate
C22A Docosyl acrylate
CNFs Cellulose nanofibrils
Co Initial monomer concentration
CTAB Cetyltrimethylammonium bromide
DAT Diaminotriazine
DMAA N,N-Dimethylacrylamide
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
E Young’s modulus
EtBr Ethidium bromide
fν Fraction of associations broken during the loading
G0 Storage modulus
G00 Loss modulus
GO Graphene oxide
MAAc Methacrylic acid
NAGA N-Acryloyl glycinamide
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NIPAM N-Isopropylacrylamide
PAAc Poly(AAc)
PAAm Poly(AAm)
PAMPS Poly(AMPS)
PDMAA Poly(DMAA)
PEG Poly(ethylene glycol)
PVP Poly(N-vinylpyrrolidone)
SDS Sodium dodecyl sulfate
SFS Scanning force microscopy
tan δ Loss factor (¼G00/G0)
Tm Melting temperature
Uhys Hysteresis energy
UPy Ureidopyrimidinone
WLMs Worm-like micelles

1 Introduction

Hydrogels are 3D networks of chemically and/or physically cross-linked polymer
chains swollen in water. They are soft and smart materials with a variety of
applications including superabsorbents, tissue engineering, drug delivery, soft con-
tact lenses, and so on [1–4]. Because the first-generation classical hydrogels pre-
pared using a chemical cross-linker were too weak or brittle in nature, extensive
studies conducted in the past decade explored a new design principle for the
fabrication of mechanically strong hydrogels of high toughness [5–12]. This princi-
ple bases on creating an effective energy dissipation in the hydrogel network using
sacrificial or reversible bonds that prevent propagation of crack and hence a cata-
strophic damage even under large strain. Otherwise, that is, if the crack energy
localizes around the crack tip and cannot be dissipated as in the classical hydrogels,
rapid crack propagation leads to the fracture of the whole hydrogel. By manipulating
the gel structure to induce dissipative mechanisms at the molecular level, the second-
generation hydrogels developed so far exhibit Young’s moduli and tensile strengths
in the range of MPa and hence are a good candidate for the replacement of load-
bearing tissues such as cartilage, tendons, and ligaments [2]. For example, double-
networking strategy developed by Gong and co-workers bases on creating two
interpenetrated and interconnected networks in a single hydrogel material, namely,
highly and loosely chemically cross-linked polymer networks acting as brittle and
ductile components, respectively [6, 13]. The sacrificial bonds of the brittle network
break under a low strain to produce many microcracks by dissipating energy, while
the ductile network keeps the macroscopic sample together.

Another important challenge emerging in the field of mechanically robust
hydrogels is to generate self-healing or self-recovery ability in these materials.
Self-healing, which is an inherent property of many biological systems, is defined
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as the capability of a material to heal macroscopic cracks such as cuts or scratches
autonomously or under the effect of a stimulus such as the temperature. Thus, self-
healing requires reformation of all bonds broken in a material to recover its original
shape and mechanical properties. Although self-healing and self-recovery have
sometimes been used synonymously, self-recovery more refers to cases of repairing
internal microcracks in a material remaining externally intact after damage. Thus,
cut-and-heal tests and rheological measurements have generally been conducted to
monitor the efficiency of self-healing and self-recovery, respectively (Fig. 1a, b)
[14, 15]. Self-healing is a highly desirable property for commercial polymers
because it extends their lifespan and also reduces the burden of waste polymers
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Fig. 1 (a, b) Cut-and-heal test (a) and on-off strain cycles (b) to monitor the self-healing and self-
recovery capability of hydrogels, respectively. In (a), the images of two hydrophobically modified
hydrogel specimens are shown; one of them was colored for clarity. After cutting the specimens into
two parts followed by bringing the cut surfaces together, they merge to form their original shapes.
From [14] with permission from the American Chemical Society. In (b), the storage modulusG0 and
the loss factor tan δ (¼G00/G0, G00 is the loss modulus) of a nanocomposite DNA/clay hydrogel are
shown as a function of the test time. The test consists of strain cycles composed of a stepwise
increased high strain (from 2 to 300%) separated with a low strain (1%), as shown by the dashed red
lines. Temperature ¼ 25�C. From [15] with permission from the American Chemical Society. (c)
The number of publications and citations with keywords “self-healing” or “self-recovery” and
“hydrogels” according to the ISI Web of Knowledge portal on November 2, 2019. The total
numbers of papers and citations are 1,478 and 39,613, respectively
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such as microplastics causing serious pollution in the seas [16]. It is also important
for hydrogels as they are used as biomaterials, scaffolds in tissue engineering and
drug delivery systems, and superabsorbents where their extended service time is of
prime importance.

The number of the works published on self-healing/self-recovery hydrogels has
grown almost exponentially during the past 10 years (Fig. 1c). Several reviews have
been published covering exhaustive collection of all results reported so far [17–
24]. A critical survey over the published works reveals that many studies deal with
the preparation of self-healing physical hydrogels exhibiting a frequency-dependent
low storage modulus and a Young’s modulus and fracture stress in the Pa to kPa
range. Because self-healing and mechanical strength are inversely related, it is not
surprising to detect self-healing in such weak hydrogels having short-lived cross-
links. However, hydrogels with a good mechanical performance such as cartilage
require existence of cross-links with long lifetimes together with an efficient energy
dissipation mechanism to prevent crack propagation. Because self-healing efficiency
decreases with increasing lifetime of cross-links, it seems a challenge to generate
self-healing in high-strength hydrogels with modulus and tensile strength in the
range of MPa. This review tries to answer the question “How to design both
mechanically strong and self-healable hydrogels?”.

The capability to self-heal in hydrogels is generated by forming a reversible 3D
network of polymer chains via dynamic covalent bonds or non-covalent interactions.
Thus, instead of chemical cross-links, intermolecular bonds with finite lifetimes are
used to build a hydrogel network. The type of the physical bonds and their lifetimes
are key elements determining many of the properties of self-healing physical
hydrogels. Dynamic covalent bonds such as phenylboronic ester, acylhydrazone,
disulfide, dynamic imine bonds, as well as reversible radical and Diels-Alder
reactions have been used to create self-healing in hydrogels. One may expect that
such bonds will combine the strength and reversibility of covalent and non-covalent
bonds, respectively. However, hydrogels formed via dynamic covalent bonds gen-
erally exhibit insufficient mechanical properties for load-bearing applications, and
their preparation often requires sophisticated synthetic procedures [17]. Therefore,
this review covers publications on creating mechanically strong self-healing/self-
recovery hydrogels via non-covalent interactions. We focus here on hydrophobic
and hydrogen-bonding interactions as well as on their combinations with ionic
interactions. Self-healable polyampholyte hydrogels formed via ionic bonds [25],
and physical double-network hydrogels have been reviewed by Sun and Cui in this
volume [26].

Because of the inverse proportionality between self-healing efficiency and life-
time of intermolecular cross-links, one may argue that an effective self-healing could
not be achieved in a mechanically strong hydrogel with long-lived cross-links.
However, it could be achieved in a short period of time if an external trigger induces
a significant, reversible hard-to-soft, or first-order transition from order to disorder in
the cross-link domains of the hydrogels leading to a dramatic change in the cross-
link lifetime. For example, if a semicrystalline physical hydrogel with a modulus and
tensile strength in the MPa range is damaged, heating the damaged region above the
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melting temperature Tm of crystal cross-links induces almost three orders of
magnitude decrease in the modulus in that region so that, after cooling below Tm,
the released crystallizable groups reform in that area to recover the original mechan-
ical properties [27]. Thus, independent on the mechanical properties of hydrogels,
self-healing requires a significant reversible softening in the damaged area induced
by an external stimulus providing an enhanced mobility to the network chains.

A prerequisite for the preparation of tough and self-healing hydrogels is to reduce
their water content to a moderate level, generally between 50 and 70 wt%. This is
mainly due to the decrease in the polymer concentration of the hydrogels as the water
content is increased leading to a reduced viscoelastic energy dissipation between the
polymer chains inducing a tough-to-brittle transition. In addition, at high water
contents, the polymer chains are already stretched due to the swelling pressure of
water so that their further stretchability under an external force and hence tensile
strength reduce significantly. For example, superabsorbent hydrogen (H)-bonded
hydrogels in their as-prepared state with 65% water exhibit 1,000% stretchability
and complete self-healing efficiency, whereas, in equilibrium swollen state with
99.9% water, they become brittle in tension and lack of self-healing [28]. The water
content also affects the strength of the non-covalent bonds between the polymer
chains in the hydrogel network. The strength of H-bonds between proteins, nucleic
acids, or hydrophilic polymers in an aqueous environment is known to be much
weaker than the H-bonds between water molecules. This weakening effect arises due
to the fact that the formation of a H-bond between two polymers requires disruption
of their H-bonds with water. To hinder the weakening of intermolecular interactions
between polymers, mechanically robust and self-healable hydrogels reported so far
generally have a water content between 50 and 70 wt%, which is, in fact, similar to
that in living cartilage, skin, tendons, and ligaments [2].

2 H-Bonding Interactions

Because H-bonds between polymer chains are easily disrupted by water molecules
and hence not stable in an aqueous environment, several strategies have been
developed to create mechanically strong H-bonded hydrogels. These strategies
mainly base on creation of self-complementary dual or multiple H-bonding interac-
tions between polymer chains as well as incorporation of hydrophobic segments into
the hydrophilic polymers to amplify the H-bonding interactions. The use of H-bond
acceptor and donor comonomers in the hydrogel preparation, dual amide groups,
ureidopyrimidinone units, and diaminotriazine-diaminotriazine interactions has been
reported to create high-strength H-bonded hydrogels.

Inspired by nature such as the double and triple H-bonds in double-stranded
deoxyribonucleic acid (DNA), stronger H-bonding interactions in hydrogels can be
generated by using polymer chains having arrays of H-bonding sites. Because dual
amide H-bonds are quite stable as compared to a simple amide H-bond, Liu and
co-workers prepared hydrogels based on N-acryloyl glycinamide (NAGA), a

26 O. Okay



glycinamide-conjugated polymerizable monomer with dual amide in one side group
(Fig. 2a) [29]. Photopolymerization of aqueous NAGA above 10 wt% concentration
without a chemical cross-linker leads to physical hydrogels exhibiting good mechan-
ical properties (mechanical strength, MPa level; stretch at break, ~1,400%) together
with an excellent fatigue resistance (Fig. 2b–d) [29, 30]. This improved mechanical
performance as compared to hydrogels derived from the monomers like acrylamide
with a simple amide H-bond was attributed to the effect of stable multiple H-bonding
domains serving as physical cross-links. NAGA hydrogels also exhibit thermoplas-
ticity, remoldability, recyclability, reusability, and a high self-healing efficiency. The
healing of a damaged NAGA hydrogel at 90�C for 3 h provides a healing efficiency
of around 80%, i.e., the healed hydrogel sustains tensile stresses up to 1 MPa. During
heating, the H-bonds at the cut region are disrupted so that the released H-bond
donor and acceptor groups reform new H-bonds at the cut interface leading to
healing of the NAGA hydrogels [29].

Incorporation of diaminotriazine (DAT) groups as the side chains into a hydro-
philic polymer backbone also produces high-strength hydrogels due to the
DAT-DAT interactions forming H-bonded dimers or higher-order aggregates [31–
34] (Fig. 3a). It was shown that the DAT groups provide a hydrophobic microenvi-
ronment in hydrogels leading to strengthened DAT-DAT interactions in water. The
ureidopyrimidinone (UPy) units developed by Meijer et al. are popular building
blocks able to form self-complimentary dimers with quadruple H-bonds
[35]. Although the dimer activity of UPy decreases in hydrophilic environment,
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Fig. 2 (a) Structure of NAGA and AAm units. (b) Images of H-bonded hydrogel specimens
formed at 25 wt% NAGA during knotting (i), during stretching (ii), and under loading (iii). (c, d)
Tensile (c) and compressive stress-strain curves (d) of the hydrogels formed at various NAGA
concentrations as indicated. NAGA concentrations ¼ 10 (1), 15 (2), 20 (3), 25 (4), and 30 wt% (5).
Figure 2b–d, from [29] with permission from Wiley
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introduction of hydrophobic segments into the hydrophilic chains protects the
quadruple H-bonding between UPy units. Physical hydrogels with 80 wt% water
and containing UPy units in the backbone of segmented amphiphilic polymers
having hydrophilic poly(ethylene glycol) (PEG) sustain up to ~1 MPa stresses
(Fig. 3b) [36]. Bulk images of the hydrogels show existence of UPy-UPy dimers
serving as physical cross-links which are surrounded by segregated hydrophobic
regions dispersed within the PEG matrix. H-bonded hydrogels via UPy units were

Fig. 3 (a) Structure of DAT groups and their H-bonding sites shown by the dashed lines. From [33]
with permission from the Royal Society of Chemistry. (b) UPy unit in a segmented amphiphilic
polymer chain (upper panel) and quadruple H-bonds between UPys forming semicrystalline
polymer morphology in dry state and reversible transition to hydrogel after swelling in water
(bottom panel). From [36] with permission from the American Chemical Society
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also fabricated by the micellar copolymerization of acrylamide and an amphiphilic
cross-linker consisting of an acrylic head, alkyl spacer, and UPy group providing
both hydrophobic associations and H-bonds [37]. To increase the solubility of the
cross-linker in the micellar solution, salt was included into the reaction solution to
induce the micellar growth [38]. However, weak hydrogels with a modulus of
around 2 kPa could be obtained likely because of the weakening effect of surfactant
molecules on the hydrophobic interactions [38, 39]. Physical hydrogels via both
H-bonding and hydrophobic interactions were recently fabricated by free-radical
copolymerization of UPy methacrylate, n-octadecyl acrylate (C18A), and acrylic
acid [40]. The hydrophobic interactions between crystallizable alkyl side chains of
C18A and the quadruple hydrogen bonds between UPy segments act as dual cross-
links of the hydrogels. The hydrogels with a water content between 40 and 80 wt%
exhibit a high tensile strength (up to 4.6 MPa) and elongation at break (680%). It was
shown that the UPy units promote formation of alkyl crystals, while alkyl side chains
stabilize UPy-UPy dimers [40].

Incorporation of hydrophobic groups into the hydrogel network has a significant
effect on the strength of H-bonds and hence the mechanical performance of
hydrogels consisting of H-bond acceptor and donor comonomer units. For instance,
introduction of methyl motif to acrylic acid (AAc), that is, the use of methacrylic
acid (MAAc) instead of AAc, significantly improves the mechanical performance of
H-bonded hydrogels [41]. The hydrogel based on MAAc and 1-vinylimidazole
containing 50–60 wt% water exhibits a Young’s modulus up to 170 MPa, whereas
it two orders of magnitude decreases when MAAc is replaced with AAc in the gel
preparation [42, 43].

High-strength self-recovery hydrogels with a high Young’s modulus (28 MPa),
tensile strength (2 MPa), stretch at break (800%), and a good fatigue resistance were
prepared by free-radical copolymerization of N,N-dimethylacrylamide (DMAA) and
MAAc in aqueous solutions without a chemical cross-linker [41]. It was shown that
the strong H-bond acceptor carbonyl group of DMAA and H-bond donor carboxylic
group of MAAc form multiple H-bonds, leading to the formation of polymer-rich
aggregates stabilized by the hydrophobic interactions of the α-methyl groups of
MAAc units (Fig. 4). These aggregates serving as sacrificial cross-links ensure a
high energy dissipation within the gel network. If MAAc segments in the hydrogel
are replaced with AAc ones at the same concentration and water content, soft
hydrogels with a fracture strength of less than 100 kPa could be obtained [41]. How-
ever, insolubility of DMAA/MAAc hydrogels in aqueous urea solutions reveals the
existence of chemical cross-links in these self-recovery hydrogels likely due to the
chain transfer reactions during copolymerization.

High-strength self-recovery H-bonded hydrogels were also prepared by simply
heating aqueous solutions of acrylamide (AAm) and poly(N-vinylpyrrolidone)
(PVP) at 56�C for 36 h without any chemical initiator or cross-linker (Fig. 5)
[44]. The hydrogels with 60% water exhibit a high Young’s modulus (84 MPa),
tensile strength (1.2 MPa), and elongation at break (~3,000%). It was shown that
AAm polymerization occurs by self-initiation at elevated temperature, whereas the
presence of PVP provides formation of high-strength hydrogels. Insolubility of
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the hydrogels in water but their solubility in aqueous solutions of urea, a powerful H-
bond-breaking reagent, reveal that they are purely formed via H-bonding interac-
tions between the amide group of AAm and the pyrrolidone ring of PVP segments
[44]. Interestingly, the copolymerization of AAm with the monomer of PVP, i.e.,
N-vinyl-2-pyrrolidone, instead of its homopolymerization in the presence of
preexisting PVP under the same reaction condition leads to physical hydrogels
with an order of magnitude lower tensile strength. This indicates that, as compared

Fig. 4 Scheme illustrating formation of MAAc/DMAA hydrogels. Formation of oligomeric
radicals (i), their phase separation due to multiple H-bonds to form polymer-rich clusters with
trapped radicals (ii), and formation of a hydrogel containing clusters embedded into a polymer poor
phase (iii). Stretching the hydrogel leads to fragmentation of weak (iv) and strong clusters
(v) followed by complete recovery after unloading (vi). From [41] with permission from Wiley

Polymerization

N2, Heating

PVP Chains
AAm Monomer

PAAm Chains

Hydrogen Bonding

Fig. 5 Cartoon showing formation of PVP in situ PAAm hydrogels. From [44] with permission
from the American Chemical Society
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to the preexisting PVP, in situ formed PVP produces much weaker H-bonds with the
in situ formed PAAm chains. This finding was explained with the higher molecular
weight of preexisting PVP than the in situ formed one, creating stronger
cooperativity in H-bonding interactions due to the so-called proximity effect
[45, 46]. Thus, once H-bonds are formed between two polymer molecules, their
conformational freedom is restricted, facilitating formation of subsequent H-bonds,
the extent of which increases with increasing number of segments in a polymer
molecule. In addition, trapping effect of H-bonds may also increase the lifetime of
chain entanglements leading to entanglement cross-links.

Increasing H-bond cooperativity with increasing molecular weight of primary
chains was also observed for 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS) hydrogels, which are attracting increasing interest for the fabrication of
superabsorbent materials [47]. Physical poly(AMPS) (PAMPS) hydrogels without
any added chemical cross-linker and initiator were first prepared by Xing et al. using
thermal polymerization of aqueous solutions of AMPS at 80�C [48]. Although
PAMPS hydrogels exhibit a high stretchability (~2,500%) and self-healing effi-
ciency, they are easily soluble in water indicating that the H-bond strength between
the amino and carbonyl groups of AMPS segments is insufficient to withstand the
osmotic pressure of AMPS counterions [48, 49]. Interestingly, AMPS polymeriza-
tion under the same experimental condition except under UV light using a
photoinitiator at room temperature produces water-insoluble PAMPS hydrogels
exhibiting a degree of swelling of around 1,000 g g�1 (Fig. 6a) [28]. The hydrogels
exhibit a Young’s modulus of 30 kPa which is around threefold higher than those
formed by thermal polymerization. PAMPS hydrogels formed by thermal and UV
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Swelling
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A

Fig. 6 (a) Images of a PAMPS hydrogel specimen formed at 60 wt% AMPS just after preparation
and after equilibrium swelling in water. From [28] with permission from the American Chemical
Society. (b) GPC curves of PAMPS primary chains obtained by solubilization of the hydrogels in an
aqueous urea solution. The hydrogels were prepared by thermal and UV polymerizations at 50 wt%
AMPS. (c) Cartoon presenting formation of multiple H-bonds (red lines) due to the proximity effect
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polymerizations are easily soluble in aqueous solutions of urea indicating that they
both form by H-bonding interactions. The main difference between two hydrogels
was the molecular weight of the primary chains, i.e., 8.3� 103 vs 7.5� 105 g mol�1

for those formed via thermal and UV polymerization, respectively (Fig. 6b)
[28]. This finding also highlights the importance of the proximity effect in the
H-bond connectivity [45, 46]. As schematically illustrated in Fig. 6c, formation of
a H-bond between two polymer chains facilitates formation of additional H-bonds in
the vicinity because of the restricted conformation of chain segments in this volume
element. As a consequence, increasing chain length also increases the number of
H-bonds between polymers in H-bonded hydrogels.

Poly(DMAA) (PDMAA) is a versatile hydrophilic biocompatible polymer
exhibiting associativity due to its dimethyl groups [50–54]. Although the segments
of PDMAA with their dimethyl amino groups cannot form H-bonds between each
other, they have an enhanced H-bond acceptor capability through their carbonyl
groups via σ-donation effect of the methyl groups. Therefore, DMAA increases the
H-bonding cooperativity in hydrogels when it is copolymerized with H-donor
monomers. For example, UV polymerization of aqueous solutions of AMPS and
DMAA in the absence of a chemical cross-linker leads to high-strength physical
hydrogels with water contents between 30 and 40% [28]. Quantum mechanical
calculations indeed reveal that the H-bond strength between AMPS/DMAA copol-
ymers is much stronger than that between AMPS polymers [28]. AMPS/DMAA
hydrogels in as-prepared state have a high Young’s modulus (up to 0.41 MPa),
tensile strength (~0.57 MPa), stretch at break (~1,000%), and self-healing efficiency
(100%) and absorb a large amount of water at swelling equilibrium (up to
~1,700 g g�1) (Fig. 7). The effective cross-link density νe

dry of the hydrogels
significantly increases as the DMAA content of the network chains increases
indicating formation of increased number of strong H-bonds serving as cross-
links [28].
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Fig. 7 (a) Nominal tensile stress (σnom)-strain (ε) curves of AMPS/DMAA hydrogels formed at
various monomer concentrations Co and mole fractions xDMAA of DMAA. For the curves labeled
with 1, 2, 3, and 4, Co and xDMAA (in parenthesis) are 60 (0), 70 (0.46), 75 (0.62), and 80 wt%
(0.74), respectively. (b, c) Co dependences of the modulus E, cross-link density νe

dry, tensile
strength σf, and elongation at break εf of the hydrogels. From [28] with permission from the
American Chemical Society
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DNA existing in all living cells acts as the carrier of genetic information in their
base sequences. Previous work shows that the entrapment of double-stranded (ds)-
DNA within a clay hydrogel network enhances its bioresponsivity and degradation
stability [55, 56]. For example, ds-DNA is easily digested by the DNase, whereas it
is efficiently protected from DNase digestion and conserves its biological function in
a clay environment [56]. The protection of ds-DNA provided by clay hydrogel is
possibly important in the life’s origin and sustainability on the earth. Haraguchi
showed that Laponite clay nanoparticles in water serve as a multifunctional cross-
linker during the polymerization of hydrophilic monomers such as
N-isopropylacrylamide (NIPAM) or DMAA leading to the formation of highly
stretchable and tough hydrogels [57–63]. Recently, self-healable DNA/clay
nanocomposite hydrogels were fabricated by free-radical polymerization of
DMAA in aqueous solutions of ds-DNA (~2,000 bp, molecular
weight ¼ 1.3 � 106 g mol�1) and Laponite [15]. From the cyclic mechanical tests,
the intermolecular bond strength in the hydrogels was estimated as 2.7� 0.2 kJmol�1

which is close to that of H-bonds. It was shown that Laponite nanoparticles contrib-
ute to the elastic behavior of DNA/clay hydrogels, whereas their DNA component
promotes the energy dissipation under stress [15]. This is due to the repulsive
interactions between equally charged DNA and surfaces of disk-like Laponite
nanoparticles in water [57, 64, 65], preventing H-bonding between each other so
that DNA can move freely between the nanoparticles contributing to the energy
dissipation.

Although DNA/clay hydrogels have a low modulus and tensile strength in the
kPa range, they are highly stretchable (up to 1,500%) and display the characteristics
of ds-DNA such as its thermally induced denaturation and renaturation behavior
[15]. To highlight this feature, the hydrogels were prepared in the presence of
ethidium bromide (EtBr), which is known to intercalate between ds-DNA base
pairs leading to a higher fluorescence intensity as compared to the single-stranded
(ss)-DNA [66, 67]. Figure 8a shows fluorescence spectra of EtBr in a DNA/clay
hydrogel during a thermal cycle between 25 and 90�C, while the inset shows
temperature dependence of EtBr emission intensity at 600 nm [15]. With increasing
temperature, labeled by 1 to 5 in the figure, the peak intensity decreases, whereas it
again increases after cooling back to 25�C, labeled by 6, revealing denaturation-
renaturation of ds-DNA within the gel network. The optical images of a gel sample
under UV light also visualize this conformational transition between ds- and ss-DNA
(Fig. 8b); the yellow-orange color of the gel becomes lighter with increasing
temperature up to 90�C but cooling back to 25�C recovers its initial color. Thus,
ds-DNA in the hydrogels dissociate into single strands when heated above its
melting temperature Tm, whereas the double-stranded conformation is recovered
after cooling back below Tm.

DNA/clay hydrogels also display an interesting healing mechanism based on the
denaturation and renaturation behavior of ds-DNA encapsulated within the hydrogel
[15]. When the cut regions of a hydrogel specimen are heated above Tm of ds-DNA
and then pushed together following by cooling below Tm, the hydrogel exhibits a
high healing efficiency. For instance, heating a damaged hydrogel specimen
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containing 5 w/v % Laponite and 4 w/v % DNA at 90�C for 30 min results in an
almost complete healing with respect to the stretch ratio. Because denaturation of the
semiflexible ds-DNA at 90�C produces flexible ss-DNA strands with much higher
mobility [66, 68, 69], the single strands at the cut region can easily move between the
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Society
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surfaces so that, after cooling below Tm, ds-DNA bridges formed between the
surfaces provide healing of the hydrogels (Fig. 8c) [15].

Self-recovery hydrogels via both dipole-dipole and H-bonding interactions were
fabricated by copolymerization of the dipole acrylonitrile, H-bonding acrylamide
(AAm), anionic AMPS, and a hydrophilic cross-linker in DMSO as the solvent,
which was replaced with water after the reaction [70]. It was shown that the amount
of ionic AMPS segments in the gel network regulates the water content between
32 and 98%, whereas the collaborative effect of H-bonding and dipole-dipole
interactions leads to mechanically robust hydrogels with a tensile strength and
elongation at break up to ~8 MPa and 700%, respectively. Self-recovery double-
network hydrogels based on poly(acrylic acid) and poly(N-isopropyl acrylamide)
were prepared by both chemical cross-links and H-bonds [71]. Young’s modulus of
the hydrogels is around 226 MPa at room temperature, but it significantly decreases
at elevated temperature indicating that the cooperative H-bonds mainly determine
the cross-link density of the hydrogels.

Hydrogels via both electrostatic and H-bonding interactions were prepared by
mixing of a solution of the cationic polyelectrolytes poly(diallyldimethylammonium
chloride) and branched poly(ethylenimine) (PEI) with another solution of anionic
polyelectrolytes poly(sodium 4-styrenesulfonate) and poly(acrylic acid), followed
by molding, drying, and rehydration [72]. The hydrogels with 42% water content
having oppositely charged ionic groups and H-bond forming sites exhibit a modulus,
tensile strength, and elongation at break of 0.4 MPa, 1 MPa, and 2,400%, respec-
tively, and a complete healing efficiency after immersing in water at room temper-
ature for 14 h. Mixing of aqueous solutions or hydrogels of ionic polymers with
oppositely charged ions was also utilized to create hydrogels via reversible ionic
bonds enabling an efficient energy dissipation [73, 74]. Immersion of a loosely
cross-linked poly(acrylamide-co-acrylic acid) hydrogel in aqueous FeCl3 solution to
form the physical cross-links followed by washing with water to remove the excess
ions leads to self-recoverable hydrogels with a high modulus (3 MPa), tensile
strength (6 MPa), and 500% elongation at break [75]. Ionic nanocomposite self-
healing hydrogels were prepared from acrylic acid (AAc), vinyl hybrid silica
nanoparticles (VSNPs), and Fe3+ ions by free-radical polymerization [76]. Physical
cross-links between PAAc chains and Fe3+ ions lead to nanocomposite physical
hydrogels with a tensile strength and elongation at break of 0.9 MPa and 2,300%,
respectively, exhibiting self-healing ability at elevated temperature recovering
1,800% elongation at break and 0.56 MPa tensile strength [76]. Self-healing
hydrogels were also prepared using Fe3+ ions and carboxylated cellulose nanofibrils
(CNFs) as physical cross-linkers [77]. Carboxylated CNFs form H-bonds with poly
(acrylic acid) (PAAc) chains, whereas Fe3+ forms ionic bonds with the carboxylic
groups of both PAAc and carboxylated CNFs. The hydrogels exhibit a relatively
high tensile strength, elongation at break, and healing efficiency of 4 MPa, 180%,
and 87%, respectively [77]. Hydrogels based on cationic polyacrylamides reinforced
with graphene oxide (GO) exhibit an efficient energy dissipation under stress due to
the H-bonding and ionic interactions between AAm-GO and GO-cationic segments,
respectively [78]. Both the amount of GO and the copolymer composition are the
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main factors determining the mechanical performance and self-healing efficiency of
the hydrogels. The hydrogels with a tensile strength of �0.5 MPa exhibit a self-
healing efficiency of around 90% with respect to the tensile strength, elongation at
break, and toughness. Elastin-like polypeptides consisting of a long hydrophobic
block with hydrophilic ends also form self-healing hydrogels via hydrophobic and
ionic interactions [79]. Heating polypeptide solution triggers the self-assembly of
polypeptides to form micelles which were then cross-linked using zinc ions via metal
coordination. At 10% polypeptide concentration, the hydrogels exhibit a storage
modulus of ~1 MPa and an effective self-healing behavior within minutes [79].

3 Hydrophobic Interactions

Segregation tendency of water-fearing (hydrophobic) molecules and water, which is
called hydrophobic interactions, is important in many self-assembly processes such
as formation of micelles, protein folding, and molecular recognition [80]. The
driving force for the hydrophobic interactions arises to reduce the hydrophobic
moieties of their exposure to water leading to hydrophobic associations and crystal-
line regions. Fu et al. used the amphiphilic triblock copolymer F127 for preparing
hydrophobically cross-linked micellar hydrogels [81], which are reviewed in this
volume [82]. Weiss et al. used fluoroacrylate monomers in the preparation of
hydrophobically modified fluorocarbon-based hydrogels [83]. The strong hydropho-
bic interactions between fluoroacrylate segments lead to core-shell nanodomains
within the hydrogels providing a MPa level modulus, as also detailed in this volume
[84]. In the following, we first discuss the studies conducted on self-healing hydro-
carbon-based hydrogels formed by hydrophobic associations exhibiting a modulus
in the kPa range and a high stretchability. In the second section, the order-to-disorder
transition from association to alkyl crystals and formation of high-strength self-
healing semicrystalline hydrogels with a modulus and tensile strength in the range of
MPa are discussed.

3.1 Hydrophobically Modified Associative Hydrogels

Creton and co-workers were the first to report that hydrophobic modification of
chemically cross-linked polyelectrolyte hydrogels creates variable dissipative prop-
erties at almost identical cross-link densities [85]. They showed that the incorpora-
tion of hydrophobic side groups into polyelectrolyte hydrogels significantly
increases their loss moduli and hence generates energy dissipation because of the
formation of hydrophobic associations serving as reversible cross-links. However, a
complicated three-step synthetic approach was used for the synthesis of such hybrid
cross-linked hydrogels due to the solubility mismatches between hydrophilic and
hydrophobic monomers [85]. The micellar polymerization technique is a simple and
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versatile alternative for copolymerizing water-soluble and water-insoluble mono-
mers in aqueous solutions [86–90]. By this technique, hydrophobic monomers
solubilized in a micellar solution are copolymerized with hydrophilic monomers
by free-radical mechanism. Because of the locally high concentration of hydropho-
bic monomers within the surfactant micelles, copolymer chains containing blocks of
hydrophobes are obtained providing stronger hydrophobic interactions as compared
to the random copolymers formed by solution or bulk polymerizations [91]. The
length of hydrophobic blocks and the number of blocks per copolymer chains can
easily be adjusted by the concentrations of surfactant and hydrophobic monomer.
Candau et al. showed significant effects of the number and length of hydrophobic
blocks on the zero-shear viscosity of semi-dilute solutions of hydrophobically
modified polyacrylamides [86–90, 92–94]. However, physically or hybrid, i.e.,
chemically and physically, cross-linked analogs of these polymers in their
as-prepared or swollen states in water as well as their mechanical and viscoelastic
properties draw attention only in the past years [95–100].

Figure 9a illustrates a typical example comparing the effect of a hydrophobic
monomer, dodecyl methacrylate (C12M), as a physical cross-linker with the classi-
cal chemical cross-linker N,N0-methylenebis(acrylamide) (BAAm) on the hydrogel
formation [96]. Here, the storage modulus G0 (symbols) and the loss factor tan δ
(lines) of the reaction systems are shown as a function of the reaction time during the
micellar polymerization of acrylamide (AAm) with C12M or BAAm, each 1 mol%
(with respect to AAm) in an aqueous sodium dodecyl sulfate (SDS) solution.
Incorporation of C12M segments into the PAAm chains produces a hydrogel with
one order of magnitude higher tan δ than that obtained using BAAm cross-linker
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Fig. 9 (a) Storage modulus G0 (symbols) and the loss factor tan δ (lines) during the micellar
polymerization of AAm in the presence of dodecyl methacrylate C12M or BAAm, each 1 mol%, in
aqueous 7 w/v % SDS solution. ω ¼ 6.28 rad/s. γo ¼ 0.01. From [96] with permission from
Elsevier. (b, c) Frequency dependences of G0 (filled symbols) and loss modulus G00 (open symbols)
of chemically cross-linked PAAm hydrogels containing N-alkylacrylamide segments. γo ¼ 0.01.
BAAm ¼ 1.25 mol%. (b) N-Hexylacrylamide concentration ¼ 0 (�, ◯), 5 (�, Δ), and 10 mol%
(�, ∇). (c) Hydrophobic monomer ¼ 5 mol%. The alkyl chain length x of the hydrophobes is
indicated. From [95] with permission from Elsevier
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during which the storage modulus G0 only slightly decreases. This indicates the
dynamic nature of the cross-link regions in C12M-containing hydrogels as compared
to the chemically cross-linked ones because of the reversible dissociation and
reassociation of the dodecyl side chains. Figure 9b shows frequency dependences
of G0 (filled symbols) and G00 (open symbols) of hybrid cross-linked PAAm
hydrogels containing 0–10% n-hexylacrylamide and 1.25 mol% BAAm [95]. At
low frequencies, i.e., at long experimental time scales, they all exhibit similar
mechanical spectra, i.e., G0 is frequency independent and G00 is more than an order
of magnitude smaller than G0, as typical for strong gels. However, at the high
frequency range, G00 significantly increases both with the frequency and the
hydrophobe content reflecting energy dissipation due to the reversible nature of
hydrophobic associations that are captured at short experimental time scales. The
length x of the alkyl side chain of n-alkylacrylamides has a similar effect on the
properties of PAAm hydrogels (Fig. 9c) [95]. Increasing the side chain length x at a
fixed hydrophobe content shortens the width of G0 plateau, i.e., G00 and G0 start to
increase at lower frequencies. This reveals increasing lifetime of hydrophobic
associations with increasing alkyl side chain length of the hydrophobic monomers.
Thus, long-lived hydrophobic associations and hence mechanically strong hydrogels
could be generated using long alkyl side chains. However, (meth)acrylates larger
than 12 carbon atoms at their side chains such as n-octadecyl acrylate (C18A) or
docosyl acrylate (C22A) could not be solubilized in monomeric, spherical surfactant
micelles due to their larger sizes as compared to the micelles, hindering their micellar
copolymerization with hydrophilic monomers.

Worm-like micelles (WLMs) formed by self-assembly of surfactant micelles
exhibit interesting rheological properties and a significant solubilization power for
hydrophobes, and thus, they are able to form nano-sized oil depots dispersed in water
[14, 38, 91, 101–103]. A simple way to produce WLMs is the addition of salts such
as NaCl to the aqueous solutions of ionic surfactants which weakens the electrostatic
repulsion between the monomeric micelles and hence promotes their growth to form
“polymer-like” micelles. As shown in Fig. 10a, addition of 1 M NaCl in an aqueous
solution of 7.6 w/v % SDS increases the zero-shear viscosity ηo by more than two
orders of magnitude, and simultaneously, the hydrodynamic correlation length ξH
increases from below 1 to 20 nm due to the micellar growth [102]. Formation of
WLMs provides solubilization of large hydrophobes in SDS-NaCl solutions. For
instance, C18A monomer, which is insoluble in aqueous SDS solutions, could be
solubilized up to 15 w/v % in WLMs formed by the addition of 1.5 M NaCl into
22 w/v % aqueous SDS at 55�C (Fig. 10b) [91]. Interestingly, after solubilization of
the hydrophobes in WLMs, both the zero-shear viscosity and hydrodynamic corre-
lation length ξH reduce to a low level (Fig. 10c). SANS and cryo-EM measurements
revealed that WLMs undergo a conformational transition from cylindrical to spher-
ical shape after addition of hydrophobes, which is responsible for the decrease in the
zero-shear viscosities [14, 102]. The accumulation of the hydrophobic monomers
inside the core of the micelles creating a curvature on the micelle surface seems to be
responsible for the conformational change in SDS micelles. Moreover, micellar
copolymerization of hydrophilic monomers with a large amount of hydrophobic
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monomer such as C18A or stearyl methacrylate C17.3M (a mixture of n-octadecyl-
and n-hexadecyl methacrylates with an average alkyl side chain length of 17.3
carbons) solubilized in WLMs results in hydrogels with strong hydrophobic inter-
actions providing transformation of hydrophobic associations into alkyl crystals as
will be discussed in the next section.

Depending on the presence of surfactant micelles, hydrophobically modified
hydrogels undergo drastic changes in their viscoelastic and self-healing properties
[38]. Those with surfactant are mechanically weak with a few kPa modulus and
exhibit autonomic self-healing behavior, whereas without surfactant, the modulus
increases to tens of kPa, but they have no more self-healing ability even at elevated
temperatures. A typical example is the hydrogels synthesized by micellar polymer-
ization of 10 w/v % AAm in the presence of 2 mol% C17.3M (with respect to AAm)
in aqueous solutions of worm-like SDS micelles [104]. The corresponding SDS-free
hydrogels were fabricated by extracting SDS from as-prepared hydrogels in an
excess of water. It was shown that Young’s modulus and compressive strength
around five- and ninefold increase, respectively, while the stretch at break twofold
decreases after extraction of SDS from the hydrogels [104]. This reveals a significant
increase in the strength of hydrophobic interactions in the absence of surfactant
molecules. Theoretical studies indeed indicate that surfactant molecules consider-
ably affect the hydrophobic associations in the hydrogels [105]. It was shown that
the sorption of surfactant molecules by hydrophobically modified hydrogels is
noncooperative and they continuously incorporate within the existing hydrophobic
aggregates to form mixed micelles, thereby decreasing the effective cross-link
density of the hydrogel. Recent works show stiffening effect of SDS on
hydrophobically modified physical hydrogels at a low SDS concentration which
is due to the increased chain mobility facilitating formation of additional
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Fig. 10 (a) NaCl concentration dependences of the zero-shear viscosity ηo (circles) and hydrody-
namic correlation length ξH (triangles) of 7.6 w/v % SDS solution at 35�C. From [102] with
permission from the American Chemical Society. (b) NaCl concentration dependence of the
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solution at 35�C with the addition of n-hexadecane and C17.3 M monomer. From [102] with
permission from the American Chemical Society
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supramolecular bonds [106, 107]. However, increasing SDS concentration in the
hydrogel results in a gel-to-sol transition due to the dissolution of the mixed
micelles.

Mechanical cyclic tests are a mean to compare the strength of hydrophobic
interactions in the hydrogels. Figure 11 shows typical multistep tensile cycles
conducted on PAAm hydrogels containing 2 mol% C17.3M with and without
SDS where the inset is zoom-in to the data of the SDS-containing hydrogel
[104]. The data are shown as the nominal stress (σnom)-strain (λ) curves where λ is
the stretch ratio. The tests were carried out by stepwise increasing the maximum
strain with a wait time of 7 min between each cycle. For a given maximum strain λ,
the mechanical hysteresis in SDS-free hydrogel is much larger than that of the
corresponding SDS-containing one, indicating higher strength of hydrophobic asso-
ciations in the former hydrogel. Moreover, as seen in the inset to Fig. 11, the
hydrogel containing SDS undergoes reversible tensile cycles, i.e., each loading
curve follows the path of the previous loading indicating healing of the damage
during the wait time between cycles. In contrast, SDS-free hydrogel exhibits irre-
versible cycles each of which creates additional damage that cannot be healed during
the wait time. Indeed, SDS-containing hydrogel has a complete self-healing effi-
ciency, whereas SDS-free hydrogel has lack the ability to self-heal even after
prolonged healed times at elevated temperature or by treating the cut regions with
7 w/v % SDS solution up to 12 days [104]. Healing in SDS-free hydrogels could
only be induced by the treatment of the cut region with an aqueous solution of worm-
like SDS micelles. This reveals that WLMs are able to solubilize the hydrophobic
domains at the cut surfaces so that they merge together by reformation of the
physical cross-links.

To highlight the effect of the hydrophilic monomer type on the mechanical
properties of hydrophobically modified hydrogels, micellar copolymerizations of
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hydrophilic AAm, NIPAM, and DMAA monomers were conducted with 2 mol%
C17.3M hydrophobe in aqueous solutions of WLMs [38, 108, 109]. The surfactant-
containing hydrogels prepared using DMAA exhibit the highest stretchability,
4,200 � 400%, as compared to those formed using AAm and NIPAM that can
sustain stretches up to 2,000%, which was attributed to the associative behavior of
DMAA segments (Fig. 12a). Hydrophobically modified PDMAA hydrogels
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Fig. 12 Large strain and self-healing behaviors of a PDMAA hydrogel with 2 mol% C17.3M. The
hydrogel was prepared at 10 w/v % DMAA concentration in an aqueous 0.5 M NaCl solution
containing 7 w/v % SDS. (a) Typical tensile stress-strain curve of a hydrogel specimen at a strain
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The waiting time between cycles is 7 min. (d) Tensile stress-strain curves of virgin and healed
hydrogels at various healing times at 24�C as indicated. From [108] with permission from Elsevier
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subjected to mechanical cycles exhibit hysteresis whose extent continuously
increases with the maximum strain indicating breakage of intermolecular bonds
of varying strength [108]. However, if the cyclic tests are repeated several times
with a wait time of 7 min between cycles, all the cycles overlap well for a
given maximum strain, which is an indication of reformation of the broken bonds
during the wait time.

Figure 12b shows maximum strain dependence of the hysteresis energy Uhys,
calculated as the area surrounded by the loading and unloading curves, of
successive tensile (filled circles) and compressive cycles (open circles). Because
uniaxial compression ratio equals to the reciprocal of the square root of the biaxial
extension ratio, Uhys data could be plotted against a common abscissa, namely, the
uniaxial (λmax) and biaxial maximum stretch ratios (λbiax,max). Over the whole
range of maximum strain, the hysteresis energies Uhys fall into a single curve
revealing that Uhys is independent on the type of strain, and it only depends on the
value of the maximum strain. Calculation of the fraction fv of reversibly broken
bonds during the mechanical cycles reveals that more than half of the intermolecular
bonds, i.e., up to at least fv ¼ 0.56, can be broken reversibly at a stretch ratio of
around 20 (Fig. 12c) [108]. This is a sign of a high self-healing efficiency of
PDMAA hydrogels without any external stimuli. Indeed, a complete healing in
these hydrogels was achieved by holding their cut surfaces together at 24�C for
20 min (Fig. 12d) [108].

The mechanism of autonomic self-healing in surfactant-containing hydrogels was
recently investigated by scanning force microscopy (SFM) measurements [102]. For
this purpose, the surface of a hydrophobically modified PAAm hydrogel containing
2 mol% C17.3M was first cut with the SFM tip to create trenches of 20–40 nm in
depth and protrusions of around 10 mm in height. Figure 13A shows topographic
images (left panel) and cross sections of the gel surface (right panel) just after cutting
(a), a few seconds after cutting (b), and after a wait time of 75 min (c). Interestingly, a
terraced topography was observed for both protrusions and trenches with a step
height between 3.8 and 5.0 nm, or multiples thereof, as indicated by the horizontal
dotted lines in Fig. 13A. XRD measurements revealed that the smallest step height is
close to the d spacing of the hydrogel (3.9 nm) [102]. This indicates the existence of
layered hydrophobic nanodomains in the hydrophobically modified hydrogels as
observed in comb-like polymers with alkyl side chains [110] and fluorocarbon-based
hydrogels [83, 84]. Moreover, immediately after damaging, both the trenches and
protrusions on the gel surface transform into rounded shapes without affecting their
depth and height, respectively (a to b in Fig. 13A). In contrast to the fast reshaping
process in the damaged area, the healing process, that is, the size reduction of the
holes and islands on the hydrogel surface, and their disappearance require a rela-
tively long time (b to c in Fig. 13A). Thus, healing of the gel surface occurs in two
steps, namely, a fast reshaping of the damaged area into circular forms without
healing followed by slow size reduction of this area and finally complete healing to
recover the virgin surface [102]. The first step was attributed to the strong attractive
interactions between the alkyl side chains of hydrophobic units locating in close

42 O. Okay



vicinity to each other, i.e., at the edge of the trenches, leading to the formation of
round holes, as seen schematically in Fig. 13B. Because the consumption of the
islands by the round holes and their disappearance require interlayer mobility of
mixed micelles which is slow as compared to their mobility along the layers, the
second step needs much longer times than the first one [102].

(A)

 

Cut region

SDS
C17.3M segment
AAm segment
Polymer chain….

KEY:

Mixed micelles

(B)

He
ig

ht
(n

m
)

He
ig

ht
(n

m
)

He
ig

ht
(n

m
)

Cross sec�on length (nm)

Fig. 13 (A) Topographic SFM images (left panel) and cross sections of the surface (right panel) of
a PAAm hydrogel specimen with 2 mol% C17.3M. The images were taken just after cutting (a),
right after the first image (b), and after a wait time of 75 min at 35�C and 87% relative humidity (c).
The red and blue dotted lines across the trenches and protrusions on the images, respectively, show
their cross sections at the right panel in respective colors. The dotted lines on the surface cross
sections indicate steps of 3.8 nm or multiples thereof. Color scale ¼ 50 nm (from black to white).
(B) Schematic illustration of fast reshaping process of the trenches and protrusions on the gel
surface into circular shapes due to the attractive interactions between hydrophobic C17.3M
segments locating at the edge of a damaged micelle. From [102] with permission from the American
Chemical Society
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3.2 Mechanically Strong Hydrophobically Modified
Hydrogels

Hydrogels formed in the presence of a small amount of a hydrophobic monomer via
micellar polymerization discussed in the previous section have a high self-healing
efficiency, but they exhibit an insufficient mechanical performance for load-bearing
applications. Although their mechanical strength could be improved by incorpora-
tion of hydrophobic acrylates instead of the corresponding methacrylates into the
hydrophilic polymer backbone, or by increasing the length of alkyl side chain of the
hydrophobic monomers from 12 to 22 carbon atoms, the tensile strength only
slightly increases from 20 to 65 kPa after these modifications [101]. Chen et al.
conducted the micellar copolymerization of AAm and C18A by the addition of
1-pentanol as a cosurfactant of SDS solubilizing the hydrophobe in the micellar
solution [111]. After γ-radiation induced polymerization without any initiator, they
produced a hydrogel sustaining kPa level compressive stresses. However, swelling
of this hydrogel in a second aqueous AAm-BAAm solution followed by polymer-
ization leads to a self-recovery double-network PAAm hydrogel exhibiting a com-
pressive strength of 2.8 MPa under 90% compression [111]. Micellar polymerization
reactions conducted using a polymerizable (acrylated) cationic surfactant in the
absence of free surfactants or reducing surfactant content using amphiphilic hydro-
phobic monomers lead to hydrogels with tensile strength up to ~300 kPa but with a
low self-healing efficiency [112, 113]. Micellar polymerization of AAm and 2 mol%
C17.3M in aqueous mixtures of cationic and anionic surfactants produces PAAm
hydrogels with a high stretchability (1,800–5,000%) and complete self-healing
efficiency but a low mechanical strength [114]. Thomas et al. prepared
hydrophilic-hydrophobic hydrogels based on polyvinyl alcohol and poly(ethylene-
co-vinyl alcohol) with 15–25% water content that exhibit good compressive prop-
erties with a modulus of around 20 MPa [115]. Moreover, creating hybrid cross-
linked hydrophobically modified hydrogels by incorporation of chemical cross-links
also provides some improvement in the compressive mechanical properties without
affecting much their self-healing behavior, but they are brittle in tension [116]. Con-
sidering the load-bearing tissues such as cartilages, tendons, and ligaments
containing 60–75% water and exhibiting a modulus and tensile strength in the
range of MPa, one needs to improve the tensile mechanical performances of
hydrophobically modified self-healing hydrogels to the MPa level. In the following
subsections, two attempts will be discussed for fabrication of high-strength
hydrophobically modified hydrogels with a high self-healing efficiency.

3.2.1 Hydrophobically Modified Polyelectrolyte Hydrogels
with Oppositely Charged Surfactants

One attempt in this direction was to use oppositely charged surfactants in the
preparation of hydrophobically modified polyelectrolyte hydrogels by micellar
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polymerization [117]. The interactions between polyelectrolytes and oppositely
charged surfactants in an aqueous solution such as poly(acrylic acid) (PAAc) and
cetyltrimethylammonium bromide (CTAB) have been investigated in detail during
the past two decades [118–125]. It was shown that, at a high ionization degree of
PAAc, electrostatic interactions determine the complex formation between PAAc
and CTAB, whereas hydrophobic interactions start to dominate when the ionization
is suppressed by decreasing the pH of the solution [118, 121]. Moreover, PAAc-
CTAB interactions become stronger when a small amount of a hydrophobic segment
carrying alkyl side chain is incorporated into the PAAc backbone because of the
formation of mixed micelles composed of CTAB and alkyl side chains of
hydrophobically modified PAAc [126, 127].

High-strength self-healing PAAc hydrogels were recently fabricated by micellar
copolymerization of AAc and 2 mol% C17.3M in aqueous solutions of worm-like
CTAB micelles [117]. It was found that PAAc-CTAB complexes in the hydrogel
start to form after immersion in water, as visualized by its appearance changes from
transparent to opaque (Fig. 14A). The late complexation between PAAc and CTAB
within the hydrogel network is due to the low pH (1.5) of as-prepared hydrogels,
while the pH increases to 6.7 after immersing in water, providing ionization of AAc
segments and hence their complex formation with the cetyltrimethylammonium
(CT) ions. Simultaneously, both G0 and G00 increase by one order of magnitude,
while the loss factor tan δ remains above 0.1 revealing that the viscous character of
the hydrogels is preserved in their swollen state [117]. This behavior is in contrast to
the hydrophobically modified nonionic hydrogels prepared via micellar polymeri-
zation as discussed in the previous section. The viscoelastic nature of water-swollen
PAAc hydrogels is presented in the images of Fig. 14B showing compression of a
spherical PAAc hydrogel under load and complete recovery of the original shape
within 1 min after unloading.

It was shown that the as-prepared hydrogels have weak physical cross-links
consisting of mixed C17.3M and CTAB micelles [117], which are similar to
those existing in SDS-containing nonionic hydrogels. However, after swelling
equilibrium, i.e., after ionization of PAAc chains, a second type of much stronger

Fig. 14 (A) Images of two PAAc hydrogel specimens in as-prepared (a) and equilibrium swollen
states in water (b). (B) Images of a spherical swollen PAAc hydrogel during loading (upper row)
and 2, 10, and 60 s after unloading (bottom row). Co ¼ 20 w/v%. βo ¼ 1/8. From [117] with
permission from the American Chemical Society

How to Design Both Mechanically Strong and Self-Healable Hydrogels? 45



cross-links appear due to the formation of aggregates composed of oppositely
charged AAc and CTA ions and alkyl side chains of C17.3 segments. These second
cross-links lead to a dramatic increase in the mechanical properties of water-swollen
PAAc hydrogels during which their viscous, energy-dissipating properties do not
change [117]. Figure 15a shows tensile stress-strain curves of as-prepared (dashed
curves) and water-swollen PAAc hydrogels (solid curves) formed at a constant AAc
concentration (Co) of 30 w/v % but at various CTAB/AAc mole ratios (βo) as
indicated. Young’s modulus and tensile strength increase up to 23- and 14-fold,
respectively, while stretch at break decreases by two- to threefold after swelling of
the hydrogels in water. PAAc hydrogels formed at Co ¼ 30 w/v% and βo ¼ 1/6 in
their equilibrium swollen state with 55% water exhibit the highest Young’s modulus
(0.61 MPa), tensile strength (1.7 MPa), and a pretty good stretchability (900%).

Figure 15b shows the results of five-step tensile cyclic tests with increasing
maximum strain conducted on a PAAc hydrogel specimen in its as-prepared and
swollen states. In contrast to the SDS-containing nonionic hydrogels [38], PAAc
hydrogels formed in the presence of the oppositely charged surfactant CTAB exhibit
reversible mechanical cycles in both their as-prepared and swollen states revealing
that their physical cross-links break reversibly under loading. Cut-and-heal tests
indeed show self-healing ability of PAAc hydrogels. All hydrogels in their
as-prepared states exhibit autonomic self-healing at 24�C within a few minutes.
Hydrogels in their swollen states could also be healed after treatment of the cut
region with an aqueous solution of worm-like CTAB micelles at 35�C which pro-
vides dissociation of PAAc-CTAB complexes, followed by washing the cut region
with water to remove free surfactants. After a healing time of 60 min, the hydrogels
formed at Co¼ 30 w/v%, and βo¼ 1/6 sustains 1.5 MPa stresses at 600% elongation
(Fig. 15c).
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3.2.2 Hydrogels Containing Crystalline Domains

Another attempt to fabricate mechanically strong hydrophobically modified
hydrogels with self-healing ability was to create alkyl crystal cross-links in the gel
network providing temperature-induced hard-to-soft transitions and thereby self-
healing [27, 128]. Thus, when the local temperature of the damaged area of a
semicrystalline physical hydrogel is increased above the crystalline melting temper-
ature, the crystalline order is lost along with the strength of the crystal cross-links
providing a rapid healing due to the increased chain mobility in that area. Preparation
of semicrystalline chemically cross-linked hydrogels and the observation of an
order-to-disorder transition in the gel network were first reported 25 years ago by
Osada et al. [129–132]. They fabricated hybrid hydrogels containing both chemical
and alkyl crystal cross-links by free-radical copolymerization of AAc and C18A in
the presence of the chemical cross-linker BAAm in ethanol, a common solvent for
both monomers. The amorphous hydrophilic region of the hydrogels provides water
absorption, while the crystalline region is responsible for their high modulus. The
alkyl crystals have a short range ordering with a d1 spacing of around 0.42 nm
corresponding to side-by-side packing of n-octadecyl (C18) side chains (Fig. 16A).
In addition, a long-range ordering was also observed with a d2 spacing of 6.3 nm,
which is around twice the fully stretched length of C18, revealing non-interdigitated,
tail-to-tail alignment of alkyl side chains (Fig. 16a). This type of alignment in
semicrystalline hydrogels is in contrast to comb-like polymers with alkyl side chains

(A) (B)

d2
d1

KEY:

Amorphous domain

C18A side chains

T < TmT > Tm

Fig. 16 (a) Scheme showing alkyl crystals and amorphous regions in semicrystalline hydrogels
based on hydrophilic monomers and N-alkyl (meth)acrylates. From [127] with permission from the
American Chemical Society. (b) Scheme showing melting of alkyl crystals to form hydrophobic
associations and their recrystallization below Tm
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forming an interdigitated side chain structure [110, 133, 134]. Hybrid semicrystal-
line hydrogels undergo up to 120-fold reversible change in their modulus by
changing the temperature between below and above the crystalline melting
temperature [129].

Later on, semicrystalline hybrid hydrogels of Osada et al. were synthesized via
micellar polymerization in aqueous solutions of WLMs instead of the solution
polymerization in ethanol [91]. The block-like structure of poly(AAc-co-C18A)
copolymer chains formed in a micellar solution enhances the hydrophobic interac-
tions leading to two to three orders of magnitude change in the storage modulus in
response to a change in the temperature. Figure 17a shows temperature-dependent
variations of G0, G00, and tan δ during a thermal cycle between 80 and 5�C for PAAc
hydrogels formed via micellar polymerization with 1 mol% BAAm and varying
amounts of C18A between 20 and 50 mol%. The dotted vertical lines in the upper
panel indicate the melting Tm and recrystallization temperatures Tcry. The hydrogels
at 5�C exhibit a storage modulus G0 in the MPa level, i.e., 3.6, 8, and 17.6 MPa for
20, 35, and 50 mol% C18A, respectively. During heating, G0 drastically decreases at
around Tm, 48 � 2�C, and attains a value between 16 and 27 kPa at 80�C, which is
130- to 700-fold smaller than the initial modulus at 5�C [91]. The temperature-
induced modulus change is totally reversible as such upon cooling, G0 rapidly
increases at around Tcry, 43 � 2�C, to attain the initial MPa level modulus
(Fig. 17b) [91].
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To generate self-healing in semicrystalline hydrogels, they were recently
prepared in the absence of a chemical cross-linker by micellar, bulk, and solution
polymerizations using several hydrophobic and hydrophilic comonomer pairs
[27, 128, 135, 136]. Because of the cooperative H-bonding and hydrophobic inter-
actions, AAc/C18A comonomer pair leads to the formation of hydrogels with the
highest melting temperature (48–56�C), degree of crystallinity (10–33%), Young’s
modulus (up to 308 � 16 MPa), and tensile strength (up to 5.1 � 0.1 MPa)
[135]. Compressive mechanical tests conducted on virgin and cut-repaired hydrogels
reveal extraordinary self-healing capability of the hydrogels. The healing of the
hydrogels was induced by heating locally the cut region above Tm followed by
pressing the cut surfaces together and finally cooling below Tm to reform alkyl
crystals bridging the cut surfaces (Fig. 16b). Healed DMAA/C18A hydrogels with
50 mol% C18A exhibit a compressive strength of 138 � 10 MPa, which is around
87% of the virgin ones [135]. Moreover, the healing can also be induced by internal
heating using laser light if the hydrogel contains gold nanoparticles that generate
heat due to the surface plasmon resonance [137]. On/off switching of the laser light
provides melting and recrystallization of alkyl crystals in the damaged area resulting
in healing of the hydrogel. Instead of the temperature-induced healing, treatment of
the cut surfaces with ethanol was also reported which provides solubilization of the
cut surfaces to allow merging the surfaces together [136].

One disadvantage of highly crystalline hydrogels prepared from hydrophilic and
hydrophobic monomers is their low stretchability due to the existence of stiff and
strong alkyl crystals. One may apparently overcome this drawback by changing the
tensile testing parameters, i.e., by reducing the strain rate to provide enough time for
the relaxation processes in the physical network. For instance, the toughness and
stretch at break of DMAA/C18A hydrogels increase by five- and sevenfold, respec-
tively, when the strain rate is reduced from 7.8 � 10�3 to 4 � 10�3 s�1 (Fig. 18a)
[135]. However, a versatile alternative strategy to induce such a brittle-to-tough
transition without changing the testing parameters is to incorporate hydrophobic
monomers with relatively short alkyl side chains creating mobility in the gel network
[128]. Figure 18b shows the effect of the non-crystallizable, weak hydrophobe
C12M on the stress-strain curves of DMAA/C18A hydrogels at a fixed strain rate.
The hydrogels were prepared at a fixed content of the hydrophobes (30 mol%) but at
various fractions of C12M between 0.1 and 20 mol%. In the absence of C12M, the
hydrogel ruptures in a brittle fashion, as seen by the blue thick curve labeled by “0”
in the inset to the figure. However, incorporation of a small amount of C12M induces
significant yielding accompanied with a brittle-to-ductile transition. For instance,
without and with 0.2 mol% C12M, the hydrogels exhibit almost identical Young’s
moduli E, i.e., 71 � 3 and 70 � 5 MPa, respectively, indicating that the cross-link
density is not effected from the added amount of C12M. However, this tiny amount
of C12M affects considerably the ultimate mechanical properties of the hydrogels.
The hydrogel without C12M ruptures at 20% stretch, while that with 0.2 mol%
C12M sustains eightfold larger stretches (167%) and exhibits tenfold larger tough-
ness (9.6 � 0.3 vs 1.0 � 0.2 MJ m�3) [128]. Moreover, the highest yield stress σy
of 7.3 MPa was observed after incorporation of the smallest amount of C12M
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(0.1 mol%) into the polymer backbone, which is close to the tensile strength of
C12M-free hydrogel. σy linearly decreases with increasing C12M content by the
equation, σy¼ 7.1� 0.1 – C12Mmol%, indicating that the weak hydrophobe C12M
increases the number of mobile segments in the hydrogels and hence enhances the
molecular mobility between crystalline regions. We have to mention the modulus
and the fracture stress rapidly decrease above 2 mol% C12M due to a significant
decrease in the degree of crystallinity leading to highly stretchable but mechanically
weak hydrogels (Fig. 18b).

The significant effect of a weak hydrophobe on the ultimate mechanical proper-
ties of semicrystalline hydrogels was explained with the formation of more ordered
and thinner alkyl crystals, as demonstrated by SAXS measurements [128]. During
stretching of the hydrogels containing strong and weak hydrophobic segments,
lamellar clusters formed from layered alkyl crystals appear that are interconnected
by tie molecules. The tie molecules in amorphous domains create an energy dissi-
pation mechanism by transmission of the external load between the lamellar clusters
leading to their bending and finally breaking at the yield point [138–140]. Because
lamellar clusters are physical in nature, they could be repaired by heating above Tm
followed by cooling. The solid and dotted curves in Fig. 19a present two successive
loading curves up to a 100% stretch ratio for a DMAA/C18A hydrogel specimen
prepared in the presence of 0.4 mol% C12M [128]. According to the first loading
curve, Young’s modulus E and yield stress σf are 68 and 6.5 MPa, respectively
(Fig. 19b). The modulus significantly decreases, and yielding disappears during the
second loading indicating the occurrence of an irreversible damage in the lamellar
clusters. However, repairing the clusters by the heating-cooling treatment as
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mentioned above and then conducting the second loading almost completely
recovers the mechanical properties of the virgin hydrogel (Figs. 19a, b). The self-
healing efficiency is 93% with respect to the modulus (63 � 5 MPa) and yield stress
(6.0 � 0.4) [128].

Semicrystalline physical hydrogels were also fabricated with a macroscopically
anisotropic structure consisting of hard and soft regions joined together through a
strong interface [141]. Such segmented hydrogel structures mimic many biological
systems such as the intervertebral disk (IVD) which provides flexibility, load
transfer, and energy dissipation to the spine. IVD consists of a soft inner core, called
nucleus pulposus, surrounded by mechanically strong annulus fibrosus
[142, 143]. This structural design provides IVD an extraordinary mechanical per-
formance, as such it can withstand millions of loading cycles over the human
lifespan. Another example is the enthesis, the connective tissue between the ten-
don/ligament and bone, which not only acts as a connector of soft-to-hard tissue but
also reduces the risk of damage under stress [144]. The synthetic strategy of
semicrystalline segmented hydrogels bases on the stratification of aqueous solutions
even at very low density differences, as observed in many seas and lakes [141]. For
example, Fig. 20a shows two monomer mixtures composed of DMAA together with
30 mol% C18A (red) and 50 mol% C12M (blue). The slightly lower density of the
blue mixture by 0.6% provides formation of two liquid layers if blue mixture is
dropwise added on top of the red one, as seen in the upper panel of Fig. 20a.
Otherwise, if red mixture is dropped on top of the blue one, they mix completely
in a short period of time (bottom panel). In this way, layered monomer mixtures
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containing photoinitiators were prepared and then subjected to UV polymerization to
obtain two or more segmented semicrystalline hydrogels (Fig. 20b) [141, 145].

Figure 21a presents the photograph of a dumbbell-shaped segmented hydrogel
specimen consisting of C1 and C3 components. C1 and C3 have a common PDMAA
backbone, but they contain 30 mol% C18A and 50 mol% C12M hydrophobic units,
respectively. Thus, C1 is a semicrystalline hydrogel with Tm ¼ 48�C and exhibits a
high modulus E (54 MPa), a tensile strength σf (5 MPa), and a low stretchability εf
(79%), whereas C3 is an amorphous hydrogel due to the relatively short alkyl side
chain of C12M. C3 has a low modulus and tensile strength of around 0.1 MPa but a
high stretchability (1,140%). DSC scans conducted at the interface region reveal that
the melting peak of C1 at 48�C gradually disappears by moving from C1 to C3 part
through the interface indicating perfect fusion of the two hydrogel segments
(Fig. 21b) [141]. Figure 20c, d shows stress-strain curves and mechanical parameters
of C1 and C3 segments and the interface region of C1/C3 hybrid. The interface
region exhibits the average properties of both segments and hence has a higher
modulus and tensile strength as compared to the C3 segment. As a consequence,
when C1/C3 hydrogel is subjected to tensile testing, the interface remains intact,
while it ruptures at C3 segment (Fig. 21e) [141]. Thus, despite large mismatches in
the mechanical properties of C1 and C3 segments, stratification technique provides a
smooth interface that remains stable under loading. Two- and three-segmented
hydrogels with various chemical compositions and mechanical properties have
been reported recently [141, 145]. Because of the physical nature of segmented
hydrogels, they all exhibit self-healing behavior after heating-cooling treatment of
the damaged areas.

30% C18A

50% C12M

30% C18A

50% C12M

(A) (B)

Fig. 20 (a) Stratification of the monomer mixtures composed of DMAA together with 30 mol%
C18A (red) and 50 mol% C12M (blue). Two liquid layers only form when red solution is on the
bottom due to its slightly higher density. (b) Synthetic procedure for the fabrication of segmented
hydrogels. From [145] with permission from Wiley
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4 Conclusions and Outlook

Recent developments in the field of hydrogels enable to enhance their mechanical
strength to MPa level at a water content between 60 and 75 wt%, which is similar to
the load-bearing tissues. Another challenge immersing in the last years is to generate
self-healing function in such hydrogels without affecting their good mechanical
properties. Because self-healing and mechanical strength are inversely related,
autonomic self-healing in high-strength hydrogels formed by long-lived cross-
links could not been created. However, a significant hard-to-soft or first-order
transition induced by an external trigger creates self-healing in such high-strength
hydrogels and hence combines the two antagonistic features in a single hydrogel
material. In this review, I mainly focused on hydrogels formed via H-bonding and
hydrophobic interactions, which are generally highly stretchable and exhibit
Young’s modulus and tensile strength in the range of MPa.

The strategies developed so far for the fabrication of H-bonded hydrogels are
based on forming self-complementary dual or multiple H-bonding interactions
between polymer chains. In addition, hydrophobic segments have been incorporated
into the hydrophilic chains to amplify these interactions. Polymer chains consisting
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of H-bond acceptor and donor segments, dual amide groups, UPy moieties, and
DAT-DAT interactions create high-strength H-bonded hydrogels with self-healing
or self-recovery functions. Such hydrogels with 40–80 wt% water exhibit a Young’s
modulus up to 84 MPa and sustain 1–5 MPa tensile stresses at 800–1,400%
elongations. H-bonded hydrogels prepared by polymerization of NAGA monomer
with dual amide groups in aqueous solutions exhibit the highest stretchability, while
those formed by combination of hydrophobic and H-bonding interactions via UPy
and C18A units, respectively, have the highest tensile strength. DMAA and MAAc
are attractive H-bond acceptor and donor monomers, respectively, for the prepara-
tion of H-bonded hydrogels. As compared to AAm, DMAA has an enhanced
H-bond acceptor capability through their carbonyl groups via σ-donation effect of
the methyl groups contributing to the H-bonding cooperativity in hydrogels when it
is copolymerized with H-donor monomers. Moreover, the use of MAAc instead of
AAc as a H-bond donor monomer significantly improves the mechanical perfor-
mance of H-bonded hydrogels due to the hydrophobic interactions of the α-methyl
groups of MAAc units. The primary chain length of H-bonded hydrogels is also
effective in determining their mechanical strength due to the proximity effect.
Increasing the chain length of the primary chains facilitates formation of H-bonds
in the vicinity of preexisting H-bonds contributing H-bond cooperativity leading to
high-strength hydrogels. Recently developed H-bonded hydrogels capable of
absorbing a large amount of water (~1,700 g g�1) and those containing ds-DNA in
a clay environment are attractive self-healing soft materials for various applications
such as superabsorbent polymers and in gene delivery systems, respectively.

Hydrophobic interactions between hydrophobically modified polymers in an
aqueous environment lead to the formation of hydrogels containing crystalline
domains and/or hydrophobic associations acting as strong and weak physical
cross-links, respectively. Such hydrogels have recently been prepared using bulk,
solution, and micellar copolymerization of a variety of hydrophilic and hydrophobic
monomers via free-radical mechanism. The feed molar ratio of the monomers, alkyl
side chain length of the hydrophobes, type of the hydrophilic monomer, water
content, and the presence of surfactant micelles are the main experimental parame-
ters providing precise control of the mechanical, viscoelastic, and self-healing
properties of the hydrogels. When the hydrophobe content is limited to 2 mol%,
SDS-containing self-healing hydrogels obtained from DMAA and C17.3M exhibit
the highest stretchability (4,200 � 400%) due to the associative behavior of DMAA
segments. They also exhibit a complete self-healing without any external stimuli at
24�C within 20 min. Replacing nonionic DMAA with the anionic AAc monomer
and SDS with the cationic CTAB surfactant produces physical hydrogels of high
tensile strength (1.7 MPa) due to the dual hydrophobic and ionic interactions.
Moreover, a significant mechanical property improvement in the hydrogels could
be achieved when the hydrophobe content is increased above 10 mol% providing
formation of crystalline domains in addition to the hydrophobic associations.
AAc/C18A comonomer produces semicrystalline hydrogels with the highest melting
temperature (48–56�C), degree of crystallinity (10–33%), Young’s modulus (up to
308� 16MPa), and tensile strength (up to 5.1� 0.1 MPa). Damaged hydrogels with
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50 mol% C18A after heating-induced healing exhibit a compressive strength of
138 � 10 MPa, which is around 87% of the virgin ones. Semicrystalline hydrogels
can also be made highly stretchability when a small amount of non-crystallizable
units are incorporated in the gel network to create mobility.

Research directed toward synthesis of self-healing hydrogels provided several
important findings not only in the field of self-healing but also in other hydrogel
applications. For instance, the presence of surfactants in hydrophobically modified
hydrogels significantly changes their viscoelastic and mechanical properties. Sur-
factant micelles solubilize hydrophobic associations and alkyl crystals and hence
facilitate the diffusion of polymer chains, thereby inducing self-healing. They are
also able to solubilize semicrystalline hydrogels of high mechanical strength opening
up their applications as injectable gels and as smart inks for 3D or 4D printing.
Similarly, H-bonded self-healing hydrogels dissolve in aqueous urea solutions,
while the injectable solution thus formed turns into a gel when the urea is forced
to diffuse out of the solution. The viscoelastic and mechanical properties of
H-bonded and hydrophobically modified hydrogels can be tailored by aqueous
urea solutions or surfactant micelles, respectively, to fit a variety of needs. Thus,
urea- or surfactant-induced processability may provide several future applications of
high-strength H-bonded and hydrophobically modified physical hydrogels.
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