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ABSTRACT: Tough and adhesive hydrogels have shown great
potential in wearable devices, flexible electronics, and human—machine
interfaces. However, most existing tough hydrogels have weak surface
adhesion, or highly adhesive hydrogels have low mechanical strength. It
remains a long-standing challenge to develop the hydrogels with both
highly mechanical and adhesive properties. Here, we design and
fabricate a fully physical double network hydrogel of Agar/pHEAA-
AAc-Fe*', which consisted of the first Agar network by hydrogen bonds
and the second poly(N-hydroxyethyl acrylamide) (pHEAA)-AAc-Fe®*
network by multiple hydrogen and ionic bonds. Because of the special
interpenetrating network structures and all reversible physical cross-
linking effects, the resulting optimal hydrogels achieved high
mechanical performances (breaking strength of 960 kPa, fracture
strain of 11, tearing energy of 1306 J/m® and energy dissipation of
1644 kJ/m?), high stiffness/toughness recovery of 75/51.9% at 80 °C after 30 min resting, and certain degrees of self-healing
property. Meanwhile, Agar/pHEAA-AAc-Fe’* hydrogels also exhibited strong surface adhesion to various untreated solid
surfaces, with high interfacial toughness of 2619—4414 J/ m?. Both high bulk and interfacial toughness are mainly contributed to
synergetic cooperation of multiple noncovalent interactions and double-network structure. This work introduces a set of design
concept, hydrogel system, and synthesis approach that could be applicable to other polymers, elastomers, and soft materials to
meet different demands (toughness, extensibility, healing, and adhesion) in different bench-to-bedside applications.
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B INTRODUCTION gels,”*™"* nanocomposite (NC) hydrogels,””~"” slide ring
Polymeric hydrogels, as classical soft-and-wet materials, contain polymer hydrogels,">"” z?acromolecular microsphere compo-
abundant water in three-dimensional (3D) polymer net- site. (MMC) hydrogels,” tetra-ethylene glycol (PEG) hydro-
works.'™ The abundance of water in hydrogels, on one hand, gels,zuzz and others.”>™** However, the challenge still remains;
offers a unique combination of structural and functional that is, when applying these tough hydrogels to different solid
properties (e.g., highly structural flexibility/adaptivity for surfaces for some adhesive applications (e.g., wearable devices,
stimuli-responsive actuations,é’7 biomimetic resemblance to electronic skins, 3D printing systems, human—machine
soft tissues,”” and soft carriers and hosts for drugs and interfaces), most hydrogels poorly adhere on the surfaces due

gene'”'"); on the other hand, it also makes hydrogels not
only mechanically weak in bulk but also adhere poorly to most
surfaces. Great efforts and progress have been made to enhance
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to very weak surface adhesion (1-100 J/m?).*°~* This
indicates that bulk toughness and surface adhesion in hydrogels
stem from two different natures of intermolecular interactions;
that is, the former one comes from polymer network interactions
inside hydrogels, while the latter one originates from both
network interactions and polymer—surface interactions. While
high bulk toughness of hydrogels does not necessarily guarantee
high interfacial toughness, high interfacial toughness requires
high bulk toughness of hydrogels, because strong toughness
allows hydrogels to be peeled from surfaces before fracture
themselves.

Undoubtedly, adhesive hydrogels with both high bulk/
interfacial toughness have attracted much attention to many
existing and emerging applications. Current strategies for
preparing tough hydrogel adhesives generally involve (i) the
introduction of mussel-inspired adheswe groups, ? (i) the
surface modification of the substrates,’” (iii) the use of
cytotoxic bonding agents/glues,” (iv) the special design of
topological entanglement at interfaces,” and (v) the physical
adhesion interactions. Mussel-inspired adhesive hydrogels often
require oxidants to produce adhesive catechol or 3,4-
dihydroxyphenylalanine (DOPA) groups for surface adhesion.
However, these mussel-inspired hydrogels generally showed
weak mechanical properties, poor deformability, and short-term
adhesiveness. PAMPS/PAAm and PAAm/alginate DN hydro-
gels’”** have been well-recognized by their superior bulk
toughness, and they have also been chemical anchorage on
different solid surfaces (glass, ceramics, titanium silicon wafer,
and aluminum) to achieve high interfacial toughness of ~1000
J/m* However, a proverbial drawback of chemical anchorage is
that once interfacial bonding is broken, surface adhesion will be
largely destroyed, leading to single or limited reusability. Lack of
reversible adhesive behaviors were also observed in cyanoacry-
late-based adhesive hydrogels and covalent topological
adhesive hydrogels.”*** Differently, noncovalent adhesion
made of hydrogen bonding, hydrophobic interaction, electro-
static interaction, host—guest interaction, and metal coordina-
tion can achieve instant, reversible, and on-demanding attach-
ment and detachment, but such noncovalent adhesion usually
has low adhesion energy (1—100 J/m?*). Until recently, several
noncovalent adhesive hydrogels (e.g.,, Agar/pHEAA and Agar/
pAAEE hydrogel) can instantly adhere on various nonporous
solid substrates without any pretreatment but with high
interfacial toughness of 1000—7000 J/m? Particularly, Agar/
PAAEE hydrogel reversibly adhere on and peel off from the glass
100 times, while still retaining relatively strong/durable
adhesion energy (250 J/m?). Further inspection of these
tough adhesive hydrogels highlights the importance of bulk
toughness contributed by physically cross-linked DN networks,
which help to not only dissipate energy upon debonding but also
rapidly recover the adhesion after debonding and rejoining.

Considering the enormous diversity and combinations of
noncovalent bonds (hydrogen bonds, hydrophobic interaction,
n—r stacking, host—guest interaction, ionic interaction, dipole—
dipole interactions, and metal coordination), they can be used
separately or in combination to construct different networks and
dissipate energy by rupturing different types of noncovalent
bonds. In addition, the reversible breaking/reforming of
noncovalent bonds within polymer networks and between the
networks and substrates could offer a higher possibility for the
strong self-recovery and reversible adhesive properties of
hydrogels. Among them, hydrogen bonds and ionic interactions,
due to their simple and automatous nature, are the two common
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noncovalent bonds used for improving the mechanical proper-
ties of DN hydrogels, including pectin- Fe3+/polyacry1am1de
gels,*® agar/poly(acrylamide- acryhc acid)-Fe** gels,”’ agar/
poly(acrylic acid) (AAc)-Fe®* gels,* algmate—polyacrylamlde—
Ca** gels,” k-carrageenan-K*/ polyacrylamlde gels,*” chitosan/
poly(acrylic acid) (AAc)-Fe** gels,*" and poly(ethylene glycol)
(PEG)/poly(acrylamide-acrylic acid) (PAMAAc)-Fe®* gels.*’
However, none of these ionic-cross-linked DN hydrogels has
demonstrated their strong surface adhesion on different solid
surfaces.

Herein, we reported a fully physical cross-linked Agar/
pHEAA [poly(N-hydroxyethyl acrylamide)]-AAc-Fe** DN hy-
drogel using a simple, one-pot strategy as reported in our
previous work,” where agar serves as the first network, and
pHEAA-AAc-Fe’* serves as the second network. The double
networks were associated by multiple, physical bonds, including
hydrogen bonds in both networks, AAc-Fe®" ionic interactions
in the second pHEAA network, and other physical coordination
bonds between the two networks. The synergistic presence of
these noncovalent bonds in the DN structure allowed bulk
Agar/pHEAA-AAc-Fe*" DN hydrogel to achieve high mechan-
ical properties (fracture stress of 960 kPa, fracture strain of 11,
elastic modulus of 600 kPa, tearing energy of 1300 J/m? and
energy dissipation of 1644 kJ/m?), as well as high self-recovery,
and self-healing properties. Moreover, without any surface
modification, Agar/pHEAA-AAc-Fe’* DN hydrogels can also
instantly/strongly adhere on not only different solid surfaces
(e.g, titanium, glass, aluminum, and ceramics) with high
interfacial toughness (2619—4414 J/m*) but also human skin
with repeatable adhesiveness but without causing any damage.
Such strong and reversible surface adhesion was likely attributed
to the presence of multiple physical interactions of multivalent
metal ion complexation, hydrogen bonding, and van der Waals
interactions at the hydrogel—surface interface. This work
confirms a new physical DN hydrogel with a combination of
high mechanical, stretchable, self-recoverable, and surface
adhesive properties, which are promising for hydrogel-based
adhesive applications such as superglues, coatings, joints, and
material—machine interfaces. The working mechanisms for
improving both bulk/interfacial toughness could possibly
extend to other hydrogels, polymers, or elastomers for different
adhesion applications.

B EXPERIMENTAL SECTION

Materials. N-Hydroxyethyl acrylamide (98.0%, HEAA) was
obtained from Tokyo Chemical Industry Co., Ltd. Agar (gel strength
>300 g/cm?), UV-initiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone (HMP), and acrylic acid (AAc) (99.0%) were obtained
from Sigma-Aldrich. Iron(III) chloride (FeCl;) (98%) and magnesium
chloride (MgCl,) (99.0%) were purchased from Alfa Aesar. Calcium
chloride (CaCl,) (93%, anhydrous), potassium chloride (KCl)
(99.0%), aluminum chloride (AICl;) (98.5%, anhydrous), and zinc
chloride (ZnCl,) were purchased from ACROS, ORGANICS.
Carbamide (urea) was purchased from VWR Life Science AMRESCO.
Sodium thiocyanate (NaSCN) was obtained from JT Baker Chemical
Co. All other chemicals were used as received without extra treatment.
Millipore water (resistivity >18.2 MQ cm) was purified by a purification
system.

Preparation of Bulk Hydrogels. Unlike using high-strength agar
powers (800 g/cm?) in the previous work,** we purposely selected the
much lower-strength agar powders (300 g/cm?®) to prepare Agar/
pHEAA-AAc-Fe* hydrogels. Briefly, 0.24 g of agar, 2 g of HEAA, 0.12 L
of AAc, 3 g of FeCl; aqueous solution (0.68 mol % of AAc), and 0.0428
g of HMP (1 mol % of total monomers) were mixed together with a
magnetic stirrer. The solution in the sealed tube was soon heated under
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Scheme 1. Preparation of Agar/pHEAA-AAc-Fe** DN Gel”
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boiling water bath. When the mixture solution became transparent, the
solution was injected to the mold with pieces of glasses separated by 1
mm thickness of poly(tetrafluoroethylene) (PTFE), and the mold was
ultrasonicated to remove the air. After the cooling process, the first agar
polysaccharide network formed. Subsequently, the gel in the mold was
treated with UV light with a power of 8 W for 1 h of UV polymerization.
All other hydrogels, for example, pHEAA-AAc-Fe** SN and Agar/
pHEAA-AAc DN gel with different multivalent metal ions were
prepared by the similar method.

Of note, the naming rules of Agar,/pHEAA,-AAc -Fe** ; gels, where a
mg/mL of agar to whole system, b weight ratio of HEAA relative to
water, ¢ mole percentage of AAc monomer relative to HEAA monomer,
and d mole percentage of FeCl; to AAc monomer. For example, for
Agargo/pHEAA, ;;-AAc y-Fe*' (sDN, where the agar concentration was
50 mg/mL to whole system, HEAA weight ratio to water was 2/3, the
molar percentage of AAc relative to HEAA was 10, and the mole
percentage of Fe’* relative to AAc was 0.68.

Mechanical Measurements. A tensile machine (Instron 334S)
was used to examine mechanical properties of the hydrogels. Controlled
stretching speed was at 100 mm/min. For the tension test, bulk
hydrogel was cut into a dumbbell-shaped sample (25 mm of length,
3.18 mm of width). For loading—unloading hysteresis, a dumbbell-
shaped sample was first elongated to a constant strain and then
unloaded (50 mm/min). In addition, the hydrogel was cut with a
trouser sample (40 mm of length, 20 mm of width, and 20 mm of notch
length) with a notch in the middle of the width for tearing test.
Subsequently, one arm (width of 10 mm) was fixed by the lower clamp.
The other arm (width of 10 mm) was stretched by the upper clamp at a
speed of 100 mm/min. Similarly, the cylindrical gel (11 mm of diameter
and 15 mm of height) was prepared in a S mL injector for compressive
measurement. The compressing speed was controlled at 5 mm/min.
Moreover, hydrogel samples for 90° peeling test (60 mm of length, 16.5
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mm of width, and 3 mm of thickness) were first prepared by special
mold. To better fix the back of the gel, Scotch Duct Tape was adhered to
the back of the gels by super glue (Loctite) before the 90° peeling test.
The gel was peeled from the various substrates (Mecmesin, ACC008-
208) at a peeling rate of 150 mm/min.

Self-Healing Tests. The gel with 1 mm of thickness was first cut in
half. And then the cross-sectional areas were brought to contact
together for 12 h at room temperature or 80 °C. (To avoid inevitable
water loss, the hydrogel samples were put and sealed in a transparent
plastic bag with 100% humidity.) After it healed, the mechanical
property of healed gel was tested by conducting tensile tests at a speed
of 100 mm/min.

Scanning Electron Microscopy (SEM). Network morphologies of
hydrogels were examined by Hitachi TM3030. Here, fully dried
hydrogels were coated with platinum by a sputter-coating machine
before the SEM observation (fractured in liquid nitrogen). The cross-
sectional area of the gel was chosen and magnified to 1000 times and
4000 times over its original size.

Contact Angle Measurement. Contact angle image was obtained
by Rame-Hart model 500 Advanced Goniometer using the Millipore
water as the solvent at room temperature. Contact angle was obtained
by image analysis with DROP image software. Three positions in each
substrate were chosen to obtain mean and standard deviation.

Swelling Ratio Measurement. The cylindrical gels (diameter: 8
mm; thickness: 1 mm) were fully swollen in Millipore water, urea
solution (5 M), and NaSCN solution (S M). Prior to weighing, water on
surfaces was wiped away. The equilibrium swelling ratio was expressed
as g, = m,,/my, where m,, was the weight of the gel at the swollen state,
and m, was the weight of as-prepared gel.
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Figure 1. Gelation process of (a) Agar/pHEAA-AAc-Fe*'DN gel, (b) Agar/pHEAA-AAc DN gel, (c) pHEAA-AAc-Fe** SN gel, and (d) Agar SN gel.
SEM images of (e) Agar/pHEAA-AAc-Fe**'DN gel, (f) Agar/pHEAA-AAc DN gel, (g) pHEAA-AAc-Fe** SN gel, and (h) Agar SN gel.
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Figure 2. Great mechanical behaviors of Agar/pHEAA-AAc-Fe** DN gels. (a) Direct, (b) knotted, (c) crossover stretching to ~6 times their initial
length, (d) resist crack propagation, (e) hold a weight (500 g), (f) endure compression deformation, and (g) a tearing force vs displacement curve.
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Figure 3. Tensile properties of Agar/pHEAA-AAc-Fe** DN gel, Agar/pHEAA-AAc DN gel, and pHEAA-AAc-Fe** SN gel, as characterized by (a)
stress—strain curves, (b) fracture stress and elastic modulus, and (c) fracture energy.

B RESULTS AND DISCUSSION

Preparation and Characterizations of Agar/pHEAA-
AAc-Fe**DN Gels. Scheme 1 shows a three-step preparation of
Agar/ pHEAA-AAc-Fe3+ DN gels via a heating-cooling-photo-
polymerization process. Briefly, all reactants of agar, acrylic acid,
N-hydroxyethyl acrylamide, HMP, and FeCl; were dissolved in a
well-mixed solution, then heated to 95 °C under continuous
stirring, during which powder-like agar molecules changed
themselves to linear-like agarose macromolecular chains,
resulting in a transparent solution. Next, the transparent mixture
solution was gradually cooled to room temperature, during
which agarose macromolecular chains underwent structural
transition from linear to helical conformations, followed by
aggregation of helical agarose chains into helical bundles, leading
to the formation of the first agar network. After that, UV light
was introduced to polymerize the second pHEAA-AAc-Fe**
network that interpenetrates with the first agar network, forming
an Agar/pHEAA-AAc-Fe’* DN gel. During the whole
preparation process, since no chemical cross-linker was added
in the system, both networks in Agar/pHEAA-AAc-Fe** DN
gels were physically cross-linked by multiple noncovalent bonds;
that is, the first agar network was cross-linked by hydrogen
bonds between agar helical bundles, while the second pHEAA-
AAc-Fe*" network was cross-linked by hydrogen bonds between
hydrophilic amide and hydroxyl groups and ionic interactions
between AAc-Fe®".

Figure la—d shows a general gelation process for Agar/
pHEAA-AAc-Fe*'DN (Figure la), Agar/pHEAA-AAc DN
(Figure 1b), pHEAA-AAc-Fe** SN (Figure 1c), and Agar SN
hydrogels (Figure 1d) at the initial, heating—cooling, and UV
polymerization stages. Visual inspection showed that, through
the three-step polymerization, each of the four gels was
successfully formed but with different appearances; that is, the
gels with Fe’" ions showed a brownlike color, while the gels
without Fe** ions had a milky color. Furthermore, SEM images
in Figure le—h show the morphologies and microstructures of
Agar/pHEAA-AAc-Fe** DN (Figure le), Agar/pHEAA-AAc
DN hydrogels (Figure 1f), pHEAA-AAc-Fe’* SN gel (Figure
1g), and Agar SN gel (Figure 1h). Overall, while all gel samples
exhibited spongelike and continuous porous structures in cross-
sectional areas, four different gels had different pore size
distributions. Both Agar/pHEAA-AAc-Fe** (2—6 um) and
Agar/pHEAA-AAc (4—8 um) DN gels had the smaller pore
sizes than pHEAA-AAc-Fe** (9—11 ym) and Agar (3—8 um)
SN gels. This indicates that DN structure enables to achieve a
much denser 3D network structure than SN structure, and the
presence of AAc-Fe®* can further tighten the network structure
via the attractive electrostatic interactions, leading to the more
compact structure.
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Mechanical Properties of Agar/pHEAA-AAc-Fe3* DN
Gels. At first glance in Figure 2a—c, Agar/pHEAA-AAc-Fe’*
DN gels were highly stretchable to withstand straight stretching,
crossover stretching, and knotted stretching up to ~6 times of
initial states without fracture. In Figure 2d, a notched Agar/
pHEAA-AAc-Fe* DN gel showed a strong resistance against the
crack propagation up to a final strain of 2.5. Agar/pHEAA-AAc-
Fe®* DN gels can also hold a weight of 0.5 kg (Figure 2e) and
endure a compression stress of 1.21 MPa (70% of strain) (Figure
2f). Upon release of compression force, the gel recovered
immediately to its original shape, indicating that Agar/pHEAA-
AAc-Fe** DN gel possesses a shape-recovery property after a
large network deformation. Figure 2g illustrated a typical tearing
curve of Agar/ pHEAA—AAc—Fe3+ DN gel, whose tearing energy
was 1306 J/m* comparable to articular cartilage and G4- K*/
PDMAAm DN gels.*

Further, we performed tensile tests to measure and compare
the mechanical properties of Agar/pHEAA-AAc-Fe’* DN,
Agar/pHEAA-AAc DN, and pHEAA-AAc-Fe** SN hydrogels.
Agar SN was too weak to be tested. The preparation conditions
and mechanical properties [fracture stress (o), fracture strain
(4), elastic modulus (E), and fracture energy (W,)] of these gels
were summarized in Table S1. Specifically, Figure 3a—c showed
that Agar/pHEAA-AAc-Fe’'DN gel (¢ of 0.96 MPa, 4 of 11
mm/mm, E of 0.60 MPa, W, of 6.28 MJ/m?) showed the best
mechanical properties, as compared to Agar/pHEAA-AAc DN
gel (0 0f 0.56 MPa, 4 of 6.83 mm/mm, E of 0.45 MPa, W, 0f 2.52
MJ/m?) and pHEAA-AAc-Fe** SN gel (6 of 0.19 MPa, 4 of 16.6
mm/mm, E of 0.04 MPa, W, of 1.12 MJ/m?). The results reveal
that the introduction of Fe**-AAc ionic interactions into the
second network can indeed act as additional, reversible sacrificial
bonding to dissipate energy efliciently, thus conferring high
mechanical performances to Agar/pHEAA-AAc-Fe’* DN
hydrogel.

Intuitively, hydrogel components are the key factors for
determining the mechanical performances of hydrogels. Since
our previous work has examined the concentration effects of
Agar and HEAA on mechanical performances of Agar/pHEAA
DN hydrogels, here we mainly studied the ionic cross-linker
effects of AAc (Figure S1) and Fe** (Figure S2) on mechanical
performances of Agar/pHEAA-AAc-Fe** DN gel. Regarding
AAc effect, the hydrogel showed an optimal AAc concentration
of 10 mol % of HEAA to achieve the best mechanical properties.
As shown in Figure Sla—c, with a gradual increase in AAc
contents from 0 to 10 mol % of HEAA, Agar/pHEAA-AAc-Fe**
DN gels increased their fracture stress from 0.48 to 0.96 MPa,
elastic modulus from 0.36 to 0.60 MPa, and fracture energy from
2.64 to 6.28 MJ/m?>, respectively. However, further increase of
AAc content from 10 to 20 mol % led to decrease of fracture
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Figure 4. (a) Hysteresis loop and (b) energy dissipation of Agar/pHEAA-AAc-Fe** DN, Agar/pHEAA-AAc DN, and pHEAA-AAc-Fe**SN hydrogels
at A = 3 using a loading—unloading test. (c) Hysteresis loop and (d) energy dissipation of different Agar/pHEAA-AAc-Fe** DN gels at changeable
tensile strains using cyclic loading—unloading tests. (&) Hysteresis loop and (f) elastic modulus and softness of the same Agar/pHEAA-AAc-Fe** DN
gels at different strains via successive loading—unloading measurements.

stress from 0.96 to 0.75 MPa, fracture strain from 11.00 to 9.7,
and fracture energy from 6.28 to 4.22 MJ/ m3. Similarly, there
also existed an optimal concentration of Fe** (0.68 mol % of
AAc) to achieve the best mechanical properties of & of 960 kPa, 1
of 11 mm/mm, E of 600 kPa, and W, of 6.28 M_]/m3(Figure
S2a—c). Clearly, too low or too high concentrations of AAC or
Fe*" will reduce the mechanical performance of DN hydrogels,
suggesting AAC and Fe®* function as typical cross-linkers to alter
network structures and subsequent mechanical properties. On
one hand, low concentrations of AAc or Fe" will lead to
insufficient ionic coordination to be formed between AAc and
Fe®*, thus not enhancing network association and mechanical
properties. On the other hand, excessive AAc or Fe®*
concentrations will also cause a typical over-cross-linking
issue, which shortens effective chain lengths in the networks,
restricts chain flexibility, and induces more network inhomoge-
neity, all of which would reduce energy dissipation and make the
gels to be fractured easily at low strains. Overall, Agar/pHEAA-
AAc-Fe*" DN hydrogels exhibited the top mechanical perform-
ance with Fe®* of 0.68 mol % of AAc, agar of S0 mg/mL, HEAA
of 2/3 mass ratio of water, and AAc of 10 mol % of HEAA.
Unless stated otherwise, such optimal conditions were used for
preparing our Agar/pHEAA-AAc-Fe** DN gels for further tests.

High toughness, strength, and fracture energy of Agar/
pHEAA-AAc-Fe’* DN gels are likely attributed to multiple
physical bonds such as hydrogen bonds within and between two
networks and AAc-Fe®* ionic coordination in the second
network. We also prepared different Agar/pHEAA-AAc-K',
Agar/pHEAA-AAc-Mg2+, Agar/pHEAA-AAc-Zn“, Agar/
pHEAA-AAc-Ca*', and Agar/pHEAA-AAc-AP’" by introducing
different cationic ions (K*, Ca**, Zn?*, AI**) to coordinate with
AAc in the Agar/pHEAA networks. In Figure S3a—d, the
resultant hydrogels exhibited tensile properties (¢ of 430—510
kPa, 4 of 5.09—7.78, E of 260—430 kPa, W, of 1.68—2.50 MJ/
m?), similar to those of Agar/pHEAA-AAc hydrogels (¢ of 560
kPa, 1 of 6.83, E of 450 kPa, W, of 2.52 MJ/m?) but not better
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than those of Agar/pHEAA-AAc-Fe’* hydrogels. Generally
speaking, metal—carboxylate interactions are strongly related to
the number of metal coordination bonds for ionic cross-linking
process of polymer chains containing a large amount of
carboxylate groups.” On the one hand, at the coordination
equilibrium, the higher cationic valence, the more metal—
carboxylate coordination bonds. Thus, trivalent ions (AI** and
Fe®) usually have stronger coordination effect than bivalent
(Mg**, Zn**, Ca*") and univalent ions (K" and Na*). On the
other hand, a number of studies have also shown that ionic
coordination effect also depends on local environments (e.g,
pH, solvent).*>*” Here, pH locally generated by Fe**-carboxyl
groups would enhance the stability of metal coordination bonds,
which in turn achieve the higher binding strength and
mechanical properties than AlP**-carboxyl groups. A similar
effect of metal-coordination complexes on the mechanical
properties of poly(AAm-co-AAc) hydrogels was also reported
with a decreased mechanical enhancement order of Fe** > AI** >
Zn®* > Ca** > Mg*"."®

Mechanical Recovery of Agar/pHEAA-AAc-Fe** DN
Gels. To better comprehend the role of ionic cross-linking effect
in energy dissipation, different successive loading—unloading
measurements on Agar/pHEAA-AAc-Fe’* DN gel, Agar/
pHEAA-AAc DN gel, and pHEAA-AAc-Fe** SN gel were
conducted. First, as shown in Figure 4a)b, at 4 = 3, Agar/
pHEAA-AAc-Fe** DN gel displayed the largest hysteresis loop,
as compared to pHEAA-AAc-Fe** SN gel and Agar/pHEAA-
AAc DN gel. The associated energy dissipation was 780 kJ/m?
for Agar/pHEAA-AAc-Fe3+ gel, 601 k]/m3 forAgar/pHEAA-
AAc DN gel, and 29.2 kJ/m’ for pHEAA-AAc-Fe®" gel,
respectively. Clearly, the introduction of AAc-Fe*" into the
second network allows to dissipate energy in a much more
efficient way. Also, both DN hydrogels with and without Fe**
ions also showed superior performance to pHEAA-AAc-Fe**SN,
indicating the significance and effectiveness of DN as a
mechanical property enhancer.
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of the hydrogels are calculated from hysteresis curves.

Next, we performed cyclic loading—unloading tests on
different Agar/pHEAA-AAc-Fe** DN gels prepared under the
same condition at different strains. As shown in Figure 4c,d,
hysteresis loops increased with strains, so that the dissipated
energy monotonically increased from 202 to 1644 kJ/m® as
strains increased from 1 to S. The cyclic loading—unloading tests
on different Agar/pHEAA-AAc-Fe®* gels demonstrates that
energy dissipation not only depends on the loading strains but
also becomes more efficient as the hydrogel is subject to large
strains, indicating that physical interactions in both networks
can work together to endure high deformation and to dissipate
energy efliciently. Furthermore, we conducted a successive
loading—unloading test on the same Agar/pHEAA-AAc-Fe**
DN hydrogel to study its internal fracture process at different
strains in Figure 4e f. No resting time was applied to the same gel
between any two consecutive loading cycles. On the one hand,
stiffness of hydrogel decreased continuously from 0.6 to 0.1
MPa, while softness gradually increased from 0 to 83.79% as
strains increased from 1 to 5, indicating that the softening
behavior of the gel occurs far below the yield point and
continues to spread with increasing elongations. On the other
hand, we also observed some small overlap regions between any
adjacent hysteresis loops. This indicates a partial recovery of the
networks in Agar/pHEAA-AAc-Fe*" DN gel.

Because of the presence of multiple, reversible noncovalent
bonds (e.g, hydrogen bonds and ionic interactions) in both
networks, mechanical self-recovery is expected from Agar/
pHEAA-AAc-Fe** DN gel. Here, we examined the self-recovery
property of Agar/pHEAA-AAc-Fe** DN gel via five loading—
unloading cycles at 4 = 3 and room temperature. There was no
resting interval between the first and second cycles, but there
was 30 min of resting for the third, fourth, and fifth cycles.
During the first cycle, Agar/pHEAA-AAc-Fe** DN hydrogel
showed a relatively big loop with the energy dissipation at 780 J/
m?, which was much higher than that of Agar/pHEAA-AAc DN
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(602]/m?) and pHEAA-AAc-Fe®* SN hydrogels (29.2]/m?). In
the immediate second cycle, the three hydrogels exhibited
smaller hysteresis loops and reduced their hysteresis energy to
123, 64.5, 13.6 J/m?, respectively (Figure S4), implying that
reversible noncovalent bonds could not be largely recovered
without resting. So, to improve the self-recovery property of
Agar/pHEAA-AAc-Fe** DN gel, we applied a 30 min rest for
each following cycle. It can be seen in Figure Sab that, upon
resting for 30 min during the third to fifth cycles, Agar/pHEAA-
AAc-Fe** DN gels increased their toughness/recovery ratios
from 15.3/17.3% in the second cycle to 19.6/35.7%, 23.4/
36.8%, and 23.4/40.3% in the third, fourth, and fifth cycles. The
longer resting time definitely would help to reform ionic
association and hydrogen bonding in both networks. To
understand the role of AAc-Fe®* ionic cross-linking in self-
recovery of Agar/pHEAA-AAc-Fe*" DN gel, we further tested
Agar/pHEAA-AAc DN gel without Fe** by five cycles at the
same conditions. Without Fe’*, Agar/pHEAA-AAc DN gels
could recover their toughness/stiffness ratio to 20/37.6%, 18/
36.4%, and 18.2/37.1% for the third, fourth, and fifth cycles,
respectively (Figure SS). It appears that the introduction of AAc-
Fe®" can slightly improve toughness/stiffness recovery by 3—5%
for the second pHEAA network.

Considering that the second network recovery as contributed
by AAc-Fe** association is rather limited at room temperature, it
is necessary to improve the overall mechanical self-recovery by
reconstructing the first agar network at a sol—gel temperature of
80 °C. As shown in Figure Sc, the hysteresis loops gradually
increased as time passed, showing a good self-recovery behavior
at 80 °C. Accordingly, the toughness/stiffness recovery ratio
became 52/39.3%, 57.7/41.6%, and 75/51.9% after S, 15, and 30
min of resting at 80 °C (Figure 5d). Evidently, by reconstructing
agar helical bundles at 80 °C, Agar/pHEAA-AAc-Fe*'DN gel
can recover its toughness/stiffness as high as 75/52%. Side-by-
side comparison of toughness/stiffness recovery between
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different hydrogels with and without Fe®* and at different
temperatures confirms that hydrogel bonds and ionic associa-
tion work together to improve the mechanical recovery of Agar/
pHEAA-AAc-Fe* gel.

As opposite to self-recovery tests, we also designed the

experiments to destroy H-bonds and ionic interaction by

1038

immersing Agar/pHEAA-AAc-Fe** DN gel into Millipore water,
urea (5 M), and NaSCN (5 M) solutions, all of which were
hydrogen-bond-breaking reagents. Agar/pHEAA-AAc-Fe®"
swelled significantly in three solutions, achieving the equilibrium
swelling ratio of 7.02 in Millipore water, 19.21 in urea solution (S
M), and ~32.04 in NaSCN solution (5 M) (Figure S6a).
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Increase of swelling ratio is an indicator of the destruction of H-
bonds in urea solution but both H-bonds and ionic interactions
in NaSCN solution, leading to a larger expansion of network.
Additionally, the ionic interactions between COO™ and Fe**
ions are strongly influenced by pH value. From this perspective,
NaSCN solution indeed promotes the destruction of the
internal physical cross-linked structures of hydrogel. As
expected, all swollen hydrogels significantly reduced their
mechanical properties. As shown in Figure S6b, Agar/pHEAA-
AAc-Fe®" DN reduced the tensile stress/strain to 0.11 MPa/5.4
mm/mm in water, 0.04 MPa/4.0 mm/mm in urea, and 0.009
MPa/2.0 mm/mm in NaSCN, respectively, further explaining
an important role of physical cross-links of H-bonds and ionic
interactions in hydrogel mechanical properties.

Self-Healing of Agar/pHEAA-AAc-Fe** DN Gels. Be-
cause of the reversible physical cross-linking properties, we also
tested the self-healing performance of Agar/pHEAA-AAc-Fe®*
DN gels. Figure 6a showed the cylindrical gel was cut in half and
brought together for 12 h at 25 °C. After 12 h, the cut pieces can
heal together and bend to 60°. Further, the cut pieces from
different gels can also heal together at room temperature for 12
h, and the healed gels can sustain stretching by a tweezer (Figure
6b). Quantitively, a tensile test was conducted to evaluate the
self-healing efficiency of Agar/pHEAA-AAc-Fe*" DN gels. The
healed Agar/pHEAA-AAc-Fe*" DN gel (6 of 0.16 MPa, 4 of 0.3
mm/mm, W, of 0.024 MJ/m?) showed the higher mechanical
properties than the healed Agar/pHEAA-AAc DN (o of 0.078
MPa, 4 0f 0.154 mm/mm, W, of 0.0069 MJ/m?*) (Figure 6¢). To
heal the hydrogel at elevated temperature of 80 °C, the healed
Agar/pHEAA-AAc-Fe** DN gel further improved its mechan-
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ical property to ¢ of 0.11 MPa, 4 of 0.48 mm/mm, and W, of
0.108 MJ/m?® as compared to the healed gel at room
temperature (Figure 6d).

Interfacial Toughness of Agar/pHEAA-AAc-Fe3* DN
Gels. Given the reversible physical cross-linking in the ionic DN
gel, Agar/pHEAA-AAc-Fe3+ DN gel exhibited a general and
strong adhesion on a wide range of hard surfaces, including
paper box, plastics, wood, glass, polystyrene, rubber, quartz,
foam, golden chip, and aluminum foil (Figure 7a—j), as well as
soft surfaces including paper, latex, pork, carbohydrate, and
nitrile (Figure 7k—o). Additionally, Agar/pHEAA-AAc-Fe®" gel
exhibited repeatable and durable adhesion on different positions
of human arms without damage or pain (data not shown). The
durable adhesive of the hydrogel was attributed to the presence
of a sufficient number of hydrogen bonds in dual networks and
ionic cross-linkers in the second network.

Interfacial toughness between the Agar/pHEAA-AAc-Fe**
hydrogel and glass was measured by the 90° peeling test in
Figure 8a. Visual inspection in Figure 8b exhibited that (i) Agar/
pHEAA-AAc-Fe** hydrogel showed higher adhesion on the
glass than Agar/pHEAA-AAc DN and pHEAA-AAc-Fe** SN
hydrogels, as evidenced by a larger stripping lag during the
peeling process and a larger amount of residual gel after the
peeling process and (ii) Agar/pHEAA-AAc-Fe** DN gel can be
easily yet completely peeled off from the glass substrate; instead,
the gels were broken before peeling off the glass, suggesting that
interfacial toughness of Agar/pHEAA-AAc-Fe** DN gel is
stronger than its bulk toughness. In Figure 8c,d, the measured
interfacial energy of this DN gel on the glass was 2619 J/ m?,
which was 1.5 and 2.5 times higher than that of Agar/pHEAA-
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50—150 mm/min, as well as corresponding water contact angles). (c) Comparison of maximum adhesion strength between our and other adhesive

hydrogels.

AAcDN (1697]/m?) and pHEAA-AAc-Fe** SN hydrogels (962
J/m?). Agar SN hydrogel was easily removed from glass
indicating almost negligible surface adhesion. Strong adhesion
energy of Agar/ pHEAA—AAc-F*e3Jr DN gel over others is likely
attributed to the addition of ionic AAc-Fe** cross-linker to
improve interfacial toughness between the glass and hydrogels.
We also immersed Agar/pHEAA-AAc-Fe>* DN gel with glass
into Millipore water, urea solution (5 M), and NaSCN solution
(5 M), separately. After immersion, the measured interfacial
energy of Agar/pHEAA-AAc-Fe** DN gel on glass was reduced
to 1354, 811, and 56 J/m?* in Millipore water, urea solution (5
M), and NaSCN solution (5 M), respectively (Figure S7). Agar/
pHEAA-AAc-Fe** DN gel can still retain very high interfacial
toughness in wet water and urea conditions, but it almost
completely lost its interfacial toughness in NaSCN solution,
further highlighting the important role of H-bonds and ionic
interactions in enhancing the interfacial toughness of this DN gel
on solid surface.

Next, we explored the adhesion behaviors of Agar/pHEAA-
AAc-Fe*" DN gels on different solid surfaces. Figure 9a exhibited
that as-prepared Agar/pHEAA-AAc-Fe** DN gels also exhibited
high adhesion energy of4414J/rn2 on Ti sheet, 3631 ]/m2 on Al
sheet, 1773 J/m?® on ceramics, and 2619 J/m* on glass at a
peeling rate of 50 mm/min, respectively. Different adhesion
strength of Agar/pHEAA—AAC—Fe3+ DN gels on various solid
surfaces may derive from their different physical interactions at
hydrogel—solid interfaces. We further varied the peeling rate
from S0 to 150 mm/min, the interfacial toughness of gel-glass,
gel-titanium, gel-aluminum, and gel-ceramics, respectively,
increased from 1985 to 2619 J/m? from 3948 to 4414 J/m?
from 2907 to 3631 J/m? and from 1461 to 1773 J/m* (Figure
9b), suggesting the rate-dependent energy dissipation behavior
that could be caused by the viscoelasticity of Agar/pHEAA-AAc-
Fe* DN gels. To examine the role of hydrogen bonds in surface
adhesion of hydrogels, we conducted the peeling tests of Agar/
pHEAA-AAc-Fe** gel on a hydrophobic PTFE surface. The
peeling test showed that Agar/pHEAA-AAc-Fe** DN gel can be
easily removed from the hydrophobic PTFE surface, with a very
low interfacial toughness of 42 J/m* This result appears to
suggest a correlation between interfacial toughness and surface
hydrophilicity, because hydrophobic PTFE surface can prevent
the formation of hydrogen bonds between the gel and surface. As
shown in Figure 9b (inset pictures), the hydrophilic substrates
(glass, titanium, aluminum, and ceramics) exhibited relatively
low contact angles from 27.5 to 41.4°, while the PTFE showed a
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much higher contact angle at 108.9°. These results confirm that
hydrophilic solid surfaces enable to form strong metal
coordination, hydrogen bonding, and ionic interaction with
hydrogels, thus leading to high interfacial toughness. Figure 9c¢
shows a comparison of maximum adhesion strength between
our and other hydrogel systems. It can be seen that traditional
adhesive hydrogels of poly(AAm-co-acrylated thymine® and
PDA-clay-PolyAAm™) showed less than 1000 N/m of peeling
strength, while PAAm-alginate and PAAm-hyaluronan32 ex-
hibited 1000—2000 N/m of peeling strength. For comparison,
Agar/pHEAA-AAc-Fe** hydrogel exhibited the average peeling
strength of 3000 N/m superior to the above-mentioned classical
hydrogel adhesives. Of note, Agar/pHEAA-AAc-Fe®* hydrogels
prepared by the low-strength agar powers (300 g/cm?) exhibited
lower peeling strength than Agar/pHEAA hydrogels prepared
by the high-strength agar powers (800 g/cm?).**

Different from self-recoverable or self-healing behavior of
tough hydrogels in bulk phase, reversible surface adhesion of
tough hydrogels to different surfaces requires additional efforts
to re-establish the interfacial interactions between hydrogels and
surfaces, and this becomes even more challenging if a rapid and
reversible surface adhesion is needed for some surface adhesion
applications. After the first peeling off, it is inevitable for any
surface to be modified by the adhered and fractured hydrogel
residues, which in turn affect the physicochemical properties of
the surface and interfacial interactions between hydrogel and
surface. Moreover, the subsequent readhesion of hydrogel on
the surface can not completely exclude tiny air bubbles at
hydrogel—surface interface, which further weaken interfacial
interactions. Thus, inevitable air gap and fractured tiny hydrogel
residues are the two main factors to largely reduce interfacial
interactions and surface adhesion energy of hydrogels on
surfaces. It is also aware in some cases that, after the second
peeling test, these two factors remained almost unchanged, so
did the adhesion energy of hydrogels. To remedy this issue, we
proposed two general strategies for improving or introducing
reversible surface adhesion of hydrogels to surfaces. For the
physical hydrogels without stimuli-responsive properties, design
strategies need consideration to incorporate multiple and
synergistic physical bonds in the hydrogels, so that the
combination of these physical bonds would be sufficient enough
to contribute to reversible surface adhesion as needed for
specific applications. For the stimuli-responsive hydrogels, the
design strategies need to introduce a simple or straightforward
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stimulus (i.e., solvent washing, white light, mild heating) to
rapidly recover the surface adhesion of hydrogels to surfaces.

B CONCLUSIONS

In conclusion, we developed a fully physical cross-linked double
network hydrogel of Agar/pHEAA-AAc-Fe’* to realize a
combination of high strength, stiffness, self-recovery, and surface
adhesion. By carefully constructing multiple and reversible
physical bonds in double network structure, Agar/pHEAA-AAc-
Fe** DN gels can achieve breaking strength of 960 kPa, fracture
strain of 11, elastic modulus of 600 kPa, toughness/stiffness
recovery of 75/51.89% (30 min, 80 °C), and some self-healing
property. This physical DN hydrogel can adhere on different
untreated surfaces (e.g, glasses, aluminum, ceramics, plastics,
titanium, wood, and human skin) with high interfacial toughness
of 2619—4414 J/m* Agar/pHEAA-AAc-Fe** DN gel can still
retain very high interfacial toughness on the glass in water (1354
J/m?) and urea (811 J/m?) solutions. Synergetic interactions of
ionic association and hydrogen bonding allow to restrain
multiple effective chains and disperse the local stress to maintain
the network, leading to high mechanical properties and strong
surface adhesion. This work could offer some new insights into
the design of highly mechanical, self-recoverable, and surface
adhesive hydrogels for different significant applications such as
wearable devices, soft electronics, and flexible and adhesive
supercapacitors.
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