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GRAPHICAL ABSTRACT

We propose a general in situ inhibition method to toughen the DN hydrogels. It is achieved by generating
inhibitor in situ to form a physical barrier around the ionic crosslinker, thereby impeding the release of
crosslinking ions. Using molecular dynamics simulations, it is revealed that decreasing the ionic
crosslinking rate can contribute to an improvement in the homogeneity and mechanical properties.
For alginate-Ca?*/PAAm DN hydrogels, the fracture energy obtained by this method is notably larger than
the previously reported values.
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ABSTRACT

Ionically crosslinked networks are extremely effective in reinforcing double-network (DN) hydrogels. But
the simultaneous improvement of both homogeneity and ionic crosslinking density remains as a chal-
lenge for toughing DN hydrogels. Herein, an in situ inhibition method is proposed to solve this problem.
In this method, inhibitor is generated in situ to form a physical barrier around the ionic crosslinker,
thereby decreasing the ionic crosslinking rate and further toughening DN hydrogels in a controllable
manner. The chemical structure, micromorphology and mechanical properties were investigated, and
molecular dynamics simulations were performed to reveal the inhibition mechanism. The transmission
electron microscopy (TEM) images confirm the formation of inhibitors. It is revealed that the introduction
of inhibitor can decrease ionic crosslinking rate, leading to an improvement in homogeneity and mechan-
ical properties. The fracture energy of alginate-Ca®*/polyacrylamide (PAAm) DN hydrogels is up to
19,638 + 947 J/m?, which is notably larger than the previously reported values (9000-16,000 J/m?).
The inhibitor does not affect the chemical structures, thermal stability and micromorphology. This
in situ inhibition method has significant potential to become a general method to toughen DN hydrogels
containing ionically crosslinked networks, which will greatly promote the usage of hydrogels in diverse
engineering applications.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, hydrogels have been employed as structural materials
for wearable electronics [1-5], scaffolds [6-8], soft robotics [9-12],
underwater communication [13] and so on. However, these load-
bearing hydrogels are often limited by their poor mechanical prop-
erties. The double-network (DN) strategy is effective in toughening
hydrogels by building a brittle network into a stretchy polymer
network [4,14-17]. During deformation, the brittle network frag-
ments into small clusters to dissipate vast energy, whereas the
stretchy polymer network entangles with the clusters and main-
tains the integrity of the hydrogel [4,14-17]. Suo et al. [14] synthe-
sized a family of tough and stretchable alginate-Ca%*/
polyacrylamide (PAAm) DN hydrogels. Although such hydrogels
contain ~ 86 wt.% water, they display excellent mechanical proper-
ties with a breaking strain of up to 2100 % and a fracture energy of
up to 9000 J/m?. Wu et al. [17] prepared k-carrageenan/PAAm DN
hydrogels, which are achieved by using zirconium ions (Zr**) to
further crosslink the first physical network of k-carrageenan. These
DN hydrogels display remarkable mechanical performances with
breaking strains of 300-2200 %, tensile breaking stress of 1.5-
3.2 MPa, Young’s modulus of 0.2-2.2 MPa and fracture energies
of 400-18,500 J/m?. The value of 18,500 J/m? is the highest one
reported for hydrogels with high water contents of 83-91 wt.%.

A relatively high ionic crosslinking density is desired for
increased toughening of DN hydrogels [18]. However, the ionic
crosslinking rate is so fast that any attempt to significantly raise
the crosslinking density is frustrated by the high viscosity, making
it difficult to form a homogeneous hydrogel. As shown in Fig. 1A,
once the ionic crosslinker is added, local gelation will immediately
occur. The newly formed hydrogel will rapidly wrap around the
surface of ionic crosslinker. As a result, ionic crosslinker cannot
be dispersed evenly, which leads to irregular hydrogel lumps. Dur-
ing the stretching of these inhomogeneous hydrogels, regions with
fewer crosslinks will become so weak that vast energy cannot be
dissipated when cracks initiate or propagate to these regions,
resulting in a declined toughness [14]. Thus, the simultaneous
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improvement of both homogeneity and ionic crosslinking density
remains a challenge for toughing DN hydrogels.

Two methods have been used to overcome the adverse effects of
the rapid ionic crosslinking rate. The first method is the one-step
synthesis by incorporating a slow-release ionic crosslinker
[14,19,20]. The second method is multi-step polymerization by
first forming a pre-gel network and then soaking in an ionic solu-
tion to further form the ionically crosslinked network [17,18,21].
Suo et al. [14] has used the first method to improve the homogene-
ity of tough and stretchable alginate-Ca?*/PAAm DN hydrogels by
employing insoluble CaSO4 as crosslinker. To avoid the adverse
effects of the rapid crosslinking rate between alginate and CaSOy,,
Suo et al. creatively using two syringes to push against each other
to form a strong shear flow, which effectively accelerates the
homogenization of the pre-gel solution [14]. However, the concen-
trations of the ionic crosslinker CaSO, in these hydrogels are low.
The optimal ratio of CaSO4 was fixed at only 0.1328 that of alginate,
which limits the further improvement of mechanical properties of
these alginate-Ca?*/PAAm DN hydrogels. Besides, it is difficult to
synthesize a large-size sample by the rapid-shear method. In order
to achieve a controllable and slower crosslinking rate, glucono-d-
lactone (GDL) has been employed as a gelation-triggering agent
to slowly release Ca?* from insoluble CaCO5 or soluble EDTA-Ca
[19-21]. Several homogeneous alginate-Ca** single-network (SN)
hydrogels have been prepared by this method. However, so far,
there are no relevant research on DN hydrogel based on GDL.
Although the above strategies can improve the homogeneity to
some extent, none of them can achieve a sufficiently high
crosslinking density under the condition of high uniformity, espe-
cially for the fabrication of hydrogels with a large size.

The second method has been employed to increase the ionic
crosslinking density of DN hydrogels [17,18]. Suo and co-workers
[18] increase the ionic crosslinking density of alginate network
by soaking the alginate/PAAm pre-gels in a large volume of CaCl,
solution for at least 3 days. These alginate-Ca®*/PAAm DN hydro-
gels display a significant improvement of fracture energies up to
~16,000 J/m?. Similarly, zheng et al. [17] obtained a series of
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Fig. 1. Design principles for toughening DN hydrogels. Schematic diagram of the conventional strategy (A) and in situ inhibition strategy (B) for the preparation of DN
hydrogels. (C) Experimental determination of fracture energy for DN hydrogels formed by the two different strategies. An unnotched sample was used to measure the force-
length curve. The area beneath the force-length curve gave the work done by the force to the unnotched sample, U(L). The notched sample was used to measure the critical
distance between the clamps, L., when the notch turned into a running crack. L.; and L., represent the critical distance of the samples prepared by the conventional and
in situ inhibition strategies, respectively. ap and b, represent the width and thickness of the samples, respectively.
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K-carrageenan-Zr**/PAAm DN hydrogels by this method. These
hydrogels display remarkable mechanical performances with the
fracture energies of up to ~ 18,500 J/m? [18]. The second method
effectively bypasses the problem of inhomogeneous mixing. How-
ever, compared to the one-step method, the second method is rel-
atively complicated and time consuming. Furthermore, the
hydrogel shape and geometric size changed significantly during
soaking process. It is of great significance to develop a simple
and universal method to prepare DN hydrogels with high homo-
geneity and ionic crosslinking density, and precise shape and size.

In this work, an in situ inhibition strategy was proposed to
toughen classic alginate-Ca?*/PAAm DN hydrogels by slowing the
ionic crosslinking rate controllably. During the preparation of these
DN hydrogels, inhibitor was formed in situ to provide a physical
barrier around the ionic crosslinker, thereby hindering the release
of crosslinking Ca®* and obtaining homogeneous hydrogels with
high ionic crosslinking density. The chemical structure,
microstructure, thermal degradation and mechanical properties
(especially the crack resistance) of these hydrogels were investi-
gated systematically. Besides, molecular dynamics simulations
were performed. This method can be readily extended to other ion-
ically crosslinked networks and open a new avenue for the devel-
opment of DN hydrogels with outstanding mechanical properties.

2. Experimental section
2.1. Materials

Precursor acrylamide (AAm, AR, 99.0 %, Sigma-Aldrich), cova-
lent crosslinker N,N-methylene diacrylamide (MBAA, AR, 97 %, Alfa
Aesar), photoinitiator/thermal initiator ammonium persulphate
(APS, AR, >98.0 %, Sigma-Aldrich), catalyst N,N,N,N-
tetramethylethylenediamine (TEMED, AR, >98.0 %, Sigma-
Aldrich), sodium alginate (AR, viscosity of 200 + 20 mpa.s, Sigma-
Aldrich), ionic crosslinker two hydrated calcium sulfate (CaSOg4-
-2H,0, AR, 99.0 %, Sigma-Aldrich), additive sodium pyrophosphate
(Na4P,07, AR, 99.0 %, Sigma-Aldrich), additive sodium carbonate
(NaCOs, AR, 99.0 %, Sigma-Aldrich), additive sodium citrate (Nas-
CsHs07-2H,0, AR, 99.0 %, Sigma-Aldrich), additive disodium oxa-
late (NapyC;04, AR, 99.0 %, Sigma-Aldrich) and nano
superhydrophobic self-cleaning coating (ZXL-CSS, Shandong
Laiyang Zixilai Environmental Protection Technology Co., Itd.) were
purchased from commercial chemical reagent companies and used
directly without further purification. Ultrapure (UP) water was
made using a UP water machine (UPH-I-10 T).

2.2. Preparation of alginate-Ca®"/PAAm DN hydrogels

The alginate-Ca®*/PAAm DN hydrogels were prepared by using
our strategy to controllably tune the ionic crosslinking rate. The
procedures are as follows. (1) Preparation of 0.023 wt.% MBAA
solution: 0.023 g of MBAA powder were added to 10 mL of UP
water until a homogeneous solution was formed. (2) Preparation
of 0.2 M APS solution: 0.456 g of APS powder were added to
10 mL of UP water until a homogeneous solution was formed. (3)
Preparation of pre-gel solution: Prescribed amounts of sodium
alginate and AAm were dissolved in UP water at room temperature
to obtain a homogeneous and transparent solution. Prescribed
amounts of 0.023 wt.% MBAA solution, 0.2 M APS solution, TEMED
and Na4P207/N32CO3/Na3C5H507'2H20/ Na,C,04 were added to the
above solution and stirred at the same temperature for 10 min.
Prescribed amounts of CaSO,4-2H,0 and UP water were then added
to the reaction mixture and stirred at the same temperature for
5 min to obtain a pre-gel solution. (4) The pre-gel solution was
treated with a mixing deaerator (SBT-TPJ-003) for 1 min to remove
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air bubbles. (5) The defoamed pre-gel solution was poured into a
homemade acrylic mold of 75.0 x 150.0 x 3.0 mm> and placed
for 1 h to remove bubbles. A glass plate (3 mm thick) coated with
a nano superhydrophobic self-cleaning coating was then used as a
coverslip. The pre-gel solution was irradiated under UV light at
room temperature for 1 h (with a 15 W power, 254 nm wavelength
and 1.2 x 10% pJ/cm? energy density using a UV crosslinkers XL-
1500, Spectronics) to form the first network of PAAm and obtain
the as-prepared hydrogel. (6) The as-prepared hydrogel was kept
at room temperature for 24 h to ensure the complete formation
of the second alginate-Ca®* hydrogel network.

2.3. Viscosity characterization

The viscosity of the pre-gel solution was measured at room
temperature using a rotary viscometer (LC-NDJ-99 T, Lichen,
China) with a shear rate of 1.24 s,

2.4. Fourier transform infrared (FT-IR) analysis

Fourier transform infrared (FT-IR) spectroscopy (Nicolet iS5,
Thermo Scientific, USA) with potassium bromide (KBr) as the inter-
nal reference was used to characterize the chemical structures of
alginate-Ca®* SN hydrogels and alginate-Ca%*/PAAm DN hydrogels
with soluble sodium salts. The soluble sodium salts were NasP,0,
Na,COs, NasCgHs07-2H,0 and Na,C,04 The alginate-Ca?* SN
hydrogels and alginate-Ca®*/PAAm DN hydrogels without soluble
sodium salts were also prepared by the conventional method.
The weight ratios of alginate to AAm for the alginate-Ca%*/PAAm
DN hydrogels were 3:11. The hydrogels were dried at 60 °C for
24 h in a vacuum oven (ZKGT-6053, AODEMA, China) and ground
into powders before characterization.

2.5. Thermogravimetric (TGA) analysis

The components and thermal degradation behaviors of the
alginate-Ca®* SN and alginate-Ca®*/PAAm DN hydrogels with sol-
uble sodium salts were studied using a thermal gravimetric ana-
lyzer (PE STA8000) under a nitrogen atmosphere with a heating
rate of 10 C/min and a nitrogen rate of 40 mL/min. The soluble
sodium salts were Na4P,07, Na,COs3, Nas;CgH507-2H,0 and Na,C,-
0y4. The alginate-Ca®* SN and alginate-Ca?*/PAAm DN hydrogels
without soluble sodium salts were also prepared by the conven-
tional method. Samples were scanned from 30 to 800 °C. The
weight ratio of alginate to AAm was 3:11 for the alginate-Ca**/
PAAm DN hydrogels. These hydrogels were dried at 60 C for
24 h in a vacuum oven (ZKGT-6053, AODEMA, China) and then
ground in a mortar. Samples weighing between 4 and 8 mg were
tested in crucibles.

2.6. Cryo-scanning electron microscopy (cryo-SEM) imaging

Cryo-scanning electron microscopy (cryo-SEM) imaging was
conducted by employing a low-vacuum Quanta 450 SEM (FEI Com-
pany, Hillsboro, OR, USA) with a cryogenic freezing preparation
transfer system (PP3000T, Quorum company, UK) as attachment.
Small pieces were first cut from the samples with a pair of scissors
and fixed on the sample stage by using conductive carbon glue as
binder. To freeze the samples, they were then plunged into nitro-
gen slush on the Quorum preparation bench. The frozen samples
were further transferred to the cryo-preparation chamber and
freeze fractured. All samples were sputtered with gold for 60 s in
an argon atmosphere to guarantee sufficient electrical conductiv-
ity. Before imaging, each sample was sublimated at —90 °C for
10 min on the cold stage in the SEM chamber. Imaging was con-
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ducted at a temperature of —140 °C and an accelerating voltage of
10 kV.

2.7. Transmission electron microscopy (TEM) imaging of particles

Transmission electron microscopy (TEM) was used to visualize
the CaSO,4, CayP,07; and CaSO4-CayP,0; mixture. (1) Preparation
of CaSO4 suspension: The 0.19 g of CaSO4-2H,0 powder were
added to 20 mL of UP water. (2) Preparation of Ca,P,05 suspension:
The 0.19 g of CaS04-2H,0 and 0.15 g of NasP,0; were added into
10 mL of UP water to obtain the CaSO,4 suspension and NayP,0-
solution, respectively. The homogeneous and transparent CaSO,
solution was obtained by filtration of the CaSO,4 suspension, which
was then mixed with the Na4P,0- solution to obtain the Ca,P,0-
suspension. (3) Preparation of CaS04-CayP,0; mixture: The 0.15 g
of NayP,0; powder were added to 20 mL of UP water until a homo-
geneous solution was formed. Then, 0.81 g of CaS04-2H,0 powder
were added to the solution. It is noted that CaSO, is superfluous.
The suspension was then drop-cast on holey carbon-coated TEM
grids. The TEM grids were stored in a desiccator for 1 d to remove
the water. The images were collected using a high-resolution
transmission electron microscope (JEOL JEM-F200) at an accelera-
tion voltage of 200 kV.

2.8. Molecular dynamics (MD) simulations

Coarse-grained molecular dynamics (CGMD) simulations were
performed to investigate the effect of the ionic crosslinking rate
on the spatial distribution of ionic crosslinks in the hydrogel using
a bead-spring model [21-23]. The initial box size is
82.60 x 82.60 x 82.60 (o is the unit of length) and periodic
boundary conditions are applied in the simulation. The system is
composed of 480 polymer chains with chain length N = 200 and
3600 crosslinkers, and there are 99,600 beads in the system with
a number density of p = 0.17¢~3. The polymer chains are used to
model the alginate chains and 12 % of the polymer beads are set
up as active beads to model the G units in the alginate chains.
One Lennard-Jones bead is used to model the crosslinker. The
crosslinker can react with the active beads in the polymer chains.
The interaction between all beads of mass m and size o is described
by the Weeks-Chandler-Andersen (WCA) potential in Eq. (1):

Uwea(r) = {48{(%)]2_ )" - (%)QJF (91 T < T 1)

0,r>re

where the cutoff distance r. = 2"/°¢ and ¢ is the unit of energy in Eq.
(1). The characteristic timescale in the simulation is T = o/m/e.
The bonds between neighboring polymer beads are modeled by
the finite extensible nonlinear elastic (FENE) potential in Eq. (2):

2
Urene(r) = { —§Ro"n [1 -~ (%) ] <R 2)

Oo>r2RO

where the force constant k = 30¢/0? and the maximum bond length
Ro = 1.50 in Eq. (2). In addition, adjacent bonds are coupled by a
bond bending potential in Eq. (3):

Ubend(o) = kH(l - COSO) (3)

where k, = 1.5¢ and 0 is the angle between the two bonds in Eq. (3).
The Nosé—Hoover thermostat is used to control the temperature at
T = 1.0¢/kg, where kg is the Boltzmann constant, with the damping
parameter 107. The velocity Verlet algorithm was utilized to per-
form the time integration with a time step 0.017. All simulations
were performed with the LAMMPS package [24].
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At the beginning of the simulation, the ionic crosslinkers are
arranged in eight clusters to model the inhomogeneous mixing of
Ca%* with the pre-gel solution in experiments, as shown in
Fig. 3B. In the simulation, when one crosslinker encounters the G
unit, a bond is formed with probability p. The newly formed bond
is also described by Eq. (2). A crosslinker can bond with up to two G
units and a G unit can only bind to one crosslinker. We set p to 1.0,
107", 1072 and 1073 to simulate different ionic crosslinking rates.
We continue the simulation until all crosslinkers bond to two G
units. The above simulation method allows us to obtain hydrogel
samples at different crosslinking rates.

To study the effect of spatial distribution of ionic crosslinks on
the mechanical properties of hydrogels, uniaxial tensile simula-
tions along the z-direction on the obtained model hydrogel sam-
ples were also studied. To simulate the mechanical failure of
polymer chains and crosslinks, the FENE bonding potential is
replaced by the breakable quartic potential in Eq. (4) [25-27]:

Uguartie(r) = ki (r — Ry’ (r — Ry) (4)

where k; = 2351¢/0%, R; = 1.50 and R, = 0.75750 in Eq. (4). Both
bonds along the backbone of the polymer and the crosslinks can
break in the simulations. The uniaxial tensile simulations were per-
formed at a constant strain rate of 1 x 1073/t while keeping the vol-
ume of the simulation box constant (we assume that the Poisson’s
ratio of the hydrogel is 0.5). Our results show that reducing the
strain rate by one order of magnitude does not significantly alter
the mechanical response of the hydrogels. We recorded the normal
stress oy, 0, and o0, as a function of the engineering strain
A= LZ/LS — 1, where L, is the box size along the z-direction and Lg
is the initial box size. The deviatoric (true) stress along the z-
direction is calculated as Gyye = 0, — (O’x + ay) /2 and the engineer-
ing stress along the z-direction is calculated as Geng = Gpre/ (A + 1).

2.9. Determination of fracture energy

The fracture energy I" of the hydrogels was measured by adopt-
ing the method introduced by Rivlin and Thomas [28]. For an
extremely stretchable hydrogel, the method needs to be adapted
to determine its fracture energy by pulling two samples of the
same hydrogel separately. One sample was unnotched and it was
pulled to acquire the work done by the applied force, U(L). L was
the distance between the two clamps. The other sample was
notched. During pulling, when the notch turned into a running
crack, the critical distance between the clamps L. was identified,
and the fracture energy I was further calculated from the Eq. (5):

I = U(L)/aobo (5)

Thus, the “Fracture energy” is the properties of the material
itself.

A tensile machine (WDW-2, Changchun Kexin Test, China) was
used to conduct the mechanical tests with a stretching rate of
2 min ' at room temperature and in air. The load cell was 2 kN.
Hydrogel samples were glued to two acrylic clamps (90.0 x 40.0
x 3.0 mm?>) using Loctite 435 as the adhesive. For an undeformed
hydrogel sample, its width was ag = 75 mm, and the thickness was
bo = 3 mm. In the undeformed state before stretching, the initial
distance between the two clamps was Ly = 5 mm. The notched
sample was obtained using a razor blade. Canon 90D camera was
used to record the stretching process of the notched sample.
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3. Results and discussion
3.1. Mechanism of in situ inhibition method

An in situ inhibition method (Fig. 1B) was proposed to toughen
DN hydrogels. It is achieved by generating a substance known as
inhibitor in situ to form a physical barrier around the ionic crosslin-
ker. The barrier can impede the release of crosslinking ions and
thus decrease ionic crosslinking rate. The decreased ionic
crosslinking rate provides a sufficient time for the uniform disper-
sion of the ionic crosslinker before gelation, thereby facilitating the
preparation of DN hydrogels with high uniformity and ionic
crosslinking density. Therefore, during the stretch of a notched
hydrogel, vast energy will be dissipated by unzipping the ionic net-
work of high crosslinking density, leading to an improved tough-
ness (Fig. 1C).

Specifically, the classic alginate-Ca%*/PAAm DN hydrogels were
employed as the research objects. A soluble salt, Na4P,0-, was intro-
duced into the alginate-AAm mixture solution before adding the
crosslinker CaSO, (Fig. 2A). When Ca?" is added into the Na,P,05-
alginate mixture, two reactions occur simultaneously: 1) Crosslink-
ing reaction of alginate and Ca*; 2) Complexation reaction of Na,P,-
0, and Ca?*. However, the newly formed alginate-Ca?" hydrogel will
dissolve due to that NasP,0; can capture Ca®* from alginate-Ca®*
hydrogel network, which is called de-crosslinking. This phe-
nomenon of de-crosslinking has been verified by previous literature
[29] and our experiment (Figure S1). Thus, Na4P,0- will capture the
crosslinking Ca%* in preference to the alginate apparently as long as
Na4P,0; exists. The newly formed Ca,P,0-, acting as an inhibitor, is
generated in situ to form a physical barrier around CaSO,4 to impede
the release of Ca?* and decrease the ionic crosslinking rate. The
reduced ionic crosslinking rate will provide enough time for the uni-
form dispersion of CaSO,4, which is conducive to the formation of
uniform pre-gel solution. The dispersion states of pre-gel solution
with and without Na4P,05 can be intuitively confirmed by the corre-
sponding photographs of the alginate-Ca2* SN hydrogels (Fig. 2B). It
can be seen that the hydrogel prepared without NasP,0 displays a
rugged structure, while the hydrogel with NasP,0; exhibits a
smooth surface. These obvious visual differences proves that the
inhibitor Ca;P,05 can improve the homogeneity of the ionic cross-
linked hydrogels, which is expected to further improve the mechan-
ical properties of hydrogels.

To quantitatively characterize the inhibition effect of our pro-
posed in situ inhibition strategy, the viscosity variations of the
pre-gel solutions with different Na4P,0; contents (Fig. 2C and
S$2) were also investigated in detail. The initial viscosity of the
pre-gel solution is defined as the viscosity measured after CaSO4
was added and stirred for 5 min. As shown in Fig. 2C, it can be seen
that the viscosities of the pre-gel solutions with Na4P,05 are obvi-
ously lower than that of the pre-gel solution without NasP,0;. It
can also be seen that the pre-gel solutions with Na4P,0; have
lower initial viscosities of 4687-5342 cp, which is only 13 % of
the viscosity of the pre-gel solution without NasP,0, (~41,668
cp). The difference in viscosity of these pre-gel solutions directly
proved that the introduction of NasP,0; really reduced the ionic
crosslinking rate. It should be noted that the viscosity of the pre-
gel solution with Nay4P,0; remains almost unchanged until
12 min when the weight ratio of Na4P,0; to CaO, exceeds
23.53 wt.%, meaning that there is almost no hydrogel formation
in the pre-gel solution within 12 min, which is mainly attributed
to the inhibition effect of the newly formed Ca,P,0. As a result,
compared with the conventional method for the preparation of
alginate-Ca®*/PAAm DN hydrogels, in situ strategy can decrease
the ionic crosslinking rate and leave a sufficient time for the uni-
form dispersion of CaSO4 in the pre-gel solutions before gelation.
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Furthermore, the inhibition effect can be enhanced by an
increase in the amount of NasP,07 (Fig. 2C and Figure S2). In these
experiments, it was found that when the viscosity exceeds 30,000
cp, the pre-gel solution has almost no fluidity, indicating that the
gelation is basically complete. Therefore, the time corresponding
to the viscosity of 30,000 cp was defined as the gelation time. With
increasing the Na4P,0; content from 0 wt.% to 28.22 wt.%, the gela-
tion time shows an obvious increase from ~ 0 min to ~ 25 min,
which is attributed to the increase of the newly formed Ca,P,0-,
content. The higher content of Na4P,05, the lower ionic crosslink-
ing rate. Lower ionic crosslinking rate provides the possibility to
increase the concentration of ionic crosslinking agent CaSO4, which
is expected to further improve the ionic crosslinking density of
alginate-Ca®*/PAAm DN hydrogels and toughen them. The amount
of the crosslinker CaSO,4 through our in situ inhibition method can
be at least increased to around five times that from the conven-
tional method [14]. However, the amount of Na4P,0; added should
not be excessive (Figure S2) because the ionic crosslinking density
of the hydrogel will decrease due to the increased consumption of
CaS04 by NasP,0. Furthermore, an excessively prolonged gelation
time will lead to the sedimentation of CaSO, particles, which will
inevitably decrease the homogeneity of the hydrogel (Figure S2).

Transmission electron microscopy (TEM) was conducted to con-
firm the formation of the physical barrier that can impede the
release of crosslinking ions. As shown in Fig. 2D and E, the CaSO,
particles display a needle-like structure, while Ca,P,0- displays a
circular-like structure. The product of the reaction between NasP,0-
and CaSO,4 shows a hazy structure (Fig. 2F), which is completely dif-
ferent from the structures of CaSO4 and Ca,P,0- (Fig. 2D and E). In
these hazy substances, Ca,P,0- is formed around CaSO, to serve as
a physical barrier to impede the release of crosslinking Ca*. In addi-
tion, the chemical structures (Figure S3), thermal degradation sta-
bility (Figure S4) and micromorphology (Figure S5) of alginate-
Ca%* SN and alginate-Ca®*/PAAm DN hydrogels with and without
Na4P,0; have also been investigated. These results show that the
hydrogels prepared by our in situ inhibition method display similar
chemical and physical properties with the hydrogels prepared by
the conventional method, which indicates that the addition of Nay-
P,0- does not affect the chemical and physical properties of the
hydrogel network.

3.2. Clarification of toughening effect by molecular dynamics
simulations

To understand how the ionic crosslinking rate affects the unifor-
mity of the spatial distribution of ionic crosslinks in the hydrogel and
further affects the mechanical properties of the hydrogel, coarse-
grained molecular dynamics (CGMD) simulations were performed.
A model system composed of polymer chains and ionic crosslinkers
was constructed to model the alginate chains and Ca%*, as shown in
Fig. 3A. A total of 12 % of the polymer beads were set up as active
beads to mimic the G units in the alginate chains and these active
beads could form bonds with ionic crosslinker. To mimic the inho-
mogeneous mixing of Ca?" with the pre-gel solution, the ionic
crosslinkers were placed in eight clusters (Fig. 3B). The crosslinkers
can diffuse and react with the G units in the polymer chains. The
reaction probability p when one crosslinker encounters the G unit
can be tuned to simulate the different ionic reaction rates in the
experiments. Fig. 3C shows the snapshots of the distribution of
crosslinks in the formed hydrogels for p = 1.0, 10!, 1072 and 103,
respectively. When p = 1, the crosslinkers react rapidly with the
neighboring G units, resulting in a heterogeneous distribution of
crosslinks in the hydrogel (Fig. 3C). With decreasing p, the crosslink-
ers can diffuse and be evenly distributed in the system before react-
ing with the G units. Consequently, the distribution of crosslinks in
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Fig. 2. Mechanism of the in situ inhibition method. (A) Schematic diagram of the in situ inhibition method for the preparation of alginate-Ca** SN hydrogels with high
uniformity and ionic crosslinking density. (B) Photographs of alginate-Ca** SN hydrogels formed by the conventional and in situ inhibition methods. (C) Viscosity-time curves
of the pre-gel solutions for alginate-Ca%* SN hydrogels with various weight ratios of Na,P,0; to CaSO,. The water content was fixed at 97.00 wt.%. The weight ratio of CaSO,4
was fixed at 81.25 wt.% that of alginate. The weight ratio of NasP,0; was fixed at 18.81 wt.% that of CaSO, for Fig. 2B. Representative TEM images of (D) CaSQ,, (E) Ca;P,07 and

(F) the product of the reaction between NasP,0; and CaSO,.

the hydrogel is more uniform (Fig. 3C). These simulation results
demonstrate that reducing the crosslinking rate is an effective
method to obtain uniformly crosslinked hydrogels.

How the spatial distribution of ionic crosslinks affects the
mechanical properties of hydrogels was further investigated. Uni-
axial tensile simulations on the obtained model hydrogel samples
were performed and the engineering stress-strain behavior of the
hydrogels is shown in Fig. 3D (see methods for the calculation of
stress and strain). The area under the stress—strain curve (energy
per unit volume before failure, U) was used to characterize the
toughness of the hydrogel. With increasing uniformity of the cross-
links, the U value increases and the U value at p = 10> (1.35¢/63)
is more than double that at p = 1.0 (0.65¢/63) (Fig. 3E). The high
toughness at p =107 is attributed to the high strain at rupture.
At p=1.0, the hydrogel fails at a strain of 3; however, at
p = 1073, the hydrogel fails at a strain of 6 (Fig. 3F). In fact, there

are regions with low and high crosslinking density in the non-
uniformly crosslinked hydrogels. In these regions with fewer cross-
links, cracks are prone to develop under small strains, which fur-
ther causes the failure of the hydrogels. These results indicate
that improving the uniformity of ionic crosslinks in hydrogels
can significantly enhance their mechanical properties. In experi-
ments, the release rate of Ca%* was successfully reduced by gener-
ating an inhibitor Ca;P,0; around CaSO,4, which further slowed
down the ionic crosslinking rate and allowed us to obtain hydro-
gels with high uniformity. Combined with the results of molecular
dynamics simulations, it is expected that these hydrogels can
achieve a high toughness.

3.3. Experimental verification of toughening effect

These alginate-Ca%*/PAAm DN hydrogels prepared by the in situ
inhibition method display extremely high stretchability and tough-
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ness. These hydrogels can be stretched to 26 times their original
length without rupture (Fig. 4A). When a notch was created in
the side of a hydrogel and then the notched hydrogel was pulled
to a stretch of 22, the notch was dramatically blunted and
remained stable (Fig. 4B).

The mechanical properties of these alginate-Ca%*/PAAm DN
hydrogels with various weight ratios of Na4P,0, to CaSO,4 (Figure 4
and Table S1) were studied systematically. When the weight ratio
of NayP,0; to CaSO4 increases from 14.12 wt.% to 37.62 wt.%, the
tensile strength decreases gradually from 260.40 + 11.55 kPa to
166.02 + 6.25 kPa (Figures 4C and D, Table S1). In contrast, with
increasing weight ratio of NasP,0; to CaSO,, the critical stretch
at rupture and the fracture energy both exhibit a trend of increas-
ing first and then decreasing (Figures 4E and F, Table S1). When

the weight ratio of Na4P,0- to CaSQy, is below 18.81 wt.%, the frac-
ture energy increases with increasing NayP,0; to CaSO, ratio. As
shown in Figure 2C, a higher weight ratio of NasP,0; to CaSO,
means a lower ionic reaction rate. From the molecular dynamics
simulations (Fig. 3), it has been proven that a lower ionic reaction
rate results in better homogeneity, further leading to improved
mechanical properties of the hydrogels, which can explain the
increasing trend of mechanical properties with the weight ratio
of Na4P,05 to CaSO4 before reaching 18.81 wt.% (Fig. 4E and F).
The fracture energy declines with a further increase in the ratio,
which can be explained by the two adverse effects resulting from
the excessive amount of NasP,0-. First, the ionic crosslinking den-
sity is lowered due to the excessive consumption of CaSO4 by Nay-
P,05. Second, excessive NasP,0, may cause the ionic crosslinking
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rate to be too slow, and thus, the gelation time to be too long. An
excessively prolonged gelation time will further lead to the sedi-
mentation of CaSO,4, which will inevitably decrease the homogene-
ity. The declined ionic crosslinking density and homogeneity
finally contribute to the lowered fracture energy. Thus, the critical
stretch at rupture and the fracture energy reach maxima of
22.00 + 0.32 (Fig. 4E and Table S1) and 19,638 + 947 ]/m?
(Fig. 4F and Table S1) at a weight ratio of 18.81 wt%, respectively.
The fracture energy of 19,638 + 947 ]/m? is notably larger than the
previously reported value of ~ 9000 J/m? obtained by the conven-
tional method [14], which clearly demonstrates the effectiveness
of our strategy in toughening alginate-Ca?*/PAAm DN hydrogels.
In addition to the weight ratio of NasP,0; to CaSO,4 (Fig. 4), the
weight ratios of CaSO, to alginate (Figure S6 and Table S2) and
AAm to AAm plus alginate (Figure S7 and Table S3) and water con-
tent (Figure S8 and Table S4) also strongly affect the mechanical
behavior of the alginate-Ca**/PAAm DN hydrogels. More details
can be found in the Supplementary Materials.

3.4. Extensibility and generality of in situ inhibition method

The extensibility is greatly enhanced due to various alternative
soluble salts to NasP,0,. As shown in Fig. 5A, soluble salts, such as
Na,CO0s3, Na,C,0,4 and CgHsNaz0;, may become alternatives. The
appearance of the hydrogels obtained by the introduction of Na,-
CO5 or NayC,04 is smooth, similar to that of NasP,0;. However,
the appearance of the hydrogels formed by CgHsNasO; is similar
to that without any soluble salts. These results suggested that Na,-
CO5 and Na,C,04 may be effective while CgHsNa3z0; may be inef-
fective in decreasing the ionic crosslinking rate.

The inhibition effects resulting from these soluble salts were
further verified by measuring the viscosity variation during gela-
tion of the pre-gel solutions. As shown in Fig. 5B, the initial viscosi-
ties of the pre-gel solution with Na,CO3, Na4P,07 and Na,C,0,4 are
only 4687-5729 cp, i.e., lower than that of the pre-gel solution

without any soluble salts (~41,668 cp). Conversely, the initial vis-
cosity of the pre-gel solution with CgHsNa305 is almost the same as
that of the pre-gel solution without any soluble salts. These results
clearly demonstrate that Na,CO3 and Na,C,04 can be alternatives
to NayP,07 in decreasing the ionic crosslinking rate, while CgHs-
Nas;0, is completely ineffective. The effectiveness of these salts
may be justified by the solubilities of the inhibitors formed by their
reaction with CaSOg4. The solubilities of these inhibitors formed by
Na4P207, N32CO3, N82C204 and C5H5N3307 are ~ 2.3 x 1075, ~5.2
9 x 1074 ~6.7 x 107% and ~ 0.1 g/100 g, respectively. It can be
seen that the higher the insolubility, the greater the reduction in
viscosity and thus the lower the ionic crosslinking rate (Fig. 5B).
For CgHsNa30-, the solubility of its corresponding inhibitor is com-
parable to that of CaSO4 (~0.2 g/100 g), which can explain its inef-
fectiveness in decreasing the ionic crosslinking rate. Therefore, the
inhibition effects can be improved by adopting salts that can in situ
generate a more insoluble inhibitor around ionic crosslinker.

The mechanical properties of these alginate-Ca?*/PAAm DN
hydrogels after introducing the soluble salts were also investigated
in detail (Fig. 5C-E and Table S5). These hydrogels have ultrahigh
fracture energies ranging from 14,706 + 14 J/m? to
19,638 = 947 J/m?, which outperform most tough DN hydrogels
reported previously, including gelatin-PAAm, gelatin-k-carragee
nan-PAAm, k-carrageenan-PAAm, agar-PAAm and alginate-Ca2*/
PAAm (Fig. 5F) [10,14,18,22,30-33]. To our knowledge, the fracture
energy of 19,638 + 947 J/m? is the highest value reported for
hydrogels with high water contents (~86 wt.%).

For our in situ inhibition method, there are various soluble salts
(like Na4P,07, NayCOs, NaC,04, etc) available to in situ generate
efficient inhibitors, which can greatly improve the extensibility of
our strategy. Based on its mechanism, this method can be extended
to other ionically crosslinked networks, like k-carrageenan-Zr**,
chitosan-SO3~, chitosan-cit>~ and chitosan-Ag®. As a result, our
strategy has significant potential to become a general method to
toughen DN hydrogels containing ionically crosslinked networks.
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Fig. 5. Extensibility and generality of the in situ inhibition method. (A) Photographs of alginate-Ca* SN hydrogels prepared by the in situ inhibition method with various
soluble salts of Na,COs, Na,C,04 and CgHsNas0-. (B) Viscosity-time curve of pre-gel solutions for alginate-Ca* SN hydrogels with different soluble salts. (C) Stress—strain
curves of unnotched alginate-Ca®*/PAAm DN hydrogel with various sodium salts. (D) Critical stretch, /, for notched hydrogels, measured by pulling the hydrogels to rupture.
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18.81 wt.%. (F) Material property chart of the fracture energy versus Young’s modulus for various hydrogels.

4. Conclusions

In this work, a new in situ inhibition method has been proposed
to decrease the ionic crosslinking rate effectively and controllably,
and thus, toughen DN hydrogels. This was achieved by generating a
substance known as an inhibitor in situ to form a physical barrier
around the ionic crosslinker, which could impede the release of
crosslinking ions. A variety of soluble salts are available to generate
efficient inhibitors and the solubility of the inhibitor strongly
affects the inhibition effect. A reduced ionic crosslinking rate helps
to improve the homogeneity and overall ionic crosslinking density,
and further enhances the mechanical properties of DN hydrogels,
as verified by molecular dynamics simulations. The alginate-Ca?*/
PAAm DN hydrogels prepared through our strategy display supe-
rior mechanical properties. The fracture energy is up to
19,638 + 947 J/m?, which, to our knowledge, is the highest value
reported for hydrogels with high water contents. Our strategy
has the advantages of simplicity, generality, high performance,

near net-shape forming, sustainability, industrial friendliness and
so on. These advantages make it suitable for the preparation of
tough hydrogels that can meet more demanding load-bearing
requirements.
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