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Introduction

Hydrogels, which are soft-wet materials that consist
of a large amount of water and a three-dimensional
cross-linked polymer network [1], have been widely
used in biomedical applications such as biomaterials
for wound healing, drug delivery, substitutes, and
the repair of soft tissues, tissue engineering, and
biosensors [2-8]. In recent years, significant effort
was directed toward the improvement in the
mechanical properties of hydrogels, to meet the
application requirements for soft tissue replacements
such as cartilages, tendons, and ligaments; in addi-
tion to double network (DN) gels [9-12], nanocom-
posite gels [13, 14], tetra-PEG gels [15],
macromolecular  microparticle composite gels
[16, 17], hydrogen bonding gels [18], hydrophobic
association gels [17, 19], and polyampholyte or
polyion gels [20-22]. Self-healing features make
hydrogel an ideal candidate for the construction of
biomedical materials. The remarkable performances
of hydrogels are typically demonstrated by physical
cross-linking (non-covalent bonding) between poly-
mer chains. Recently, non-covalent cross-linking
routes were developed, which include hydrogen
bonding [18, 23, 24], metal coordination interactions
[9, 25, 26], ionic bonds [21, 22], hydrophobic interac-
tions [12, 19], host-guest interactions [27], 7n—=
stacking [28, 29], and chain entanglement [30, 31]; or a
combination of the above-mentioned interactions.
Wang et al. [26] developed a dual physically cross-
linked hydrogel that was triggered by clay nanosh-
eets and iron ions (Fe’') as cross-linkers. The
hydrogel achieved a high stretchability, toughness,
and recoverability; however, it lacked the self-healing
characteristic when destroyed. Ren et al. [32]
designed polyelectrolyte hydrogels that consist of
natural polysaccharides and their derivatives (algi-
nate and 2-hydroxypropyltrimethyl ammonium
chloride chitosan), which formed reversible poly-
electrolyte complexes with opposite charges. The
hydrogels demonstrated excellent self-healing per-
formances. The self-healing was achieved in 7 h
without any external intervention, which resulted in
a poor mechanical property.

As previously reported, dual physically cross-
linked polyacrylamide/xanthan gum (PAM/XG) DN
hydrogels were synthesized by the formation of
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metal coordination interactions and hydrophobic
interactions [12]. The PAM/XG DN hydrogels
exhibited fracture stresses as high as 3.64 MPa and
compressive stresses at 99% strain that were greater
than 50 MPa. In addition, the PAM/XG DN hydro-
gels demonstrated an excellent fatigue resistance,
notch-insensitivity, and remarkable self-healing
properties, which may result from their distinctive
physical cross-linking structures. However, the
PAM/XG hydrogels lost their self-healing properties
after water swelling measurements due to the
destruction of hydrophobically associated cross-
linking structures during swelling. Zhao et al. [33]
also produced a dual dynamic cross-linked poly(-
vinyl alcohol) /4-carboxyphenylboronic acid/calcium
hydrogel that contained borate bonding and ionic
interactions to bridge the polymer chains, which
exhibited an ultra-high strength and self-healing
capability. However, the hydrogel did not exhibit
good self-recoverability. Nevertheless, it is a chal-
lenge to realize excellent mechanical properties, out-
standing fatigue resistance, and self-healable
hydrogels.

In this study, a dual ionically cross-linked strategy
was developed to manufacture tough, transparent,
and self-healing hydrogels with excellent fatigue
resistances. In particular, the hydrogels were syn-
thesized by the in situ polymerization of acrylic acid
in a mixed solution of 2-hydroxypropyltrimethyl
ammonium chloride chitosan (HACC) and iron ions
(Fe’"), in which the ionic bonds between positively
charged HACC and oppositely charged PAAc acted
as the first set of cross-linking points, and the ionic
interaction between trivalent iron ions and carboxyl
groups was used as the second set of ionic cross-
linking points. Dual dynamic reversible physical
cross-linked points result in hydrogels with excellent
mechanical properties, excellent self-recovery, and
self-healing capabilities.

Experimental section
Materials

The 2-hydroxypropyltrimethyl ammonium chloride
chitosan (HACC, the degree of substitution > 90%,
Mw: 2 x 10°) was purchased from Guangdong Weng
Jiang Chemical Reagent Co., Ltd. Acrylic acid (AAc)
and sodium chloride (NaCl) were obtained from
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Aladdin (Shanghai, China) Inc. In addition, the
FeCl;-6H,O was purchased from the Damao Chemi-
cal Regent Factory (Tianjin, China), and ammonium
persulfate (APS) was purchased from the Fuchen
Chemical Regent Factory (Tianjin, China). The cell
counting kit-8 (CCK-8) was purchased from the
Beyotime Institute of Biotechnology (Shanghai,
China). Moreover, Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were
purchased from the Invitrogen Corporation (Wash-
ington, USA). All the chemicals were used as
received.

Synthesis of HACC/PAAc hydrogels
and HACC/PAAc-Fe** hydrogels

The HACC/PAAc-Fe’* hydrogels were fabricated
using a one-pot method. The HACC (2.32 g) was first
dissolved in 11.6 mL of deionized water to form the
HACC aqueous solution under vigorous stirring for
2 h at room temperature. Thereafter, AAc (2.55 mL,
density of 1.06 g mL™") and FeCl;-6H,O (1.0%, 1.4%,
2.0%, 3.3%, or 5.0%, molar ratio of FeCl;-6H,O/AAc)
were added into the HACC solution while stirring for
1 h at room temperature. After the addition of APS
(0.054 g, 2 wt% of AAc monomer), the mixed solu-
tion was rapidly de-gassed and then injected into two
glass slides with a spacer of 2 mm and plastic molds
(diameter: 10 mm, and height: 8 & 1 mm). Finally,
the reaction was maintained at 70 °C for 24 h for the
formation of HACC/PAAc-Fe’* hydrogels. The as-
prepared hydrogels were dialyzed in deionized
water for at least 7 days with changing water every
12 h, to remove residue and adjust the cross-linked
hydrogel network. The HACC/PAAc hydrogels were
prepared using the same process; however, FeCls
6H,O was not added. The dialyzed (or equilibrated)
hydrogels were denoted as HACC-n/PAAc and
HACC-n/ PAAc—Fe3+—m, where n stands for the
mass/volume ratio of HACC to deionized water
(n=010gmL™', 0125gmL™', 015gmL},
0.175 g mL™!, 020 gmL™~', and 0.25gmL™") and
m stands for the molar ratio of FeCl3-6H,O relative to
AAc (m =1.0%, 1.4%, 2.0%, 3.3% and 5.0%).

Mechanical test
The mechanical property tests were carried out on

the as-prepared and equilibrated hydrogels using a
universal testing machine (Zwick/Roell Z005,
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Germany) at room temperature. For the tensile tests,
the hydrogel samples with thicknesses of 2.0 mm
were sliced into rectangles (length: 30 mm, and
width: 4 mm). The speed of the tensile and loading-
unloading tests was fixed at 100 mm min~" [21]. For
the cyclic tensile measurements, the gels were
immersed in water prior to the next loading-un-
loading test, to prevent the loss of water. The stress ¢
was estimated from the load divided by the cross-
sectional area of the undeformed sample. The strain ¢
was estimated from the clamp displacement divided
by L, (the initial distance between the two clamps of
the tester) [20]. The Young's modulus E was calcu-
lated from the slope of the linear regions of the
stress—strain curves at small strain (within 10%). The
work of extension at fracture (toughness of hydrogel)
W), was calculated from the integral area of the tensile
stress—strain curve until fracture. For the compression
tests, cylindrical hydrogel samples (diameter: ~ 5 to
8 mm, and height: ~ 4 to 6 mm) were tested at a
constant velocity of 2 mm min~' in compression.
Moreover, the loading speed was 10 mm min~' in
cyclic compression tests to reduce the loss of water.
For each sample, a minimum of three measurements
were carried out, and averages were obtained.

Fourier-transform infrared and ultraviolet—
visible spectroscopy analyses

The Fourier-transform infrared (FTIR) spectra of the
pure PAAc, pure HACC, PAAc-Fe’*, HAAC/PAAc,
and HACC/PAAc-Fe’" hydrogels were analyzed to
determine possible cross-links between HACC and
PAAc. The samples were dialyzed in deionized water
to eliminate residues from the samples. The FTIR
spectra of these freeze-dried samples were recorded
between 4000 and 500 cm ™' using attenuated total
reflectance FTIR (ATR-FTIR, Bruker VERTEX70,
Germany). The UV-Vis spectra of the sliced hydro-
gels were recorded using ultraviolet—visible spec-
troscopy (UV-2550, Shimadzu, Japan).

SEM morphology of the hydrogels

The structures of the hydrogels were examined using
an Ultra55 field emission scanning electron micro-
scope (SEM; Zeiss, Germany). The sample gels were
frozen at — 20 °C and then freeze-dried for 24 h. The
obtained freeze-dried gels were cut to expose their
inner structures. Prior to the SEM examination, the
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surfaces were coated with a thin layer of gold using
the sputtering method.

Self-healing experiment

The HACC-0.20/PAAc and HACC-0.20/PAAC-Fe**-
2.0 hydrogels were tested using self-healing experi-
ments. To evaluate the self-healing properties of the
gel samples, the specimens were first cut into two
segments; the cross sections of which were coated
with deionized water or NaCl solution, and then
fixed in contact to heal for a certain time-period in a
water bath at a given temperature for self-healing.
The tensile testing speed of the healed samples was

set as 100 mm min .

Swelling behavior

The as-prepared and equilibrium water contents of
the HACC/PAAc and HACC/PAAc-Fe** hydrogels
were measured using a gravimetric method at room
temperature, as follows. The cylindrical as-prepared
hydrogel samples were fully immersed in the
deionized water. The swollen samples were weighed
at specific time intervals until they reached swelling
equilibrium. Thereafter, the hydrogels were dried in
a vacuum oven at 60 °C for 48 h, and a constant
weight was obtained. The as-prepared and equilib-
rium water contents of the hydrogels were calculated
using the following equations:

As-prepared water content = Do = Wy . 100% (1)
o

Equilibrium water content = w x 100%  (2)

where w, is the original weight, ws,, is the swollen
weight of the as-prepared hydrogel, and wq,y is the
dry weight of the cylindrical hydrogel.

In vitro cytotoxicity

The cytotoxicity was evaluated using the CCK-8
method. The HACC/PAAc and HACC/PAAc-Fe**
hydrogels were used to investigate the behaviors of
3T3 cells. The HACC/PAAc and HACC/PAAc-Fe**
hydrogels were freeze-dried and fully immersed in
complete DMEM (with high glucose and 10% fetal
bovine serum supplemented) for 24 h at 37 °C, to
achieve the swelling equilibrium, thus preventing the
absorption of the culture medium during incubation
with cells. The hydrogel was cut into a cylinder with
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a diameter of 5 mm and a thickness of 1 mm. And
then the hydrogel was sterilized by irradiating under
UV light for 1 h. Thereafter, 3T3 cells were cultured
on a 24-well plate (10° cells/well) with a complete
DMEM culture medium in a humidified atmosphere
of 5% CO, at 37 °C. After culturing for 24 h, the
culture medium was replaced, and the cells without
hydrogels acted as a negative control group. The
hydrogel and complete DMEM were removed in a
perforated plate after incubation for 24 h and 48 h,
respectively. Finally, the cell viability was measured
using CCK-8 kits.

Cell viability(%) = [As — Ab)/[Auep — Ap] x 100%

where A, is the absorbance of the wells with respect
to the cells, CCK-8 solution, and extracted fluid of
hydrogels; A, is absorbance of the wells with
respect to the cells and CCK-8 solution; and A is the
absorbance of the wells with respect to the medium
and CCK-8 solution without cells.

Furthermore, the HACC/PAAc and HACC/
PAAc-Fe’* hydrogels were soaked in complete
DMEM (with high glucose and 10% fetal bovine
serum supplemented) for 24 h at 37 °C to reach the
swelling equilibrium, thus preventing the absorption
of the culture medium during incubation with the
cells. The hydrogel was cut into a cylinder with a
diameter of 5 mm and a thickness of 1 mm. More-
over, 3T3 cells were seeded on a hydrogel surface and
co-cultured into a 96-well plate for 24 h, and then
200 pL glutaraldehyde was added into each well
overnight. After the removal of residual glutaralde-
hyde with PBS, the cells were step-by-step dehy-
drated using ethanol/water solutions (70%, 80%,
90%, 100% and 100%, respectively) for 10 min at each
step. The morphologies of the 3T3 cells on the gel,
coated with a thin layer of gold, were investigated
using an SEM (Zeiss, Germany).

Results and discussion
Synthesis of hydrogels

The dual ionically cross-linked hydrogels (G.e.,
HACC/PAAc-Fe’* hydrogels) were synthesized
using a “one-pot” method, as illustrated in Fig. 1. The
AAc monomer, Fe®t, and an initiator (APS) were first
added to the HACC solution, in which the in situ
polymerization of AAc was initiated to form
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Figure 1 Schematic diagram of the preparation of the HACC/PAAc-Fe** hydrogel and a possible network structure of the HACC/

PAAAc-Fe** hydrogel.

hydrogels. The as-prepared hydrogels were then
dialyzed in deionized water for at least 7 days, dur-
ing which the water was changed every 12 h, to form
the equilibrium state hydrogels. For the single ioni-
cally cross-linked HACC/PAAc hydrogel, all the
steps were same, with the exception of the first step
without Fe>". The detailed synthesis procedures are
presented in “Synthesis of HACC/PAAc hydrogels
and HACC/PAAc-Fe’* hydrogels” section. In the
dual ionically cross-linked hydrogels, positively
charged HACC and Fe®' acted as macromolecular
and small molecular cross-linkers, respectively, for
the formation of ionic bonds with the carboxyl
groups of PAAc. During the polymerization of AAc,
only a portion of the ionic bonds were formed
because the pH value of the solution was less than 2.
Hence, the ionization of PAAc was suppressed, and
only a few -COO™ groups were present in the solu-
tion. An increasing number of bonds were formed as
the dialysis proceeded with higher pH values, until
they reached the equilibrium states. However, the
contributions of the HACC and Fe’* cross-linking
bonds to the hydrogels were considered as signifi-
cantly different.

@ Springer

Mechanical properties

The tensile and compressive stress—strain curves of
the HACC/PAAc hydrogels are presented in Fig. 2.
Significant differences were observed between the
mechanical properties of the as-prepared and equili-
brated samples. The typical tensile stress—strain
curves of the as-prepared and equilibrated HACC/
PAAc hydrogels are presented in Fig. 2a, b, respec-
tively. The as-prepared HACC/PAAc hydrogels
were soft and flexible. The elongation at break of the
hydrogel of HACC-0.1/PAAc was 2800%; however,
its fracture stress was 0.113 MPa. After dialysis, the
tensile properties of all the HACC/PAAc hydrogels
increased significantly. For example, the tensile
strength, elastic modulus, and toughness of the
equilibrated HACC-0.15/PAAc hydrogel reached
3.81 MPa, 0.81 MPa, and 15.48 M]J m3, respectively;
which were higher than the values of the corre-
sponding as-prepared hydrogels by factors of 19.1,
15.3, and 7.7, respectively. However, the elongation at
break was decreased from 2126 to 1281%. With a
gradual increase in the HACC concentration from
0.10 to 0.15 g mL™", the hydrogel strength increased
monotonously with a decrease in the corresponding
elongation at break. As observed, the more compact
network in the equilibrated hydrogels was formed
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Figure 2 Tensile stress—strain curves of HACC/PAAc hydrogels
at a as-prepared and b equilibrated states; compressive stress—
strain curves of HACC/PAAc hydrogels at ¢ as-prepared and

due to the increased ionic bonds between —R;N™ of
HACC and -COO™ of PAAc in the dialysis process,
which significantly enhanced the mechanical strength
of the hydrogels. The detailed performance data are
summarized in Table S1.

However, the tensile strength, elastic modulus, and
toughness of the equilibrated HACC/PAAc hydro-
gels decreased when the HACC concentration was
increased from 0.175 to 0.25 g mL ™" (see Fig. 2b). The
compression test results of the as-prepared and
equilibrated HACC/PAAc hydrogels (see Fig. 2c, d)
revealed that all the gel samples could be compressed
to 99% without fracture. Significant differences were
observed in the compression behaviors of the as-
prepared and equilibrated PAAc/HACC hydrogels,
as in the tensile test. The HACC-0.15/PAAc hydrogel
exhibited an excellent stress performance (65 MPa) at
99% compression strain. The higher HACC concen-
tration also exerted adverse effects on the compres-
sive strengths and moduli of the equilibrated HACC/
PAAc hydrogels, similar to the tensile performance,
as shown in Fig. 2d.

Strain (%)

Time (s)

d equilibrated states; e recovery curves of HACC-0.2/PAAc
hydrogel under 200% strain and f cyclic stress-time compression
tests of the HACC-0.2/PAAc hydrogel under 80% strain.

The equilibrated HACC/PAAc hydrogels also
demonstrated excellent recovery properties. The
HACC-0.20/PAAc hydrogel was selected for the
tensile loading—unloading tests at a strain of 200%
without any external stimuli. As shown in Fig. 2e,
after the first loading—unloading cycle under 200%
strain, a 27% residual strain was observed. However,
the residual strain gradually decreased with the
resting time, and then disappeared after 10 min. With
an increase in the resting time, the second test curve
shifted closer to the first test curve. The hysteresis
ratio (i.e., the ratio between the hysteresis areas that
correspond to the second and first cycles) reached
94.2% after 300 min, which indicated that the HACC-
0.2/PAAc hydrogel network structure was nearly
completely restored. As illustrated in Fig. 2f of the
repeated compression test, the equilibrated HACC-
0.20/PAAc hydrogel maintained its compression
stress at a compression strain of 80% after 10 loading—
unloading cycles, thus demonstrating its good fatigue
resistance.

The HACC/PAAc-Fe’* hydrogels were prepared
using different concentrations of Fe>" with a constant
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HACC concentration of 0.20 g mL™~". Figure 3 pre-
sents the tensile and compressive tests results of the
hydrogels with different Fe>* concentrations. Com-
pared with the as-prepared HACC/PAAc hydrogel
(m =0, in Fig. 3a), the stress and strain of the as-
prepared HACC/PAAc-Fe’* gel decreased, whereas
the tensile properties of all the equilibrated HACC/
PAAc-Fe’*  hydrogels increased significantly
(Fig. 3b); which is similar to HACC/PAAc hydrogels.
With an increase in the Fe’*/AAc molar ratio from
1.0 to 5.0%, the elastic modulus of all the hydrogels
gradually increased. However, the elongation at
break decreased, which indicates that more rigid
networks were formed with the addition of Fe’*. In
addition, the tensile strengths and toughness of the
gels did not increase monotonously as the concen-
tration of Fe’' increased. There was a significant
increase in the tensile strengths and toughness when
the Fe>*/ AAc molar ratio increased from 1.0 to 2.0%,
and a decrease with higher Fe’*/AAc molar ratios
(i.e., 3.3% and 5.0%). This indicates that the exces-
sively dense cross-linked networks made the

hydrogels rigid, and they were easily fractured at the
relatively low strains. Hence, only a suitable Fe’*/
AAc molar ratio (2.0%) enabled an appropriate cross-
linking density, which helped to obtain super-tough
HACC-PAAc-Fe** hydrogels. When the HACC con-
centrations were maintained at 0.1 gmL™' and
015¢g mL~! instead of 0.2 g mL~!, similar results
were obtained (see Fig. S3 and Table 52).

The compressive stress—strain curves of the as-
prepared HACC/PAAc-Fe’" hydrogels are pre-
sented in Fig. S2. The fracture strain decreased with
an increase in the Fe®* concentration, which indicates
that the as-prepared HACC/PAAc-Fe*" hydrogels
were more brittle when compared with the as-pre-
pared HACC/PAAc hydrogels. This can be attrib-
uted to the increase in the extent of cross-linking and
the instability and inhomogeneity of the two physical
cross-links in the hydrogels after the introduction of
Fe’*. After dialysis, the HACC/PAAc-Fe’* hydro-
gels exhibited excellent compression properties, and
the compression stress of the HACC-0.20/PAAc-
Fe’*-2.0 hydrogel was greater than 96 MPa at a
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Figure 3 Tensile stress—strain curves of HACC-0.20/PAAc-Fe**
hydrogels at a as-prepared and b equilibrated states; ¢ compressive
stress—strain curves of PAAc/HACC hydrogels at equilibrated
states; d loading—unloading tests of HACC-0.20/PAAc-Fe**-2.0
under different strains (100%, 200% and 300%); e recovery curves
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of equilibrated HACC-0.20/PAAc-Fe*™-2.0 hydrogel with
different waiting times under 200% strain; f cyclic stress-time
compression tests of HACC-0.20/PAAc-Fe**-2.0 hydrogel for 10
cycles under 80% strain.
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compression strain of 99% (see Fig. 3c.). Figure 3d
presents the loading-unloading curves of the HACC-
0.20/PAAc-Fe**-2.0 hydrogel under varying strains.
All the loading-unloading curves of the HACC-0.20/
PAAc-Fe’*-2.0 hydrogel exhibited clear hysteretic
loops, which indicates that the hydrogels could dis-
sipate energy effectively. Further loading—unloading
tests were conducted at a strain of 200% to evaluate
the self-recoverability of the HACC-0.20/PAAc-Fe’*-
2.0 hydrogel at room temperature without any
external stimuli (see Fig. 3e). The residual strain was
almost fully recovered after 10 min, and the hys-
teresis ratio reached 56.2%, which indicates that the
shape of the HACC-0.20/PAAc-Fe’™-2.0 could be
rapidly recovered. With an increase in the resting
time, the second tensile curve gradually approached
the first tensile curve. The hysteresis ratios were
99.2% after 300 min later, which demonstrates the
excellent self-recoverability of the HACC-0.20/
PAAc-Fe’™2.0 hydrogel. Compared with the
HACC/PAAc hydrogels, the HACC/PAAc-Fe**
hydrogels exhibited a better recovery performance
after the introduction of Fe>*, which may be because
the double reversible physical cross-linking points
could be quickly reformed after the destruction of the
hydrogel. In addition, the repeated compression tests
on the HACC-0.20/PAAc-Fe**-2.0 hydrogel for 10
consecutive cyclic compression tests under 80% strain
(Fig. 3f) revealed that the compression process did
not cause unrecoverable damage and that the initial
value of the final stress was unchanged. This con-
firms the excellent fatigue resistance of the hydrogel.

The results of the above analyses reveal that the
mechanical properties of the hydrogels were signifi-
cantly improved after the introduction of a small
number of ferric ions. It was considered that Fe®"
played a more important role in increasing the
rigidity of the hydrogels, whereas HACC played a
more important role in enhancing the flexibility of the
hydrogels. During the tensile process, the rigid net-
work that formed between the carboxyl groups and
Fe®" was broken first, which could suitably dissipate
energy. Hence, dual reversible physical cross-linking
leads to tough hydrogels with excellent self-recovery
and fatigue resistance characteristics.

Self-healing performance

Due to their reversible ionic bonding, the HACC/
PAAc and HACC/PAAc-Fe’* hydrogels were
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expected to possess self-healing properties. As shown
in Fig. 4a, two pieces of HACC-0.20/PAAc-Fe**-2.0
hydrogel samples (one of which was dyed with
methyl blue) were cut into two halves, of which the
fresh surfaces were coated with a 3 M NaCl solution
and then set in contact and healed at 70 °C for 48 h.
The healed sample could be stretched by hand to a
length greater than its original length by a factor of 3
without breaking, at which it could lift the weight of
1.72 kg. In addition, the self-healing efficiency of the
hydrogel was measured under different conditions
such as various coating solutions, healing times, and
healing temperatures.

The self-healing efficiency of the HACC-0.20/
PAAc-Fe’*-2.0 hydrogel was assessed using tensile
tests by comparing the fracture stress of the hydro-
gels before and after self-healing, ie., w;, (self-
healed)/w;, (original), where wy, is calculated from the
integral area of the tensile stress—strain curve. The
influences of the coating solution, healing tempera-
ture, and healing time were explored (Fig. 4). Fig-
ure 4b presents the tensile results of the healed
HACC-0.20/PAAc-Fe’*-2.0 hydrogels by coating the
fresh fracture surfaces with different solutions. When
the coating solution was deionized water, 0.154 M or
3 M NaCl solution, the self-healing efficiencies of the
hydrogels were 45.4%, 53.6%, and 74.5%, respec-
tively, which demonstrates that salt solution could
promote the healing process. However, when coating
the fracture surfaces with NaCl solution, the Young’s
modulus of the self-healed hydrogel decreased
slightly when compared with that of the original
sample and water coated sample, which indicates
that the cross-linking density was slightly damaged,
given that Na* replaced a small amount of Fe*". The
self-healing efficiencies of the HACC-0.20/PAAc
hydrogel under the same conditions were compared
(Fig. 4c), which revealed that the highest healing
efficiency was only 54.0% when using 3 M of NaCl as
a coating solution. Figure 4d presents the influence of
the healing temperature on the self-healing efficiency
of the hydrogel. The hydrogel could be self-healed at
lower temperatures such as 37 °C; however, the self-
healing efficiency increased with an increase in the
temperature, which can be attributed to the enhanced
mobility of the chains at higher temperatures. Fig-
ure 4e presents the influences of the healing time on
the self-healing efficiency of the HACC-0.20/PAAc-
Fe®*-2.0 hydrogel using deionized water as a coating
solution. The Young's modulus of the self-healed
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Figure 4 a Images depicting self-healing behavior of HACC-
0.20/PAAc-Fe*™-2.0 hydrogel; b healing efficiencies of the
HACC-0.20/PAAc-Fe*T-2.0 hydrogel healed using different
coating solutions at 70 °C for 48 h; ¢ healing efficiencies of the
HACC-0.20/PAAc hydrogel with different coating solutions at
70 °C for 48 h; d healing efficiencies of the HACC-0.20/PAAc-

hydrogels almost exactly coincided with that of the
original hydrogel, which indicates that the cross-
linking density of all the hydrogels was restored to its
original value after self-healing. The self-healing
efficiencies of the hydrogels with healing times of 1 h,
24 h, and 48 h were estimated as 30.0%, 38.2%, and
45.4%, respectively, which demonstrates that a longer
time-period is conducive to better self-healing.

The data presented above revealed that the intro-
duction of Fe*" improved the self-healing efficiency
of hydrogel, which further proved that dual physical
cross-linking resulted in the excellent hydrogel
properties.

The self-healing process of the dual ionically cross-
linked hydrogels was conjectured, as shown in Fig. 5.
When the gel was fractured, the dual reversible ionic
bonds broke. The cross section was then coated with
a small amount of NaCl solution and contacted
together. Due to the shielding effect of the counteri-
ons, the charged polymer chains exposed to the sur-
face were more easily diffused from one side to the
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Fe*™-2.0 hydrogel healed at different temperatures for 48 h and
using 3 M NaCl as coating solution; and e healing efficiencies of
the HACC-0.20/PAAc-Fe*™-2.0 hydrogel healed for different
healing times at 70 °C and using deionized water as coating
solution.

other, and heating could facilitate the motion of the
chains. Without the shielding effect of the NaCl
counterions, highly cross-linked networks limited the
mobility of the polymer chains and hindered the
reconstruction of stable and dense ionic bonds in the
self-healing process.

Swelling behavior

Compared with the as-prepared gels, the HACC/
PAAc hydrogels and HACC/PAAc-Fe** hydrogels
contracted after dialysis (Fig. 6), which indicates that
the cross-linking densities of the equilibrated hydro-
gels were significantly higher than those of the as-
prepared hydrogels. The water content of the equili-
brated HACC/PAAc hydrogels decreased first, and
then increased with an increase in the HACC con-
centration from 0.1 to 0.25 g mL™', with the lowest
value of 25.6% at 0.15 g mL ™", which indicated that
the cross-linking density reached was highest at an
HACC concentration of 0.15 ¢ mL~'. The HACC/
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Figure 5 Schematic of the self-healing mechanism of HACC/PAAc-Fe** hydrogel.
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Figure 6 a Image of equilibrium state HACC-n/PAAc hydrogels b and HACC-0.20/PAAc-Fe*"-m hydrogels; ¢ water content of the
HACC-n/PAAc hydrogels and d HACC-0.10/PAAc-Fe**-m hydrogels at as-prepared and equilibrated states.

PAAc hydrogels [34] were prepared under the partial
shielding effect of NaCl salt ions with water contents
higher than 50%, which was significantly higher than
that of the hydrogels in this work. This is because the
addition of NaCl salt ions affected the conformation
of macromolecular chains, which could only curl in
the solution of highly concentrated salt ions, thus
resulting in the lower degree of cross-linking.

Compared with the HACC/PAAc hydrogel (see
Fig. 6¢), the water content of the as-prepared HACC/
PAAc-Fe’* hydrogels increased from 67.2% to
69.4-74.2%, whereas that of the equilibrated HACC/
PAAc-Fe®" hydrogels decreased slightly from 31.0%
to 30.2-26.5%. The reason for the higher water con-
tent in the as-prepared HACC/PAAc-Fe*" hydrogels
may be that the weak ionic bonds in the HACC/
PAAc were partially replaced by metal coordination
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interactions, due to the stronger ability of Fe®" to
bond with carboxyl groups. However, there was a
small number of -COO™ groups in the solution due
to the low pH value; thus, the iron ions could only
form single- or double-ligands with PAAc, which did
not contribute to cross-linking. Upon dialysis, an
increasing number of —-COO™ groups were cele-
brated. Hence, the triple-ligand cross-link formed
between Fe>™ and —COO~, in addition to that
between the quaternary ammonium groups and
—COQO7, resulted in a higher cross-linking density
and therefore lower water contents in the equili-
brated HACC/PAAc-Fe’* hydrogels. The water
contents of the equilibrated HACC-0.20/PAAc-Fe**
hydrogels ranged from 26.5 to 30.2%, which was
slightly lower than that of the equilibrated HACC-
0.20/PAAc. However, the mechanical properties
were significantly improved. Moreover, Fig. 6a and b
also reveals that the hydrogels exhibited good
transparency after the introduction of iron ions. In
general, the homogeneity and porosity of the mate-
rials determine the optical transmittance [35]. It was
suggested that the introduction of iron ions was
beneficial to form a homogeneous and compact
structure of the hydrogels. It was speculated that the
cross-linking degree of hydrogel increased because of
the introduction of Fe’*, which made the microphase
size of the two polymer chains smaller than the
wavelength of visible light [35]. Generally, when the
microphase size is smaller than the visible wave
length, the material becomes transparent. It can also
be seen from the SEM images (Fig. 9c) that had a
uniform and dense network structure. In addition,
the pore wall of the hydrogel might become more
hydrophilic because of the introduction of Fe3+,
which enabled more water to penetrate into the pore
wall. Therefore, the refractive index difference
between the pore water and pore wall was reduced
and the transparency was increased.

In addition, the stability of the HACC-0.20/PAAc-
Fe’*-2.0 hydrogel in the NaCl solution was checked
for 7 days. As shown in Fig. 7, the hydrogel exhibited
good mechanical stability in the 0.154 M NaCl solu-
tion (the ionic strength of the physiological condi-
tion). However, the higher concentration of salt
solution (i.e., 1 M) led to a significant decrease in the
elastic modulus and fracture stress, whereas the
breaking strain increased. The results indicate that
the ionic cross-linking was unstable in the concen-
trated NaCl solution, and some ionic bonds of the

@ Springer

J Mater Sci (2019) 54:14218-14232

hydrogels were broken in the 1 M NaCl solution
because of charge shielding [21]. However, low con-
centration of NaCl solution (0.154 M) had little effect
on the stability of hydrogel, so hydrogels were not
affected in the practical application.

Structure characterization of hydrogels

The formation of an ionically cross-linked network of
gels was confirmed by FTIR and UV-Vis spectra
(Fig. 8). The peaks at 1478 cm™', 1590-1700 cm ™",
and 1400-1500 cm ™" are attributed to the bending
vibration of -CHj, and the asymmetric and sym-
metric stretching vibrations of carboxyl groups [36],
respectively. Compared with the FTIR spectra of
PAAc (Fig. 8a, curve i), HACC (curve ii), and PAAc-
Fe®" (curve iii), the peak at 1690 cm™~' (C=O stretch-
ing vibration for carboxyl) in spectra of the HACC-
0.20/PAAc gel (curve iv) and HACC-0.20/PAAc-
Fe’-2.0 gels (curve v) shifted to 1700 cm~' which
can be attributed to the connection between the car-
boxyl groups of PAAc and the ammonium groups of
HACC. In addition, a new peak was observed at
1548 cm™ ! in the spectra of the HACC-0.20/PAAc gel
(curve iv) and HACC-0.20/PAAc-Fe>*-2.0 gel (curve
v), which indicates also that the carboxyl groups of
PAAc were linked with the ammonium groups of
HACC [37, 38]. Compared with the FTIR spectra of
PAAc, HACC, and the HACC-0.20/PAAc gel, the
new peak at 1590 cm ™' in the spectra of the PAAc-
Fe’*-2.0 (curve i) and HACC-0.20/PAAc-Fe**-2.0
gels (curve v) indicated the formation of metal coor-
dination bonds.

The formation of coordination bonds between Fe®*
and the carboxyl group was also reflected in UV-Vis
spectra (Fig. 8b). The PAAc solution, HACC solution,
and HACC-0.20/PAAc hydrogel had almost no
absorbance within the range of 450-650 nm. How-
ever, in the HACC/PAAc-Fe* gel, the addition of
the FeCl; solution resulted in evident absorption with
a shoulder peak at ~ 520 nm, which indicates the
formation of coordination bonds [36]. The difference
in the intensities of the peaks for the HACC/PAAc-
Fe’*-14 and HACC/PAAc-Fe’*-2.0 hydrogels
revealed that more iron ions resulted in a higher peak
absorption.

The fracture surface morphologies of the HACC-
0.20/PAAc and HACC-0.20/PAAc-Fe’*-2.0 gels are
presented in Fig. 9. The equilibrated HACC/PAAc
hydrogels had a more uniform and denser network
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Figure 7 a HACC-0.20/PAAc-Fe*™-2.0 hydrogels i and ii were
immersed in 0. 154 M and 1 M NaCl solutions, respectively;
b tensile behaviors of HACC-0.20/PAAc-Fe*™-2.0 hydrogels after

structure than the as-prepared gels. The pore size
was estimated by SEM images, Fig. 9a: 1.27 um,
Fig. 9b: 0.78 um and Fig. 9c: 0.55 pm. The pore size in
the equilibrated HACC/PAAc-Fe’* hydrogels
decreased slightly, which suggests the formation of
more compact structures.

Cytotoxicity of the hydrogels

Implant materials and other biomedical applications
need to be nontoxic or low toxic. In this work, the cell
viability of the co-culture of the cells and hydrogels
were evaluated using the CCK-8 method with 3T3
cells after incubation for 24 h and 48 h. Figure 10a
verifies the cell viability of the 3T3 cells. The cell
viabilities of HACC/PAAc and the HACC/PAAc-
Fe’" hydrogel were greater than 85%. According to

immersion in saline solutions of different concentrations cy,cy; and
c swelling ratio Q,,, (Mswolten/Moriginal) and work of extension at
fracture (w;) on the concentrations of the saline solution cy,c.

ISO 10993-5-2009; when compared with the control
group, if the cell survival rate is greater than 75%, the
material can be identified as nontoxic. Therefore, the
HACC/PAAc and HACC/PAAc-Fe’* hydrogel
could be identified as nontoxic, which indicates that
the hydrogels are safe as biomaterials.

The 3T3 cells were seeded on a hydrogel surface,
cell-adhered, and then well spread over the hydrogel
surface within 24 h. As shown in Fig. 10b, ¢, a sig-
nificant number of 3T3 cells were adhered and well
spread over the surfaces of the HACC/PAAc and
HACC/PAAc-Fe’* hydrogels, which indicates the
hydrogels did not release toxic substances. The
adhesion and growth on the hydrogel surface further
proved that the hydrogels are cytocompatible and
can be used as biomaterials.
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Conclusion

In this study, a novel design strategy was imple-
mented for the fabrication of a new class of dual
ionically cross-linked HACC/PAAc-Fe*" hydrogels
using a one-pot method. The first ionic cross-link
network was formed between the positively charged
group of the HACC chain and the negatively charged
group in the PAAC polymer chain. Moreover, the
metal-ligand interactions between the Fe®" and
—-COO™ groups acted as the secondary ionic cross-
link bonds. The dual dynamic reversible physical
cross-linking improved the mechanical properties of
hydrogels by effectively dissipating energy, and it
resulted in excellent self-recoverability and remark-
able self-healing properties. The HACC/PAAc-Fe®*
hydrogels did not require the addition of small
molecular chemical cross-linkers, and they exhibited
excellent mechanical properties. The mechanical
properties of the hydrogels could be controlled by
changing the concentrations of HACC and Fe®'. In
addition, the HACC/PAAc-Fe’" hydrogels also
exhibited good transparency, non-swelling, and high
stabilities. Although the low water content limited
the medical applications of the hydrogels, a simple,
practical, one-step strategy was provided for the
preparation of transparent and high-performance
dual physical cross-linked hydrogels. This strategy
could be applicable to other ionic hydrogels; how-
ever, further research is required.
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