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Abstract

In this work, a versatile and simple strategy for building self-healing hydrogels with tunable mechanical properties and shape
memory behavior is reported. A commercially available small molecule with three amino groups, diethylenetriamine
(DETA), is applied to crosslink poly (acrylic acid) (PAAc) chains via ionic bonding, and the complexes of the PAAc chains
with DETA form hydrophobic microdomains in the hydrogel network. The cooperation of ionic bonding and hydrophobic
interactions drastically improves the mechanical properties, which can be modulated by adjusting the molar ratio of PAAc to
DETA. Due to the physical interaction of the crosslinks, the hydrogels can self-heal rapidly in ambient conditions. The
thermal responsiveness of the physical microdomain crosslinks endow the hydrogels with shape memory behavior. It is
hoped that this novel strategy will provide new opportunities for the design of high-strength hydrogels with variable

functionalities for a wide range of applications, such as artificial muscle and skin.

Introduction

Self-healing is an important feature of biological systems,
and the self-healing ability of biological materials involves
sacrificial bonds that break and reform dynamically through
an energy dissipation mechanism before fracture of the
molecular backbone [1-3]. Self-healing hydrogels are able
to restore their initial properties after the formation of
interior or exterior cracks, which is similar to the behavior
of some living materials, such as human skin and muscles
[4-7]. Although traditional hydrogels exhibit superior per-
formance, their desirable properties and the integrity of their
network structure deteriorate when the materials suffer
microscale or macroscale injury, which limits their lifetime.

Various kinds of self-healing hydrogels have been
designed for diverse applications, such as biosensors [8],
drug delivery systems [9], and wound healing [10]. Self-
healing hydrogels are always crosslinked by dynamic
bonding through reversible molecular interactions, such as
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hydrogen bonding [11, 12], ionic bonding [13], molecular
recognition [14-16], and hydrophobic associations [17].
However, the relatively poor mechanical strength and
toughness of self-healing hydrogels remains a challenge,
which prevents them from any stress-bearing applications
such as cartilage and tissue engineering scaffolds. This
limitation is because the self-healing ability of hydrogels
opposes the mechanical strength and toughness. Extensive
efforts have been made to improve the mechanical proper-
ties of self-healing hydrogels [18-20]. The network struc-
tures have been optimized via the introduction of multiple
bonding modes [19, 21]. Hydrophobically modified PAAc
chains with CTA counterions form a physical network that
contains both ionic bonding and hydrophobic effects [22].
The incorporation of hydrophobic sequences within the
hydrophilic polymer chains via micellar polymerization
generates dynamic hydrophobic associations between the
hydrophobic domains of the polymer chains and the sur-
factant micelles acting as physical crosslinks of the resulting
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hydrogels that play crucial roles in the crosslinked network;
therefore, the self-healing hydrogels exhibit high mechan-
ical strength. On the other hand, most self-healing systems
usually require either sophisticated synthesis of the poly-
mers, the encapsulation of healing agents or variations in
the ambient conditions, such as the pH or temperature.

In this work, we selected a small molecule, diethylene-
triamine (DETA), which contains two primary and one
secondary amino groups, as a crosslinking agent. A simple
strategy was presented for the preparation of self-healing
hydrogels via ionic bonding and hydrophobic interactions
by introducing the multiamine into the PAAc network
in situ. The hydrogels could self-heal rapidly without the
need for human intervention or external energy. Reversible
physical microdomain associations endowed the hydrogels
with shape memory behavior and a repeatable high shape-
fixing efficiency.

Materials and methods
Materials

Unless otherwise noted, all commercial reagents were used
as received including diethylenetriamine (DETA) (>99%,
Aladdin Chemical, Shanghai, China), acrylic acid (AAc)
(>99%, Aladdin Chemical, Shanghai, China), and ammo-
nium persulfate (APS) (>99%, Aladdin Chemical, Shang-
hai, China).

Typical preparation of hydrogels

An acrylic acid (0.07 mol, 5.0 g) aqueous solution (20 mL)
was continuously stirred in an ice water bath, and DETA
(0.0116 mol, 1.19 g) was slowly added into the solution.
Then, ammonium persulfate (APS) (0.05 g) was added to
the mixture. This mixed transparent solution was transferred
to a 1-ml plastic syringe (diameter = 4.6 mm), and a white,
soft PAAC/DETA hydrogel formed after reaction for 6 h at
60 °C. Different molds were used to prepare hydrogels with
different shapes. The as-prepared PAAc/DETA hydrogels
were treated by dialysis for 3 days to obtain virgin
hydrogels.

Chemical characterization

Fourier transform infrared (FT-IR) spectra of all samples
were taken using a Nicolet 460 IR spectrometer. All sam-
ples were examined in pressed KBr pellets in which the dry
hydrogel and polymer powder were mixed with KBr in a
weight ratio of 0.5-1%. 'H NMR measurements were car-
ried out on a Bruker AVANCE II 400 MHz NMR spec-
trometer using D,O as the solvent.
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Rheological experiments

The rheological properties were monitored by frequency
sweep, strain sweep, and temperature sweep experiments by
using a rotational rheometer (ARES-G2, TA Instruments,
USA) with a hatched plate 25 mm in diameter. A PAAc/
DETA hydrogel sheet with a thickness of 2 mm was cut into
a circle 25 mm in diameter and then put on the bottom plate
of the rheometer for the frequency and strain sweep mea-
surements at 25 °C. Temperature sweep experiments were
performed with a heating rate of 0.33 °C/min. For both the
time and temperature sweep experiments, a constant strain
of 10% and a frequency of 1 Hz were used.

Tensile tests

The hydrogel tensile test was performed on a Shenzhen
Kaiqgiangli Testing Instruments KD III-0.05 tensile testing
machine. All hydrogel samples with a diameter of 4.6 mm
were tested with a crosshead speed of 50 mm-min~" at 25 °
C. The engineering tensile stress (o) was calculated as ¢ =
L/(nR?), where L is the load and R is the original radius of
the specimen. The engineering tensile strain (¢) was defined
as the change in length (/) relative to the initial gauge length
(lp) of the specimen, &= I/lyx 100%. The initial modulus
(E) was calculated as the slope of the stress—strain curve
within the range € = 50 — 100%. The fracture toughness was
characterized by the fracture energy, which was calculated
by integrating the area under the stress—strain curve. In the
cyclic tensile test of the PAA-D-n hydrogel, both loading
and unloading were performed at a constant velocity of 50
mm-min~'. The waiting time was the recovery time from
the end of the first cycle to the second cycle stretch. In the
hysteresis measurement, a dumbbell-shaped sample was
first stretched to a predetermined stretch ratio and then
unloaded to zero force at the same velocity of 50 mm-min
~!. The dissipation energy was defined as the area under a
cycle of the loading—unloading curve.

U = /ods (1)

Swelling measurements

Lyophilized PAA-D-n hydrogel samples were immersed in
large excess of deionized water at 25 °C, and the weight of
the PAAc/DETA hydrogel was measured every 30 min. The
equilibrium swelling ratio was calculated by the equation
0O, = (W, — Wp/Wyx 100%, where Ws and Wd are the
weights of the swollen hydrogel and the corresponding
dried gel, respectively.
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Table 1 Parameters of the PAA-D-n hydrogels
Entry AAc (mmol/mL) DETA (mmol/mL) ESRY 74 = 2" (kPa) E° (kPa)
PAA-D-2 35 5.80 0.347 57.3 0.76 +0.05
PAA-D-3 35 3.85 1.270 58.1 0.79 £0.06
PAA-D-4 35 2.90 1.208 61.9 0.85+0.04
PAA-D-5 35 2.30 1.067 51.3 0.76 £0.07
PAA-D-6 35 1.95 1.010 46.8 0.68 +0.04
PAA-D-7 35 1.75 1.469 30.3 0.42+£0.03
“Equilibrium swelling ratio
®Stress at 100% strain
“Elastic modulus within the range ¢ = 50-100%
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Scheme 1 Schematic illustration of the preparation of PAAc/DETA hydrogels

Self-healing behavior measurements

Virgin hydrogel samples 4.6 mm in diameter and 6 cm in
length were cut in the middle, and then the two halves were
brought into contact within a plastic syringe (of the same
diameter as the gel sample) by slightly pressing the piston
plunger. The hydrogel samples were healed at room tem-
perature for 1 day and then subjected to dialysis for 3 days
in deionized water to realize healing of the hydrogels.

Shape-fixing efficiency measurements

Cylindrical gel samples were immersed in a water bath at
60 °C. The gels became soft and were stretched at 60 °C
to twice their original lengths. Then, the temporary
shapes were fixed by immersing the gel samples in a
water bath at 25 °C for 1 min. The shape-fixing efficiency,
F, which represents the ability of the gel sample to hold

its temporary shape, was calculated as follows [23]: F =
(I, — Ip/(ly — 1y), where Iy and [Is are the initial and stret-
ched lengths of the gel sample, respectively, and /, is the
sample length after a fixing time of r=1min at 25 °C.
The interval time for each shape-fixing experiment was 2
min.

Results and discussion
Formation mechanism of the PAA-D-n hydrogels

The PAAC/DETA hydrogels were synthesized via in situ free
radical polymerization of acrylic acid (AAc) in an aqueous
diethylenetriamine (DETA) solution, and all the hydrogels
were opaque, indicating the formation of a two-phase struc-
ture. The as-prepared PAAc/DETA hydrogels were treated
by dialysis for 3 days to obtain virgin hydrogels. By
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immersing the as-prepared hydrogels in water, small coun-
terions and impurities were removed, and DETA could form
more adequate ionic bonds with PAAc. The parameters and
preparation of the virgin PAAc/DETA hydrogels are shown
in Table 1 and Scheme 1. The samples are referred to as
PAA-D-n, where D is the abbreviation for DETA and n is the
ratio of carboxyl groups on PAAc to amino groups on
DETA. The formation of ionic bonds between the carboxylic
acid groups and amino groups was further confirmed by
FTIR (Fig. la). The NH, band of DETA at 1591 cm™!
shifted to the stretching band of NH;" at 2010cm ™! in the
PAA-D-n hydrogels [24, 25]. Meanwhile, the bands at 1530
and 1412 cm ™! were attributed to deformation of the primary/
secondary ammonium ions and of the secondary ammonium
ions, respectively [24]. These results suggest the formation of
ionic bonds between the carboxylic acid groups and amino
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groups. Figure 1b shows the NMR spectra of DETA, PAAc
and the complex of PAAc and DETA before and after
heating. The signal for CH,—~CH,; in DETA appeared at 2.54
p.p-m. and moved to 3.35 p.p.m. after the formation of ionic
bonds with PAAc. The feed ratio of AAc repeating units to
DETA was 56:1; however, the molar ratio calculated from
the integral ratio decreased to 85:1 after the formation of the
PAAC/DETA complex. Interestingly, the integral ratio
increased to 71:1 after heating the deuterated aqueous solu-
tion, which indicates that dissociation of the complex
between PAAc and DETA occurred after heating, and this
transition was completely reversible. Therefore, the dis-
sociation and formation of complex can be attributed to
temperature-related reversible ionic bonding.

The molar ratio of AAc to DETA plays a key role in
determining the mechanical strength and stiffness of the
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Fig. 3 a The stress—strain curve of the PAA-D-3 hydrogel for different
waiting times performed by cyclic tensile tests. b Waiting time
dependence of the hysteresis ratio (area ratio of the second hysteresis

hydrogel. Figure 2a shows the tensile stress-strain curves
for the virgin PAAc/DETA hydrogels with different molar
ratios of AAc to DETA. Interestingly, for different n values,
the tensile stress-strain data exhibit an unconventional trend.
For n =2, because of the high hydrophobic content com-
posed of PAAc and the DETA complex, large hydrophobic
domains form in the polymer chain network, and hence, an
opaque hydrogel is observed. However, the high hydro-
phobic content increases the number of defects in the bulk
hydrogel, and as a result, the fracture stress of PAA-D-2
is only 88 kPa with a fracture strain less than 900%.
Unexpectedly, when we decrease the ratio of amine, the
PAA-D-3 hydrogel exhibits a fracture stress of 0.4 MPa
and a tensile strain of 1100%. The drastic increase in the
modulus with decreasing hydrophobic content is attrib-
uted to the formation of amine-crosslinked PAAc
microdomains that provide softer fillers and sacrificial
bonds in the hydrogel network [26]. For n =4, which
corresponds to a lower ratio of amines, the fracture stress
decreases and the fracture strain increases, which was
expected due to the reduction in the hydrophobic inter-
actions. However, when the content of amine is decreased
even more (n =35, 6), the ionic bonding and hydrophobic
interactions between the polymer chains become much
weaker. In comparison with microdomain macro-cross-
linkers, ionic bonding becomes the main mode of cross-
linking; therefore, both the fracture stress and strain
decrease due to the lack of softer fillers and sacrificial
bonds. When n reaches 7, the crosslinking density is even
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lower, and the fracture stress decreases as a result; how-
ever, due to slippage between the polymer chains, the
fracture strain increases [27]. The work of extension at
fracture of the different PAAc/DETA hydrogels was
calculated according to the stress-strain curves, as shown
in Fig. 2b. When n =2 and 3, the hydrogels exhibit the
highest toughness, as these hydrogels possess the largest
number of sacrificial bonds that can dissipate energy
during stretching of the hydrogels.

The swelling ratio of the virgin PAAc/DETA hydrogels
was measured during a period of soaking the lyophilized
hydrogels in water. Figure 2¢c shows that the swelling ratio
of the hydrogels exhibits a sudden increase during the first
1 h and reaches a stable value after 3 h. PAA-D-2 exhibits
the lowest swelling ratio because of its high content of
aggregated hydrophobic microdomains. However, the
swelling degree sharply increases from PAA-D-2 to PAA-
D-3 at first, slightly decreases from PAA-D-3 to PAA-D-6,
and then increases from PAA-D-6 to PAA-D-7. This
abnormal phenomenon indicates that there should be dif-
ferent crosslink types for the different amine contents,
which is caused by two competing factors: the degree of
ionization and the crosslink density [28, 29]. For n values
within the range from 3 to 6, the separated hydrophobic
microdomains dissociate after soaking in water, and the
swelling degree decreases with the reduction in the number
of carboxylate and ammonium ions. When n increases from
6 to 7, the drastic increase in the swelling degree can be
attributed to the lower crosslink density.
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Fig. 4 a G’ (solid line) and G” (dotted line) of the PAA-D-3 hydrogel
in continuous step shear measurements (25 °C). Large strain (10)
inverted the G" and G” values to give the sol state. On the other hand,
G’ was recovered under a small strain (0.1) within 60s. b, I. Two
pieces of virgin PAA-D-3 hydrogel, one of which was dyed with

The stress—strain curves of the as-prepared PAA-D-3
hydrogel and virgin hydrogel were tested (Fig. 2d). The
fracture stress of the as-prepared PAA-D-3 hydrogel is only
119 kPa, while that of the virgin PAA-D-3 hydrogel reaches
395 kPa, which is nearly 3 times higher than that of the
as-prepared hydrogel, and maintains a high fracture strain.
The improvement in the mechanical properties from the
as-prepared PAA-D-3 hydrogel to the virgin hydrogel
indicates that both an abundance of microdomain macro-
crosslinkers and interchain complexes are formed during
dialysis in water [21].

Self-healing behavior of the PAA-D-n hydrogels

To investigate the recovery of the PAAc/DETA hydrogels,
cyclic recovery tests with different waiting times were
conducted, as shown in Fig. 3a. The waiting time depen-
dences of the residual strain and the hysteresis ratio esti-
mated from the hysteresis area change (Fig. 3b) present a
two-stage recovery. After the first stretch, the PAA-D-3
hydrogel is able to restore most of the original stiffness after
1 minute in the first stage; however, plastic deformation is
not able to be rapidly and completely removed upon
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0.0

virgin Self-healed

rhodamine; II: the self-healed samples after 24 h of healing time; III:
photograph demonstrating the large deformation of the self-healed
samples. ¢ Stress—strain curves of the virgin and self-healed bulk
samples. d Toughness of the virgin and self-healed PAA-D-3
hydrogels

increasing the waiting time in the second stage. The hys-
teresis area enclosed by the first loading—unloading cycle is
up to 50% of the overall area below the loading curve (work
of extension) and finally recovers to approximately 65%.
However, the sample still shows a 35% residual energy,
indicating that the strong ionic bonds between the second-
ary amino group and carboxylic acid group are broken at
600% strain, and these bonds take longer to reform in the
network of PAAc [30]. The proposed recovery mechanism
is shown in Fig. 3c. During the loading cycle, both the weak
ionic bonds (between carboxylate and the primary ammo-
nium ions) and the single strong ionic bond (between car-
boxylate and the secondary ammonium ions) are broken;
however, only the two weak ionic bonds can be restored
quickly during the unloading cycle, while the strong bonds
require a longer time to fully reform.

The step shear measurements of the PAA-D-3 hydrogel
under periodic 100 and 20% shear were conducted to test
the self-healing properties of the PAAc/DETA hydrogels
(Fig. 4a). The G’ value of the PAA-D-3 hydrogel is one
order of magnitude larger than that of the G” value under
20% shear, indicating the formation of a self-standing
hydrogel; however, the inverted G’ and G” values under
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Fig. 5 a Elastic modulus, G’, of the PAA-D-n hydrogels plotted as a function of temperature. b Transition of the transparency of the PAA-D-7

hydrogel at different temperatures

Fig. 6 The shape memory
behavior of the PAA-D-7
hydrogel with a specific shape as
shown in (a) permanent

shape, (b) temporary shape, and
immersing the hydrogel in a
water bath at 60 °C for (¢) t =
2s,(dt=5sand (e)t=30s

100% shear indicate that the internal structure of the
hydrogel is destroyed under shear stress. A total of 63% of
the G’ value is restored under 20% shear due to the rever-
sible formation of microdomains and part of the ionic bonds
that provide the self-healing feature of hydrogels. As shown
in Fig. 4b, the cylindrical samples were cut into two pieces,
and one of them was stained with rhodamine to distinguish
the two pieces easily. Then, the cut surfaces were brought
together to form a contact, sealed in a syringe and left to
stand for 24 h in the ambient conditions. The cut samples
heal well and withstand a weight of 100 g. The stiffness of
the self-healed hydrogel was tested for comparison with that
of the virgin hydrogel (Fig. 4c). The healed PAA-D-3
hydrogel sample sustains a 258 kPa stress, ruptures at a
stretch of 933% and can maintain 68% of the original
fracture energy (Fig. 4d).

Shape memory behavior of the PAA-D-n hydrogels
Because of the temperature-related reversible ionization,

oscillatory temperature sweep experiments were performed
to study the influence of the temperature on the rheological

properties of the PAA-D-n hydrogels (Fig. 5a). A decrease
in the elastic modulus upon increasing the temperature is
observed. Such a large difference in the modulus between
high and low temperatures is the most significant factor for
inducing the shape memory effect [22]. In addition to the
mechanical properties, the transparency of the hydrogels is
also sensitive to the temperature. For instance, the PAA-D-7
hydrogel exhibits a white opaque state at 25 °C; when the
temperature is increased to 40 °C, the hydrogel transforms
into a fuzzy translucent state; the hydrogel becomes com-
pletely colorless and transparent when the temperature is 60
°C (Fig. 5b). This result indicates that the two-phase struc-
ture of the hydrogel becomes homogeneous with increasing
temperature, which can be attributed to disassociation of the
hydrophobic domains, as observed in the NMR experiments.

The PAAC/DETA hydrogel was utilized to investigate
the thermally activated shape memory effect. The photos in
Fig. 6 show the thermoresponsive shape memory behavior
of the PAA-D-7 hydrogel. The permanent shape of the
sample forms the letters NBU, the abbreviated name of our
university (Fig. 6a). After heating to 60 °C, the hydrogel
becomes soft and can be deformed into a temporary shape

SPRINGER NATURE
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Fig. 7 Repeatability of the shape fixing efficiencies of the PAA-D-n
hydrogels

(Fig. 6b). The temporary shape is fixed by cooling the
sample to 25 °C. After immersing the hydrogel in a water
bath at 60 °C, it returns to its initial shape within one minute
(Fig. 6c¢,). The mechanism of temperature-sensitive shape
memory can be attributed to the noncovalent crosslinks
formed from ionic bonding and hydrophobic interactions to
lock the hydrogel in a temporary shape. When the hydrogel is
heated to 60 °C, the physical microdomains crosslinked by
PAAc and DETA successively dissociate, and the sample can
be easily deformed. After being cooled to room temperature,
the physical crosslinks form again to fix the shape. The initial
shape can be recovered by dissociating the microdomains,
and thus, the transition from the white opaque state to the
transparent state is also observed (Fig. 6e).

The repeatability of the shape-fixing efficiency, F, was
calculated according to the previously reported method [23],
as shown in Fig. 7. In the first cycle, all of the PAA-D-n
hydrogels exhibit an 80-100% fixing efficiency; however, the
PAA-D-6 and PAA-D-7 hydrogels become brittle in the sec-
ond cycle. For PAA-D-5, the hydrogel show an 85% fixing
efficiency in the first cycle, while the efficiency decreases to
70% in the second cycle and 32% in the fourth cycle. On the
other hand, for n = 3, 4, the fixing efficiency keeps constant at
proximately 85%, even in the fifth cycle. For the shape
memory hydrogels reported by Osada et al., [31, 32] the alkyl
side chains of the polymers are in the crystalline state after
cooling below the transition temperature, so the deformed
shapes can be fixed. In the present system, the hydrophobic
microdomains provide the shape fixing ability; therefore, the
repeatable high shape-fixing efficiency requires a higher
content of the PAAc/DETA complex in the hydrogel.

Conclusions

In the present work, we described a promising method for
preparing self-healing hydrogels with shape memory
behavior, as well as a high fracture energy (196 KJm )
and stretch at break (1100%). Ionic bonds and
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microdomains were formed between DETA and the PAAc
chains in situ, after which dialysis in water was performed
to extract the excess ions and DETA. The hydrogels equi-
librated in water exhibited much better mechanical strengths
than the as-prepared hydrogels. Cyclic tensile recovery tests
conducted on the hydrogels showed good hysteresis, demon-
strating that the damage to the hydrogel network was reco-
verable. The hydrogel samples that were self-healed in
ambient conditions withstood stresses of up to 258 kPa and
ruptured at a stretch of 933%. They also exhibited repeatable
temperature-sensitive shape memory properties. The use of a
commercially available small amine molecule and a poly-
electrolyte to prepare self-healing materials provides great
promise for the creation of novel, smart materials in which the
mechanical properties can be tuned by adjusting the molar
ratio. This synthetic strategy can also be extended to a wide
variety of specific small molecules that interact with polymers
to create materials with versatile functionalities.
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